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Ob | ECTIVES * « Develop confidence in the analysis of series-
. ; C - parallel ac networks. :
« Become praf;r:mnt in the use of calculators and

‘computer methods to support the anaiys;s of ac
serrqs-paraﬂe,-.‘ networks.

; '+ Understand the importapce of prq'per grounding
in the aperation of any electrical system. -

P

- 16.1 INTRODUCTION - yny

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 Chapiér 7 may be help-
" ful before mnsider:‘ng_theue newworks since the approach here is quite similar to that under-
taken carlier. The circuits to be discussed have only one source of energy, either potential or
current. Networks with two or more sources. are c0n51dercd in Chapters 17 and 18, using
methods previously described for de circuits. | St
In gencr&l whcn working with series- parallcl ac networks cmmdcr the following approach;

Redraw the network, using block imptdances to c:ombme ob vious series and paraliel
elements, which will reduce the network to one that clearly rcveals the fundamental
striccture of the system,

2. ‘?wdy the problem and make a brief memal sketch of lke overall qpproap!x you plan to
use. Doing this may resulf in time- and energy-saving shortcuts. In some cases, a lengthy,
drawn-out analysis may not be necessary, A single application of a fuudammmf law o_f'

- circuit a:ml}su gy result in the desired solution.

3. Afier the averall approﬂcf: has been determined, it is wsually best to consider each
branch involved in your method independently before tying them together in series-
parallef combinations. I n most cases, work back from the obvious veries and parallel
combinations to the source to deternine the total impedance of the network. The
,mnrce*’rui rend can then be determined, and the path back to specific unknowns can be
defined. As you pmgresx back to the source, continually define those unknowns that
have not been lost in the reduction process. It will save time when you have to work

- back through the network to find 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 the elements in the circuit. If not, either
' solve the network using another appmack or check over your work very carefully. *
At this point, a computer sm‘zmau can be ainvaluable asset in the validation
process.

.

16.2 ILLUSTRATIVE EXAMPLES
EXAMPLE 16.1 For the network in Fig. 16.1:

" a. Calculate Z;
b. Determine I,
¢. Calculate Vgand Ve
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FIG. 16.1
Example 16.1.
d. Find IC
e. Compute the power dc]wcn:d
f. Find F, of the network. k
Solutions: - ' . "4

]

TS s
-+
E=120VZ0° o
' =

FIG. 16.2

Network in Fig. 16.1 after assigning the block

impedances.

i

a,

-

As suggested in the introduction, the network Has been redrawn
with block impedances, as shown in Fig. 16.2. The impedance Z, is
simply the resistor R of 1 (), and Z, is the parallel combination of
Xeand X;. The network now clearly reveals that it is fundamentally
a series circuit, suggesting a direct.path toward the total impedance .

~ and the source curtent, For many such problems, you must work

back to the source to find first the totd impedance and then the
source ctiirent. When the unknown quantities are found in terms of
these subscripted impedances, the numerical values can then be
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 impeddnces before substituting numbers. This approach
will usually enhance the clarity of the chosen path toward a solution
while saving time and preventing carcless calculation egrors. Note
also in Fig. 16.2 that all the unknown quantities except I- have been
preserved, meaning that we can use Fig. 16.2 to determine these
quantities rather than having to return to the'more complcx network
in Fig, 16.1.
The total impedance is defined by .

Zr=7,+ 1,
with : B s
R 20° - 1.Q 20°
(X £-90°) (X £90°)  (20'2-90°)(3 0 £90°)

N2 = =
z‘"_ 2 . —fXe+ jX, - -j20+ 30
60 c0° 6000 -
= - =60 /=90° ® .ot
jl 1 290> Biberig _
and .

Zr=2y 42 lﬁ—_—_jﬁﬂ';—' 6.08 Q 2 —80.54°
E 120V £0° ;

—— A o
er 6.08 (1 £/ —80.54° 1974 o

. . . -
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c Refe:mhg to mg 16.2, we ﬁnd that Vg and vf can be found b}r a di-
rect applu:ahon of Ohm’s law' i

: vr-lz, = (19.74 A 48954“)[1040"} = 19.74 V £80.54° ek T
: vc=1,z2 (19.74 A £80.54°)(6 © £-90%)
=+ = 118.44 V£ 9.46°

d. 'Now that V¢ is known, the current I can also be found using Ohm's
law: . ’

» A" 46° I . . y '
IL-=-9—M\-’%—?—6—59.22A43054° | e -

e, Pyg = IR = (1974 A1 Q) = 389.67 W ?
, = cos f = cos 80.54° = 0.164 leading : v

The fact that the total impedance has a negative phase angle

(revealing that I, 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.” \ 7o 50 o ] : 3
. _ 3 i

EXAMPLE 16.2 For the network in Fig. 16.3; : 5, e Iﬁ' by '

a. If 1is 50 A 4307 calculate I; ysing the current divider rule 1 X FT=810
b, Repeat part (a) for L.« } ' xNgea - ;
c. Verify Kirchhoff’s current law at one node, .

_ =
Solutions: = .' X . FIG. 16.3
a. Redrawing the circuit as in Fig. 16.4, we have : ok _ Example 16.2.
e Zy=R+jX;=30+j40=50,5313° § _
Z,=—jX¢=—j80=280.,L-90° % : L] L]

Using the current divider rule yields ' o 1 Z, BEA

-

3 Z,1 (8.0 £-90°)(50 A £30°) _ 400 £- 6[)“' | |
1T, v Z, (-j8Q) +(30+j40) 3-j4 =
400 £ —60° '
545313

%

Zd (592453 13°)(50A £30°) 250 £83.13°

Tyt 2y 50 2-53.13° T 5.-53.13°
= 50 A £136.26° -

=80A /_-6.8'7" I i _ FIG. 16.4
' - Network in Fig. 16.3 after assigning the block
impedances.

b I =

C. | =‘I; + l;}_

50 A £30° =80 A £—6.87° + 50 A £136.26°
(79.43 — j9.57) + (—36.12 + j 34.57)
= 433] + j25.0 :
50 A £30° = 50 A £30° (checks) ' =

nn
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P +
?ﬁgan E 20V 2£20° Xp FT=I120 v,

Jr._

FIG. 16.5
Example 16.3,

- +
Z | Ve
e .
1 FIG. 16.6 '
Network in Fig. 16.5 after agsigning the block
) impedances.

. FIG. 16.7
Example 16.4.

E= 100V £0°

. FIG.16.8
Nenwvork in ng 16,7 after mpg}mﬂg the b.’m:k
impedances.

EXAMPLE 16.3 For the network in Fig. 16.5:

a. Calculate the voltage Ve using the vo!{age divider rule,
b. Calculate the cum:ml

Solutions: .

a. The network is redrawn as shown in Fig. 16,6, with
\
Z=50=50.0°
Zg =—j120) = 120 £-90°
Z3 +j8Q =80 £90°
Since Ve is desu‘ed we will not combine R and X¢ into a single
block mpedamu Note also how Fig. 16.6 clearly reveuls that E is
the total voltage across the series combination of Z; and Z;, permit-
ting the use of the voltage divider rule to calculate Ve In addition,
note that all the currents necessary to detetmine I, have been pre-

served in Fiig. 16.6, revealing that there is no need to ever return to
the network of Fig 16.5—everything is defined by Fig. 16.6. ~ °

ZE ~ (120£-90°)(20V.£20°) 240V £-70°

Vo=

ZitZy - 50-j120 . . 1324-67.38°
—1846v.:.—262° Wit
SR 20V £20° e
b I = YT 2_.5AZ_ 7q
E- .. VLN . .
W +Z, 130.,-6738° L i P
and - y
! _ll +Iz

=25A2L-70° + 1.54 A £87.38°
= (0.86 — j2.35) + (0.07 + j 1.54)
0.93 = j0.81 = 1.23 A £—41.05°

|I |

&

EXAMPLE 16.4 For Fig, 16.7:

a. Calculate the current I,
'b. Find the voltage V.

Solutions: ' - /
a. Redrawing the circuit as in Flg 16.8, we obtain
Zy =R +jX.=30'+j40Q =502,53.13°
Zy=Ry -~ jXé=80-j60 =100 £~-3687°
In this case the voltage V is lost in the redrawn network, but the
currents I; and I, rempin defined for future calculations necessary,
to determine V,;, Fig, 16.8 clearly reveals that the total impedance
can bé found using the equation for two parallel impedances:
/ % B (50 45343 [faﬂ £-36.87°)
TTZrz; (G0t jen)+pa-jen)
son £1626° _ 500 £16.26°

S, =2 T1LIB£—1030°
= 44720 £2656°

T s i
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S R . TONATE .
gz B ST T 22,36 A £~ 26.56° - '
L= 7, T 1472 .L26.56° : ‘

b By th‘s law,

.

E _ 100V £0° , .

- g " E e A S =83.13° _ c N
h=% ~sazs0 Wapeal - :
E 100 V £0°
- = = 10 X £36.87°
L=y "Tonz-68r 0 F T
Re:uﬁing to Fig. 16.7, we have o s .
Vi, = 1iZg, = (0A £=5313°)(3 2 £0°) = 0V L-531%F L .
Vi, = IZg, = (10 A £+3687°)(8 {1 £0°) = 80V £+3687: : {

Instead of using the two steps'just shown, we could have déte;mined_'
Vi, or Vg, in‘one step using the voltage divider rule:

_(30.20°)(100V £0°) . 300V £0°

BT 30 20° +40290°  5253.13°

To find Vyp, Kirchhoff’s voltage law must be aplplicd around the

“loop (Fig. 16.9) consisting of the 3 {2 and 8 0 resistors. By Kirch-
_hoff’s voltage law,

=60V L—53.13°

v N Ny = V=0

or Van =.VR= 5 VR; : y 7 i ) ' .
=80V £36.87° — 60V £—53.13° ; v : &
= (64 + j48) — (36 —j48) i ; FIG. 16.9 " ‘
=28 +j96 iy il ) ' Determining the voltage Vyp for the network

EXAMPLE 16.5 The network in Fig. 16.10 is freqvglay encountered i
in the analysis of transistor networks. The transistor equivalent circuit 2 _ ) B
includes a current source I and an output impedance R, The resistor R - ' '
is a biasing resistor to establish specifie dc conditions, and the resistor
R, represents the loading of the next stage. The coupling capacitor is de-
signed to be an open circuit for de and {6 have as low an impedance as
- possible for the frequencies of interest 1o ensure that V; is a maximum

]
Coupling rfﬁisffic
capacitor | | )
N
10 uF | +
3 1 .
S Ry i
| =0k Re <33kl 1 & 1k} Vg
E -
1
'
)
— = T — i
[ T S : _____ E ot
Transistor equivalent Biasing
nelwork § netvork
FIG. 16.10 : ' .

Basic transistor amplifier.
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value. The frequency range of*the example includes the entire audio

(hearing) spectrum from 100 Hz to 20 kHz. The purpose of the gxample

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

- . . tor can be ignored. It performs its function as a de blocking agent but
. permils the ac to pass thmugh with little disturbance.

; a, Dctcrml ne V; for the nelwork in Fig. 16.10 at a frequency of
' X © 100 He.
b. Repeat part (a) at a frnqucnc_v,c of 20 kHz.
¢. *Compare the results of parts (a) and (b).

: 4 Solutions: . k.
i ) 4mA £0° 4. The network 1s redrawn wrjth subscripted :mpedanccs in Fig. 16‘_1 &
, W Z, = 50k0 20° 133 k0 £0° = 3.096 kO £0°
PRSEie ey iy _ Z, = R — jXc - ,
= ) :
' FIG. 1611 At f = 100 He, X¢ = Loass ; = 159.16 §)

Netwark in Fig. 16.10 followinthe urﬂgmnem of 2th el 2)(10 KE)
= the block impedances, s and : g =1 k() — ;159,16 Q2

' Using Ihe current dwldcr rule gives.
.23 A, (3.995-kﬂ £0°)(4 mA £0°)
T L +Zy T 3.096kQ + 1k~ /15916
_ T12384A£0°  —12.384 A £0° ‘

R T 4096 — j159.16 4099 £—2.225°
= =302 mA £223° = 3,02 A £2.23° + 180° = 3.02 mA £18223° .

and VL = !J'ZR
. = (3.02 mA £182.23°)(1 kQ /_0*’)
¥ =3.02V 218223 ot
| "l
2mfC . 2m(20 kHz)(10 uF)
Note the dramatic change in X with frequency. Obviously, the

Jhigher the frequency, the better is the short-circuit appmx:mauon
fm X for ac conditions, We have

Z; = 1k - j0.796 O

Using the current divider rule gives

b. Atf=20kHz, X¢ = =079

e ~ZJ0 (3096 k) £0°)(4 mA £0°)
: LTz vz, 3096kQ + 1KQ - 07960
—12.384-A £0° _ —12.384A £0°

4096 — j0.796Q 4096, £-0.011°
~3.02mA £0,01° = 3.02mA £0.01° + 180° = 3.02 mA Z180.01°

LY

and N =1 Zp
= (3,02 mA-£.180.01°)(1 kD LD")
= 3.02V £180.01°

c. The rcsults clearly indicate that the capacitor had little cffc::t on
the frequcnczcs of interest. In addition, note that most of the
3 -supply curreint reached the load for the typical parameters
‘ . : employed. . .

(i
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Em 16.6 For the network in Fig. 16.12:
“a. Determine the current L.

b, Find the voltage V.
i
T _ :
; A 6maz20e | 4mA £ 0° *
_ : 17 Ry = 10k mA
1, Rk B 7 l Ry =68k V ;
" : Z 2 g L
Xe == 200 _ . #
-
FIG. 16.12
o . . Example 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 t.hcar sum. or dlﬂ'er—
ence (as phasors). Therefore,

= 6 mA £20° ~ 4 mA £0°
= 5638 mA + j 2.052mA — 4 mA’ ;
= 1638 mA +j2052mA ' : ‘*
= 2.626 mA £51.402° :

Redrawing the network using block impedances results in the net-
work in Fig. 16.13, wherc >

2, = 2k L0°68KQ L0 = 1545K0 20 1(T)2e26ma 25102
and Zy = 10k~ j20 kO = 22.361 ki) £ ~63.435° " '
* Note that I and 'V are still defined in Fig. 16.13.

Using the current divider rule gives \
e iy o FIG. 16.13

4y (1.545 k) £0°)(2.626 mA £51.402°) % Nerwork in Fig. 16.12 following the assignment of ~ + -
W YTz iz T isiska+ 10k0 - j20k0 the subscripted impedances -
__ AUSTA £51.402° 4.057 A £.51.402°
11.545 X 10° = /20 x 103 23.093 X 10° 2 ~60.004°
=0.18mA £111.41° : |
bV = 1Z, _ ;
=.(0.176 mA £ 111.406°)(22.36 k() £ ~63.435°) ' , \

=394V 24797

#

EXAMPLE 16.7 For the network in Fig. 16.14:

a. Compute I,
b. Fmd 11 lg, ﬂ.lld 13
¢. Verify Kirchhoff’s current law by showing :.hat

1= 11 + lz L s 13 " :
d. Find the total impedance of the circuit. : : e
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L Ry=80 X, =30
W00
W I 3 A
R=30
. L
E =200V Z0° ngmn Xg7=-"(9fl
' x, 40
FIG, 16.14

«Example 16.7.

Solutions:

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

Z, =R =100Q.0°
Zy=Ry+ jX1, =30+ j4Q
Zy= Ry +jX;,— jXec = 8ﬂ+]3n—j9ﬂ 30 - }(Jﬂ

.

—

I \ jn - . W 18

i :
E = 2uév£o°® 4 i Zs

TR : FIG. 16.15 i
; Network in Fig. 1614 following the assignment of the sub-
e g ¢ 3 scripted impedances.

o

_The total admittance is i o

_ Yr=Y +Y,+Y; .
s o e dr 1

3 = —_—

+
Z, 2y s 100 7 30+/40 7 80-60
' 1 : i
. =018 + — + :
o | TSt e s T 00 2536870
© =018 %025 2-53.13%+ 0.15 236.87°
4 . : . =045 +0.125 - 0165 + 0.085 + j 0.06S
=038 —j OIS =03165 £ —18435°

|}

Calculator The above mathematical exeflise ‘presents an excellent
opportunity to demonstrate the power of some of today’s calculators. For.
the TI-89, the above operation is s shown in Fig. lﬁ 16.

m-m----:m-mm--
-m--mrm@moummoom.

: FIG. 16.16 P ! ,
Findmg :J'w total admittance for the nemark in I4ig. 16,14 using the T.f-&? cafculafror By



Be sure to use the negauvc
! suhu'actmn npuon and not the's
used for ncgnnvc “angles in the p

*

sign for the complex number from the
ign selection (). The sign selection is
olar form.

Cnnvemng to polar form requires the sequence shown in Fig. 16.17.

mmm- mm £33 polar {7l B 316.26-3 £ ~18.43E0

FIG. 16.17

Converting the rectanguldr fomr in hg 16.16 10 pn!nr form.

- Convest to polar form:
The currenl 1is given by

[ = EYy = (200V 20°)(0.326 S L-18. 435°)
= 632 A £~1844°

. Since the voltage isthe same across parallcl branchcs.

“ E _ 200V £0°

== =20AZ0°
L=z "~ 1000 ALl
E 200V £0°
I = = = —— = 40 A L—5313°.
tT % SREShE Lo
E 200 V £0° - :
Lo e B e———— = 87°
b=z, T 1002-3687 WA
£s l_l[+lg+l3
T 60 —j20=12020°+40 L~ 5313=+zoz_+3687°
_ Z (20 +0) + (24 — j32) + (16 +j12)
t 60— j20=60+-,20 (checks)
d Z .._]'_..__“,__,___i___._-.—a-
- ETT ¥ T 03165 £—18435°

=317 £18.44°

EXAMPLE 16.8 For the network in Fig. 16.18:

R X, =60

FIG. 16.18
Example 16.8.

a. Calculate the total impedance Z7.

b. Compute L
c. *Find the total power factor.
d. Calculate I and I5.

e. Find thc average, power delivered to the circuit.

ILLUSTRATIVE EXAMPLES 11[ 719
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'Soluﬂona:' -
- 8. Redrawing the circuit as in Fig. 16.19, we have
Zy =R =40 20° f
Zy=Ry = jXc=90- ;70 =11400 £-3787°
Zy=Ri+jX, =80+ 60=1002+3687°

—_— 7 +
' : ST
:
E=ll}0\«’4d"® z, | % z,
R
-
FIG. 16,19

Network in Fig. 16.18 following the assignment of the subscripted impedances:

Notiee that all the desired quantitics were conserved in the redrawn
network. The total impedarice is i

Zy =‘Z| + Zy,
2,7,
= + —2 3
Zl Z! 4 ZJ : 4 : T
I8, n.+ (11480 £-37.87°)(10 Q £ 36.87°)
% O-j70)+ (80 +;60)
= 1.00°.
SRRt ST Lo 6.69 0 2237°

.~ 1703 £ 347 _
L =40+ 6680 +j0280 = 10680 + 0280
Z7 =1068Q 215

Calculator Another o’pporluﬁity to demonstrate the versatility. of the

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

T priority of the mathematical operations, as demonstrated in ghe calculi-

5 ’ _ tor display in Fig. 16.20. In.most cases, the operations are performed in
' the same order they would be if you wrote them longhand. ;

(OO N DIGIE (I
CO0300) £33N (IEICAEACIEIED

v .s'fmmbpular@m.ﬁmoa.fzsao

i FIG. 16.20 i
. Finding the total impedance for the netvark in Fi ig. 16.18 using the T1-89 calculator,

[}

_ - E 100V £0° E s
- R & it e X ~1.5°
‘ ' > 1= 2 " Tosman L1 - 9WAL I?

‘e F'=¢ﬁ39 =_R._'u..l9.'_ﬁ_§_{_]_§

R T 7 T 10168408 _
(essentially resistive, which is interesting, considering the complexity
of the network) " b : ‘



€ Usmgthc cun'emdhr;dcr rule gives
opl T (1A00 £~37, 87°)(9.36 AL~ 1. 5°)
Z-;+z, {90—;?ﬂ)+(80+;6ﬂ)
1067 A £-39.37°  106.7 A £—39.37°
b 7=l 17.03 £-337°
I, =627 A £-36° '
Applying Kirchhoff's current law (rather than anolhcr application
of the current divider rule) yields

L =1<L

R : _

(9.36 A £—1.5°).— (6.27 A £—36°)

(936 A — j0.25 AY — (507 A = ]3.69 A)
I, =420A + j344 A = 55A £38.72°

or 1
‘r‘..

onu

e. Pr=Elcosbyr .. el a
="(100 V)(9.36 A) cos1.5° *
= (936)(0.99966)
Pr= 93568 W.

16.3 LADDERNETWORKS <

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

tion will simply apply the first method described in Section 7.6 10 the gen-
eral sinusoidal ac Iaddcr network in Fig! 16.21. The current T¢ is desired.

Z, Zy Zy

I

#+: |4 - s
E‘-IZOV.CW’\D B s z, |* Zg

FIG. 16.21
Ladder network.

=

]mpcdnnces Zy, Z'r, and Z'y and currents 1, dnd 13 are defined in
F:g ]6 22, We have

-,

7 =175+ Zg
and Z'y=1Zy+ Zs|| 2
with . ' Lr=2,+2,|Z'r
Then ' = E =
_ call >
' Z-1
311& : 13 = —Z“Z—_:T,T
Z,0;

ith R i il
'.N“h ' S Zy+27

LADDER NETWORKS [11 721

.
Y
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. + ? zr z"i %
T 3 b et L
Enliﬂv.ﬁﬂ”@ Z, Zy e Zy

o Ly

1 Z — & 15 “'-—ll,.

-

FIG. 16.22
Defining an approach to the analysis of ladder networks.

16.4 GROUNDING

A]fhough usually treated too lightly in most introductory tlectrical or
electronics texts, the impact of the groynd connection and how it can

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

Ground potential is zerq volts at every point in-a network that has a
ground symbol. Since all points are at the same potential, they can all be
connected together, but for purposes of clurity, most are left isolated on'a

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

with respect to ground. A systefn can therefore be checked quite rapidly
by simply connecting the black lead of the voltmeter to the ground con-
nection and placmg the red lead at the v'mmﬁ points where the typical
operating voltage is prowded A close match normally lmphcs that that,
portion of the system is operating properly, -

There are various types of gmuﬁds1 whose use depcnds on the appli-
cation. An earth ground is one that is connected directly to the earth by
a low-impedance connection. Under typical environmental-conditions,
loeal ground potentials are fairly uniform and can be defined as equal to
zero volts. This local uniformity is due to sufficient conductive agents in

 the soil such as water and electrolyles to cnsure that any difference in
* voltage o the surface is equalized by a flow of charge betweed the two
* points. However, between long distances on the earth’s surface there can

be significant changcs in poténtial level. Every home has an earth
grotnd, usually established by a long'conductive rod driven into the
ground and conriected to the power panel. The electrical code requires a
direct connection from earth ground to the cold-water p1pas of a home
for safety reasons, A “hot” wire téuching a cold-water pipe draws suffi-

cient current becduse of the low-impedance ground conriection to throw -

the breaker. Otherwise, people in the bathroom could pick up the voltage
when they touched the cold ”water [aucet thereby risking bodily, harm.
Because-water is a conductive agent, any area of the home with water,
such as a bathroom or the kitchen, is of particular concern. Most electri-
cal systems-are connetted ta carth ground primarily for safcty reasons.

All'the power lines in a iaboratory at industrial lncalmns. or in the homc :
* are connected fo earth ground, i

A second, type is refered to as a \ chassis ground, which may be

.. floating or connected directly fo an earth ground. A chassis ground sim-
- ply stipulates that the chassis has a reference patential for all points of the

network, If the chassis is not connectcd to,carth potential (0 V), it is said

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

ages lo be compared to. For igstance, if the chassis is sitting at 120 V all
measured voltages of the neétwork will bé refe renced 1g this level. A read-

.ing of 32 V between a point in the network and the chassis ground will



therefore actually be at 152V with respeet to earth potential. Most high- .
voltage sysiems are not left floating, however, because of loss of the safety
factor. For instance, if someonc should touch the chassis and be standing

# on a suitable grotnd, the full 120 V would fall across that individual.

.. Grounding.can be particularly important when working with numer-

~ ous pieces of measuring equipment in the laboratory. For instance, the
supply and oscillescope in Fig. 16.23(a) are each connected dircctly 1o an
earth ground through the negative terminal of each. If the oscilloscope is
connected as shown in Fig. 16.23(a) to measure the voltage Vg), a dan-"
gerous situation will develop. The grounds of each piece of equipment
are connected together through the carth ground, and they effectively
short ouf the resistor. Since the resistor is the primary current-cantrolling
element in the 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. 16.23(b), the grounds -
have a common point and do not affect the structure of the network.

Oseilloscope

" Oscilloscope
- R (HHE
Wy i

IRt "

™ ¥ FIG. 16.23 "
nsrming r_!%ffeﬂ‘ifm_of the oscilloscope gmumf on 1‘11»3{5;r

thifearrigs current to a load be black and the line (called the neietral) that
carries the current back to the supply be whire, Three-wiré conductors
have a ground wire that must be green or bare, which ensures a common .
“eround but which is not designed fo carry current, The components of a
three-prong extension cord and wall outlet are shown in Fig. 16.24. Note

{green) e - r

(a)

FIG. 16.24
Three-wire conductors: {a) extension cord; {b) home ourler.

. i \
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that en both fixtures, the connection to the hot lead is smaller than the re-
tutn 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.
I=12A )
. : ' : _ 29\;‘ s Black bk
. 3 : — I=12A  housi
- @ Breaker Feed 1A _housing
120V
- I=12A - s
- ! - White /= U 100
O “Return”’ Load
Green or bare
= {=0A 'Ground TeOA_ a0

FIG. 16.25
Complete wiring diagram for a household outlet with a 10 {} load.

. The importance of the ground wise in a three-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 / = P/E = 1200 W/120 V = 10 A. If a two-wire line were

2 : ‘ “Contact” “Hat"

¥ Breaker  gpacy Breaker  gjack

12ov

(a) +
& 120v
. ’ \ +
()
20 A “Contact”
Breaker open 1>20A

®

FIG. 16.26
Dr.mom:mrmg the importance of a properly grovnded appliance: (a) ungrounded; (b) ungmunded wand undesirable contact;
fc) grounded appliance with uﬂdﬂambff conkact.
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used as. shown in Fq; 16. 26(&) the 20 A brcakcr would be quite com- -

fortab]c' with the' 10. A current, and the system would perform normally.
However; if uﬁugc‘ 10 the feeder caugsed it 10 become rrayed and to touch
themeul MGIIngof r.h%' toaster, the situation depicted 'in 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
conditign would exist because anyone touching the toaster would feel
. the full 120 V 1o ground. If the ground wire were ‘attached to the ¢hassis
“as shown in Fig. 16.26(c), a low-resistance path-would be created be-
‘tween the short- -circuit point and ground, and the current would jump to

very high levels. The breaker woulds“pop,” and the user would be-

warned that a problem exists.
Although the above discussion does npt 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 app]u:atmns appearing throughnut the text have
been of the series-parallel variety»The following are sgries-parallel com-
binations of elements and systems used to perform important everyday
tasks. The ground fault circuit intérrupter outlet employs series protec-
tive switghes and sensing coils and a parallel control system, while the
ideal equivalent-circuit for the coax cable employs a series-parallel com-
bmzmnn of inductors and capacitors, .

GFCI {Ground Fault Clrcmt intarrupter]

- The National Electric Code, the “b:ble .'l‘or all electrical contractors, now

requires that ground fault circuit interrupter (GFCI) outlets beused in any
area where water ‘and dmpness could result in serious injury, such as in

"4 balhrooms, pools, marinas, and so-on. The outlet looks like any other ex-

cept that it bas a reset button @nd ‘a test button in the center of the unit as
shown in F“:g 16. 27(a). The primary difference between it and an drdi-

 nary outlet is that it will shut the power &ff much moré quickly than the.

breaker all the - way down int the basement could. You may still feela
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 the 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
dn; connected to the main panel). In general, the outlet wm be grounded
to the same connection. Basically, the network shown in Fig. 16.27(b)
senses both the current entering (J;) and the current leaving (/,) 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,he return current will be less than the feed

current (just a few milliamperes is enough), The protection circuitry -

senses this difference, establishes an open circuit in the ling, and cuts oft
the power to the outlet. . -

APPLICATIONS |11 728
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S v

o d L1 (hot, feed)
—— GFCI
h  prolection

ne_twark

et

L2 (rewim, neutral)
GND |
3
] GFC1

(b)

Pulse sohnudﬂ switch !_ ﬁumm

+
L
Slcnsin.
coils
120V
- e Jal

(c)

% FIG, 16.27 . 2
GFCI outlet: (a) wall-mounted appearance; (b) basic operation; (c) schematic.

Fig. 16.28(a) shows the feed and retiim lines passing through the sens—

‘ing coils. The two sensing coils are separately connected to the printed cir-

cuit board. There are two pulse control switches 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 slides 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 cnergized 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 plunge: ) shift down, caus]ng a disconnect by moving the strue-
ture inserted in the slots. The test button is connected to the bass bar across
the unit in Fig. 16.28(c) below the reset button. When pressed, it places a .
large resistor between the line and ground to “‘unbaldnce” the line and cause
a fault condition. When 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 moves down with pressure on
the bar as shown in F:g 16.28(d). Note in Fig. 16.28(c) how the metal
ground cmmecnon passes nght through the entire unit and how it is con-
nected to the ground terminal of an applied plug 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, ~
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i FIG. 16.28 - = %
GFCI construction: {a) sensing coils; (b) solenoid conirol (bottom vie
5 (el gmundl'n,g (top viey )i (d) rest 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. The 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 short period of time without any long-term damage.

As mentioned earlier, if unsure, install a GFCI. It provides a measure
of safety—at a very reasonable cost—that should not be ignored. .

¢ Contintous
plasue piece @

2 Sluts that
b2 will move

Connection
point

Connection poiats

plug

W)y
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16.6 COMPUTEH 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 voltage in an ac
network. Similarly, the IPRINT option does the same for ac currents. In
Example 16.4, the ac voltages across Ry and R, were first determined,
and then Kirchhoff’s voltage law was applied to determine the voltage
between the two known points, Since PSpice 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; and R,. .

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.colu‘r"nn and enter 100 V in the box below. Then select
Display and choose Name and Value. Click OK followed by Apply,
and you can exit the dialog box. The resultis AC = 100V added to the
source description on the diagram and in the system. For the reactance
values in Fig. 16.7, the values for L and C were determined using a fre-
quency of 1 kHz. The voltage across Ry and R, can be determined using -
the Trace command in the same matner 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. _ . :

2 B

. v & LT

H [ E AC = git C = 26.53uF 1

; 536.6uH € MAG'= ok \ 1

v  PHASE mok ¥ . AC=ok A
VOFF=OV e . - S B

VAMPL = 100V "\ﬂ? % - j i ‘IG

:ge"o‘ ;D‘v' kHz VPRINT 1 VPRINTZ ) o I B
| Ri 3 RZ%> 8 B
i 2 = B
A 3%

e
=5 .
e FIG. 16,29 .
De:ermmmg the voliage across R and Ry using the VPRINT apﬂonr
of a PSpice analysis.

-

The VPRINT aption is under the SPECIAT library i thé Place Part
dialog box, Once selected, the printer symbol appears on the screen next

' to the ¢ursor, and it can be placed near thé point of interest. Once the

printer symbal 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,



. MAG, 4nid PHASE, When each is active, select the Display key and
~choose the option Name and Value followed by OK. When all the en~

tries have beerv made; choose Apply and exit the dialog box. The result
" appears in'Figi-46.29 for the two applications of the VPRINT option. If
' you prefer; VPRINT1 and VPRINT2 can be added to distinguish be-
*tween the twowhen you review the output data. To do this, retun to the
. Property Editor dialog box for each by double-clicking on the printer
* symbol of each and selecting Value and then Display followed by Value
~+ Only. Do not forget to select Apply after each change in the Property
~ /Editer diglog box. You are now ready for the simulation. '
. The simulation is initiated by selecting 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 want to analyze
the network at 1 kHz but are not interested in plots against time. Thus,
select the AC Sweep/Nois¢ 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 respofise at only one fre-"

quency, the Start and End Frequency will be the same: 1 kHz. Since
you need only one point of analysis, the Points/Decade will be 1. Click
OK, and select the Run PSpice icon, The SCHEMATIC] screen ap-
pears, and the voltage across Ry can be determined by selecting Trace
followed by Add Trace and then V(R1:1). The result is the bottom dis-

play inFig. 16.30 with only one plot point at 1 kHz. Since you fixed the

e gt

BT e i Fr T '_-‘-_1,--‘..:c oy o g
D Bemo  Pspice 16:1 (e T S |
- L £ s T 3 2

Sipuaton Jnce Dot Tools Window bep-{gicadence - 8 X
AR ST 5 £ SCHEMATICI Popenth ~ Y

R T T TR PSRN T SR
L i T
{ A

_Preqe 1ONE)

: FIG.16.30 ° U
" The resulting magnitude and phase angle for the voltage Vg, In Fig. 16.29,

e, iy
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frequency of interest at 1 kHz, this 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-Trace-
Add Trace-P( ) from the Functions or Macros list and then V(R1:1) to
obtain P(V(R1:1)) in the Trace Expression box. Click OK, and the re-
sulting plot shows that the phase angle is nearjust less than —50° which
is certainly a close match with the —53.13° obtained in Example 164,
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..16.31, the portion of the output file listing the resulting
magnitude:and phase angle for the voltages defined by VPRINT1 and
VPRINT?2 is provided. Note that the voltage across R, defined by
- VPRINT1 is 60 V at an angle of —53.13°. The voltage across R, 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.

** Profile: “scnﬁr-mnm-és;;m 1845 ;
[ CAICA12\PSpice\pspice 16-1-pspicefiles\schematic]\pspice 16-1.sim ]

se4e AC AN-AL;YSIS 400 TEMPERATURE = 27.000 DEG C

Wik ERRER RSN RN PR PR R TR R R AR R R
ol AL

FREQ - [VM(NOOS79) VE(NOOETS)
1‘000&_{}3 6.000E+01 -5.313E+01

*#¢%  AC ANALYSIS

Sbhbdd

LTIl seumanne

- TEMPERATURE= 27.000DEGC

FREQ -~ VM(NO0S75) VP(NOOSTS) ' -
1.000E403 8.000B+01 3687E+01 '

* FIG.1631 )
-The VPRINTI (Vy,) and VPRINJ? (Vg,) response for the network in Fig. 16.29.

Now you can determine the voltage across the two branches from point
atopoint b, Return to SCHEMATIC1, and select Trace followed by Add
 Trace to obtain the list of Simulation Output Variables. Then, by apply-
ing Kirchhoff"s voltage law around the closed loop, you find that the de-
sired voltage is V(R1:1)-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. Determine the phase
angle through Plot-Add Plot to Window-Trace-Add Trace, creating the .
expression P(V(R1:1)-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 ¢hanging the scale to —100° to
= 110° The result is the top screen'in Fig, 16.32 with an angle closer to
.+ =106.5° or 73:5°, which is very close to the theoretical solution of 73.74°,

- Finally, the last way to find the desired brigge voltage is to remove
the VPRINT2 option and place the ground at that point as shown in
Fig. 16,33. Be absolutely sure to rémove the original ground from the
network. Now the voltage generated from a point above B to ground
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FIG. 16.32
The PSpice response for the voliage between the two points above resistors
\ R, 1 amf R:. TR
%
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FIG. 16,33 _ :
Determining the voltage between the two points above resistors Ry and Ry by
. moving the ground connection in Fig. 16.29 10 the position of VPRINT2, .
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will berthe desired voltage. Repeatinig 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 sume, the qGuantities listed in
the bottom left of each plot are different.

. *

prm——— n I_ S | I e o e o oy oy
{ P SCHEMATICH-PSpece 16°5 « Flpice AD Demo - [Plpee 165 (sctivgy] . (52 & imekidem |
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i free vk

£y i o " FIG.16.34 \ A
* PSpice response to the simulation of the network in Fig 16.33. .~

Multisim : . Al S
Multisin is now uséd to deterthine ifié voliage acrois thé last element of
the ladder network in Fig. 16.35, The mathiematical-content of this chapter

 suggests that this analysis would be a lengthy cXercise in complex algebra,

with one mistake (a single sign or an incorrect angle) enough to invalidate.
the results. However, it takes only a few minutes to “draw” the network on . -
the screen and only a few seconds to generate the results—results youcan
usually asgume are correct if all the parameters were entered correctly, The
results are certainly an excellent cheek against a longhand solution, -

- Our first approach is to-use an oscilloscope to measure the amplitude
and phase angle of the output voltage as shown in Fig, 16.35. The oscil- .
loscope settings include a Time base of 20 us/diy. since the period of
the 10 kHz signal is 100 5. Channel A is set on 10 V/div. so.that the fall-
20V-of the applied signal will have-a peak value encompassing two di-
visiens, Note that Channel A in.Fig. 16,35 is connected directly to the
source Vs and 4 the Trigger input for synchronization: Expecting the'

--Output voltage to have a smaller amplitude resulted in a vertical sensitivity



EAUNURUAREREEE] |k

) FIG. 16.35 ' i3
Using the Multisim oscilloscope to determine the voltage acrass the capacitor Cy.

of 1 V/div. for Channel B. The analysis was initiated by.piacing the
Simulation switch in the 1 posm(m It is ifnpontant to realize that

when simulation is iniuared, it will take time for networks with reactive
elemen.rs to seftle down and for the responsé to reach its steady-state
condition. It is therefore wise to let a system run for a while after
simulation before selecting Sing. (Single) on the oscilioscope to obtain
a steady waveform for analysis. \

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

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

FIG. 16.36
Using Muitisim 1o display the applied voliage and voliage across
the eapacitor Cy for the network In Fig, 16.35.

COMPUTER ANALYSIS {11 733
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~
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 waveform 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 the point where the
output voltage on channel B passes through the arigin, with a positive

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

tainly very close at 39.8 us (T1).

Knowing that the applied voltage passed through the ongm at 0 us
permits the following calculation for the phase angle:

98us 6
. 100 us  360°
0 = 143.28°

with the result that the output voltagc 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 us (T2). The result of all the above is:

Ve, = 116V £-14328°

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 sim-
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 hox
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 l‘requencies at 10 kHz and the Selected vari-
able for analysis as V(5), Selecting Simulate results in a magnlmde-
phase plot with small A indicators at 10 kHz.

At this point, it is difficult to get a good reading of the magmtude 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 ta the desired position. If

we now select 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 1 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(5), By moving one cursor to X1 =
10 kHz, we find y1 = 1.1946 V for a very high degree of accuracy, as

" shown in Fig. 16.37. If we now select the Phase(deg) plot and use the

“cursor control, we find with x1 = 10 kHz that y1 = =142, 147" whjch g
is very close to the result obtained above.
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FIG. 16.37 ia
Using the AC Analysis option in Multisim to determine the magnitude an
" " ! phase angle for the voltage V¢, for the network in Fig. 1635, .. .

. In total, therefore, you have two methods to obtain dn ac voltage in a
network—one by instrumentation and the other through the computer
methods. Both are valid, although, as eéxpected,'the computer approach
has a higher level of accuracy.

PROBLEMS ; ; 2. For the network in Fig. 16.39:
] a. Find the total impedance Zy

SECTION 162 llustrative Examples _ "R Dateigtioe i onteie
" 1 Foothe berkisraatisl detwork do Fis. 1638 ¢. Caleulate I using the current dividér rule:
:r Bt ;:ml L d. Calculate V, using the voltage divider rule.
be Determine I, ' e
¢ Determine I;.
- d. ‘Find I,
e. FindV,
X,
M b
I'\ . . l'.l'l‘_
8n 20
| p—]
- l\ r—
R E=30Ve0° ' le

FIG. 16.38 _ .FIG. 18.39
Problem l. . ' G ¥ Problems 2 and 135,
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* 3. For the network in Fig. 16.40:

*6.

a. Find the total impedance Z;.

b. Find the current I,.

¢. Calculate I5 using the current divider rule.
d. Calculate V¢ using the voltage divider rule.

e. Calculate the average power delivered to the network

. For the network irt Fig. 16.41:

a. Find the total impedance Zy

+b. Calculate the voltage V; and the current I,

c. Find the power factor of the network.

. For the network in Fig. 16.42:

a. Find the ¢urremt L.
b. Find the voltage Ve
¢. Find the average power delivered to the nelwork.

¥

For the network in Fig. 16.43;
a. Find the current I4.

b. Calculate the voltage V.(_- using the voltage divider rule.

c. 'Find the volngc Vi

<
>9.1 0

VeI X = 120

. — :
1, v
y +
- —
E =60VZ0° £ gxz.’uﬂ
; +
: e

FIG. 16.40
Problem 3.
+ V-
X AAA

wy
Ry = 68
) P
, z sk ' O0—=
I=dmA L CD T xlngsm T:-
=
i FIG. 16.41
Problem 4,
*
1 “
. =
Xc, 200 Ry = 10092 :
E=100VZ0° _
: +
X, & 600 0 Xe, = 4000 FR. Vo TR X, = 4000
- o
FIG. 16,42
Problem 5.

R
130V,

E=120V£0° b

FIG. 16.43 E
Problem 6,
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*7, Forthenﬁworkinl-’ig. 16.44: '
a. ‘Find the cuirrent Ij. i ; .
h. 'Find the voltage V1. A S i

- ¢. Caleulate the average power delivered to the netwaork.

s > ¥ E=wovzsee(Ny) Vi@ x =00
- [ty .
=
1]
FIG. 16.44

‘Problems 7 and 16.

8. For the network in Fig, 16.45: : : . ; -
a. Find the total impedarice Zr and the adnmttam:e Yr
b. Find the currents I}, I, and I5.
¢, Verify Kirchhoff’s current lawby showing that I, = lt 3
I, + 15
d. Find the power factor of the network, and indicate
whether it is leading or hggmg

- *] Fi * I, .
] ' - i3 . ;
kd : W J _;' X;_l 10 Ry 16_ 0
E mvzw@ : - R,;‘Es-n
- —— - . .
Y - 'Rl 211 xC 0
_, 5 T
‘%— ] " 150 -ig 3
FIG. 16.45 '
Problem 8. *
*9... For the network in Fig. 16.46:
a. Find the total impedance Zr.
b. Find the source current I, in phasor form.
¢« Find the currents I and I in phasor form.
d. Find the voltages V; and V,; in phasor form.
e. Find the average power delivered to the network.
f.. Find the power factor of the network, and mdlcale
. Whether it is leadmg or lagging.
1
&
’ 300 0 L, =01H
17 & ; R SR
7 i

+

+
T
;a\msu}mznm@ v, € 7=1puF v.gfczﬂ.;’H

[y W

FIG. 16.46
Problem 9.
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*10. For the network of Fig. 16.47:
a. Find the total impedance Zr.

b. Find the voltage V, in phasor form.
¢. Find the current I} in phasor formi.

d. Find the voltage V, in phasor form.
e, Find the source voltage V, in phasor form.

11. For the network of I:’ig. 16.48:
a. . Find the total impedance Z.

b. Find the voltage V) across the 2 € resistor using the

voltage divider rule. _

c. Find the current I; using Ohm's law.

d. Find the current I,

SECTION 16.3 Ladder Networks

12. Find the current Is for the network in Fig. 16.49. Note the
effect of one reactive element on the resulting calculations.

2 wovo ()

I =20mA £0°

-

13. Find the average power delivered to Ry in Fig. 16.50.

+
X, 24 kﬂg.ﬁzn 24K v,
FIG. 16.47
Problem 10.
—
I 20 in
=t
+
) V| l— / .R; >
E =60V £0° 90 L s on
L 60
XCJ %
X, G
=
FIG. 16.48
Problems 11 and 17. .
Ry Ry Ry Is
—M—“—‘W\' ‘r‘v‘v
B - 129 120
-
R, 2200 R200 X.F200
—
= f
FIG. 16.49
Problem 12.
¥ s
I\ '
100 2.7k
§ < : <
I =20mAZ0° T Ry <40k Rz::lnkﬂ R, S 43K0
-
’ » FIG. 16.50

Prablem 13,
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14.. Find the current I for the network in Fig. 16.51. 2 X, X, _
SN : /m\_ . : Fl
. 80N 80
5 i o P I1=05A20° C) ' [ Xe, 20 Xe, 7= 20 RIEEIH
*
: FIG. 16.51
Problems 14 and 18.
SECTION 16.6 Computer Analysis o  GLOSSARY
PSpice or Multisim ¥ : Ladder network A repetitive combination of series and parallel
For Problems 15 through 18, use a frequency of 1 kHz to * ‘branches that has the appearance of a ladder.
detcrmme the inductive and capacitive levels requlred for Series-parallel ac network A combination of series and parallel
the input files. In edch case, write the required input file. brariches in the same network configuration. Each branch may
*15. Repeat Problem 2 using PSpice or Multisim. . - s contain any number of elements, whose impedance is depen-

. dent orsthe applied f :
#16. Regeat Problem 7, parts (a) and (b), using PSpice or Multisim. i el

*17. ‘Repeat Problem 11 using PSpice or Multisim,
*18. Repeat Problem 14 using PSpice or Multisim,

% : .
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Qb .| ECIIVES ~ +Understand the drﬁerences between independent
; R and dependent sources and how the magnitude
and angle of a-controlled source is determined by .
the dependent variable.

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

b + Become proficient in the application of mesh and -
nodal analysis to ac networks with independent
and controlled sources. )

-Be able to define the relationship between the
elements of an ac bridge natwork that will
-@stablish a balance condition,

17.1 INTRODUCTION £ =y 2

For networks with two or more sources that are not in series or parallel, the methods described
"in the last two chapters cannot be applied.. Rather, methods such as mesh analysis or nodal
+ analysis must be used. Since these methods were discussed in detail for de circuits in Chapter 8,

this chapter considers the variations required 1o apply, these methods to ac circuits, Dependent

sources arc also introduced for both mesh and nodal analysis.

The branch-current methed is not discussed again because it falls within the franu.work of
mesh analysis. In addition to the methods mentioned .lhpw,, the bridge network and A-Y, Y-4
conversions are also discussed for ac circuits.

Before we examine these topics, however, we must consider the subject of independent
and controlled. sources

17.2 INDEPENDENT VERSUS DEPENDENT
(CUNTHOLLED} SOURCES

“In thc previous chaptcrs each source appearing in the analyus of dc or ac networks was an
independent source, such as E and / (or E and I) in Fig. 17.1.

The term i'ndepené_fcnr specifies that the magunitude of the source is independent of the
~ “metwark to which it is applied and that the source displays its terminal characteristics
even if completely isolated.

A dependent or controlled source is one whose magnitude is determined (or. caniralled) by
a current or voltage of the system in which it appears.

I
EZ=E= E I 1
T i -
| ! _
FIG. 171 : ‘
Intraductory, C.- 48A ' Iels v fint goverens :




-

®

FIG. 17.2

s
S ) st
# LR
~ @
g 5
—=—MA——
: 3. F o
=t FIG.17.3
. _.ﬁ;edal natation for ¢
+‘ a
E =1Z Slfp——

ontrolled or dependent sources.

- * Voltagé source ~ | Current source

FIG.17.8

Seource Cunversion.
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Currently two symbols are used for controlied sources. One simply
uses the independent symbol with an indication of the controlling ele-
ment, ag s[[Jm\'n 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 ky. In Fig. 17.2(b), the

. magnitude and phase of the current source are controlied by a current 1

- elsewhere in the system, with the magnitude further controlled by the

constant k5. To distinguish between the dependent and independent
sources, the notation in Fig. 17.3 was introduted. In recent yeai-s'.- many
respected publications on circuit analysis have accepted.the notation in
Fig. 17.3, although a number of excellent publications in the area of

" electronics continue to use the symbol in Fig. 17.2, especially in the cir-

cuit modeling for a variety of electronic devices such as the transistor

.and FET. This text uses the symbols in Fig. 17.3. °

Possible combinatiohs for controlled sources are indicated in Fig,

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

be controlled by a voltage and a current, respectively, Unlike with the in-

.dependent source, isclation such that Vorl = 0in Fig. 17.4(a) results in
 the short-circuit or open-circuit equivalent as indicated in Fig, 17.4(b):

ling agent (V.or I},

Noe. that the type of representation under these conditions is controlled
by whether it is a current source ora voltage source, not by-the control-

-
"

A | : :
f el 1 .
o LA : e
& i ; < ksl P
|
; --@——-# S S S

.’_

e A

e Rl I

b : y 7 Fasi g 5
L O e L oL

@ .. S (b)
4 PR 7 e
Conditions of V=0V and 1 = 0 A for a controlled source.

L]

1.3 SOURCE CONVERSIONS

When applyiilg}he methods to be discussed, it may be :Iécessgry.!d con-
vert a current source to & voltage source or a voltage source to a current
source. This source conversion can be accomplished in much the sme
manner as for dc circuits, excépt that now we shall be dealing with pha-

sors and impedances instead of just real numbers and resistors.

* In general,"the format for converling. o

Indépendent Sources 7

ey g
ne type of independent source. to
another is‘as shown in'Fig. 17.5. Ve, .

T LR R Tiel ol e

A

*
.

!n!_:"u'r!';.stur‘;.v,‘ G, 488
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! ; SOURCE CONVERSIONS |1 743"
» : .__le... -. ! ; e : .1‘- L
EXAMPI.E 1?1 Convert the voltage source in Fig. 17.6(a) to a current Sl
_source. | ? ) P J
2
# Sm;ree c_o;wmicn ) ]
- 'E =100V £0° ’
] X '
I=20A .4"53.136
N -
t&} ; Tl {‘h’ ' h
FIG. 17.6 3 -
' Example 17.1.
&1 2 ) .
! N\
Solution: _
(_E_ 100ve0e ; : :
: Z 507531% p a e 3 ¥ =
= 20 A Z—53.13° __[Fig. 17.6(b)] e . = e =
EXAMPLE 17.2 Convert the current source in Fig. 17.7(a) to a voltage ¥ o il L=
source. i ” 2 i y
% / b
L . a_
' +
E =120V £ -30°("\y
Yo A e
‘=1°54“‘°()‘ - P xe =120
| ;
; o
" a
. () () ’
FIG. 12.7 o ;
Example 17.2:
; R
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/{\ '
' \
A

-

Sqiution;
g B (Ko £=90°)(X, £90°)
Aol 7] -=Xe + X, o
i ' ) C (40L-90°)(6Q £90°) " 240 207
) Te 40160 2,000
=120-90° ;
E=12=(10A £60°)(12 Q2 £ -90°)
: =120 V£-30°  [Fig. 17.7(b)]
Dependent Sources

For dependent sources, the direct conversion in Fig. 17.5 ¢an be appllc([

if the Lcmlwllmg variable (V or I in Fig. 17.4) is not determined by a

portion of the network to which the conversion is to be applied. For ex-

~ ample, in Figs. 17.8 and 17.9, V and I, respectively, are contyolled by an

external portion of the network, Conversions of the other kind, where V

~+ and Lare controlled by a portion of the network to be mnvcncd are con-
sidered in Sections 18.3 and 18.4; .

., EXAMPLE 17.3 Cenvert the valtage source in Fig, 17.8(a) to a current
A . source,

J
¢ . e
ey VeV oo (45103 VA £ o

v -

i

-
i

-I}—or-': -

8%
=
o

- A
(a) ()
FIG. 17.8
Source conversion with a voltage-controlled voltage source.
! 5 ) - Solution:
E '>0 V)V V20
L T LT TSR 200 : ,
‘ : e T T (4 X 1077 V)A £0°  [Fig. 17.8(b))
- : ¥ i " ef”
1 EXAMPLE 17.4 Convert the current source in Fi lg. 17.9() 10 2 voilagc
- .. - source. v

. : "FIG.17.9
5 " Source conversion with a cupren’t-controlled current source. i s

%t &
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B =1z~ {(1001)A 20740k £0°].
= (4 X 10°T)V £0°

17.4 MESH ANALYSIS
General Approach -

independent Voltage Sources Before examining the application
* of the method to ac networks, the student should first review the appro-

‘priate sections on mesh analysis in Chapter 8 since the content of this

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

The gencral approach to mesh analysis for independent sources:
includes the <ame sequence of steps appearing in Chapter 8. In fhet,’
throughout this section the-only change from the dc coverage is to sub-
stitute impedance for resistance and admittance for conductance in the

. general procedure. ®

1. Assign a distinct current in the clockwise direction to each jndepend-.
ent closéd loop of the networlk. It is not absolutely necessary o choose
the clockwise direction for each loop current, However, it eliminades the
r:e“ed' to have to choose a direction for each application. Any direction
can be chasen for each loop current with no loss in accuracy as long

. asthe remaining steps gre followed properly. , v s 1

2. Indicate the polarities \within each loop for each impedance as
determined by the assumed direction of loop current for that loop.

3. Apply Kirchhoff''s voltage law arottnd each closed loop in the '
clockwiseé direction. Aga in, the clockwise direction was chosen to

- establish uniformity and to prepare us for the format approach o
~ follow. _ . e
a. If an impedance has two or more assumed currents througf it,
the total current throtigh the impedance is the assumed curregt
of the loop in which Kirchhoff's voltage law is being applied,
plus the assumed curgents of the other loops passing through
in the same direction, minus the assumed currents passing |
through in the opposite direction. :
b. The polarity of a voltage source is unaffected by the direction
of the assigned loop currents. : b
4. Solve the resulting simultancous linear equations for the assumed
" loop currents. ' '

The technique is applied as above for all networks with indeperident
sources or for networks with dependent sources where the contrplling
variable is not d part of the network under investigation. If the control- L
ling variable is part ef the network being examined, a method to be de-
scribed shortly must bg applied. B

—_— ——————

e ———e——

i EXAMPLE 17.5 Using the general approach to mesh analysis, find the
current I, in Fig. 17,10,

Solution: When applying these methods 10 ac cirouits, it is good prac-
tice to represent the resistors and reactances (or combinations thereof)
by subscripted impedances. When the total solution is found 1h terms of
these subscripted impedances, the numerical values can be substituted © -
find the unknown quantitics. % : ; j
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=20 |, : J—xc =10
- S . :
; T'\ Sk=40, ?
. ¥ +
» E =2V« i E; =6V £ 0
L ]
FIG.17.10

Example 17.5..
~ s 5

+ The network s redrawn in Fig, 17.11 with subscripted impedances:
L

Zy=+jX, = +j20 . Ey=2Veee
“ Zy=R=4Q E;=6V.0°
Zy=—jXc=—j1Q ‘

Steps 1 and 2 are as indicated in Fig. 17.11.

Step 3: ’
FIG. 17.11 ks 8 . E - LZ -2, - ) =0
Assigning the mesh currents and subseripted imped- —Zo(ly = 1)) — 1,Z5 — E, =0
ances for thé network in Fig, 17,10, -
g . or- E\-hZ - 1,7, + L,Z, =0 4
f : ~hi, + 07 -~ L2, - E, =0
. o P
so that L(Zy + Z,) - 1,7, = E,

L(Z + ;) - 1,2, = -F, :

which dre rewritten as :
: L(Z) +2,) - 1,2,

. =E,
L, + I(Z; + Z)

o
!
S

Step 4: Usmg deternﬁnantsb. we 65tain
G ¥ L ’ E, -Z;
: Gt -7 '

gl E\(Z, + 23) - Ex(2,) -
(Zy +Ty)(Z, + Z,) — (Z,)? -.
Leas _E B +EZ : 'y
: o U tL2, 4+ 2,2, - .
_ Substituting numerical values yields ' .
b b -(_z.'v-6V)(4n-)+(z\r)f—jln)
L HR2O)@0) + (+20)20) T @ Q)(-j249)
5 w2 TIOTJ2 L 21612 I6I2A £=1T287° A
% RSy & R L T ! B Vi 447 £634F

P el : L E361AL-23630°. or .3.61A£12370°,
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' Dependent Voltage Sources, For dependent voltage sources, the o A3
- procedyre is modified as follows: v _ :
‘I Steps 1 and 2 arc the same as those applied for independent voltage _ .
2. Step 3 is modified as follows: Treat cach dependent source like ” i
. 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 unknowns are limited solely to the chosen mesh currents. -

% Stebd-is as before. | g
-~ ‘ e : : - s - p¥Y, +
EXAMPLE 17.6 Write the mesh currents for the network in Fig-i742 . - R Y @_
having a dependent voltage source. - S S Gl e : » R, '
- Solution: . - - g Rl N L) VS& @ Ry
" Steps 1 and 2 are defined in Fig. 17.12. " = i ' ] L
_Srep.i': 2 * :!‘.':} = IIR] - Rz{ll i I;) =) ' TR . p 4 . ‘.é_- y
_ Ryl — I}) + uV, — LRy =0 - ; T s ‘ S o
Sz, = falla ‘)_‘ b - R o
_ Then substitute V= (I, = L)Ry. Applying mesh analysis to a network witha
' The result is two equationsand two unknowns: . voliage-controlled voltage Souree. .
S B w o - . . . - e . « ‘
g E > 1R~ RI 1) = 0 s _
Rl = 1)) + pRy(ly —h) =bRy=0 - -~ : - 8 R
- = . - 4 - ; <
Independent Current Sources " For independent current soarces, y :
the procedure is modified as follows: i Sl i P gt T i e - ;
1. Steps I and 2 are the same as_thosé.applied for independent aksh .
. sources, : _ : R L s ‘ -
2. Step 3 is modified as follows: Treat each current source as an
: open circuit (recall the supermesh designation in Chapter 8), and ]
: write the mesh equations for, each remaining independent. path.
Then relate the chosep mesh currents o the dependent sources to s . :
ensure that the unknowns of the final equations are limited to the ) =
.mesh-currents. - :

l3. S_ie;i_u&isgsbe[ore. Ny

f: .
®

5 :
EXAMPLE 17.7 Write the mesh cusrents for the network in Fig. 17.13
having an independent current source. ' -

 Solution:
Steps 1 and 2 are defined in Fig. 17.13.
Step3:  Ey—LZp+Ey—LZ; =0 (only remaining independent
. path) ;
with + L +I=1 ' s ~ FIG.17.13
Applying mesh analysis to a nerwork with
an independent current saurce.

The result is two equations and two unknowns. - _

- - v T T e . ol
[ 1=k -
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FIG. 17.14
Applving mesh analysis to a network with a current-
cantralled current source. -

Dependent Current Sources For dependent current sources, the

procechire is modified as follows:

1. Steps 1 and 2 are the same as those-applied for independent sources.
2. Step 3 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 unkngwn 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 1 and 2 are dei'med in Fig. 17.14.

Step 3: E -1z - IZZ;; +Ey=0
_and - M= -1

Now I =1, sothat kI =K ~1, or I=I(l-k)

The result is two e 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 in ag circuits:

1. Assign a loop current to each independent closed loop (as in the

previous section) in a clockwise direction,

2. The rumber of required equations fs equal to the number of
chosen independent closed loops. Column 1 of each equation is
Jormed by summing the impedance values of those impedances
through which the loop current of interest passes and multiplying
the result by that loop current.. 8 2

3. We niust now consider the mutual terms that are always subtracted
[from theterms in the first column. It is possible to have more than
one mutual term if the loop current of interest has an element in
commnon with more than one other loop current, Each muttal term
is the product of the mutual impedance and the other loop current

- passing through the same element. : )

4. The column ta the right of the equality sign is the algebraic sum of
the voliage sources through which the loop current of interest
passes. Positive signs arg assigned to those sources of voltage
having a polarity such that the loop current passes Srom the
negative to the positive terminal. Negative signs are assigned to

_ those potentials for which the reverse is true. 9

5. Solve the resulting simultaneous equations for the desired loop
currents. .

The. technique is applied as above for all networks with independent
sgurces or for networks with dependent sources where the controlling
variable is_not a part of the network under investigation. If the controlling
variable is part of the network being examinet, additional care must be
taken when-applying the-above steps.
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AN .
EXAMPLE !?;9 Using the fh-rmm.appmach to mesh analysis, find the y _ _
current I in Fig. 17.15. N

Y
Xe T 80 4
_ 40 - x,ﬁg 601
E; = 10V £0°
+
= :
FIG. 17.15 " iy

Example 17.9.

Solution: The network is redrawn in !*Lig4 1.16: _
Z]=R;+jX,_l:1I1+jzn E.=8V 220
ZZ=R2*jXC‘-’=4Q"'}'3ﬂ _FQ=1‘DVZ_'0“

o ZTa=+jXp, = +j60
Note the reduction in complexity of the problem with the substitution of

r

) FIG. 17.16
Assigning the mesh currents and subscripted

. impedances for the nenvork in Fig. 17.15..

the subscripted impedances.
Step 1 is as indicated in Fig. 17.16.

Steps 210 4: .
TL(Z + Zg) — LiEa = Ey +E;
L(Z; + 23) = 112 =*~E;
which are rewritten as .
. Il(Z, *: Zz) = '222 = Ei 1= E;}_
-1, Z, +1(Zy + Z3) = —Ey, g

Step 5: Using determinants, we h.ave_-'
}Zl +Z; Ey+E;
peli g >3
3 lZl +Zy 1 ‘
| ~Zy ' Zy+Z
- *(Zl + ?q)E: 3 z:(E: + Eg)
(Zy + Za)Za + Z3) — Z}
= Zin . ZIEZ
T LIy + LTy + Lols

Substituting numefteal values yields
o (49—;39){3\!420");(lnuzmtmv £0°)
TR+ 2@ -j80) + (10 +20)(+j60) + (40 78 Q)(+i6 Q)

ol

_(4-j8)(152+j274) - (10 +j20)
20+ (j6 - 12) + (j24 + 48)
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(520“.}492{]) — (10'+/20) 420 -j69.20 _ 80.95 A £—58.74°
56 + /30 56+j30 63.53 £28.18°
= 1.27 A £286.92° -

Calculator Solution: The calculator can be an effecnve tool in per-
forming the long, laborious calculations involved with the final equa-
tion appcarmg above. However, you must be very careful to use
brackets to define the order of the arithmetic operations (remember that
each open bracket inust be followed by a close bracket). With the TI-89
calculator, the sequence in Fig. 17.17(a) ‘provides the solution for lht:
numerator.

For the denominator, the sequence appears in Fig, 17.17(b).

The solution is then determined in Fig. I?.l?[t:).

m-m@ m-@zm-@
"MATH ANGLE ° m-mm---:
mmm-z-mmﬂlu 80.92 £-58.77°

(a)

EBEIEIEIES mm-m-m OBED
EDEIEIEIED m-@:----
E.l-!»za:mm- > Polar (FTE 63.53 £ 28.18°

(b) |

mmaammm@
MATH ANGLE * ) M EEDEDEIEIEIEIGEIED .
. 2AEBE D ETDEEDES MATH ANGLE ® @mp Polar 1.27£-86.95°

(e)

FIG. 17.17
- Determining 1, for the network of Fig. 17. 35

e

2

EXAMPLE 17.10 Write the mesh equations fur the network in
Fig. ]7 18. Do not solve.

K AN
xc. -. Ry
X, SR "
: A 1
: e
Ry :_-_iq):'c!
i FIG.17.18

o YA S ' Example 17.10.
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-Solugmn Tmzmlwork is redrawn in Fig. 17.19. Again rote the re-
duced complexity and increased clan:y provided by the use of sub-

j 'scnpn:d lmpedﬂnccs
A e =R+ )X, Z4=Ry-jXc
f _z: - Rg + ijz Zs R4

*
L= e, b
and : N2y + Zy) — LZy =By
I(Zy + 23‘”" Z,)-LZ;-13Z2,=0
L(Zy + Ls) — LZ, = Ey
or 1 f71 + Zy) — Lh{Zy) +90 =E
~LZ = LTy + 2y + L) = I3(Zy) =i
0 . ~LfZ) - L{Z + Zs). = B3
Gt zl : Zs b . ‘: Z:’ '
! + =L f + ; ja ¥ +* - 0
+|= + | =
+ . -
E, 4 % Ex
i I + :
=T+ =T+ 5
. sk .-, |
s i - W ¥ 2 ’ R X,
' .7 FIG 1719, AR~ rm%‘\
A.f.ugmng the inesh currents and subscripted impedances for the nerwork b4
in Fig. 17.18. R !
¥ . ; 2 Ly
. e 11, wif + z ; . K
"EXAMPLE 17, 11 Usmg the format approach write Lhe mesh equa- gl_@; . N)E *
tions for the network in Fig. 17.20. 2 el kG
- Solution: The netwoﬁ: is redrawn.as shown in Fig. 1'?.21, where s
Zi=R +jXy, Zy=jXi, e
I Z:=R; : Z, = jXp, , | HG. 17.20
oo . ) Example 17.11.
~.and ! 1(Zy + Zy) — hZy — 13124 = E, : oS ¢
L(Z) + Zy + Z3) ~ LhZ; — 13Z3 = 0
13(23 + Zy) — LZy - 1124 :IE2 ; 7

" oor

- L, . =132, =k : r I
-LiZ, + I(Zy ' ' :
-—1134 - l;z; ! ) = Ez

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

_ i .
. —Z,, —Z4,and —Z; off the diagonal. B O : " & ( r
- ! , E.@ 7, "))E,
W B i s ™ +
: . ! . ; ]

17.5 NODAL ANALYSIS ?

General Approach o
; . FIG. 17.21
- independent Sources - Before examining the application of the : Ass:gnmg the mesh currents and subscripted

. method to ac networks, a review of the appropriate sections on nodal . impedances for the network in Fig. 17.20.

R
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Al
analysis in Chapler 8 is suggested since the content of this section is
limited to the general conclusions of Chapter 8.
The fundamental steps, are the following:

b

. Determine the-number of nodes within the network.

2. Pick a reference node and label each remaining node with a sib-
scripted value of voltage: V|,V;, and so on.

3. Apply Kirchhoff’s current law at each node except the reference.
Assume that all unknown currents leave the node far 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-analysis solution.

EXAMPLE 17.12 Determine the voltage across the*inductor for the

network in Fig. 17.22. c -
R, Ry
Yy W‘
0.5 k0 2k0
- - L3
. + < :
, = ' =
12V 20° "Lg"?“‘- e ama £0°
| |
=
L]
-FIG. 17,22
Exampie 17.12,

Solution: ’ _ R

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

v, v, v,
L - Zi Zy ’
= —1
] s n 1 1
z, E@ 7, l'z

™y

_ FIG. 17.23
Assigning the nodal voltages and subscripted impedances to
the network in Fig. 17.22,

|]|—‘

FIG, 17.24.
Applying Kirclthoff's current law to the node
v m Fig. 17.23.

Step 3: Note F:g 17.24 for the pr]lc.i[i(]n of Klrchhnff 5 cumnt law to
node V, _
L= 31,
0=hL+L+Ek
Vi-E Vi Y ot 8
2y z, Zy

=0



Rearzanging tesms gives

Al &AM (S S M L e

v +—=—+—|-¥ [——} =—

[Z; Z, Zs] 3] 7

Note Fig. 1. 25 for the application of Kirchoff’s curn:nt law to
—nOdCVz

(17.1)

'0=13+14+1

v, % W T
7 Iy C 1

Rearranging terms gives

B "
Vol o+ | = V| | = -1 17.2
' 1123 34] i_[ZJ ) : .}
Grouping cquations gives
' t. 1 3 N
oS dnd]aul]
%y - By By 1z, Zy
1 {7 §
v it A _] -
l{za] 2[ 7y Zy
TR s TR : -
= 2 PR RS S =2.5mS £=229°
z. Y77 "oska Tjoka f zm - 2™
T | 1 1 _
Sp — o = (.539 mS £21.80°
Z, L "2H0 —jokQ g :
and : b : e
Vi[2.5 mS £-2.29°) — V5[0.5 mS £0°] =24 mA £0°
CV,[0.5mS £0°] |, — V5[0.539mS £21.80°] = 4 mA £0°
with | 24mAZ0°  —05mS 0%
v 4 mA £0° —0.539 mS £21.80°
: iz.s mS 2—-2.29°  —0.5mS £0°
5mS £0° ~0.539 mS £21.80°

. (24mA £0°)(=0.539 mS £21.80°) + (0.5 mS £0°)(4 mA £0%)

NODAL ANALYSIS 111 753

¥y.? Y2
—-.-"p—-—— 13 -

1

1 13

: Z‘. ll,, (l)l

-4

FIG. 17.25

" Applying Kirchhoff's currént law to the node Vj in

Fig. 17.23.

~ (2.5mS £-2.29°)(~0.539 mS £21. 30°) + (0.5mS £0°)(0.5 mS £0°)

~12.94 X 1070V £21.80°+°2 X 1078V £0°
~1.348 X 1075 £19.51° + 0.25 X 107¢ £0°

=(12.01 +j4.81) X 1076V + 2 x 107°°V

 =(1.271 + j0.45) % 107¢ + 0.25 x 107° -
~1001V ~j481V 11106 V.£—15433°,

=120 - j045 | L116 Z-15621°
V) = 995V £1.88°

dependent Current Sources For dependent curtent sources, the
: prcn:edurc is modified as follows:

1. Steps 1 and 2 are the same as thcs; applied for independent
sources.

2. Step 3 is modified as follows: Treat cach dependent current
source like an independent source when Kirchhoff's current law
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-

is applied to each defined node. However, once the equations are
established, substitute the egaation for the controlling quantity to
ensure that the unknowns aré limited solely to the chosen nodal
voltages. , -

3. Step 4 is as before.

EXAMPLE 17.13 .Wrile the nodal equations for the network in

Fig. 17.26 having a dependent current source. .

v '
vy — v,
Z

ICD ; I-ii : Zy . | yar

L

’ FIG. 17.26
Applying-nodal analysis to a netwark with a
current-controlled current source. )

* Solution:
T g Srepx!andzareasdeﬁnedmﬁg L‘!zﬁ- .
' \ s:eps Atnode Vy, - ; ' X
. I=L +1 ;
VI Vl V2
+ ~1=
' L, L :
: 1 1 1
, ¥  and Vil +# === —-—| %
3 e II:Z'] Zz] Vg[z:] '
AtnodeVy,
ﬂ'_ . Ig*'ls“i"kl‘:ﬂ
V=V, {Vl V:J o
L Ly 0
Z, 4 7

and’

Gy I»k._‘l—-k._1__
o R B~

. resulting in two equations and two unknowns. _

x

Independent Voltage Sources between Assignied Nodes For
independent voltage sources between assigned nodes, the procedure is
modified as follows:

£ _ o

2.

Steps 1 and 2 are the same as Lhasc applied for mdependent
sources. '

Step 3 is modified as follows: Treat each source betwce.n defined
nodes as a short circuit (recall the supernode classification in

' Chapter 8), and write the nodal equations for each remaining

mdepcndcnt node, Then relate the chosen nodal vo]tages to the

=



Mﬂdcﬂl vﬁh#ge snum to ensure that the unknowns of the
; ﬁna! equmns are lmmed solely to the nodal voltages '
fiS Stcp 4isas before

Yy

EXAMPLE 17.14 Writé the nodal equauons for the network in_
Fig. 17. 27 havmg an mclependcm source between two ass;gned nodes:

\{

FiG, 17.27
4 Applying nodal analysis to a nens'ork with an
mdepcudem vm’m'ge source between degﬁ'ned nadu

Solution: s 3 =

* _Steps 1 and 2 are defined in Fig. 17.27.

Steps 3: chlacmg the independent source E, witha sham:ucuu equiv-
" alent results in a supernode that generates the following equanbn when
Kirchhoff’s current law is applied to node Vi A
- - v v 3 "
. . ll i | + J i ]2 :
e Z, 7
with . ) Vs -V = El'- -

and we have two equations and two unknowns:

Dapendent Volt.nqe Sources b&twm Defined Nodes For de-
pendent voltage sources be{ween deﬁned nodes, the proccdure is modi-
ﬁed as follows: .

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

age sources. ' y
2. Step 3 is modiﬁed as follows: The procedure is essentially the
same as m;t applied for independent voltage sources, except that

now the dependent sources have to be defined in terms of the _
chosen nodal voltages to ensure that the firial _equations have’

. only-nodal veltages as their unknown quantities.
3. Step 4 is as before. -

EXAMPLE: 17.1§ Write the nodal equations for the network in
Fig..17.28 having a depcndcm voltage source helwr-en two defined nadcs

Solution:

- Steps I and 2 are defined in Fig. 17.28.

. NODAL ANALYSIS ||| 785

.
-

-] L 3
Z L T Z,
R
T .
FIG. 17.28

Applying nodal analysis to a nerwork with
a voltage-controlled voltage source.
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il —

¢

.Step 3: Replacing the dependent source uV, with a short-circuit equiva-

lent results in the following equation whén Kirchheff's current law is
applied at node V)

- . lzll+lz\
v,. (Vi-Vy) °
Vi (v, 2)_1:0
L[ Zz 1
and Vi = puV, = u[V, - V;]
or V, = Lot V|
=l

rcsulnng in two equations and two unknowns. Note that because the im-
pedance Zq is in parallel with a voltage source, it does not appear in the
analysis, It will, however, affect the current through the dependent volt-

dge source. 2

Format Approach

o

. A close exammanon of Eqgs. (17. 1) and (17 2).in Example 17.12 reveals

that they are the same equations that would have been, obtained using the
format approach eroduced in Chapter 8. Recall that the approach re-
quired that the vollage 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 slgn or missing term.
The sequcnce of steps required to apply the format approach is lhc 2
fnllowmg

1. Choose a reference node and a.ss:gn a subscripted vokage label to
the (N = 1) remaining independent nodes of the netwerk.

2. The number of equations required for a complete solution is equal
to the number of subscripted voltages (N — 1), Column 1 of each
equation is Sormed by summing the admittances tied to the node
of m!erecr and mufnpi_wng the result by that subseripted nodal
voltage.

3. The mutual terms are abs-ays subtracted from the terms of the first

< coluwmn. It is pumble to have mnore than one mutual term if the
nodal voltage of interest has an element in common with mote
than one other nodal voltage. Each mutual term is the product
of the mutual admittance and the otirer rwdai’ valtage tied to that
admiftance.

4. The column to the right oj‘ the equalily sign is the.algebraic'sum of
t!:e current sources tied to the node of interest. A current source is
ass:gnea' a positive sign if it supphes cyrrent to.a node and a nega-
tive sign if it draws current from the node.

3. Solve the resulting simulianeous equations for the des:rcd nodal
voltages. The comments affered for mesh analysis regarding
independent and dependent sources apply here also.

-

EXAMPLE 17.16 Usm-1 the format approach tq nodal analysls find

* the voltage across the 40 resistor in Fig. 17. 29.

‘ Z|.1=k'_—_*‘+ﬂ

Solution: Choos‘mg nodes (Fig. 17.30) and writing the nodal equa-
tions, we have

Zo=jX, =50 - Ly=—jXc=-j2Q

>



Ii» ug_v() R4

X =20 L=4AZL0°

. FIG.17.29
Example 17.16.

L |

Vi

v,

7

l|_ 2 z;

T

Zi |- : s

; FIG. 17.30
Assigning the nodal voliages and subscripted :mpedances
for the neruwrk in Fig. 17.29. -

P I )
V(Y + ¥y) = Va(Y3) = -Lh
Vo(Y; + ¥y) = Vi(Ya) = +I
or V(Y + Y2) = Va(Ya) e
~Vy(Y3) + V(Y3 + Y,) = +1
| 1 g 1
Y = — : Y = — Y = —
ek O
- Using determinants yields - e
| -1, -Y; | | —6A+ /025 |
4, %+Yyl | +4a+j03s

g \Y1+Y;', -Y;
-Y; Y%t+Y,

—(Ys + Y2)I; + LY,

i |o.2ss—ju.zs +j0.25l :

|+jo2s +j03S

(Y7 £ Ya2)(Ys + ¥p) — V3
(Y3 + VI, + LY,

T+ VoY + Yo Ys
*  Substituting numerical values, we have
~[(1/=j20) + (1/j5Q)]6 A L0° + 4A f_o*’(u; 50)

V=

(1/40)(1/-j20) + (1/j5Q)(1/-j20) + (1/402)(1/j5Q)

_ =(+i05 - j02)6 £0° + 4 £0°(—j0.2)

(1/-j8) + (1/10) + (1/j20)
(~0.3 £90°)(6 £0°) + (4 L0°)(0.2 £—90°)

]

. —1.8 £90° 4+ 0.8 £L-90°"

0.1 +,0075
Introductory, C.-49A

j0.125 + 0.1 — j 0.05

F Reference

NODAL ANALYSIS |1 767
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_ 26V.£-90°

T 0.125 £36.87°
= 20.80 V £2126.87°

Calculator Solution: Using the TI-89 calculator, enter the parame-
ters for the determinant form for V; as shown by the sequence in
Fig. 17.31. Note the different negative signs used to enter the data,

det{l@---@ ; CAEIEIET ) DI
det ((IEZDEGIE-DEDEDD  CIEIE2D €363 €3
€-3€33 i1 £) 3P Polar BTEg 20.80E0 £ ~126.87E0

FIG. 17.31 "
Determining V, using the T1-89 calculator:

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

E, =20V £ (° I = 10A £ 20°

FIG. 17.32
Example 17.17.

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

L]

a
- 2 z, O I

-—

a'=

FIG. 17,33
5 Assigning the subscripied impedances for the network
in Fig. | ? 32,

Zy =R, +jXp, = m + jsn E =20V 20
ZI=R;+jXL1=4ﬂ+j5ﬂ I = 10A £20°
: _  Zy=—jXa=—j10Q
e . : . Z4 R3 =80
“Converting the voltage source to a current source and choosing nodes,
we obtain Fig, 17.34. Note the “neat” appearance of the network using

. lnt;oduct_ory, C.-49B.

L N -
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”'%}CD " Z 2 (D.,_

-

80

= Reference

FIG. 17.34
Converting the voltage source in Fig. 17.33 1o a currefit source
and defining the nodal volrages.

the subscripted impedances. Working directly with Fig. 17.32 would be
more difficult and could produce errors.
Write the nodal equations:

Vi(Y) + Yz + ¥Y3) = Vo(Y3) = +1,
VoY + Y_a) = Vy(Y3) = +L

1 1 1 1
Y =— Y;=— Y= — Yy=—
o 7 e & bl
" which are.rewritten as
Vi(Y, + Y, + Y3) = V(Y3) =%
-Vi(Y3) + V(Y3 + Y4) = +I

EXAMPLE 17.18 Write the nodal equauons for the network in
Fig. 17.35. Do not solve,

X, . Xc

"R ' i
; - =" b s
I:(D 7 ::Rz ) 5:33 g X, ;

2 .

AA

A

FIG. 17.35
Example 17.18.

Solution: Choose nodes (Fig. 17.36):
Z =R Z;=jX;, I3=R; - jXc,
Zy = —jXc, Zs = Ry Zs = jX1,

and write the nodal equations:

Vi(Y) + Ya) = VoY) = +1I
Va(Y2 + Y3 + Y4) — Vi(Y2) — Va(Yy) = -L
V(Y + Y5 + Yg) = Vo(Yy) = +1,
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Vi v, Vs
Zy Zy

II.CD z| g2 : Zs | %l

-
- =

FIG. 17.36 .
Assigning the nodal voltages and subscripted impedances for the network
in Fig. 17.35. )

which are rewritten as

Vi(¥+Y; +0 = %5y
- =Vi(Y2) + Vi(Y + Y3 =-I
i 0 == ‘|"Ig
1 1 1
Y, =— Y= Y3 =
VR LTV e, Ry—iXe
1 1 1
Y, = . Yo =— Yﬁ = —
AT,

Note the symmetry about the diagonal for this example and those pre-
céding it in this section.

EXAMPLE 17.19 Apply nodal analysis to the network in Fig. 17. 3?
Determine the voltage V. :

p

*=
4K R, > 1k0 - X, 2k V,

+

Transistor
equivalent
network

FIG. 17.37
Example 17.19

Soluﬁon In this case, there is no need for a source converslon The
network is redrawn in Fig. 17.38 with the chnsen nodal vollage and sub-

scnpted 1mpedanccs
‘'



B

Apply the format sppraﬁch:

R 1 ) :
—=—=0 0° = .
Y = Zi'=4kﬂ 25mS::_ G, L0
1 1
Yy = —— & = ol o
2 Zz_ l‘k.ﬂ. 1 mS £0 SGILO
Vo= A= =05mS L%
- 3T % 2k 2900
> =#jﬂ.5mS=—;BL
Vi1 + Y + YV, = —1001
-1001
d i ———
2 gl YE+Y3+Y3
> —-1001
025mS + 1mS — j0.5mS
—100 X 10°T _ —100 X 10°1

125 — ;0.5 - 13463 L-21.80°
—74.28 X 10°1 £21.80°

_ v,
~7428 X 10° | —= ) .80°
74.28 X 10 (n;n £21.80
V, = Vi = ~(T4.28V,)V £21.80°

]

' 17.6 BRIDGE NETWORKS (ac)

The basic bridge configuration was discussed in some detail in Section
8.11 for de networks. We now continue to examine bridge networks by
considering those that have 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

1 1 G, Be

L)y == e = J

! Y, G, + jBc G%'I'BE: JG:;"“B%
Z,=R, Zy=Ry Zy=Ry+jX, Zs=Rs

Applying the format approach:

(Zy + Z)N; — (Z)h — (Z3)B = E
(Zl +'Zg + Zs)lz - (Z})l[ e (z;)lg, =0
(Zy + Ty + Zs)h — (Z3)]y — (Zs)a = 0

which are rewritten as

Note the symmetry about the diagonal of the above equations. For

balance, Iz, = 0 A, and
L=l - Iy=0

.

BRIDGE NETWORKS (ac) 11 761

Vi
1
| | I
1001 Y, Yz Y; |Ve
| n ] -
+
FIG. 17.38 (i

Assigning the nodal velrage and subscripted
impedances for the nerwork in Fig. 17.37.

it

FIG. 17.39
Maxwell bridge.

FIG. 17.40
Assigning the mesh currents and subscripted
impedances for the network in Fig. 17.39.

o
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From the above equations,

. Zl + Z; E —Za
-7y 0 —Zs
—Z 0 [13 4 Z4 + ZS
=1 &3
L Z +2y ' -Z, =7y
2y (Z)+ 7, + Zs) ~Zs
-Z, -Z5 (Z3+ Z4 + Zs
- EZyZy + 2424 + T,Zs + ZyZs)
= A ]
where A signifies the determinant of the denominator (or coefficients).
Similarly, )
B E(Z,\Z; + 2,7, + Z,Zs + Z,2s)
’ A
' E(Z,Z, -
and 12;212—13=—Q._4A_z3_@

For Iz, = 0, the following must be satisfied (for a finite A not equal to zero):

This condition is analyzed in greater depth later in this section.
Applying nodal analysis to the network in Fig. 17.41 results in the
configuration in Fig. 17.42, where:

.

1 1 1

Y=—=-——-——_—- Yy —= —

" ! 'Z, R]"}'XE . ZZ Rﬁ
1 1 1 1 1
Y= — = Y.!z-—-:-—"—-. Ys=—
Ty Ry Y2y R+ X > R

and
(Y1 + Y2)Vy — (¥))Va = (Yo)V3 =1

(Yy + Y3 + Y5)V) — (Y)V; - (Y5)V; = 0
(Y2 + ¥y + ¥5)V3 = (V2)V, = (Ys)V3 = 0

\{]
z, 40N
: 1 Zs
v Vs \ Vi
Iy Z,
= =
FIG. 17.41 C . FIG. 17.42 '
Hay bridge. Assigning the nodal voltages and subscripted
® impedances for the network in Fig. 17.41.
which dre rewritten as
VilYy zVdYy) ~Wa¥g i &,
~Vi(Ya) + VY v, e
; . —WY, = VoYs +¥s5)=0




_ | Fa

- Again, note the éjmmetlﬁ! about the diagonal axis. For balance,
Vz,=0V,and ~ '
Vz,=V2-V3=0

From the above eq\iatiohs,
Y, + Y, I -Y,
-"*Y; "0 -Y;s
-Y; 0 (Yo + Yg+ Ys)
Vi= N+ Y, -Y, == 7
% -Y, (Y, +Y; + Ys) = ]
-Y -Ys (Y, + Yq + Ys)
CHYLY + Y Y+ Y Y+ VoY)
i = ;
Similarly,

I(Y,Y3 + Y + Yi¥s + Y¥s)
V3 L T 7
: % Lo
Note the similarities between the above equations gnd those obtained
for mesh analysis. Then :

hin KY;Y,.— Y3Y))
N & =Ny =t

o b % '
For Vz, = 0, the following must be satisfied for a finite A not equal to
Zero. i

Y|Y4 - Yng

However, substituting Y, = 1/Zy, Y2 = 1/Z,, Y3 = 1/Z3, and Yy=
1/Z4, we have

Vz, =0 (17.4)

-

A T3 5
L2, L,

or ’ Z:Z4 - ZgZz

) VZ’= 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 Tand V = 0.
“sincel=0;

and (17.6)
In addition, for V = 0,
IIZI e Ing {17.7]

Substituting the preceding current relations into Eq. (17.8), we have
LZy = LZ,

175)

BRIDGE NETWORKS (ac) 11} 763

FIG. 17.43
Investigating the balance criteria for an ac bridge
configuration.
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3 ! Za
and l: = 2_4[I
Substituting this relationship for I, into Eq. (17.7) yields
»
. Z,
. . e I|Z] - (z‘l] )Z1 y
s and 'z 124 = ZQZ.]
& ~ asobtained carlier. Rearranging, we have
¥ ’ z, Z
Zl = -Z-j (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 Z;s is replaced by a sensitive galvanometer,

Z =R - jXc

Z =R,

Zy;=R, -
Zy= Ry + jX}.

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 X;,
Substitute into Eg. (17.9) in the following form:

ToZs = Z4Z,
RyR3 = (Ry + jXt)(Ry — jXc)
o . RaRy=RRy+ J(RiX, = RXc) + XK,
so that

r
RiR3 +j0 = (RiRy + XcX;) + § (RiXp ~ RiXc)
For the equations to be equal, the real and imaginary parts must be
. equal. Therefore, for a balanced Hay bridge, '

[Rakts = RiRy + xchj (17.10)
i and |0 = RiXi ~ RiXc| (17.11)
or substituting  X; = wl and X = é
' ' i85
we have XcX; = (E)(NL) = %
and RzR; = R’R4 + E
]
: v Ry
th R e e o
b ' il wC

_ Solving for Ry in the last equation yields
: ' Ry = wRLCRi -



and subshmtmgm the pmkus equation, we have

-

e  RRy= Rl(u’ws,) + =7
anply through by C and factor:
} CRyR3 = L{w’Csz - 1)

- ' i CRaRy e
" L= .
and | I l % NJ'CZR% (17 u)
With additional algebra this yiel.ds-
m’c?nlxzﬂg -
Ry = 1 T POR (17.13)

Eqgs. (17.12) and (17.13) are the balance conditions for the Hay
bridge, Note that each is frequency dependerit. 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
Egs. (17.12) and (17. 13) when balance is achieved.

The bridge in Fig. 17.39 is referred to as a Maxwell brldge 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. (17.9) in the form

%%=mm
and subsiituling
[Rl /_0°}(ch L= 90")
- jX¢,

Zy= R L0°| X¢, £-90° =
T RiXe £-90° . —iRiXe
et Ry — jXc,- Ry = jXe,
P Z,=R;
" I3=Ry
and Z4= Ry + jX,

' =J 1;'5'('
ha : Ry) = (Rq + jX,
wehave (_Rz)(s).(-t J’L.)(R "‘J‘Xc)
—JjRiRXc, + RIXCrX.&
; R2R3 ; :
Ry — jXc, .
or (RR3)(Ry — jXc,) = RiXe Xy, — JRiRuXc,
and R\RyR3y = jRaR3Xe, = RiXe Xy, — iRiRaXc,
so that for balance ' '
RiR:Rs = RiXc Xi, E

o

Ras = (Zz‘fC )fz"ﬂ”

and |z.. = CiRaRs| S (1714)

BRIDGE NETWORKS (ac) 111 768,
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Capacitance comparison bridge.

FIG.17.44

FIG. 17.45
A-Y configuration,

and R;Ryfc] = RlexCI
RaR
so that Ry = ; 2 (17.15)
L At}

Note the absence of frequency in Egs. (17.14) 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:

Cy = ’ .
4 CBRQ (17.16)
RoR; -
Ry = R ; 17.17)

The dcrjiimtiqn of these equations appears as a problem at the cnd-uf_
the chapter. .

17.7 A-Y, Y-A CONVERSIONS

The A-Y, Y-A (or m-T, T-m as defined in Section 8.12) conversions for
ac circuits are not derived here since the development corresponds ex-

actly with that for de circuits. 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:

Zplc

Bp S T
VR 2 T Fe

(17.18)

Z4Zc

z:———_—
i Zat 2o

(17.19)

Zalg

Bt %yt % e

Zs =

Ii’or the impedances of the A in terms of those for the Y, the equations are

o BTy T Tn ¥ TZ.
Zp= LAt :’J (17.21) .
Z,
22y + T\Zy + T7,
Z,= 2 EiEs + Tty (17.22)
Z
izz+1123+2123
\ 7.
Lc= A (17.23)

- Note that each impedance of the ¥ is equu!.-ia the product of the

" impedances n the two closest branches of the A, divided by the swn of

e ipedances nthe b : : s

L]
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Fi Mhsr,.'tkc value of each i;mpadance of the A is equal fo the sum of
the passlblc product combinations of the impedances of the Y, divided
by the !mpcdam: of the X farthest from the impedance to be.

determined,
Drawn in dlﬁ'erent forms (Fig. 17 A6), they are alsn referred to as the
T and = configurations. £
o— Z, _ z, . 0 =2 Z. 0
Z & Zy Z, ¢

FIG. 17.46
The T and m collfigurations.

In the study of dc networks, we found that if all of the resistors of the
AorY were the same, the- conversion from one to lhe other could be ac-

complished using the equation : "
\ Ra '
Rﬂ - 3Ry\ or RY = T
For ac networks, _ 4
Z ' _
Za=3Zy o Zy=— (17.24) ,

- 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 magnitude: The angle asso-
ciated with each must also be the same. . =

EXAMPLE 17.20 Find the total impedance Zr of the network in
Fig. 17.47.

Zr

‘ . FIG. 17.47 !
Converting the upper A of a bridge configuration to a Y.
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Solution:
zgn—ffi Z,‘=—j4 ZC.=3+j4
_ ZpZc _ (—j4 (30 + j40)
Zy+2Zg+Zc (—jaQ)+(—ja40)+ (30 +;40)
(4 £-90°)(5 £53.13°) . 20 L-36.87°

Z,

X =
3-j4 5 L-53.13°
= 4021613 =3840 + 1110
2= ZZc  (-j40)30+40)
T Zy+Ip+Ze 50 L-53.13°

= 40£1613° =3840 + /1110

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, Z,4 = Zj. Therefore, Z; = Z;, and

ZiZp  _(-j40)(-j49)

T Zo+Zp+Zc S0L-5313°
16 Q £ —180° Ly ,
i =y T 320 £-12687° = —1920 - 25602
; 2 % ]
- 1 ~ Replace.the A by the Y (Fig. 17.48):
LT % - Zi=3840+j1L11Q  Z,=3840+ /1110
’ " E3y=-1920-j2560 Zy=210
! g a 3.4 gl . : .
Impedances Z, and Z, arc.in series:
: Zr, =L +Zy =384+ j1LIIQ+20=5840 + L1110
' = 59410 £10.76° 3
Impedances Z and Zs are in series:
o= & .. - -, .
FIG. 17.48 Zr, f g;ﬂzi:;f-m + L1112 +30=6840+ 1110
The nerwork in Fig. 17.47 following the substitution i ’ % '
o '-“fJ’ configuration. Impedances Zr, and Z, are in parallel:
ZrZr, = (5940 £1076°)(6.93 0 £9.22°) s

= g+ 2y, S840+ 1110+680+/1110
41160 £1998° 41,160 £19.98° - )
= TI268 +j222 12872993 - 198021005
= 3150 +0.560

Impedances Z; and Z, are in series. Therefore,

Zr =123+ Zr,= —1920 ~ j256 0 + 3150 + j0.56 0
: ; = 1230 -j200 = 2350 £ ~58.41°

k) -

EXAMPLE 17.21 Using both the A-Y and Y-A transformations, find
the total impedance Z for the network in Fig. 17.49.

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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FIG. 17.49 :
Example 17.21. ; ¥

FIG, 17.50 -
Converting a A configuration 1o a Y configuratio

the center point d' of the transformed A will be the same as point d of the
original Y: :

y 30+j60 |
ZY=%=§—3~J~—=IH+;’29|

and (Fig. 17.51)

erz(i-%lz_q) =10+j20

. . FIG. 17.51 _ ;
Substituting the Y configuration in Fig. 17.50 into the network in Fig. 17.49.

€
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_Usiw;g the Y-A transformation (Fig. 17.52), we obtain
Zy=3Zy=310+20)=30+j60

2

; FIG. 17.52
- . Converting the Y cohfiguration in Fig. 17.49 to a A.

Each resulting parallel combination in Fig. 17.53 will have the fol-
lowing impedance:: - -

' 310+j60
z*=~'—2~’——=1.§n+,j3~n
i 5 2 20T) 2w} oz
e T, A2 3
' 2150 +530)
ot i 4 20

which compares with the abave result.

Zy

- _ 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 determine the

nodal voltages for the network in Example 17,16 and compare solutions.
The network appears as shown in Fig. 17.54 using elements that were



T96mH

PHASE = ok
2k m;i

AL = A

c L TosF 12 FREQ® 1kmMz
PHASE =g
o 1 | IOFF = 0A

] L B g e sl T e v M

- FIG. 17.54 -
Using PSpice to verify the results in Example 17.16.

determined from the reactance level at a frequency of 1 kHz. There is no
" need to continually use 1 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 Jh'c text material. The direction must be recognized as
pointing from the + to — sign of the source. That requires that the
sources I and I, be set as shown in Fig. 17.54. Reverse the source I,
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 attribufes are the same as for the VSIN
source. For each source, set IOFF to 0 A; the amplitude is the 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 the I; source and at 4 A for the I, source, fol-
lowed by Display and Name and Value for each. It appears as shown
in Fig. 17.54. Double-clicking on each VPRINTI1 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 OK. Then select Value and VPRINT1 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 VPRINTT 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 1 kHz with 1 for the Points/Decade. Click OK, and select
the Run PSpice icon; a SCHEMATICI screen results. Exiting (X)

COMPUTER ANALYSIS |11 771
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brings you back to the Orcad Capture window. Selecting PSpice
followed by View Output File results in the display in Fig. 17.55, pro-
viding exactly the same results as obtained in Example 17.16 with V, =
20.8 V £—126.9°, The other nodal voltage is 8.617 V £—15.09°.

+* Piofile: "SCHEMATIC-PSpice 1717~
rcwuxpspnwun-l-wwlwu 17- um]

“maws AC ANALYSIS: .- TEMPERATURE = 27,000 DEG C

. CFREQ . VM(NOI900) VP(NOIS00)
Im ml =1.269E+02

FREQ = VM(NOIS08) ~ VP(NOI908)
| LOGOE+03 '$617E+00 -LSQ9EMOI

2. FIG. 17.55
Output file for the nodal voltages for 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-
5 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 restslor Ry, where k can be greater or less than 1. The result-
ing schematic, appearing in Fig. 17.56, seems quite c&mplex 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 curfent in

. ; R ; FIG. 17.56 ,
Using PSpice to verify the results in Exarmpie 17.8.



each part of tl:te symbol I particular, note that the sensing current of

has"tﬁt game direction us the defining controlling current in Fig.

_ 17:14./1n 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: (:CCS symbol, the Property Egitor 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 entér
.0.7. Then selegct Display followed by Name and Value-OK. Exit the
Property Editor, and GAIN = 0.7 appears with the CCCS as shown
in Fig. 17.56.

The other new componem 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 ydu fail to tell the

program which cutput data you would like, it will simply run through .

the simulation and list specific features of the network but will not pro-

vide any voltages'or currents. In this case, the current I, through the re-

sistor R, is desired. Double-clicking on the IPRINT . component

 results in the Property Editor dialog box with a number of ¢lements
that need to be defined—nibch like that fot 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 parametérs appear on the schematic with the
OK directive. You may find that the labels will appear all over
the IPRINT symbol. No problcm—_}ust ch&k on each, and move to a
more convenient location. *

The remaining cumponcms 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
leavmg 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 over wires 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 10 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 connection point {(a small red dot). In
this example, the top of the cont:ol!mg current was connecied first from

‘the E1 source. Then a wire was connected from the lower end of the

sénsing 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 the right turn to resistor K. 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 1 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
‘Oread Capture screen. Select PSpice followed by View Output File,

© COMPUTER ANALYSIS 11} 773 -
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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 mA with a phase angle of 0°,

a perfect match with the thearetical analysis to follow. One would ex-

pect a phase angle of 0° since the network is.composed solely of resis-
“tive elements.

** Profile: "SCHEMATICI1-PSpice 173" p
[ CAICA 1 1\PSpice\PSpice. | 7-3-PSpiceFile s\SCHEMATIC WPSpice 17-3.5im ]

A eeus  AC ANALYSIS TEMPERATURE = 27.000 DEGC
hpde . L
! b :
g FREQ IM(V_PRINTI1) [P(V_PRINTI)
1.OOOE+03  1.615E-03 0.000E+00
FIG. 17.57

The ou'r'pm file for the mesh current I; in Fig. 17.14.

The equations obtained earlier using the supermesh approach were
E-LZ -LZ,+E;=0 o LZ;+kZ,=E, +
and i ﬂ=kl|=l|—lz ‘

; N
resultingin® I} = —5%— = —=— = = = 31333],

so that L(1kQ) +L(1kO) =7V (from above)

becomes . (3.3330,)1kQ + L(1kQ) =7V
or o (4333k0), =7V

TV
and iz‘ = m = 1.615mA 20°

confirming the computer solution.

PROBLEMS 3. Convert the current source in Fig. 17.59 to & voltage source.

SECTION 1?:2 _Independent versus Dependent
. (Controlled) Sources _ 3

-
1. Discuss, in your 6wn words, the difference betiveen a con- M
trolled and an independent source. T =
SECTION 17.3 Source Conversions :
: 1002 60 | 2A L1200
-2. Convert the voltage source in Fig. 17.58 to a current source. < ¥
o s
FIG. 17.59
Problem 3.

I

! ; 4.. Convert the voltage source in Fig. 17.60(a) to a current
FIG. 17.58 ; " " .source and the current source in Fig. 17.60(b) to a voltage-
Problem2 . . - source, - . -
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. £ = - ‘I.
7 *
Y )
Lo - L .
W, |¥ R 2500
'3- 'i' =" (u=16) =1 (h=50) o
@ ' ® : .
- _ i ~ FIG. 17.6Q
i ' ) © Problem 4.
: SECTlON 17.4 Mesh Analysis . ’ R -
¢ ) AW
5. Write the mesh equations for the network of Fig. 17. 61. De-- 40
termine the current through the resistor .
R . E =10V £0°
35, % 5 FTE T RIGT8Y '
- # Problems 5 and 40.
6. Write the mesh equations for the network of Fig. 17.62.. 3 g
Tt r=son . S0 _
o : =% + e M L6007
5 _ CEp =SV .£30 E, WV £ 0
=GOy
» ' 7 : $
2 e : FIG. 17.62 Y
- " il . Problem 6.
* 7. Write the mesh cquauom for thc network of Fig. £7.68. e R

" Determine the current through the resistor R,

120

. i - 120 in 10
-
i %
) E, = VL 40V
J a0\ 2160° @60 F,_4uuu"
= -
- FIG. 17.63

Problems 7 and 21.
' ¢

v

- #§. Write the niesh'equations for the network of Fig. 17.64. R,
Determine the current through the resistor Ry. —WA\—
' g0

+

=20 @E; =120V 2 130°

FIG. 17.64
Problem 8.
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*9, Write the mesh equations for the network of Fig. 17.65. 12. Using mesh analysis, determine the current Iy (in terms of
Determine the current through the resistor .. ! V) for the network of Fig. 17.68.
R L

: Sk rS1kn "t

R, S 10k ¥
P&

X, & 4k0

.FIG. 17.68
Problem 12.

. 13. Using mesh analysis, determine the current I, (in terms of I)
FIG. 17.65 {of the network of Fig, 17.69;\

Problems 9 and 41. ' \ g « .

Xc
2 = | I
#10. Write the mesh equations for the network of F:g 17 66. 11_ * 0.2 ki1 +
Determine the current through the resistor R). : o RSW0KD B8k X, Daxn v
' i | L i3
FIG. 17.69 H
Problem 13.

*14. Write the mesh equations for the network of Fig. 17,70, and
determine the current through the 1 k(2 and 2 k() resistors.

.‘
lkn
2 ot
FIG. 17.66 S ID\’L:’F ..'-zm v,
Problem 10. -

11 Write the mesh equations for the network of Fig. 17.67. I
Determine the current through the resistor R. i 4 FIG. 17.70

Problems 14,and az

‘15 Write the m2sh equatwns for the nct\york of Fig. 17 71 and
determine the current through the 10 k{2 resistor,

3 s mvzo*’

E- 5k 4mA.~0° 10 kf}
] = g .
FIG. 17.67 i K- ! FIG. 17.71
Problems 11 and 22, v : - Problems 15 and 43.

£ . iy

1 T b ¥ e

.
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-

'16. Wrm lhe mpsh equations for ‘the network of Fig. 17.72, and . : v 20° ] .4' "
: delarmlne the current through the inductive element. . = + .
. s , — AW

+
A ’ .ﬁmzo"(T) 3 v,§|kn : BN, gam

) !
‘FIG.17.72

Problems 16 and 44.
SECTION 17.5 Nodal Analysis

17. Determine the nodal.-voltages for the network of Fig. 17.73. :
! : I =23A£0° 40 20 =SAL30°

- £ FIG. 17.73
Problem 17.,

18. Determine the nodal voltages for the network of Fig. 17.74.

FIG. 17.74

Problems 18 and 43,
19. Detérminé the nodal voltages for the network of Fig. 17.75.

I
I\
50 40
6 a2

-

; I = 40 mA ~ 90°
E = 30V £50° '

_ _ FIG. 17.75
. il S . Problem 19,
20. Determine the nodal voltages for the network of Fig. 17.76. Siﬂ
: ; {
B [\

/700
4n

AMA

-
100 203

LAAJ

CDl = 0.8A £70°

E=350VZLir

-

) ' FIG. 17.76
v : Problem 20.
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21. Defermine 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 voltages for the hetwork of Fig, 1,67, . find the voltage across the capacitive element.

. *23. Determine ghe nodal voltages for the network of Fig, 17.77.

]
00 12mA £0° < G)4m.uo* 4
: 10 :
L =2A2£30° EE:m' ; :
: = . FIG. 17.80
= .  Problems 26 and 47, 4
FIG.17.77 : 3
: Problem 23, . . :
) «  *27. ‘Write the nodal equations for the network of Fig. 17.81, and
_ _ find the voltage across the 2 k() resistor.
*24. Determine the nodal vnha'ges fbr the network of Fig. 17.78. b T e e 2
R e i
~1A) 1k L
AAA
ey v
+ oV, -
B 60 Ny 802
" . 2mA £ 0°
) - - ' e ' Sk
L 20 - . o Fr SOt b ' .
5n AN Iy = 6A £90° 12mA £0° ] E:Z-kfl +
’ 6Y,

. : : ik *‘

FIG.17.78 : : ] ' '
Problem 24, - ; - : : . FIG. 17.81

. < : Problems 27 and 48,

v

.

*25. Write the nodal equations for the ncmnrk in Fig. 17.79, and

*28. Write the nodal cqf:atioﬁs for the network of Figj 17.82, and
. lind 1hc voltage across lhc 1k resistor.

- find the voltage across the 2 k) resistor,

v

21xQ : T = e 1 -
" a - ok
5 “a 1kQ
i & @ ¥
| 1. a1, = - il
o i . o T i
S 1A £ 0° == 4 k0 LkQ §mA £ 0%  SmAZ0° v, $210 l 0, S1k0
s ;'. . ) 1 - -

s 3 RO R, ' : " FIG.17.82 ; '
Problems 25 and 46, | = - . 2 o a ; Problems 28 and 49, R
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*29. For the nétwork of Fig. 17.83, determinie the voltage V, in

terms of the voltage E;
R _ . _ 3
P 3 : Moy ui
;i ‘ ' , . YWy —
' : k0T,
+ I i +
& _ ;
E Rk g1, ( | ) S0KAZTR, 501, R, Z50KQV,
i e
. 3 FIG. 17.83
| = e S Problem 29.
SECTION 17.6 Bridge Networks (ac) : 32. ‘The Hay bridge in Fig. 17.86 is balanced. Using Eq. (17.3),

30, For the bn dge network in Fig. 17.84: _ dg_tmnme the unknown inductance L, and resistance R, s

a. Isthe bridge balanced? -

b. Using mesh analysis, determine the current through the
capacitive reactance. . : =

¢, Using nodal analysis, determine the voltage across the
capacitive reactance. g

Ry Ry

E, =10V£0°

FIG. 17.86
Problem 32,

FIG. 17.84
Problem 30. ey

31. For the bridge network in Fig, 17.85:
a. Is the bridge balanced? .
b. Using mesh analysis, determine the current through the
capacitive reactafce. - :
¢, Using nodal analysis, determine the vollage across the
capacitive reactance. 4 p

33, Determiné whether the Maxwell bridge in Fig. 17.87 is bal-
anced (w = 1000 rad/s). ;

Ry = 2k0
§ RS0
"
E, = 10V.£0° w = 1000
¥ y ~ (e -
FIG. 17.85 4 ; FIG. 17.87

Problem 31. ] g ) : Problem 33,
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34. Derive the palance equations (17.16) and (17.17)-for the ca-

pacitance compari sonbridge.

"

for the network of Fig. 17.91,

35. Determine the balance equations for the inductance bridge

in Fig. 17.88."

_FIG. 17.88
Problem 35.

SECTION 17.7 A-Y.Y-A Convanions
36. Using the A-Y of Y-A conversmn. determine the current l

for the ne;work of Fig. 17.89.

E= 120Vi£0”

FIG. 17.89
F"mbiem 36.

Ll

374 Using Ihc A-Y or Y-A cenversion, determine Lhe current 1

for the network of Hg 17.90,

FIG. 17.90
. - Problen 37

oy,

38. Using the A-Y or Y-A conversion, determine the current I

FIG. 17.91
Problem 38:'

39. Using the A-Y or Y-A conversion, determine the current T

for the network of Fig. 17.92,

1 60
+o— 00 .
0 5q
AAA AAA
Yyvy ¥Yy
E = 100VZ0°
==s5a s e
] o g
e
FIG. 17.92 -
Problem 39 ‘

"

SECTION 17.8° Computer Analysis PSpice
or Multisim

40. Determine the mesh currents for the network of Fig.

41. Detennine the mesh currents for the-network of Fi Fig.
*42. Determine the mesh currents for the mtwork of Fig.
*43. Determine the mesh currents for the l:letwark of Fig.

' *44. Determine the mesh currents for the network of Fig.

45. Determirie the nodal voltages for the netwerk of Fig.

*46. Determine the nodal voltages fof the nétwork of Fig.

'*47. Determine the nodal voltages for the network of Fig:
*48. Determine the nodal voltages for the network of Fig,
%49, Determine the nodal voliages for the network of Fig,

17.61.
17.65.
17.70..
1771,
1772,
17.74.
17.79,
17.80.
17.81.
17.82.



GLCISSAHY

Bm nﬂwrk A pc[work configuration having the appea:aucc

of a digmond in-which no two branches are in series or parallel.

Capacitance eomparimn bridge.-A bridge configuration having

' agalvanometer in the bridge arm that is used to determine an

‘unknown capacitance and associated resistance.

Delta (4) conﬂgurnticm A network configuration having the ap-
pearance of the capital Greek letier delia.

Dependent (controlled) source A source whose magnitude

“ andfor phase angle i$ determined (comrn]led) by a current or.
voltage of the system in which it appears.

- Hay hrldg! A bridge configuration used for measuring the resis-

- lance and inductance of coils in those cases where the resis-

tance is a small fraction of the reactance of the coil.
Independent source A source whose magnitude is independent

of the network to which it is applied. It displays its terminal .

characteristics even if completely isolated.

-

s . GLOSSARY 111 781

Maxwell hridge A bridge configuraiion used for inductance
measurements when the resistance of the coil is large enough
not to require a Hay bridge.

Mesh analysis A method through which Ihe loop (or mesh) cur-
rents of a network can bé determined. The branch currents of
the network can then be determined di jectly from the loop
currents. - ;

Nodal analysis A method through which the nodal voltages of a
network can be determined. The voltage across each element
can then be determined through applicatia)n of Kirchhoff's

voliage law.

Source conversion The Lhzngmg of a voltage source to a current
sourwe, or vice versa, which will result in'the same terminal
behawor of the source. In other words, the external network is
unaware of the change in sources.

Wye (Y) configuration A network configuration having the ap-
pearance of the capital letter Y.

o
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le ECI.I ‘! /ES » Be able to apply the superposition theorem to ac
- - networks with independent and dependent
F sources. .

« Become proficient in app.lylng Thévenin's theorem
to ac namrks with fndapandant and dependent
sourcss.

+ Be able to apply Norton s rhsoram to ac nemmrks- '
with independent and dependent sources.

] » Clearly understand the conditions that must be
met for maximum power transfer to a load in-an
ac network with independent or dependent

. sources,

.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 déveloping confidence in the application of thc. various theorems to
networks with controlled (dependent) sources, some sections have been divided into two
- parts: independent sources and depcndent sources. :
Theorems to be considered in detail include the superposition Lheorem. Thévcn!ra 8 nnd .
Norton's theorems, and the maximum powet 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 énable you to-apply them to sinusoidal ac networks with-little difficulty.

-

-

'18.2 SUPERPOSITION THEOREM

You will recall from Chapter 9 that the snperposltion thmrem climinated the need for so]v-

" ing simultaneous linear equations by cansidering the effects of each source independently, To
consider the effects of each source, we had to remove the remaining sources. This was ac-
complished by setting voltage sources to zero (short-circuit representation) and current
sources to zero (open-circuit representation). The ourrent through, or voltage across, a portion

~ of the network produced by each source was then ddded 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 of just 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 if the total response for each frequcncy is found independently and the

. results are expanded in a nonsinusoidal expression, as appearing in Chapter 25.
One of the most frequent applications-of the superposition theorem is to clectronic systems

in which the dc and ac analyses are treated separately and the total solation is the sum of the
two. It is an important application of the theorem because the impact of the reactive elements
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r
changes 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 souree on the general configuration of

the network.,
We first consider networks with only independent-sources to prowdc

a close association w1th°lhe. analysis of Chapter 9.

Independent Suurces

EXAMPLE 18.1 Using the superposition theorem, find the current I
through the 4 () reactance (X,) in Fig. 18.1.

FIG. 18.1
Example 18.1.

Solution: For the redrawn circuit (Fig. 18.2),
5 Z = +jx, Sja0 -
Z, = +j.7(;_, = j40
Zy = ~jX¢ = ~j3Q
Consu!cnng the ct"fects Qf thc vo]lagc source E, (Fig. 18. 3), we have

;s
= z2Z,  (40)(=j30) 20 _

st ey - _ 2= ojro
. FIG. 18.2 : _ . Z,+2;  j40-j30. ] .
Assigning the subscripted impedances to the network 120 41_990_ .
" E, . 10V £0° o loveoe

in Fig, 18.1.

I = >

N _ ; T Zop+ 2, —j120+ 40 80 £L-90°
: ] ; = 1.25 A £90°

Il

: : : FIG 18.3
¢ '- : . : Dmminmg the eﬁecr of the voitage source E| on the current | of the network
L T : . 2Ty in Fig. 18.1. -
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aid o S
AR e :
r ,-.h..-——zz 3+I‘;‘53 '{cument divider n|ﬂ¢) & ‘ o
(_J3n)(1125A) 3754

L= = —3?5A£,—-90°
_;4!'1*_;3{1 J

Considering the effects of the vultagc source E; (Fig. 18. 4), we have

48 A

A L)
'
- TI' 1,
s - &
FIG. 18.4
Determining the effect of the voltage source, E; on the current !
. of the nerwark in th 1811, " !
e
; . R -
4. ja0- # :
Zyp = N 2 =j28) .
By e SN AO° 5V ‘ . i
‘ - —=5A29°" - )
kot Zyp+Zy 121'1—;30. 1Q2-90° i
Ii: s I d st l['
and : I"=—=25A790° . _ :
. . 2 , x, San |!
. The resultant curre.nt through the 4 (1’1 reactance X, (Fig. 18.5) is - o ]r’
I=1-r ; “ :
=375A L~ 90’—250AL90°“—;375A~1250A _ i FIG. 18.5
=—j625A ' . Determining the resultant current for the network in
I=625AL-90° | ' ‘ Fig. 18.1.
EXAMPLE 18.2 Using superposition, find the current ¥ through the
6 () resistor in Fig. 18.6.
s
X, =60 R=610
+ 'Y
E = 20V £30° I AL FR Xe= 80 ;
- ¥ -
-
FIG. 18.6 My 3

Example 18.2.
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Z ]

+ 1 l
Ey I o

it W
=
, FIG. 18.7

* Assigning the subse r:p!zd impedances 1o the netwark

3 in Fig. 18.6,

zZ Z,

I

% -
e
FIG. 18.8 :
Determining the effect of the current.source 1; on the
- current 1 of the network in Fig, 18.6,
-
zl ZZ ]
)
o il ¥
Z ¥,

FIG. 189 :
Deternining the effect of the voltage source Ey on
the current 1 of the network in Fig. 18.6.

R, = i
AW
it R =i
. L4
—
By
. FIG. 18.10
Determining the resultant current1 for the network
in Fig. 18.6.

Solution: For the redrawn circuit {Fig. 18.7),
' Z,=j60 Z,;=60-80

Consider the effects of the current source (Fig. 18.8). Applying the cur-
rent divider rule, we have

-

R 7.1, (j6Q)2A).  j12A
Z, ¥ ;on+en—;sn 6—j2 - -
_12A290°

632 £—1843°

, = 19A£10843°
Consider the effects of the voltage source (Fig. 18.9). Applymg Ohm’s

«law gives us

20V £30°
6.32 (1 £—1843°

l" = E-!— = El =
T
= 316 A £48.43°

The total currént through the 6 (2 resistor (Fig. 18.10) is -

I=I+1I"
~ 19 A £108.43° + 3,06 A £48.43°
= (—0.60A +j 1.80A) +{2.10A + j236 A)
= 150A+ j4.164
T1=442A£702°

- t‘

EXAMPLE 18.3 Using superi:osilion. find the volfage across the 6 0
resistor in Fig. 18.6. Check the-results against Vg = I(6 Q), where 1 is

the current found through the 6 () resistor in Example 18.2,

Selution: For the current source,

“Vig =T(60) = (19A £108. 43°](611} =114 V £10843°
For the vollagc source,
Vg = I‘(6) (3. 16 A £48 43“}{6 ﬂ} = 18.96 V £48.43°

The total vol tage across the 6 () resistor (Fig. 18.11) is

Ven = Vign + Ve .
I14V410843°+189§VL4843° o
(=3.60V + j1082V) + (1258 V + j 14.18 V)
=898V +.j250V ’

Ven = 26,5V £702° .

i

. \‘Nen -
¥ Viea =
60
¥ s Ve - -

_ FIG, 18.11

Determining the resultant voltage Vep for the network in Fig. 18.6.



Checkmg the mult. we have : ..

Vm = 1(60Q) = (4. 42°A £70.2°)(6 n)
=265V /_70.2° (checks)

EXAMPLE 18.4. For the network in Fig. 18.12, determine the sinu-
~ soidal expression for the voltage v3 using superposition.

Ej=12V

FIG.18.12 -
: Example 18.4.

Solution: For the dc analysis, the capacitor can be replaced by an
open-circuit equivalent and the inductor by a short-circuit equivalent.
The result is the network in Fig. 18.13.

The resistors R; and Rj are then in parallel, and the voltage V3 can be
determined using the voltage divider ru[e

R' = R| Ry = 05kQ] 3k = 0429m
_ R'E, -

R + R,

_ (0429KkQ)(12V) - 5148V
~0429k0 + 1kQ, 1429
Vs = 36V

+ For the ac analysis, the dc source is set to zero and the network is re-
drawn, as shown in Fig. 18. 14.

and Vy =

A
AL

0

2k0

|

FIG. 18.14
Redrawing the rietwork in Fig. 18.12 to determine the effect of the ac v ai:age
source Eq.

e
Xe = 10kD Ry =3k v,

SUPERPOSITION THEOREM 111 787

FIG 18.13

Determining the effect of the de voltage source E.‘; on
the voltage v of the network in Fig. 18.12.
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‘ / ‘I -
The block impedances are then defined as in Fig: 18.15, and series-

2
j ! parallel _I:echniq_ues are applied as follows;

E (v

+ e
z, | v, Z, =05k £0°
E = (Ry £0°||(Xp £—-90°)

2 _ (1kQ £0°)(10kQ £-90°) 10k} £—90°
= E Lk - j10kQ . 1005 £—84.29°
& = 0995k £-5.71°
FIG. 18.15 2'.3==R3+;XL—-3kﬂ+;2kﬂ-—36]kﬂ£3369°'
Ass;gmng the subscripted impedances to the nerwork .
in Fig. 18.14. - . and i
¥ ' Zr=2+ 202y )

= 0.5k + (0.995kN £~ s71°)|1(361m £33.69°)
= 1312k0 £157°
" Calculator Solution: Performing the above on the TI-89 calculator
requires the sequence of steps in Fig. 18.16.

(63 EED OO BIEIGI ED GIE) <
teTaTa e T S T T Te TS o T

- BIE9)«GIGICICIEDVATH ° HIOICICAEDED

Eolod s E3 36 «EORESIE-IE7REAECYIMATH ° 73
--mm---mzmmmﬂh- ’
MATH ° HY 3 3> Polar- 131160 £1.55°

j FIG, 18.16
Defermmm the total impedance for the nehvork of hg 18.12.

E, 4V L0°

O P 5 R b AL LA P S L
T 27 132KQZ157 ol ot
The current divider rule gives ol

" Zol; _ (0995KQ £-571°)(3.05mA £~1.57°)
Z,+7Z; 0995k 2 —-5.71° + 3.61 k() 233.69°
= 0.686 MA £ —32.74°

I; =

with

Vi = (I3 £0)(Ry £0°)
= (0.686 mA £ —32.74°)(3 kY £0°)
=206V -4 ¥

The total solution is

® o

v3(de) + ws(ac) .
36V + 206V £-32.74°

v3

{1}

vy = 3.6 + 2,91 sin(wt = 32.74°)

FIG. 18.17 2 .+ Theresultisa smusmdal voltage having a peak value of 291 V ndlng

The resultant yoltage

aF

Fig. 18.12.

Uy for the network in on ag,average value of 3.6 V, as shown in F]g 18.17.

h ] L

-l
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" For dé] dmu sources in which the controlling variable is not detér-

" mined 5)}}:& network to which the superposition theorem is 1o be ap-

. plied, the application of the theorem is basically the same as for

*independent sources, The solution obtained will simply be in terms of
the controlling variables. ; i ' 4

» - i

EXAMPLE 18,5 Using the superposition theorem, determine the cur- ' e 8
rent I for the network in Fig. 18.18. The quantities j+ and h are constanis. ] '

o W

FIG. 18.18 : ' T
Example 18.5. : !

Solution: ‘With a portion of the system redrawn (Fig. 18.19),

=R =40 “L=Ry+ X, =60+ 80 . me.1sas
Assigning the subscripted impedances to the nefwork .
' in Fig. 18.18.

For the voltage spurée (Fig..18.20),

I' = Al ... . ©y s uV
Zi+ L, 40+60Q+)80 100+,80Q ’ i 3
; L Y : : 3 5
= —_———— ‘? . -t i o :
- 12.8 ) £38.66° Q3 p¥jioe FORen + 1)

For the current source (Fig. 18.21),

Z,(A1) (4 Q)(HI) s e T | -
7o+ 25 128023866 4(0.078) 41 £ —38.66 _J_-_
= 0.312h1 £ —38.66° . '
G 1820
The current I, is i Determining the effect of the voltage-controlled
bt ' volrage source en the current Iy for the network in
Rk %) ' ‘Fig. 18.18.

=.0.078 12 V/Q £ ~38.66° + 031271 £ —38.66°
ForV = 10 V.£0° 1 = 20mA £0° s = 20,and k = 100,

.13 = 0.078(20)(10 V £0°)/Q £ —38.66°
' +0.312(100)(20 mA £0°) £ —38.66°
15.60 A 2 —38.66° + 0.62 A £ —38.66°

1

I, = 1622 A / —38.66°
For dependent sources in which the controlling variable is deter- - EIG. 18.21
mined by the network 10 which the theorem is 1o be applied, the depen- Determining the effect of the current-captrolled
dent source cannot be-set to zero unless the controfling variable is also  current source on the eurrent 1y for the network in
zero. For networks containing dependent sources (as in Example 18.5) , Fig. 18.18. -

Introductory, C.-51A
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AAA
Yy

f & @ ju
O

FIG. 18.22.
Example 18.6.

0

=
- FIG. 18.23

Thévenin equivalent circuit for ac networks.

-

&
and dependent sources of the type just introduced above, the superposi-
tion theorem is applied for each independent source and cach 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 energy 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 I, through the resistor Ry in
Fig. 18.22.

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
dependent source cannot be set to zero unless V is zero. If we set I to zero,
the network lacks a source of voltage, and V = 0 with uV = 0. The result-
ing I, under this condition is zero. Obviously, therefore, the network must
be 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.
Applying Kirchhoff’s voltage law, we have i
Vo=V +uV=(+nV
o “TR, Rp

The result, however, must be found in terms of I since V and pV are
only dependent variables.
Applying Kirchhoff’s current Jaw gives us

1+ p.)V
Rl Rp

. : /1 5
and I= (FI + R )
B _ I
(1/Ry) + [(1 + pn)/R;]

F=1i+I, =

or

; Substituting into the above yields

L 0ty (1+u)( 1 )
e el (/R + [(1+ w)/Ry)

- Therefore,

(1 + p)Ryl
B R,_+(1+p.}nl '

‘

18.3 THEVENIN’S THEOREM

Thévenin’s theorem, as stated for sinusoidal ac circuits, is changed
only to include the term impedance instéad of resistance; that is,

any two-terminal linear ac network can be replaced with an equivalent
circuit consisting of a vollagt source tmd an impedance in series, as
shown i in Flg 18.23. : s

Since lhe reactances of a circuit are frequancy dependent, lhc Thévenin
circuit found fora pazttt.ular network is applicable only at one fréquency.

fatradyintam: 0 F4n
A



Rt

_The ltﬂpl required to apply this method to dc 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, depi-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,

2,

Remove that portion of the network across wku:h the Théweuin
equivalent circuit is to be found.

Mark (o, », and so on) the'terminals of the remaining rwo-rem:mal
network.

. Calculate Zyy, 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.

. Calculate Exy, by first replacing the voltage and current sources

and then finding the opena:ircm voltage behvem the marked
terminals. -

. Draw the Thévenin equivalent circuit with the pmﬂtm of the

circuit previously removed replaced between the terminals of the
Thévenin equivalent circuit.

EXAMPLE 18.7 Find the Thévenin eqm\ralcnt circuit for the network
external to resistor. K in Fig 18.24,

3 X,.ss.ﬂ
+

quuvzu“@ L XeF=202 R

=, -

el

S T ; ¥ Thévenin

FIG. 1824 .
Example 18.7.

-

Sohlﬂﬂﬂ.' ="
Steps 1 and 2 (Fig, 18.25): '

Z,=jXL=j8Il Zzé-chz—j2!1

Z,

+

L= IUV£O°® Z, ~—|
Thévenin
0

z FIG. 18.:25
A.mgmng the subscripted unpedance: to the network in Fig. 18.24.

THEVENIN'S THEOREM (11 791
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U Ep = 333V 2 - 180 y R OWEEE K, - 3V 2 1800

= P le——s g
0 | ¥
+
?-n._ E o En,
" I £ l
= o =
FIG. 18.26 : FIG. 18.27
Derermining the Thévenin impedance Derermining thie apen-circuit Thévenin
for the nenwark in Fig. 18224, voltage for the network in Fig. 18.24.

Step 3 (Fig. 18.26):
27, _(89)(=j20) -7216Q. "16Q

Iy = =
R B+ jED=j28 j6 6 £.90°
= 2,670 £L~-90° . N
. Step 4 (Fig. 1'8 27):
" ' zzE 5
2 - Eq = Z, + Zy (voltage divider mlc;l

(~;m)(1ov) -jdov
j80-j20 - j6

Step 5: The Thévenin equivalent circuit is shown in Fig. 18.28.

Lt

=333V L-180°

Ly, = 2670 £ -90°
g b

S (R

FIG. 18.28
The Thm.fmm equivalent circuit for fhe network inFig. 18.24.

EXAMPLE 18.8 Fmd the Thévenin equivalent circuit far the Tetwork
external to branch a-a' in Fig. 18.29. .

Ry X, (X = 50 N‘
; 2

nvels o

a' | 'Thévenin

\*CTQ._U
_i.'_.

FIG, 18.29 - 2
Exarnple 18.8.



e

» & L ".4 I '_ 2
Stqp.f f imd'.’ (Fig._-lﬁjm Nme the reduced mmplexuy with subscripted
Ereatl 21=R1+;‘X,'=@u+j8£1
' Zz'-'—‘R:"j;t(‘ 3[1—}4“ !
- Ly = +jXyp, = j34
Iz; ; 72 ” =[ ?-3 O i 2.
Aol b g el Y -
o VLY % Z | : -
+ : ~m—0 a' | Thévenin
+ AT
FIG, 18.30

- Amgnm; the subscripted impedances for the,
renwork in Fig. 18.29

Step 3 (Fig. 1831):

o s s (10s1f5~n3°}<m¢—ﬁ313°»
L A TR ©0+80) +( (O -j40)-
S0 20° '50 £0°

=454 L S, e =t

94 j4 ¢ 9.85 £.23.96
Ve 54+ 5084-2396° =5 + 464 - j2.06
65.--4.64.0.+12940-549ﬂ/3236"

2y — ] . - — [ 7y fp——r=0
i n a
Z; 3 e 3y
4
_o
2 =
FIG. 18.31

Determining the Thévenin impedance for
the nerwork in Fig. 18.29. |

Step 4 (Fig. 18. 32) Since a-a’ is an open urcuu Iz, = 0. Then E;-h is
the vo]tage dmp across Zy: .

\ E : s { -l fiyid le)
——=—— ¢ (voltage divider ru
m= Z; + 7«: oltage divider rule

(50 £-5313°)(10V 20°)
N 9.85 §) £23.96°

S0V 2 —53.13° .
s SOV LTI s g 05y 4 17,08°
B e AN A

? THé?ENLN'S THEQ#E-M 111793




794 111 NETWORK THEOREMS (ac)

T

Bl

464 ) + j2.940

Ry

70

E("\J)sovzis  Ep

20

z, Zy a
+ [ I 4] *
z] =
E, Z, Ep,
oa
.
FIG. 18.32

Determining the open-circuit Thévenin voltage for the network in Fig, 18.29,

Step 5: The Thévenin equivalent circuit is shown in Fig. 18.33.

4.64 0} 2940

—p>

508V £ =77.09°

FIG. 18.33

The Thévenin equivalent circuit for the network in Fig, 18.29,

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. ; ;

L]

EXAMPLE 18.9 Determine the Thévenin equivalent circuit for the -

transistor network external to the resistor R; in the network in 3
Fig. 18.34. Then determine V. .

12v

Thévenin

Ry = 1k} VL

FIG. 18.34
Example 18.9.



£
0

Solution: Applying superposition. ~

de Conditions Substituting the open-circuit equivalent for the cou-
pling capacitor C; will jsolate the dc source and the resulting currents
from the load tesistor. The result is that for dc conditions, V, = 0 V. Al-
though the outf:ut dc volage 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.
ppe kd

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 mow we limit our attention to the mannex in which the

Thévenin equivalent circuit is obtained. Note in Fig. 18.35 thdt the
equivalent circuit includes a resistor of 2.3 k) and a controlled current
source whose magnitude is determined by the product of a factor of 100
and the current I, in another part of the network.

Thévenin

Transistor équivnltrii
© circuit .
PGk v,
The ac equivalent network for the transistor amplifier in Fig. 18.34.
5 *

Note in Fig. 18.35 the absence of the coupling capacitors for the ac
analysis, In general, coupling capacitors are designed to be open cir-
cuits for de 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 Ry and R¢ are now tied to

ground because the dc source was set to zero volts (superposition) and

replaced by a short-circuit equivalent to ground.

- For the analysis to follow, the effect of the resistor Rp will be ignored
since it is so much larger than the parallel 2.3 k{1 resistor.

Zyn, When E,is set to zero volts, the current I; will be zero amperes,
and the controlled source 1001, will be zero amperes also. The result is
an open-circuit equivalent for the source, as appearing in Fig. 18.36.

. Itis fairly obvious from Fig. 18.36 that * ,

o Z]-h =2k}
Ey, For Ep, the current I in Fig, 18.35 will be

o IR " E; E;
R, +23kf2 0S5 kQ +23k0  2.8k0

: "% E;
_and 1001, = (100) ﬁi‘n—' = L)
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O

. -—
ReZ2k0 Zp -

FIG. 18.36
Determining the Thévenin impedance for the
network in Fig. 18.35.
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a2

_l’.L _____ —d] T S

I ommase =
FIG. 18.37

Determining the Thévenin voltage for the network in
Fig. 18.35.

FIG. 18.38

The Thévenin equivaieni civewit for the network in
Fig, 18.35.
4
Zan II 0
Lo e
"
ETA
- — e}
b
K (=)
]
-
- ¥
+
Ep. Ei = Ep,
£ 1 @
- ﬂ:‘)

FIG, 18.39
Defining an alternative approach for determin mg the -
? Thévenin :mpedance

£

Referring to Fig. 18.37, we find that
Ep = —(1001; )R
' E
= et % 10°
(280){2 10° Q)
.E;rh = _71.42Ef -

The Thé\fcnjn.cquiyalcnt Circuil dppears in Fig. 18.38 with the origi-
nal load K;.

Output \;'o-ltage Vi _
_ _~RiEpy _ ~(1kQ)(71.42E))
L7 R, + Rpy Lk + 2kQ
and Vi, = =2381E;

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 \uth a cammﬂm g variable not in the network
uneler investigation, the pmedum indicated above can be applied. Hnw-.
ever, for dependent sources of the other type, where the controlling vari-
able is part of the network to which the theorem is to be applied, another
approach must be used. The necessity for a different approach is demon-
straled in an example to follow. The method is not limited 1o dependent
sources of the latter type. It can also be applied to any dc or sinusoidal ac
network, However, for networks of independent sources, the method of -
application used in Chapter 9 and presented in the first portion of this sec-
tion is generally more direct, with the usual savings in time and errors.
The new approach to Thévenin's theorem can best be introduced at
this stage in the development by considering the Thévenin equivalent
circuit in Fig. 18.39(a). As indicated in Fig. 18.39(h), the open-circuit -
terminal voltage (E,.) of the Thévenin equivalent circuit is the Thévenin

~ equivalent voltage; that is,

E, = Ep, (18.1)

If the cxh:mal terminals are shurt cireuited as in Fig. 18.39(c), lhe result-
ing short-circuit current is determined by

Ll

_En i
Lip = ==+ 18.2)
5 Z‘Tﬁ - (
ory rcérranged,
Ty = Ern
! .ch‘
and : ol 7 (18.3)
. _ ,

w
Bgs. (18.1) and (18.3) indicate that for any linear bilateral dc 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 determined along with
the short-circuit current between the same two terminals, the Thévenin



equivalent cireuit is effectively known. A few examples will make the
“méthod quite clear, The advantage of the method, which was stressed ear-
 lier in this section for independent sources, should now be more obvious.
“The ctirrent I, whichis necessary to find Zg, is in general more difficult
10 obtain since all of the sources are present. .

* There'is a third approach to the Thévenin equivalent circuit that is
also useful from a practical viewpoint, The ‘Thévenin voltage is found as
in the two previous methods. However, the Thévenin impedance is ob-
tained by applying a source of voltage to the terminals of interest and de-

_ termining the source current as indicated in Fig. 18.40. For this method,
the source voltage of the original network is set to zero. The Thévenin
impedance is then determined by the following equation:

(18.4)

Note that for each technique, Eqy = E,,, but the Thévenin impedance is
found in different ways. : : ! '

EXAMPLE 18.10 Using each of the three techniques described in this
section, determine the Thévenin equivalent circuit for the network in
Fig. 18.41. '

Solution: Since for cach approach the Thévenin voltage is found if ex-
actly the same manner, it is determined first. From Fig. 18.41, where
Ix.= 0, :
Due to the polarity for ¥ and
deﬁn:dl terminal polaniies
Ry(uV) pRV
V, = E+ =E TR e R g
Rl Th e L R| + Rz I'_Rl + Rz
The following three methods for determining the Thévenin imped-
* ance appear in the order in which they were introduced in this section.

\ Method I: See Fig. 18.42. .
Zry = Ry | Ry —JXc

Method 2: See Fig. 18.43. Converting the voltage source to a current
source (Fig. 18.44), we have (current divider rule)

nv RiRy (pV
PRl VRO T (&)
' (Ri|Ra) - iXc  (Rill R2) — jXc
- R,V .
& R, + R3
(R R2) — iXe %
- and )
e
g Rpt By o Ll
5e '—F‘sz 1
R + Ry (R || R2) — JXe
(R | Ry) — iXe
= Ry|R; —jXc Fx

-
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Nclwcl}rlc

FIG. 18.40

Determining Zry, using the approach Lo, = E,/1,.

;-l- !_) Thévenin
FIG. 18.41
Example 18.10. f
P
R C
AAR I
Wy N
R e=eiis Ina
—0
—_ :
=
' FIG. 18.42

Determining the Thévenin impedance for the
network in Fig. 18.41.

 FIG. 18.43
Determining the short-circuit current far the network
in Fig. 18.41.
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FIG, 18.44 FIG. 18.46
" Converting the voltage source in Fig, 18.43 (o Determining the Thévenin impedance for the
a current source. network in F:g 18.41 using the appmach
) # 8 ’ 4 11, ™ Esﬁ

Method 3: See Fig. 18.45,
1 i
£TRR) = X

_E; .
and Zrn =7 = Ri||Ry - jXc
4
pedance is the same. The resu]tmg

In each case, the Thévenin im
Thévenin equivalent circuit is shown in Fig. 18. 46.

Ly = Ry | Ry — jX

+0

Aa. - f
N

L -
MRV d
Ep = E;TZR_E ~ =———— Thévenin
+

' FIG. 18.46
The Thévenin equivalent circuit for the network in Fig. 18.41

n

EXAMPLE 18.11 Repeat Examplé 18.10 for the network
Fzg 18.47,

‘3
“hI /R R

A

O | Thévenin

- FIG. 18.47
Example 18.1],



Solution: From Fig. 1847, Emy s

%

5 : Eﬂ, =_Eae =._M(Rl !I R?} = -'::I%Ri!;
" Method 1: See Fig. 18.48..
_ Zrn = Ryl|Rz — jXc
Note the similarity between thig solution and that obtained for the previ-
ous example. '
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[ K ° Ay :
3 h - -
‘ p- - hl MRE R :L.‘ I,
RZ - BT 2, =Rk =X £ ¥ .
- e =
FIG. 18.48 " FIG. 18.49
De.'eﬁim‘ng the Thévenin impedance for the Determining the Shf{”“ f'f uit current for the network
network in Fig. 18.47. in Fig. 18.47.
Method 2: Se¢ Fig. 18.49.
_ R || R;)AL
(Rl Rp) —jXe
* _Egq _ _~hIR|Ry)" .
d e ——“——-i— =Ry || Ry — jX
" Zrn =7 = =R RDAL 1| Ry = iXc l
- (Rl !l Rz) Sk JXC R":E RZ
-l
Method 3: See Fig. 18.50. T
4 : .. g,
¢ (Rl Ry) — jXc g

and

Eg
Zrn=71 = Ry | Ry — jXc
2

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 Thévenin equivalent circuit between the indicated
terminals using each method described in this section. Compare your
results.

Sqlutfdn: First, using Kirchhoff’s voltage law, we write Ez; (which is
the same for each me§hod)

Ep=V+pV=(+pV

FIG. 18.50 R
Determining the Thévenin impedance using the
approach Zr, = Egfl,.

Thévenin

FIG. 18.51
Example 18.12.
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nY =19

s

I 2 +
"
[=]

>
AAA
Yy

te

FIG. 18.52 .
Determining Zp, incorrectly,

FIG. 18.53
Determining I, for the network in Fig. 18.51. .

FIG. 18.54

Substituting V = 0 into the network in Fig. 18.53,

However, VvV =1R,

50 Ezn = (1 4 p)IR,

Zry

Meihod 1: See Fig. 18.52. Since I = 0, V and zV = 0, and -
L=, (incorrect)

Method 2: See Fig. 18.53. Kirchhoff's voltage law around the indicated
loop gives us ' :

CY=uV=0
and , Yl +u)=0 .

Since p 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

FIG. 18.55 .
Determining Zpy, using the approach Zy, =EI,.

I =1
with e
: o 1+ w)IR .
Zp=-%= ( "i—}—l = (1 4+ p)Ry (correct)
g I i
Method 3: See Fig. 18.55.
E,=VA4+uV=(1+puV
E
or ' V= 2
- l+p.
v E,
> - ETR TG oR,
, E;
and Zy=—=(1+ p)R, (correct)
;
(1 + @R,
- ! : + J L
Ep = (1 + wiR, Ry,
. FIG. 18.56
The Thévenin equivalent circuit for the nenvork in
“Fig. 1851,

~ The Thévenin equivalent circuit appéars in Fig. 18.56, and

(1 + p)Ry!
LOR+ (1 + R, :

which compares with the result in Example 18.6. :
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—————{
-+
k ‘Thévenin
4: v,
o
FIG. 18.57 ) ¥ =

Example 18.13: Transistor equivalent network.

_The network in Fig. 18.57 is the basic configuration of the transistor
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 Thévenin equivalent circuit for the
indicated terminals of the network in Fig. 18.57.

Solution: Apply the second method introduced in this section.

Em
Eoe=V2 _
¢ V- kiVy _ V; = kiEoc
R - R
) V- kKE
and Eo = "kgle = —szg(-‘*‘——}'?;BE)
, 1
.o\ % kyiaRoEoc - ) ®.
R, Ry
k]szg) —kngv[. . @
s e O e B
= . “( Ry R,
Ri-— kikng) '—kﬁ;\),-
and ( =
Eoc R R
. —kaR3VY; .
O E,=—— 75 =E 18.5
oc Ry~ klkz_Rz Th ( )

lye 'For the network in Fig. 18.58, where

VQZU“_J’ﬁVz: ]='::—‘l
and Tl ==kl = —_I?E
1
_—kaRaV,
. 20y = B2 o Ry — kikaRy
I A
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FIG. 18.58
Determining I, &r the network in Fig, 18,57,

RiRy

s 1577 = e

Frequently, the approximation &, = 0 is applied. Then the Thévenin

~ voltage and impedance are, respectively,

. =kaRyV,

Apply Zp, = E,/I, to the network in

k=0 (18.7)

k=0 * (18.8)

Fig. 18.59, where

o =kiVy
] = "1%2

' ' c R,

o
. FIG.1859
. Determining Zry, using the procedure Ly =E,/l,.
But . V; = E, _
: —kiE,
S0 = “T]h—-

 Applying Kirchhoff's current law, we have

ES
Ig ﬁkzl + ‘,k'; = kz(_—_“

; _- '.l kl.kz)
2 Ex(Rz R,

kE,\ E
=g +_£
R, R,



as ubtainéd 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 Thévenin 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 mde-

pendent sources or dependent sources of the other kind.

18.4 NORTON’S THEOREM'

The three methods described for Thévenin’s theorem will each be al-
" tered to permit their use with Norton’s theorem. Since the Thévenin
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 Thévenin's theorem. y

You will recall from Chapter 9 that Norton's lheorem allows us to re-
place any two-terminal linear bilateral ac network with an equivalent cir-
cuit consisting of a current source and an impedance, as in Fig. 18.60.

The Norton equwalem circuit, like the Thévenin equivalent circuit, is
applicable at-only one frcquency smCe the reactances are freqnency
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 re-
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, % and so on) the renmnals of the remaining two-terminal

network. .

3. Calculate Zy by ﬁm setting aﬂ 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 Iy by first replacing the voltage and current sources and
then ﬁml;ng the short-circuit current between the marked terminals.

5. Draw the Norton equwa!enr circuir with the portion of the circuit
previously removed replaced between the terminals of the Nerton
equivalent circuit,

2

- &
The Norton and Thévenin 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 Thévenin or Norton equiva- i

lent circuit determined from a network with any combination of inde-
pendent or dependent sources.

NORTON'S THEOREM |11 803

»

FIG. 18.60
The Norton equivalent circuit for ac networks.

el
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zZy l o
o+ ' )
)
= Narton
FIG. 18.63
- Assigning the subscriptedignpedances to the netwark
in Fig. 18.62. ‘
Z] . } O
Z Zy
S
FIG. 18.64
Determining the Norton lmpcdance Jfor the nernwark
? in Fig. 18.62.

Loy = 2y
g e
o] 4+
Tk i) Ep= 1,2
? ]
FIG. 18.61

t‘on{-em'on_ between the Thévenin and Norton equivalent circuits.

EXAMPLE 18.14 Determine the Norton equivalent circuit for the nel-
work external to the 6 () resistor in Fig. 18.62.

FIG. 18.62
Example 18.14.

Solution:
Steps 1 and 2 (Fig. 18.63):

Z, =R tiXL=3Q+/40=50 £53.13°
; Ly=—Xc=-j50
Step 3 (Fig. 18.64): -
- 250 £-36.87°

zZ, (50 £5313)(50 £-90°)
VTZ+z,” 30+j40-j50 F=71
250 +—36.87° 5
= ————— = Y p oL .440 = 5 AN i
316 21843 L4184 = 17500 2500

Step 4 (Fig. 18.65):
: AR 5 ::0“

o TR e o LI ST 3
Ly S 2551 g il
Z peatioe
I, L]
+
E.- A -.zl Iy
i + _
FIG. 18.65

Determining 1y for the network in Fig, 18.62,

i
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Step 5: The Norton equivalent circuit is shown in Fig. 18.66. ..

v
-

N A
: ; 7.50 0 ~ j2.50 0} -
et ; S R=Z7500Q

Ty=4AZ - 53.13° vl RS6Q —* Li=dAsz- 5313 R Z60
i > : [ g ' ; Xe FT<2.50 0
FIG. 18.66 ; hsie
The Norton equivalent eircuit Jfor the ngtwork in Fig. 18.62. "
EXAMPLE 18.15 Find the Norton equivalent circuit for the nelwork
external to the 7 ) capacitive reactance in F:g 18.67.
4
- .‘
FIG. 18,67
Example 18.15.
Solution:
Steps 1 and 2 (Fig. 18.68): . ' : . : AN
=Ry - jXc, =20~ j40
: ] zz = RQ =1 n N - L E - " : _
i Zy= +jX. =j50 '
B
2 {
I=3AZ20°
a ks
-

FIG. 18.68
Assigning the subscripted mpedancn 1o the ne!‘wariz in Fig. 18.67.

, Step 3 (Fig. 18.69]:

72, + Zy) -
Z3+(Z] +Zi}
ZI+Z1‘-‘2ﬂ"}4ﬂ+ 10430—149"594‘5313:,

N =

Introductory, C.-52A -
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s —0
. y z’ ¥ 4 ' :
» ' I . [ Z} 7
o ]
' SRR Y ; z_,,T - |z,
F T i .
O
- =
FIG. 18.69
. Finding Ifl_e.NaTlon impedance for the network in Fig. 18.67.
. r > 0 . 3 ) 2
_(50290°)(50Q£-53.13°) 250 £3687°
N T Js50+3A~jaqr - 3%l
_ 25023687
3.16 £ +1843°
Zy = 7910 £18.44° = 7.50 O +;z.50.n
v Calculator Solution: Performing the above on the TI-89 calculator
u results in the sequence in Fig. 18.70: "

-

Jmm-z-ﬂhwﬂ mm@ oY £
O33R NERGEIEgvaT: ° HIOIEIED -
N cul G E: mwonu- 791 Z184

FIG. 18.70
Determining Zy for the network of Fig. 18.67.

L O ) ¥ - -
: “Step 4 (Fig, 18.71): ¥
o I
Ly =Ii= 2 ; Z'z {currenl divider rule) -
- @a-j4q)3 A)’ 6A-JI2A 134AL-6343°
30— A0 - ‘i/_ 53]3“- 58313
i : Iy =268A2-103 -~ -
7 ' A
. zj
T
IN

FIG. 18.71
Deterniining 1y for the netwerk in Fig. 18.67.

Step 5: Thc. Noﬁnn equivalent mrcml is shown in I~|g 18.72.

?

Intradurtary {‘ RIH



: 7.50 n‘-[+ 25090

—

%

iy e
i et

‘ ' FIG. 18.72

The Nerton eqdivalent circuit for the network in Fig. 18,67,

MPLE 18. T_E Find the Thévenin equivalent circuit for the network
nal to the 7 (¥ capacitive reactance in Fig. 18.67.

§

stion: Using the conversion between sources (Fig. 18. 73), we obtain

Loy =Zy =150 +j2.500

Epy, = InZy = (268 A £~10.3°)(791 0 £18.44°) |
S =212V814°

Thévenin equivalent circuit is shown in Fig. 18.74.

yendent Sources < -

ated for Thévenin's I:hcorr,m dependent sources in tﬁh:c}: the con-
ng variable is not determined by the nerwork for which the Norton
valent circuit is to be found do not alter the procedure outlined
e.

or dependent sources of the other kind, one of the following proce-
s 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.

he Norton equivalent circuit appears in F;g 18.75(a). In Fig. 18.75(b),
nd that-

._'o .Iaﬂl ‘
L) e Kl

FIG. 18,75
Defining an alternative approach for determining Zy.

L, =1y (18.9)
n Fig. 18.75(c) that
s Eoe = InZy
ri;nging,- we have
|

268 AL ~103° 4 | 2~ Xc,’l\m *lﬂz:.esnz-lm,rG) X S0

NORTON'S THEOREM |11 807

R<7501]

x, 2500

=

Eqy IvEy

< ;
r. v ! .
FIG. 18.73
Determining the Thévenin equivalent circuit for the
. Norton equivalent in Fig. 18.72. .

7.50 Q1 2500

Ep 212V 28.04° XC!TTIR
=
: - FIG. 18,74
The Thévenin equivalent circuit for the network in
- Fig. 18.67.
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=

&

i

and ' Zy= f‘f' (18.
&C .

pone: The Norton impedance can also be determined by applying a sou

of voltage Ej to the terminals of interest and finding the resulting I;
shown in Fig. 18.76. All independent sources and dependent sourccs
controlled by a variable in the network of interest are set (o zero, and

FIG. 18.76 = ; ; E
Determining the Norion impedance using the : Zn i
approach Zy = Eyfl,.

Jof

(18.

-

&

For this latter apprcach the Norton current is snil determined by
short-circuit current.

EXAMPLE 18. 17 Using each method described for dependent. sour

“':;‘" L2 find the Nuncm equivalent circuit for the network in Fig. 18.77.°
2 ;
. Solution: - i
o . . Iy For each method, Iy is determined in the same manner. Fr
Fig. 18.78 using Kirchhoff’s current law, we have
o A 0=1+hI + I g
N or e L= —(1+h)I g
FIG. 18.77 I ine Kirchhoff’ : ;
Example 1,17, Applying Kirchhoff's voltage law gives us /]
< 3 - : E+1IR —IR; =0
and , IR =1,R, - E
2 IRy —E i
Ry K
1 : i KR, - E
s0 Le=—(1+/mI=—(1+ h)(—“*-z—-——')'
\ R, "
or I Rilge = =(1 + h)leRy + (1 + h)E
L (R + (1-+ A)Ry) = (I'+ h)E
, - - (1 h)E
FIG. 18.78 : A T T =In
Determining 1. for the network in Fig. 18.77. ] '
T, 2 . o

Method 1: E, is determined from the network in Fig. 18.79. By Kir
‘hoff"s current law,

0=1+4Al or 1{h+1)=0

For 4, a posilive constant I must cqual zero 1o satisfy the abo

Therefore, 7
> ‘I=0 and hE=0
and Es = E :
S FIG. 18.79 P By e e e o RVELE BT
_ Derermining E, for the r!gnvo'r:k in Fig. 18.77.. | Iy (1+ h)E’ e K (1+h)

Ry +(1 +?1)R,
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othod 2: Note Fig 18.80. By Kirchhoff's current law, =Vt g = Vg, + %
' ! I =1%h=(1+h) ' —os
; Kirchtoff's voltage law, |
E, — IRy — IR =0 Z
E, - LR g
R _ oy \r-.
bstituting, we have g o : e,
R e & 5 ~ FIG.18.80 , _
E;~ I i R, : Determining the Norton impedance using the
. L=(0+hl= (1+ h)(“—r) . approach Zy = E4/E.
d IR, = (1+ h)By — (1 + h)IgR, = = e g
L, E, (1 + h) = LR, + (1 + h)R;] :
E, Ry +(1+h)R
Iy = =% = ———t 2 _ . o .
; I 1+h i - 13 y
hich agrees with the above. ;
XAMPLE 18.18 Find the Norton equivalent circuit for the network :
nfigurgtion in Fig. 18.57. - i
olution; By source conversioh, ' : '
¢ —kaRoV; _
L En R kR | _
YU In  ___RiR ; TE
R; . JE]‘CERZ g
- ~_ —kaVi '
d Iyv=—+—| O (18.12)
\ o L ;

hich is I,c as determined in Example 18.13, and

Zn = Zn ,.__#.52_ (18.13)
; 1 _kikaRs |- .
. A R]
or k; = 0, we have
3
" ~k,V;
Iy=-—2t| K=0 (18.14)
Ry

ky =0 (18.15)

8.5. MAXIMUM POWER TRANSFER THEOREM
Vhen applied to ac circuits, the maximum power transfer thegrem
tates that ! )

waximum power will be delivered to a load when the load impedance . .
: the conjugate of the Thévenin impedance across iis terminals. - o

A
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Ep = En <0p, (7\y

-
=

) FIG. 18.81
_ Defining ‘rhe. conditions for maximum power transfer to a load.

That is, for Fig..18.81, for maximum power transfer to the load,

-

]z,_.= Zm and 6 = —enz] (18.

d ! S or, in rectangular form,

|R.= Ry and :jX.m = :jxﬂ (8.

The conditions just mentioned. will make the total impedance of the c
cuit appear purely resistive, as indicated in: Fig, 18.82;~

Zr= (R + jX) + (R T jX)

: : and : : (18.

]
i
i
i
H
g =RFjX
E
i
I
I

FIG. 18.82
Conditions for maxirmum power transfer to Z,,

* Since the circuit is purely resrslwc the power factor of the circt
. : ! under maximum power conditions is l that is,

(maximum power transfer) (18.1

The magnitude of the current I in Fig. 18.82 is !
G | _En _Em
¢ ; e Zr ©.2R
5 ; : The maximum power to the load is
. Ep2
, o= PR = (SR ) R
F : *



(18.20)

EXAMPLE 18.19 Find the load impedance in Fig. 18.83 for maximum
power to the load, and find the maximum power.

Solution: Determine Zgy, [Fig. 18.84’(3.]]:-

Zi=R—jXc=60~j80 =10 ,-5313°
Zn= +jXp=j8Q) . : '
2 YAVARE {109 £-53.13%)(8 Q£90°} 800 £.36.87°
T il . 60-j80+y80 DRER77 R
= [3, 339[.3687°= 10:66 {1 + j8() 3
I .z[ -.‘I o
S I i
® i
FIG. 18.84
. Determining (a) Ly, and (b) Eqy for the network external

1o the load in Fig, 18.83.

z.,r, & 13 310 £-3687° = 10.66 Q —j8 0

To find the maximum puwer, e .musl ﬁrat find En, [Fig 18 84(!3)]
as follows: .

and:, -y

Z.E > Y

Eyy = 7 7 (voltage divider rule) .
(8(1/90°}(9Vf(}°)- T2V £90°
=12V £90°
TiEa+60 - 80 6.L0° - X
Then P EZ L GAVY = 338 W
R o (1066 Q) 4264

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 Zy, (Fig. 18.86).
Z,= X, =j90 Zy=

. Converting from a A to a’Y (Fig. 18.87), we have

R=810

Z, : .
g W AR Z, =80

MAXIMUM POWER TRANSFER THEOREM 111 814

&
. 60 I\ -
§0N

+ .k
E=9Vs0r ngsn i

1PN

FIG. 18.83
Example 18.19.

g

FIG. 18.85
- Example 18.20.

=
FIG. 18.86
Defining the subscripted impedances for the nehmr&

in Fig: 18.85.

- 3
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) FIG. 18.87 FIG. 18, 88
Substituting the Y eqhivalent for the upper A De.rermmmg Ly, for the network m Fig. !8 &5.
configuration in Fig, 18.86.

The redrawn circuit (Fig. 18.88) shows -

i Z(Z + Zy)
=20t G 1)
! mz_go=(;3a+anl
=3 j6n+sn
(3 £90°)(8.54 £20.56°)
Ok 10 236.87°

) : .56° .
=j3+ B el =j3+ 2.56 £73.69°

, 10 £36.87°
y =3+ 072 + 246
 Zp=0720+ /5460
and Z; = 0720 —j546 )
; : For Egy, use the modified circuit in Fig. 18.89 with the voltage source
—a =0 replaced in its original position. Since I; = 0, Eq is the voltage across the
: ) series impedance of Z', and Z,. Using the Vcll{nge divider rule gives us
i-:- 7, RN (Z') + Z)E P (3 +80)10V 20°)
: g T ; W+ Z, + 7' 8O +j60
En " : _ (854 £20.56°)(10V £0°)
- m] (A\))e : ~ 10£3687° g
% - Ep, = 854V £-1631° :
¥+ L Ty B BEAVR aey
- : ™ 4R 40.720Q) 288
FIG. 18.89 . ~° =252 W
Finding the Thévenin voltage for the network in - -
Fig..18.85. : : ;
If the load resistance is adjustable but the magnitude of the load reac-
" tance is not, then the maximum power that can be delivered to the load -
! ' will occur when the load resistance is set to the following value: '
-4 " ' =VR§:.+{Xn+XMJ’ a2
" _ﬁl : i -

i as denved in Appendix F, :
’ In Eq. (18.21); each.reactance carries a posltwe s:gn if inductive and
anegative sign lfcapacmve



4 y ) i L &

ﬁ: ' ' : *MAXIMUM POWER TRANSFER THEOREM 111 813
: e ST : . :
The pmrdelwemd is dlen dbffﬂlmed by
P = Eg/4Ruy . as2)
N Rry + R
where Ry = ""ELE—E (18.23)

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 18.90:

a. Determine the value of R;, for maximum power to the load If the
" load reactance is fixed at 4 ().
b. Find the power delivered to the load ander the condmons of part (a).
¢ Find the maximum power to the load if the load reactarice is made
adjustable to any value, and compare the result to part (b) above.

-

R,

XCI 4“'

FIG. 1890 5
Example 18.21. .
Solutions:

a Eq(1821; - R.= VEh + (Xm + Xioad)®
; =V@Ea?E+ (70 -40)

=VI6+9= V25
R=50 ' J
" Ry + Ry &
b. Eq.(18.23): Ry = n2 L=4.ﬂ.250
=450
Y _Em '
Eq. (18.22): gt
(20 v)? a0
Taasq) 18
: =222W
C. FOIZL=4n_j7n'
P _ E}y _ (0V)?
™" 4Ry 4(40)
=25W

exceeding the result of part (b) by 2.78 W.
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FIG. 18.92
de equivalent of the transistor network in Fig. 18.91.

S

L

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 (o' sinusoidal ac networks with little difficulty. A number
of problems in‘the use of theseé theorems appear in the Problems section -
at the end of the chapter. ' -

18.7 APPLICATION = “u'q
Electronic Systems ghes '

One of the blessings in the analysis of electronic systeins is that the
superposition theorem can be applied so that the dc analysis and ac
analysm can be performed separately. The analysis of the dc system will
affect the ac response, but the analysis of each is a distinct, separale
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 recent chap-
ters, so inclusion of this description is totally valid at this point. Consider
the network in Fig. 18.91 with a transistor power amplifier and a source
with an internal resistance of 800 (). Note that cach component of the
design was isolated by a cplor box to emphasize the fact that each com-
ponent must be carefully weighed in any good design.

te=22V

Amplifier

FIG. 18.91
* Transistor amplifier.

As mentioned above, the analysis can be separated into a dc-and an ac
component. For the dc analysis, the two capacitors can be replaced by an
open-circuit equivalent (Chapter 10), resulting in an isolation of the am-
plifier network as shown in Fig. 18,92. Given the fact that Vir will be
about 0.7 V dc for any operating transistor, the base current /4 can be
found as follows using Kirchhoff's voltage law:

Yoo _ Vec—Ver 22V -07V

dg= -t = X - L = 4532
Ry s R 47K0 __z;;A




4 For mmswrs the éi}ll&gtﬁr current I is related to'the base current
byle=ppand .
_ !c = ﬁfg (200)(453.2 pA) = 90.64 mA

. 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.= VC.E — Vcc = IcRc = 22V o (9[:"64 mA)(lGﬂ ﬂ) = 1294V

" For the dc analysis, therefore,

Ig=4532pA  Ic=90.64mA Voo = 1294V

which will define a point of dc operation for the lraﬁsiémr This is-an im-

portant aspéct of electronit design since the dc operating point wzll have
an effect on the ac gain of the network.

Now, using superpositiony we can analyze the network fmm anac '

viewpoint by setting all dc sources to zero (replacéd by ground connec-
tions) and replacing both capacnors by short circuits as shown in

Fig. 18.93. Substituting the short-circuit equivalent for the capacitors is :

valid because at 10 kHz {l]lc mn:lrange for human hearing response), the
reactance of the capacitor is determined by Xc = 1/2nfC = 15.92'(},

which can’ be ignored when compared to the series resistors at the source |

and load. Inother words, the capactlnr has played the important role of
isolating the arnp]:f er for the dc response and complc!mg the network
for the ac response. '
Redrawing the network as shown in Fig. 13 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
conﬁguratmn has an input impedance of 200 {} and a current source
whose magnitude is sensitive to the base current in the input circuit and
to the amplli‘ymg factor for this transistor of 200: The 47 k(2 resistor in
parallel with the 200 £ input impedance of the transistor can be ignared,
so the input Currerit 1; and base currént Ib are determined by

Vo b AN(PY . C1V(p-p)
R; + R; B{)GQ+2OOQ lkﬂ_
"~ The collector current I is .then
=0 I. = Bip = (200)(1 mA (p-p)) = 200 mA (p-p)
" and the output voltagc V, across the resistor R is
: ~IcRe ==(200mA (p)(1009) -

fjglb':

=.1 mA‘(p-P)

=20V (-p) -
B (o )
, < r 2
=0A 1:,, e r L
R, 320 gﬂ?ﬂe Re 100 RS 100 v,
g ——-Ic =
= = ot = -0
- -

Transistor equivalent circuit

' FIG. 18.94
Nerwork in Fig. 18.93 following the substitution of the transistor
equivalent network. .
? v

3 1

APPLICATION 11/ 8

FIG. 18.93 :
ac equivalent of the transistor network in Fig. 18.5
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The gain of the system is
i R AN Apep)
Av - = ——
. V, 1V(p-p)
= =20

where the minug sign tndncatcs that there is a 180° phase Shlft between
input and output. - - .

18.8 COMPUTER ANALYSIS
PSpice

Thévenin’s Theorem This application parallels the methods used
to determine the Thévenin equivalent circuit for dg circuits. The network
in Fig. 18.29 appears as shown in Fig. 18.95 when the open-circuit
Thévenin voltage is to be determined. The open circuit is simulated by
using a resistor of 1T (1 million M{L). The resistor is necessary to es-
tablish. a connection bétween the right side of inductor Z; 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 1 kHz, and whén the Orcad Capture window was ob-
tained, the results appearing in Fig. 18.96 were taken from the listing

Scale w10 K0 10

* FIG.18.95 : ;
Umrg F'Sp:.:e to deterniine :.he apen-circuit Thévenin voltage.

" o Profile: “SCHEMATIC]-Pspics 18-1" [cucmwspsu\psmce 18-
mpmihascnsmmlwu 18-15im]

wiins m:.mu.vsls mlmln‘mus: 27000 DEG C

pEERR O MERARRE NS bR ERER
L] . " L

FREQ mfmsr o 'vii('ﬂuous:”

' 1O00B+03 SU87E+00 - -7F3EH01

by
2

Fm 18.96
Tme output file for me opeht-circuit Thévenin vol'mge for the ncrwork in Fig. 18 95.



resulting from the PSpice-View Ontput File. The magnitude of the
- Thévenin yoltage.is.5.187 V fo compare with the 5.08 V of Example
_ 1R:8; while the phase angle is —77:13° to compare with the ~77.09°of
the saime example—excellent results. g '
Next, the short-circuit curgent is determined using IPRINT as shown
inFig. 1897, to permit a determination of the Thévenin impedance. The
resistance Reoi of 1 {1 had to be introduced because inductors cannot
. be treated as ideal elements when using PSpice; they must all show sorne
~ 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 SCHEMATIC]1 developed above to determine the Thévenin
voltage. Simply delete VPRINT and R3, and insert IPRINT. Then run a
new simulation to obtain the results jn Fig. 18.98. The magnitude of the
short-circuif current is 936.1 mA atan angle of —108.6°. The Thévenin
impedance is then defined by -

.1(.+.¢.' !
Bry > SIGT V2 TELY = 5.54 0 £3147°

- B T e mA - 1086° |
which is an excellént match with 5.49 Q0 £32.36° obtained in Example '
188, . . . Soth gy

FIG. 18.97

Using PSpice to detérmine the short-circuit current.

#8'profile: "SCHEMATIC1-PSpice 18-3" '
[ CMCAI\PSpice\pspice 18-3-pspicefilesischematic 1 \pspice 18-3.sim |

weer  AC ANALYSIS TEMPERATURE = 27.000 DEGC
t.t“ﬂ._'?*!!' . anghw
L i
FREQ IM(V_PRINTI)  IP(V_PRINTY)
LOOOE+03 .9361E-01 - -1OB6E+2 “

FIG. 18.98

The output file for the short-circyit current for the netwark
in Fig. 18.97.

COMPUTER ANALYSIS |11 81

i
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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 E1 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 GAlN 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 élements. 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 orily 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-Name
and value. VPRINT1 is set up as in past exercises. The resistor Roc
(open circuit) was given a very large value so that it appears as an open

, circuit to the rest of the network. VPRINT1 provides the open circuit

Thévenin voltage between the paints of interest, Running the simulation
in the AC Sweep mode at | kHz results in the output file appearing in
Flg 18.100, revealing that the Thévenin voltage is 210 V£ 0°. Substitut-
ing the numerical values of this example into the equation obtamcd in
Example 18,12 confirms the result; ¥,

F4 0B .

(v
[
o Al
| o A
| VPRINT1 A ‘ ‘gq
=¥ MAG = ok 1 L
PHASE = ok By
' Py v | '- A |-5%
=0A Ri Rocg‘;' 1T | R
= 5mA * ’ s | ; 1
\ J i B
! it )
=0 )

Em; O terms sesected " Scules20%  XalS0 Y2240
FIG.18.99 _

Using PSpice to determine the open-circuit Thévenin voltage for the network in
Fig. 18.51.

Erp = (1 + pu)IRy = (1 + 20)(s mA £0°)(2 k)
T =210V20°

Next, dctermme the shomcu-cml current using the IPRINT opuon
Note in Fig. IS 101 that the only dlfference between this network and

L]
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5 Profile: "SCHEMATIC . PSpics. 185" ' 4
ic \!c\l l'iPSjme\pap&m ls-s-pupu Ek;\sc.hemnucl\pspm 18-5.5im ]

wre AC ANALW ; TEMPERATUB.E = 27.000 DEG c
enne ﬁthv

e :

FREQ VM{NDMT-') VPINOI477) . : " _

1.O0DE+03 2 lDﬂE-!O.'Z 0.000E+00 : ) (1

. FIG. 18.100
The ouiput file for the open-circuit Thévenin voltage for the, nmmrk in Fig. 18.99.

B

IPRINT |

WU
o

AC=ck |
MAG & ok
PHASE = ok - .

M"a MJII “ﬂﬂ

FIG. 18.101 :
Using PSpice'to de:emrine the short-circuit current for the néhvark in Fig. 18.51.

thatin Fxg 18.102 is the rcplaccmcnt of Roc 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. 102isa currem of 5 mA at an
angle of 0°. ;

- . -~
“

# Profile; "SCHEMATIC1-PSpice 18-7" [ CNICAI I\PSpu:e\pspn:: 18-7-
pspicefi Icu‘wchermm]‘LPSwoc 18-T.5im | &

#rs AC ANALYSIS TEMPERATURE = 27.000 DEG C
. * * .
b i w o ¥ :
FREQ IM(V_PRINT2)  IP(V_PRINT2) : =
LOQOE+03  5.000E-03 0.000E+00 ; .
’ FIG. 18.102

The output file for-the shori-circuit current for the nerwork in Fig., 18.101.
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The ratio of the two measured quantities results in the Thévcnm
impedance: R

SEs B 210Ve0 o o
I, 1, SmAZ0°

7 : _ ' which also matches the longhand solution in Example 18.12:
Zry = (1 + w)R = (1 + 20)2kn (21)2 k2 = 42kQ.

Ly

Muiltisim
' This analysis begins with the network in Fig. 18 12
fmm Exai'nple 18.4 because it has both an ac and a de source. You will
find ifi the analysis to-follow that it is not necessary to set up a separate
network for éach source; Once the network is set-up, the dc levels will
- appear during slmulatnon, and the ac rcsponse can be found from a
4 View option.

The resulting. schemauc appears in Flg 13.103 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): 1 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
VOLTMETER _Y option was chosen so that the plus sign of the poten-

tial difference was directly above the negative sign.

@ Multisimi8-1 - Muftisim - (Mutisim18:1]

Bh Be gt vew Phce MU Siubte Tnsfer Jook Qptions Window Heb
DEERER I BEOC Becaq -
e EBE SN mr:'ludbj—asnugu _}?“ NI B B B
,mm* e
oy =
‘.I \ =
| : ::
+ ]
bl RE-d
bl | =
g e

A f. . .. efl|
br ':T;:sm“ =
E-jl 4+ Wk e 3 !
G oy e S u0 =
| sou ¢ T -
= | ' |
¥ - u
ol

*|'- 5.,

.Hl[_ﬂ_ a A oy HOETPA

i‘ﬂm:.]

(- L - !:'!"'**'“"*m]—

FiG. 18.103

Using Multisim to apply superposition to :he -
network i in Fig. 18.12.



o perform the analysis, use
- Analysis diz _agrm..ﬂmhtﬁxha]ym%c Amalysis. In the dialog

box, make the following settings under the Frequency Parameters
heading: Start fréquency: 1 kHz; Stop frequency: 1 kHz; Sweep

Type: Decade; Number of points:. 1000; Vertical scale: Linear. Then

shift to the Output option and select V(4) under Variables in circui.

. followed by Addso 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

de solution of*3.6 V appears on the voltmeter display (an exact nuich,

with the longhand solution). There are two plots in Fig. 18.104: o.. g

" magnitude‘versus frequency and the other of phase versus frejuiiey.
Left-click to select the upper graph; and a red arrow shows p aluiig the
1éft edge of the plot. The arrow reveals which plotis currert . live. To
change the label for the vertical-axis from Magnifude to Vo' o (V) as
shown in Fig. 18,104, select the Properties key from the toj. ivulixr and
choose Left Axis. Then change the label to Voltage (V) followed by
OK, and the label appears as shown in Fig. 18.106. Next, to read (he leve

- els indicated on each graph with a high degree of accuracy, scieet the
Show/Hide Cursor keypad on the toolbar. The keypad has a small red
sine wave Wwith 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 plof and moving it to 1 kHz, you can find the value of the
voltage in the accompanying table. Note that at a frequency of 1 kiiz or
essentially 1 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 find at the same frequency that the. phase angle is —32.72, .

which is very close to the —32.74 in the longhand solution,

L EI LR L A RIS T |

ELL L

BEaAAARIN

s
-
*
«!
B
.
o
']
W
-]
g
-
Ty
o
3
I

IR Y T 3k 1

sn.uiym s.w: the following sequence'to obtain the AC.

HEL

b=k
5

l [ TS L e T RN
T . v T iy

. FIG. 18.104 T
The output results from the shnulation of the nerwork in Fig. 18.103.
. ool At
In general, therefore, the results are an excellent {atch with the solu-
tions in Example 18.4 using‘techniques.that can be applied to a wide va-
v yf pziworks that have both de andsic sourres, L P
') By ; . S

2 .
-

g M
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PROBLEMS | '

> ! , ' L, _L
SECTION 18.2 ' Superposition THeorem R=30 t Xe 60
i Usin-g subﬁposiliun. determine the current through the + Xy g 80 +
inductance X, for the network of Fig. 18.105. E; = 30V £ 30° E, =60V Z£I0°
FIG. 18.105
) Problem 1. '
2. Using superpasition, determine the current through the : : : '_'11c
capacitance X¢ in Fig. 18.106. ' 2

=
¥
tad
>
N
%
)
oS/
ol
09—
=2

E=10VZ0°

FIG. 18.106"
Problem 2.

*3. Using superposition. -determine’ the current I, for the
network of Fg. 18.107.

+

| s : i E= 10V £9° Xe FTR10 T I=06AZ120"

FIG. 18.107
Problem 3.
1

*#4, Using superposition, find the sinusoidal expression for the . 8. Using superposition, find the sinusoidal expression for the
current { for the network of Fig, 18.108. ; i voltage vgfor the network of Fig. 18.109.

. o 1%
I/ “hls 2
N 1 {|ll _

.
7 - w "

e k240 L =} 47 mH
o Ry ' ; '
: AAA “ !
| o 'y ) »

g . . 2201
e.= 20 sin (1000 + 60°)

_ FIG. 18.108 Ty : - 'FIG. 18.109
= Problems 4, 19, .:_:.fhi'}i £ tied ar ' Pmb(ﬂns.ﬁﬁﬂ 6, andf_ﬂ.

i
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‘ﬁ. .[:];in‘lgl gwiﬂon, 'ﬁi:d- the current I for the network of

| Fig.18110. © R
e D ol ¥ 18 E=20VL0° ,
. —-@‘l’
- . ; u I
RS 5K0 l

v

- > w -
I:SmA.ﬁD“Q) R,/ 10k0 : x, Ds5kn

. FIG.18.110
o A Problems 6,21, 37, and 51, @
7. Using superposition, dete-gnine the current I (h = 100) for Ao : E=10VZ0
the network of Fig. 18.111. . ' ¥ ; ) -Q\+
% s e : ; : I
: ; ¥ 04 I=2mAL0° _ o o
K RS0k X Rwke
[} % . L -
. ; S
i L i
FIG. 18111
ai s Froblems 7 and 24.
8. Using superposition, for the network of Fig. 18,112, deter- - ‘ o8
g mine the voltage ¥V, (i = 20). ; . '
, R Xp-
A \f ! \
LA A\
. 5k 1k ’
: + - ; . ® 7, et
V=2VZ0° kv : 1=2mAZ0° R, Z4KOV,
i 3 i v J, o
_ FIG. 18.112

Problems 8, 25, and 40.

*9, Using supcrpositi;m. determinie the current I for the net-
work of Fig. 18,113 (= 20; h = 100).

1= 1mA £0°

T &

5k

i . FIG.18.113 ,
_Problems 9, 26, and 41.
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*10. Determine Vi for the network of Fig. 18.114 (& = 50). ' 1 )

- = ' . ! YYYy

i + +

' ta 2 . -
E::ov.ﬁﬁ“@ B RZ2k0 Y,

' A - .

: . . ! FIG. 18.114
¢ : ! Problems 10 and 27.

*11. Calculate the current 1 for the network of Fig. 18.115.

lﬂv . 1
A I = |m.‘\dU°Ci> % R 50 I = 2mA £ 0° L : 4
N ...L.. - 4
) . FIG. 18.115 - . ;
. Problems 11, 28, and 42.
12. Find the voltage V, for the network in Fig, 18.116, ) = 14. -Find the Thévenin equivalent circuit for the portion of the

network of Fig. 18.118 extemal to the clemcms hclween a

and b. ; ;
. i 53
0 ’ - S #
+ g _ .
Q)'spuew, e o i
1DV £0° ' 7 .5 S
£ E =2V T{!{]"

= ' FIG. 18.116

- Problem 12. . = f J FIG.18.118 . .
Problems 14 and 49. -

SECTION 18.3 Thévehin's Theorem

13, Find the Thé\enin'cqni\aient circuit for the portion of the

network of Fig. 18,117 external to the E]LITILI'IIS b[‘chL‘li . *15, Find fhe_Thi‘.\'f:nin equivalent circuit l'ur the ]JOI’ﬁGﬂ of the
pmntﬂ dund b, . networks of Fig, 18.110 exi¢rnal to the elements between
. . points @ and b,
; rRS0a 1°
100V 2 0° I=01AZ0° X 2n -" Rz 63 ﬂ
x B,y T x, Kn
“h I':‘- -
y ' FIG. 18, 117 e , ' FIG. 18.119

- T 0 3h Pmbfemi 13 ﬁmf - Zoi Probichs [5and 3.
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*16. Find the Thévenin equivalent circuit for the portion of the
_network of Fig. 18,120 external to the eléments between

points a and b..
.'.. e i s
T s CE=50VZ0°
-
-8
- FIG. 18.120
3 R ’ - ’ Problem 167 a
*#17. Find the Thévenin equivalent circuit for the portion of the G .
. networks of Fig. 18,121 external to the élements between ¥
points a and b. d *, .
L]
. . |
E} a
B = 120V £0° 05460 2 ;
FIG. 18.121
Problems 17 and 32,
#18. Find the Thévenin equivalent circuit for the portion of the
“network of Fig. 18.122 external to the clements between - ) : ]
. points @ and &. ; \ d A 1
%t - 4 ;
o : i {{ MA—
; _ * 3 &a
; don ;
. 100 -4 ‘
L I=06AL° Ry ;‘fféw ®E=20V£40‘~
. . " i
=
e FIG. 18.122
. » : =, Problem 18. . 3
#19. g. Find the Thévenin equivalent circuit for the network ex- %21, a. Find the Thévenin eci. alent circuit of the network ex-
. ternal to the resistor &) in Fig. 18.108. 1% ternal to the inductor - Uig. 18.110.
b. Using the results of part (a),fdewrminc the current ¢ of b. Using the results of 1 (). determine the current 1of
the same figure. the same figure.
! 2 A " - . . + »
20. a. Find the Thévenin equivalent circuit for the network ex- 22, Determine the Thévenin equivalent circuit for the network

temnal to the capacitor in Fig. 18.109. external to the § k{1 inductive reactance in Fig. 18.123 {in
b. Using the results of part (a), determine the voltage ve terms of V). 2
for the same figure.
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¥
I
I\ '
1 ki) g ’
B Z10k0 i
Th .
L ‘.'
- TRZI0KN X, Rskn
20V
+
=
L v : I b
: Fl@, 18,123
Problems 22 and 38. -

23. Determine the Thévenin equivalent Gircuit for the netwink
exicrnal Lo the 4 ki) inductive reactance in Fig. [8.124 (in

' 24. Find the Thévehin equivalent circuit for the network exter-
nal o the 10 k() inductive reactance in Fig. 18.111.

25. Determine the Thévenin equivalent circuit for the network

external to the 4 kf2 resistor in Fig. 18.112.

*26. Find the Thévenimequivalent circuit for the network exter-
nal to the 5 k€] inductive reactance in Fig. 18.113.

*27. Determine the Thévenin equivalent circuit for the network
external to the 2 kf2 resistor in Fig. 18.114,

*28. Find the Thévenin equivalent circuit for the network exter-
nal to the resistor Ry in Fig. 18.1) 5. -

*29. Find the Thévenin equivalent circuit for the network to the
left of terminals a-a” in Fig. 18.125, ? "

terms of I). 5 ,
; : : E
Ry - o+
Xe A Ny ——O e
It 1k % I
=200 ol 4V.20° ..1 =——Th venin
0.2 KN ’ = 51, R 22k0 Ry Z33k0
1 .
1001 RiSa0kl Ry 25K X, Rakn '
A : i * - od
- . . FIG. 18.125
- = Problem 29,
FIG. 18.124
FProblems 23 and 39.
SECTION 18.4 Norton's Theorem R, X, )
30. Find the Norton equivalent circuit for the network external to 60 e
the cIcn'mms between a and b for thé network of Fig. 18,1 17. B3t R ;59 a
o) 1 - 2 > 2
3L Find the Norton equivalent-circuit for the network extemal to = L e
the elements between a and b for the network of Fig. 18.119, E(Ny)0vee Z, I = 04A220°
32. Find the Norton equivalent circuit for the netwaork external to = X~
E i ! =12 0
. the clements between a and b forthe network of Fig, 18.121, -
*33. Find the Norton equivalent circuit for the portion of the net-
< . =
work of Fig, 18.126 external to the clements between points =
aand b, e e
2 ; . X T . . * FIG. 18.126
34. Find the Norton equivalent circuit for the portion of the net- Problem 33,
work of Fig. 18,127 external to the elements between points
~.qand b. )
XL, o
L
; i0
; + : &y EE &
A E, = 1207 230° szsaﬂ E, = 108V £0°
4 i "‘1-"'._ e ‘
) FIG.18:127

Problem 34.

¥



#35, a. Find the Norton equivalent circuit for the network ex-
" terpal 10 the resistor Ry in Fig. 18.108. '
b. Using the results of part (), determine the current i of
;  the same figure. " :

#36, a. Find the Norton equivalent circuit for the network ex-
ternal  the capagitor in Fig. 18.109. '
b. Using the results of part (), determind the voltage Ve
for the same figure. .
#37, a. Find the Norton equivalent circuit for the network ex-
ternal 1o the inductor in Fig. 18.110.

b. Using the results of part (a), determine the current I of*

the same figure.

(= 20)
At
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8. Determine the Norton equivalent circuit for the network ex-
ternal to the 5 k) inductive reactance in Fig. 18.123.

39. Determine thg Norton equivalent circuit for the network ex-
ternal to the 4 k€ inductive reactance in Fig. 18.124.

40. Find the Norton equivalent eircuit for the network external’
1o the 4 k{2 resistor in Fig. 18.112. ,.

#41. Find the Norton equivalent circuit for the network external

to the 5 k() inductive reactance in Fig. 18.113.

" #42. Find the Norton equivalent circuit for the network external

to the T; current source in Fig. 18.115.

#43, For the network in Fig. 18.128, find the Norton equivalent
circuit for the network external to the 2 k() resistor. ’

H

Ry

< ¥
4:1 (395 Y Ry

20

‘ FIG. 18.128
Problem 43.

'SECTION 185 Maximum Power Transfer Theorem

44. Find the load impedance. Zy, for the network of Fig. 18.129°

for maximum power to the load, and find the maximum
power to the load. :

45. Find the load impedance Z, for the network of Fig. 18.130
for maximum power ta the load, and find the maximum

power to the load.
; . a0
#, 30 R220 | %
1=|2A£30°
=

. FIG. 18.130
. Problem 45.

E= 120VZL0°

FIG. 18,129
Pmb!m 44. 5

+46. Find the load impedance Z for the network.of Fig. 18.131

" for maximum power to the load, and find the maximum
power'to the load.

FIG. 18.131
Problem 46.

a
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*47, Find the load impedance Z; for the network of Fig. 18.132
for maximum power to the load, and find the maxinum
power to the load. 4 -

E, = 100V £0°

.

-

FIG. 18,132
; Priblem 47,
48: Find the load i':_ppedance Ry, for the network in Fig. 18.133 ) I* Using the results of p'a'r: (a). determine the maximum
for maximum power to the load, and find the maximum "power to the load.

power to the load,

Ry that will result in maximum power t the load.

i , power delivered, ! ., - -

+ st ' ;
E=ivesg R Z1k0 R0k Rp+ : R R Y

FIG. 18.133
Problem 48.

i -

‘

*49. a. Determine the load impedante to replace the resistor Ry,
in Fig. 18.118 to ensure maximum power to the load.

b. Using the results of part (a), determine the maximum
power ta the load, ¥, . . FIG.18.134

*50. . Determine the load impedance to replace the E_:ap_acilor 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 1o the load. _ ; ’ *53. a. For the network in Fig. 18.135, determine the level of
*S1. a. Determine the load impedance to replace the inductor capacitance that will ensure maximum power to the load
N X inFig. 18.110 to ensure maximum power to the load, ~ if the range of capacitance is limited to 1 nF to 10 nF. )
R L LOAD ;

AAA - *

. . L YyYy
5 + kD

1)

0 mH

E=2Ve0 ' : 5%4

< €0 - 100F) -
: ! i : , .
; f =10kHz = N R
. FIG.18.135 :

_ Problem 53,

52 a. For'the network in Fig. 18 I'34. determine the value of

b.. Using the results of part (a), determine the maximum



b. Using the ;'esuhs of gau(u}. detepmine the value of Ry,
- that will ensure maximum power to the load.

“¢. Usipg. the results of parts (n) and. (b), determmc the
maxamurn mwer fo the load. .

SECTION 18.6 Substitutlon, Reclproclty,
and M:ltmnn s Theorems ' '

54. For the na:wark in Fig. 18,136, determine two equivalent
hranches thmugh the substitution theorem for the branch
‘a-b.

a
1'=.snu\‘:oﬂcr) . R §E4kn R, =8k
‘ob
= i
FIG. 18.136
Problem 54.

55. @, For the network of Fig. IBT.TST(u_). find the current I
b. Repeat part (a) for the network of Fig. 18.137(b).
¢. How do the results of parts (a) and (b) compare?

- FIG. 18,137
Problem 55.
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56. .Using Millman's theorem, determine the current through

the 4 k{} capacitive reactance of Fig. 18,138,

RZ2k0 X, "4kn. . ll‘
£ - Xe =4k
E, = 100V £(° . E, = 50VZ£360° -
- G o
; +
FIG. 18.138

Problem 56. "

SECTION 18.8 Computer. Analysis

PSpice or Multisim

57. Apply superposition to the network in Fig, 18.6. That is, de-
termine the current 1 due to each source, and then find the
resultant current. )

*58

Determine the current Iy for the network i ig. 1 18.22 usmg
schematics.

. Using schematics, determine V, for the network in Fig.
18.57if V; = 1V £0° R) = 0.5k, ky =3 x 107%, tr
+ 50, and Ry = 20 k£

Find the Norton equivalent circuit for the network in Fig.
. 18.77 using schematies.

*61. Usifg schematics, plot the power to the R-C load in Fig.

18.90 for values of R, from 1 Q to 10 £.

GLOSSARY

Maximum power transfer theorem A theorem used to deter- .
mine the load impedance nu.essary to ensure maximum
power to the load.

Millman’s theorem A method using voitngc-lo—cum:ni source
conversions that will permit the determination of unknown
variables in a multiloop network.

Norton’s theorem A theorem that permits the reduction of any
two-terminal linear ac network to one having a single current
source and parallel impedance. The resulting configuration
can then be used to determine a particular current or voltage in
the original network or to examine the effects of a specific
portion of the network on a panticular variable.

Reciprocity theorem A theorem stating that for single-source net-
works, the magnitude of the current in any branch of a network,
due to a single voltage source anywhere else in the network, will
equal the magnitude of the current through the branch in which
the source was originally located if the source is placed in the
branch in which the current was originally measured.

Substitution theorem A theorem stating that if the voltage

across and current through any branch of an ac bilateral

.

network are known, the branch can be replaced by any .

+
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combination of elements that will faintain the samc voltage - voltage source and series impedance. The resulting configu-
across and current through the chosen branch: ration can then be employed to determine a particular cur-
_ Superposition theorem A metliod of network analysis that per- rent or voltage in the original network or to examine the
mits considering the effects of each source independently, The effects of a specific portion of the network on a particular
- resulting current and/or voltage is the phasor sum of the cur- variable. '
rents and/or voltages developed by each source independently. Voltage-controlled voltage source (VCVS) A voltage source
Thévenin’s theorem A theorem that permits the reduction of whose parameters are conirolled by a valtage elsewhere in the
any two-terminal linear dc network to one having a single system,
-
t
' -
|




