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171 INTRODUCTION

these methods to ac circuits. Dependent sources will also be introduced
for both mesh and nodal analysis.

The branch-current method will not be discussed again because it
falls within the framework of mesh analysis. In addition to the methods
mentioned above, the bridge network and A-Y, Y-A conversions will

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

186

FIG. 171
Independent sources.
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The term independent specifies that the magnitude of the sourceis
independent of the network to which it is applied and that the source
displaysitsterminal characteristics even if completely isolated.

A dependent or controlled sourceis one whose magnitudeis
determined (or controlled) by a current or voltage of the systemin
which it appears.

Currently two symbols are used for controlled sources. One simply
uses the independent symbol with an indication of the controlling ele-
ment, as shown in Fig. 17.2. In Fig. 17.2(a), the magnitude and phase
of the voltage are controlled by a voltage V elsewhere in the system,
with the magnitude further controlled by the constant k;. In Fig.

@ (b)

FIG. 17.2
Controlled or dependent sources.

17.2(b), the magnitude and phase of the current source are controlled by
a current | elsawhere in the system, with the magnitude further con-
trolled by the constant k,. To distinguish between the dependent and
independent sources, the notation of Fig. 17.3 was introduced. In recent
years many respected publications on circuit analysis have accepted the
notation of Fig. 17.3, although a number of excellent publicationsin the
area of electronics continue to use the symbol of Fig. 17.2, especidly in
the circuit modeling for a variety of electronic devices such as the tran-
sistor and FET. This text will employ the symbols of Fig. 17.3.

@ (b)

FIG. 17.3
Soecial notation for controlled or dependent sources.

Possible combinations 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
independent source, isolation such that V or | = 0in Fig. 17.4(a) will
result in the short-circuit or open-circuit equivalent as indicated in Fig.
17.4(b). Note that the type of representation under these conditions is
controlled by whether it is a current source or a voltage source, not by
the controlling agent (V or I).
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@ ' (b)

FIG. 174
Conditionsof V=0V and | = 0A for a controlled source.

17.3 SOURCE CONVERSIONS

When applying the methods to be discussed, it may be necessary to
convert a current source to a voltage source, or a voltage source to a + a q
current source. This source conversion can be accomplished in much  E = 1z -—
| = EC
z
a/

the same manner as for dc circuits, except now we shall be dealing with

phasors and impedances instead of just real numbers and resistors. "z T) ‘
a
Independent Sources ‘io
] . Voltage source Current source
In general, the format for converting one type of independent source to
another is as shown in Fig. 17.5. FIG. 175
Source conversion.

EXAMPLE 17.1 Convert the voltage source of Fig. 17.6(a) to a current
source.

Source conversion

| = 20A 0-53.13°

FIG. 17.6
Example 17.1.
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Solution:

_E _ 100v.0°
Z 50/5313

— 20A £-5313°  [Fig. 17.6(b)]

EXAMPLE 17.2 Convert the current source of Fig. 17.7(a) to avoltage

I =10A 0O 60°<T>

source.
a a
[ .
E =120v 0 -30°("\y
z
z
X 260 XC7<4Q ) = % - 120
|
o
@ (b)
FIG. 177
Example 17.2.
Solution:
Z — ZCZL — (XC L—90°)(X|_ 490°)
Zc+2Z, —j X+ X
(4090760 £90°) 240 /L 0°
—j40+j6Q 2/ 90°

—120,-90°  [Fig. 17.7(b)]
E=1Z = (10A £60°)(12 Q ~—90°)
= 120V,£—-30°  [Fig. 17.7(b)]

Dependent Sources

For dependent sources, the direct conversion of Fig. 17.5 can be applied
if the controlling variable (V or | in Fig. 17.4) is not determined by a
portion of the network to which the conversion is to be applied. For
example, in Figs. 17.8 and 17.9, V and I, respectively, are controlled by
an external portion of the network. Conversions of the other kind,
where V and | are controlled by a portion of the network to be con-
verted, will be considered in Sections 18.3 and 18.4.
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EXAMPLE 17.3 Convert the voltage source of Fig. 17.8(a) to a current
source.

i A i
é + Z = 5kQ Q N
vV=voo 20V L v=voo (4x 10°V)A O 0°
@ (b)
FIG. 17.8
Source conversion with a voltage-controlled voltage source.
Solution:
| — E _(V)V 20°
Z 5kQ 20°

=(4x10"°V)A £0°  [Fig. 17.8(b)]

EXAMPLE 17.4 Convert the current source of Fig. 17.9(a) to avoltage

source.
I =100 I 1 0o
— —
o ° o
| o
(100) A O 0° Z S 40kQ L (4 x 100)V O 0°
(€) (b)
FIG. 179
Source conversion with a current-controlled current source.
Solution:

E =1Z = [(1001) A £0°][40kQ £0°]
=(4x10°)V £0°  [Fig. 17.9(b)]

174 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 general approach to mesh analysis for independent sources
includes the same sequence of steps appearing in Chapter 8. In fact,
throughout this section the only change from the dc coverage will be to
substitute impedance for resistance and admittance for conductance in
the general procedure.

Z§5kQ

40 kQ)
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|
+

FIG. 1711
Assigning the mesh currents and subscripted
impedances for the network of Fig. 17.10.

1. Assign a distinct current in the clockwise direction to each
independent closed loop of the network. It is not absolutely
necessary to choose the clockwise direction for each loop current.
However, it eliminates the need to have to choose a direction for
each application. Any direction can be chosen for each loop
current with no loss in accuracy aslong astheremaining steps are
followed properly.

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 around each closed loop in the
clockwise direction. Again, the clockwise direction was chosen to
establish uniformity and to prepare us for the format approach to
follow.

a. If an impedance has two or more assumed currentsthrough it,
thetotal current through the impedance is the assumed current
of theloop in which Kirchhoff’s voltage law is being applied,
plus the assumed currents 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.

4. Solve the resulting simultaneous linear equationsfor the assumed
loop currents.

The technique is applied as above for all networks with independent
sources or for networks with dependent sources where the controlling
variable is not a part of the network under investigation. If the control-
ling variable is part of the network being examined, a method to be
described shortly must be applied.

EXAMPLE 175 Using the general approach to mesh analysis, find the
current I, in Fig. 17.10.

X =20 J—
T'l §R=4Q

+ +
E, =2V 00 E, =6V 00

Xe =10

FIG. 17.10
Example 17.5.

Solution: When applying these methods to ac circuits, it is good
practice to represent the resistors and reactances (or combinations
thereof) by subscripted impedances. When the total solution isfound in
terms of these subscripted impedances, the numerical values can be
substituted to find the unknown quantities.

The network is redrawn in Fig. 17.11 with subscripted impedances:

Z,=+jX =+j2Q Ei =2V 20°
Z,=R=40 E,=6V o0°
Z3=—jXc=-j1Q

Seps1and 2 are asindicated in Fig. 17.11.
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Sep 3:
+E1_ |1zl— ZZ(Il_ |2) =0
—Zy(lp— 1) — 1,23 - E;=0
or E1_|121_|122+|222:0
_|222 + |122_ |2Z3_ E2 =0
wthm |1(Zl + Zz) - |222 = El

122, +2Z3) — 1. Z, = —E;,

which are rewritten as

11(Z1 + Zy) — 12, =k
—11Z5 +1(Z, + Z3) = —E,

Sep 4: Using determinants, we obtain
0 E —Z2
’ _0-E  Z,+ 7]
Z1+2Z, —Z; [
0 —Z, Z, + Z3[
__ EiZatZ5) — Ey(Z))
(Z1+ Z)(Z 2+ Z3) — (Z2)?
_ (E1— Ex)Z, + EiZ4
242+ 2425+ 2525

Substituting numerical values yields
[ = 2V -6V)4Q)+ 2V)(—-j1Q)
! (+Fj20)A4Q) + (+j20)(-j20) + (40)(—-j2Q)
_ —16-j2 _ -16-j2 _ 16.12A £ —17287°
i8—j%2—-j4 2+j4 4.47 / 6343°
= 3.61A £—236.30° or 3.61A ~£123.70°

Dependent Voltage Sources For dependent voltage sources, the
procedure is modified as follows:

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

2. Step 3ismodified asfollows: Treat each dependent source like an
independent source when Kirchhoff’s voltage law is applied to
each independent loop. However, once the equation is written,
substitute the equation for the controlling quantity to ensure that
the unknowns are limited solely to the chosen mesh currents.

3. Step 4 is as before.

- uVy t

EXAMPLE 17.6 Write the mesh currents for the network of Fig. 17.12 Wy QY

R
. + 1
having a dependent voltage source. *
El@ D) WER ) RE

Solution:
Seps 1 and 2 are defined on Fig. 17.12.

Sq):g El_llRl_Rz(Il_lz)zo

R(l, — 1) + uVy—1,Rs =0 FIG. 17.12
oAl )+ Vs 2s Applying mesh analysisto a network with a

Then substitute V, = (I, — 1)R, voltage-controlled voltage source.
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The result is two equations and two unknowns.

El_ IlRl_ Rz(l - |2) = O
Ro(l, = 1) + uRx(Iy — 1) —I,Rs =10

Independent Current Sources For independent current sources,
the procedure is modified as follows:

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

2. Step 3 is modified as follows: Treat each current source as an
open circuit (recall the supermesh designation of Chapter 8), and
write the mesh equations for each remaining independent path.
Then relate the chosen mesh currents to the dependent sources to
ensure that the unknowns of the final equations are limited sim-
ply to the mesh currents.

3. Step 4 is as before.

_ B 4 EXAMPLE 17.7 Write the mesh currents for the network of Fig. 17.13
f,'\/\ having an independent current source.
[
5 N Solution:
1
CT) ; Steps 1 and 2 are defined on Fig. 17.13.
| 2
+ @ @ Sep 3. E; — 1,Z, + E; — 1,Z, = 0 (only remaining independent
= path)
- with I+ 1 =1,
= The result is two equations and two unknowns.
FIG. 1713
Applying mesh analysisto a network with an
independent current source. Dependent Current Sources For dependent current sources, the
procedure is modified as follows:

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

2. Step 3 is modified as follows. The procedure is essentialy the
same as that applied for independent current sources, except now
the dependent sources have to be defined in terms of the chosen
mesh currents to ensure that the final equations have only mesh
currents as the unknown quantities.

3. Step 4 is as before.

. EXAMPLE 17.8 Write the mesh currents for the network of Fig. 17.14
Z, Z, having a dependent current source.
+ —  Solution:
Er @ l ki @ @ E> Steps 1 and 2 are defined on Fig. 17.14.
— +
Sep3 E1—|121—|222+E2=0
? and kI = Il - |2

Applying mesh analysis to a network with a

The result is two equations and two unknowns.
current-controlled current source.
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Format Approach

The format approach was introduced in Section 8.9. The steps for
applying this method are repeated here with changes for its use in ac
circuits:

1

2.

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

The number of required equationsis equal to the number of
chosen independent closed loops. Column 1 of each equation is
formed by simply summing the impedance values of those
impedances through which the loop current of interest passes and
multiplying the result by that loop current.

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

from the termsin thefirst column. It is possible to have more than
one mutual term if the loop current of interest has an element in
common with more than one other loop current. Each mutual
termisthe product of the mutual impedance and the other loop
current passing through the same element.

. The column to theright of the equality sign isthe algebraic sum of

the voltage sources through which the loop current of interest
passes. Positive signs are assigned to those sources of voltage
having a polarity such that the loop current passes from the
negative to the positive terminal. Negative signs are assigned to
those potentials for which the reverseistrue.

. Solve the resulting simultaneous equations for the desired loop

currents.

The technique is applied as above for all networks with independent

sources or for networks with dependent sources where the controlling vari-
able is not a part of the network under investigation. If the controlling
variable is part of the network being examined, additional care must be
taken when applying the above steps.

EXAMPLE 17.9 Using the format approach to mesh analysis, find the
current 1, in Fig. 17.15.

|2i
Xc 80
R1§ 10

R, < 40 X,

+
E,=8V O 20_@ E, =10V 0 0
-+

=

FIG. 17.15
Example 17.9.

Solution 1: The network is redrawn in Fig. 17.16:

Zi=R+jX,=10+j20 E, =8V /20°
ZZZRZ_JXC:4Q_JSQ E2:10VLO°
Zo= X, =+ 6Q

MESH ANALYSIS m 751

- + | —
Zy Z, +
+ T+ Z,
+ _ I2
E: E, -
I +
FIG. 17.16

Assigning the mesh currents and subscripted
impedances for the network of Fig. 17.15.
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Note the reduction in complexity of the problem with the substitution of
the subscripted impedances.

Sep lisasindicated in Fig. 17.16.
Seps 2 to 4

Il(Zl+ Zz) - |222: E1+ E2
12(Z +Z3) — 112, = —Ey

which are rewritten as

11(Z, + Z5) — 152, =B+ B
—11Z5 + 15(Z; + Z5) = —E,

Sep 5 Using determinants, we have
|]Zl + Zz El + E2|:|
_ 0 -2 —-E, O

B £+ 25 —Z; [
0 -2, Z, + Z3[]

_ —(Zi+ Z)Es + Zy(Es + Ey)
C (Zi+Z)Za+Zy) - 25
ZE, —Z4F,
2725+ 225+ 2574

P

Substituting numerical values yields
40-j80)8V £20°) - (10 +j20)10V ~L0°)

2 L+ 20)0a0-j80) + 10 +]20)(+]60) + (40 —]8Q)(+]69)

_ (4—8)(752+]2.74) — (10 +j 20)
20+ (j6— 12) + (] 24 + 48)
_ (52.0—(49.20) — (10 +20) _ 420—}69.20 _ 80.95A L —58.74°

56 + j 30 56 + j 30 63.53 £28.18°

=127A L-86.92°

Calculator Thecalculator (T1-86 or equivalent) can bean effectivetool
in performing the long, laborious calculations involved with the final
equation appearing above. However, you must be very careful to use the
correct number of bracketsandto defineby bracketsthe order of thearith-
metic operations.

(67.854E—3,—1.272E0)
Ans » Pol
(1.274E0£ —86.956E0)

((4,—8)*8(£20)—(1,2)*(10L0))/((1,2)*(4,—8)+(1,2)*(0,6) +(4,—8)*(0,6))

CALC. 171

Mathcad Solution: Thisexample provides an excellent opportunity
to demonstrate the power of Mathcad. First the impedances and para-
meters are defined for the equations to follow as shown in Fig. 17.17.
Then the guess values of the mesh currents |, and |, are entered. The
label Given must then be entered followed by the equations for the net-
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gt o s mnal sl eedd]
[<] P Bl Vi =t Fyves Hah Gehoie ede B . il
NeEd &7 - M (nDe LR A ﬂlfl_
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|
Elo=1+31 = w ol - By = Ej n |H'-"||
E [P R e
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|
R B
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ol 73 %
Cowvem = - =
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QBN - 1,373 A BMaERT
Ao O06E - LITH (4] = L2 8L = glhy w--mey HBA1KAM
1 HEONPE
" TYreaX¥o
T o
Fesen P s by wrtn o
M| W aBEA Y  [Guek Pl L XS L R
FIG. 1717

Using Mathcad to verify the results of Example 17.9.

work. Note that in this example, we are not continuing with the analy-
sis until the matrix is defined—we are working directly from the net-
work equations. Once the equations have been properly entered,
Find(11,12) is entered. Then selecting the equal sign will result in the
single-column matrix with the results in rectangular form. Conversion
to polar form requires defining a variable A and then calling for the
magnitude and angle using the definitions entered earlier in the list-
ing and both the Calculator and Greek toolbars. The result for I, is
1.274 A £ —86.94° which is an excellent match with the theoretical
solution.

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

w ( w
1 XC1 R4
+ X, § Rs —
Ry =X,
00—
X, =
FIG. 1718

Example 17.10.
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Ry Xl_1
AWy
R, X,

© <8 O

FIG. 17.20
Example 17.11

- Z, e

© H o

FIG. 17.21
Assigning the mesh currents and subscripted
impedances for the network of Fig. 17.20.

Solution: The network is redrawn in Fig. 17.19. Again note the
reduced complexity and increased clarity provided by the use of sub-
scripted impedances:
leR1+jXL1 Z4:R3_jXC2
Z, =R+ ] X, Zs =Ry
Z3=]Xc,
and |1(Zl + Zz) - IZZZ = El
IZ(ZZ + Z3 + Z4) - I]_Zz - |3Z4 =0
13(Z4 + Zs) — 124 = B,

or Il(Zl + 22) - |2(ZQ +0 = El
|122 - |2(ZZ + Z3 + 24) + |3(Z4) =0
0 — 1x(Zs) +15(Z4 + Zs) = B,

Zy Z3 Zg

® |H |H e

FIG. 17.19
Assigning the mesh currents and subscripted impedances for the network of
Fig. 17.18.

EXAMPLE 17.11 Using the format approach, write the mesh equa-
tions for the network of Fig. 17.20.

Solution: The network is redrawn as shown in Fig. 17.21, where
Z; =R+ X, Z3=] X,
Z,=R Zy= J XL3
and 11(Zo+ Zy) — 1,2, — 1324, =E;
|(Z1+Zy+Z3) —11Z,—13Z53=0
13(Z3 + Z4) — 1223 = 11Z4=E;

or Ti{Zr+.24) ~ 1225 — 13z, =K
—|122 + i-é(ZI"+'Z2.i__Z32 - |3Z3 = 0
—11Z4 — 1223 FTZs+-Zs) = E;

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

175 NODAL ANALYSIS
General Approach

Independent Sources Before examining the application of the
method to ac networks, a review of the appropriate sections on nodal
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analysis in Chapter 8 is suggested since the content of this section will
be limited to the general conclusions of Chapter 8.
The fundamental steps are the following:

=

. Determine the number of nodes within the network.

2. Pick areference node and label each remaining node with a
subscripted value of voltage: V4, V,, and so on.

3. Apply Kirchhoff’s current law at each node except the reference.
Assume that all unknown currents leave the node for each
application of Kirchhoff’s current law.

4. Solvethe 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 of Fig. 17.22.

Rl R2
MWy AL
05kQ 2kQ

+
E = — | =
12V [IO"@ nglom Xe TS Sk (l) 4mA 00°

FIG. 17.22
Example 17.12.

Solution 1:
Seps1and 2 are asindicated in Fig. 17.23.

NODAL ANALYSIS m 755

Vl V2
Zy Z5
+
© | s O
=
Vi Vs
FIG. 1723 z, Zs - -
Assigning the nodal voltages and subscripted impedances to the network of l
Fig. 17.22. + I I3
©  HE
Sep 3. Note Fig. 17.24 for the application of Kirchhoff's current law =~
to node V;:
2 Ii = E |o -l_
O=1l;+1,+1
vz FIG. 17.24
Vi—E + Vi + Vi— Vs -0 Applying Kirchhoff’s current law to the node

Zy Z; Z3

V, of Fig. 17.23.
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Rearranging terms:

V2 [ESI S S VA (17.0)
Zl 22 Z3 ZS Zl
vV, V, Note Fig. 17.25 for the application of Kirchhoff's current law to
-9 Zg node V..
' |3 O = |3 + |4 + I

Za lu Cl)l Vam Vi Vo Ly
Zs a

Rearranging terms:

—_ o
) vz{zi + zi] -V, zi =l (17.2)
FIG. 17.25 3 4 L =3
Applying Kirchhoff’s current law to thenode  Grouping equations:
V, of Fig. 17.23. 1 1 1 11 £
Vi +=+ |-V, = =—_
1|:Zl 22 Z3:| 2 Z37 Zl
1 [ 1 1
V= =V, =—+=|=1
1[23} ? Z 24]
1 1 1 1 1 1
= 4= 4= = + - + =25mS £ —-229°
Z, Z, Zz 05kQ j10kQ 2kQ
1 1 1 1
— + = + — = 0.539 mS ~21.80°
Zy Z, 2kQ —j5kQ
and
V4,25mS £ —-2.29°] — V,[0.5mS ~20°] =24 mA 20°
V4,[0.5mS ~20°] - V,[0.539 mS ~£21.80°] = 4 mA ~0°
with
0 24 mA 20° —0.5mS 20° 0
V. — O 4mA £0° —0.539 mS £21.80°[]
YUmR5mS £-229° —-05mS/Z0° [
[10.5mS 20° —0.539 mS £21.80°[]

_ (24mA £0°)(—0.539 mS ~21.80°) + (0.5mS ~£.0°)(4 mA ~0°)
"~ (25mS £—2.29°)(—0.539 mS £21.80°) + (0.5mS £0°)(0.5mS ~£.0°)
—12.94 X 10 °V £21.80° + 2 X 10 °V ~0°
—1.348 X 10 ® £19.51° + 0.25 X 10 © ~0°
—(12.01 +j4.81) X 10 °V + 2 X 10 °V
—(1.271+j0.45) X 10 ° + 0.25 X 10°°©
—1001V —j4.81V 11106V ~—154.33°
-1.021-j045 1116 L—156.21°
V, =995V ~1.88°

Mathcad Solution: The length and the complexity of the above
mathematical development strongly suggest the use of an aternative
approach such as Mathcad. The printout of Fig. 17.26 first defines the
letters k and m to specific numerical values so that the power-of-ten
format did not have to be included in the equations. Thus, the results are
cleaner and easier to review. When entering the equations, remember
that the j is entered as 1j without the multiplication sign between the
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[o] Bn LS Vs e b [ Somboie ke e
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ly o
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Wi Wy LAY [ et Preirr—" o s

FIG. 17.26

Using Mathcad to verify the results of Example 17.12.

1 and the j. A multiplication sign between the two will define thej as
another variable. Also be sure that the multiplication process is inserted
between the nodal variables and the brackets. If an error signal contin-
uesto surface, it is often best to simply reenter the entire listing—errors
are often not easy to spot simply by looking at the resulting equations.

Finally the results are obtained and converted to polar form for com-
parison with the theoretical solution. The solution of 9.949 A ~1.837°
is avery close confirmation of the longhand solution.

Before leaving this example, let's ook at another method for obtain-
ing the polar form of the solution. The method appears in the bottom of
Fig. 17.26. First deg is defined as shown, and then arg is picked up
from the Insert-f(x)-Insert Function-arg sequence. Next V1 is
entered; the result will be in radian form but with a small black rectan-
gle in the place where the units normally appear. Click on that black
rectangle, and the bracket will appear and deg can be typed. When the
equal sign is selected, the angle in degrees will appear.

Dependent Current Sources For dependent current sources, the
procedure is modified as follows:

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

2. Step 3ismodified asfollows: Treat each dependent current source
like an independent source when Kirchhoff’s current law isapplied
to each defined node. However, once the equations are established,
substitute the eguation for the controlling quantity to ensure that
the unknowns are limited solely to the chosen nodal voltages.

3. Step 4 is as before.
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EXAMPLE 17.13 Write the nodal equations for the network of Fig.
17.27 having a dependent current source.

Z;

[ CT) Zy Z3 l kI’

=

FIG. 17.27
Applying nodal analysis to a network with a current-controlled current source.

Solution:
Seps 1 and 2 are as defined in Fig. 17.27.
Sep 3: At node V4,

|:|1+|2
\ V,—
_1+17V2_|:0
Zy Z,
1 1 1
Vi =+ = |- Vo= | =1
e 1[21 22] Z[ZJ
At node V,,
lb+13+k =0
Vo= Vi Vo [Va=Va]_
Z, Zs Z,
1-k 1-k 1
and \Y -V +—|=0
l[ ZZ] 2[ Z, Zs]

resulting in two equations and two unknowns.

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

1. Steps1and 2 arethesameasthose applied for independent sources.

2. Step 3 is modified as follows: Treat each source between defined
nodes as a short circuit (recall the supernode classification of
Chapter 8), and write the nodal equations for each remaining
independent node. Then relate the chosen noda voltages to the
independent voltage source to ensure that the unknowns of the
final eguations are limited solely to the nodal voltages.

3. Step 4 is as before.
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EXAMPLE 17.14 Write the nodal equations for the network of Fig.
17.28 having an independent source between two assigned nodes.

Vi + Vo

E,
©

O H H O

=

FIG. 17.28
Applying nodal analysis to a network with an independent voltage source
between defined nodes.

Solution:
Seps 1 and 2 are defined in Fig. 17.28.

Sep 3: Replacing the independent source E with a short-circuit equiv-
alent results in a supernode that will generate the following equation
when Kirchhoff’s current law is applied to node V4:

\% \%
|1:_1+_2+|2
Z1 7

and we have two equations and two unknowns.

Dependent Voltage Sources between Defined Nodes For
dependent voltage sources between defined nodes, the procedure is
modified as follows:

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

2. Step 3 is modified as follows. The procedure is essentialy the
same as that applied for independent voltage sources, except now
the dependent sources have to be defined in terms of the chosen
nodal voltages to ensure that the final equations have only nodal
voltages as their unknown quantities.

3. Step 4 is as before.

EXAMPLE 17.15 Write the nodal equations for the network of Fig.
17.29 having a dependent voltage source between two defined nodes.

Solution:
Seps 1 and 2 are defined in Fig. 17.29.

Sep 3: Replacing the dependent source uV, with a short-circuit equiv-
alent will result in the following equation when Kirchhoff’s current law
is applied at node V4:
I = Il + |2
Vi, (Vi—Vy

=0
Z, Z,
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FIG. 17.29
Applying nodal analysisto a network with a
voltage-controlled voltage source.
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and

or

Vo= puVy = p[V1 — Vg
V2 = H

= \Y,
1+ !
voltage source.

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

impedance Z; isin parallel with a voltage source, it does not appear in
Format Approach

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

A close examination of Egs. (17.1) and (17.2) in Example 17.12 will
reveal that they are the same equations that would have been obtained
using the format approach introduced in Chapter 8. Recall that the
approach required that the voltage source first be converted to a current
following:

source, but the writing of the equations was quite direct and minimized
any chances of an error due to alost sign or missing term.

The sequence of steps required to apply the format approach is the
1. Choose a reference node and assign a subscripted voltage [abel to
the (N — 1) remaining independent nodes of the network.
2. Thenumber of equationsrequired for a complete solution isequal
tothe number of subscripted voltages (N — 1). Column 1 of each
equation isformed by summing the admittancestied to the node of
interest and multiplying theresult by that subscripted nodal voltage.
3. The mutual terms are always subtracted from the terms of the first
column. It is possible to have more than one mutual term if the
nodal voltage of interest has an element in common with more
than one other nodal voltage. Each mutual term isthe product of
the mutual admittance and the other nodal voltage tied to that
admittance.

4. Thecolumn to theright of the equality sign isthe algebraic sum of

negative sign if it draws current from the node.

the current sourcestied to the node of interest. A current sourceis
assigned a positive sign if it supplies current to a node, and a

5. Solveresulting simultaneous equations for the desired nodal
voltages. The comments offered for mesh analysis regarding

independent and dependent sources apply here also.

the voltage across the 4-() resistor in Fig. 17.30.

EXAMPLE 17.16 Using the format approach to noda anaysis, find
X =50Q
000>
I, = 6A 00 Q)

R§4Q

XC/

~ 20 <T>|2:4ADO°

FIG. 17.30

Example 17.16.
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Solution 1: Choosing nodes (Fig. 17.31) and writing the nodal equa-
tions, we have

Z;=R=4Q  Z,=jX =50 Zz=-jXc=-]2Q

Vl V2
Z;
@O & B O
= Reference
FIG. 17.31
Assigning the nodal voltages and subscripted impedances for the network of
Fig. 17.30.

Vi(Y1+ Y2) = VoY) = =14
Va(Ys+ Yo) = Vy(Y3) = +1;

or V(Y1 + Yo — Va(Y)) = -l
—Vi(Y2) + Vo(Ys+Y)) =+,

1 1 1

Yi= = Yo==—  Yg=-—

1= 7, 2= 7, 377,

Using determinants yields
g —h —Yz2 [
O+l Yz + Y,
Ya+ Y2 =Y, [
0 -Y, Y3+ Yy
o =(Ys Yl 1LY,
(YL Y)Y+ YY) — Y3
=Yz Yl + 1LY,
T Y.Ys+ YoYs+ LY,

1

Substituting numerical values, we have
V. = —[(V-j2Q)+ (1/j5Q)]6A £0°+4A £0°(1j5Q)
VT WaQ)u-j29) + (U 5Q)(U-j29) + (U4Q)(Uj5Q)
_ —(+j05—-j0.2)6 £0° + 4 £0°(—} 0.2)
a (1/—j 8) + (1/10) + (1/j 20)
_ (0.3 £90°)(6 £0°) + (4 £0°)(0.2 £ —90°)
j0.125 + 0.1 —j 0.05

~1.8 £90° + 0.8 £ —90°
0.1+ j 0.075

_ 26V 2-90°
0.125 /.36.87°

V,; =20.80V~£—-126.87°

Mathcad Solution: For this example we will use the matrix format
to find the nodal voltage V. First the various parameters of the network
are defined including the factor deg so that the phase angle will be dis-
played in degrees. Next the numerator is defined by n, and the Matrix

NODAL ANALYSIS m 761
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icon is selected from the M atrix toolbar. Within the Insert Matrix dia
log box, the Rows and Columns are set as 2 followed by an OK to
place the 2 X 2 matrix on the screen. The parameters are than entered
as shown in Fig. 17.32 using a left click of the mouse to select the
parameter to be entered. Once the numerator is set, the process is
repeated to define the numerator. Finally the equation for V1 is defined,
and the result in rectangular form will appear when the equal sign is
selected. The magnitude and the angle are then found in polar form as
described in earlier sections of this chapter. The results are again a clear
confirmation of the theoretical result.

[5] M LE Y s fgwes et Grebois wieke M T ITE:
NEd alr ‘B < - "y (WDe LPX[F @Y
[ e = | =t Almrp mESEE
— - |
i R=4 1 2 3 e e ot S
li= = Li=d4 H=3 I Ti n--l;} h oo T
Bk 1 )=
ams el g mroas|
m i 56 =
P oY LaL : w113+
;-I:" i . =_[.| T2 -Te] B e e
I frs+vi) “¥: Ti+ T2 —_—
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" & o fy & & [
" F 3 on ko
" * E o xpp
Wi| = 28R fl = gy &= -IDEHT dog N
ABTIAETZ
He | KA M
HEDOFPE
TY®X¥D
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Frmve P i T - gt
| o AN [N e Pt LR T
FIG. 17.32

Using Mathcad to verify the results of Example 17.16.

EXAMPLE 17.17 Using the format approach, write the nodal equa-
tions for the network of Fig. 17.33.

X, Xec = 10Q
, I

I\
v T 8o =40
E, = 20V 0 0° RS8O Q>I1:10AIZI 20°
x S50
L

R

FIG. 17.33
Example 17.17.
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Solution: The circuit is redrawn in Fig. 17.34, where
Z; =R +jX,=70+j80Q E, =20V 20°

Z,=Ry+jX,=40+j50 I, = 10A £20°
Z3=—jX=-]10Q
Z,=R;=80Q

ity
- al & O

Q]

FIG. 17.34
Assigning the subscripted impedances for the network of Fig. 17.33.

Converting the voltage source to a current source and choosing nodes,
we obtain Fig. 17.35. Note the “neat” appearance of the network using
the subscripted impedances. Working directly with Fig. 17.33 would be
more difficult and could produce errors.

Vq a . Vs,
3

N
Y
N
N

O

o
a’' = Reference

FIG. 17.35
Converting the voltage source of Fig. 17.34 to a current source and defining the
nodal voltages.

Write the nodal equations:

V(Y1 + Yo+ Yg) = Vy(Y3) = +1;
Vao(Ys+ Y —Vi(Y3) = +1y

1 1 1 1
Yi=3—  Ya=3- Ya=3 Y,=5-
1 Z, 2 Z, 3 Z, 4 Z,
which are rewritten as
V(Y1 + Yo+ Yg) = Vy(Yy) =+,
—Vi(Y3) + VY + Yy =+,

EXAMPLE 17.18 Write the nodal equations for the network of Fig.
17.36. Do not solve.

Solution: Choose nodes (Fig. 17.37):
Z;=R ZZZjXLl Z3=R2—jXC2
Zy=—j xcl Zs=Rg ZGZjXLz

NODAL ANALYSIS m 763
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I
S
|(
/500 I
XLl § xc1
Ry
CON g g
XC2 7~
FIG. 17.36
Example 17.18.
I2
Vi Va Vs
Z, Z,
Iy CT) Z; Z3 Zs Zg
FIG. 17.37
Assigning the nodal voltages and subscripted impedances for the network of
Fig. 17.36.

and write the nodal equations:
which are rewritten as

Vi(Y1+ Yo = Vy(Y) = +13
Vao(Yo + Y3+ Yy — V(Yo = V3(Ys) = —1;
Va(Ya+ Ys+ Ye) = Vi(Yy) = Iy
V(Y1 + Y= VoY)
—Va(Y2)
0

Yy

+0
+ VoY, + Y5+ ¥0). = Va(Ys)
1

1

= +|1
= —|2
+ V3(Y4 + Y§'+"¥ﬁ) = +|2
= - Ya,=
2 J X
1

= - Ye=—

-iX, 7 R
preceding it in this section.

1
TR - X,

v 1
Note the symmetry about the diagonal for this example and those

G_jXLZ
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EXAMPLE 1719 Apply noda analysis to the network of Fig. 17.38.
Determine the voltage V.

BRIDGE NETWORKS (ac) m 765

-~ B c
. I
VvV, =V, 00 (8 ReS 4k R S1kQ X 2kQ Vv,
E E
- N = = =
Transistor
equivalent
network
FIG. 17.38
Example 17.19.
Solution: In this case there is no need for a source conversion. The
network is redrawn in Fig. 17.39 with the chosen nodal voltage and Vi
subscripted impedances. | | | lIL
Apply the format approach: +
1001 Y1 Y2 Y3 | VL
1 1
Yi==——=-—"-=025mS £0° = G, £0° -
177, T aka L | | |
1 1 o o ';'
YZZZ—:MZ ImS£20° =G, £0
2 FIG. 17.39
1 1 R Assigning the nodal voltage and subscripted
Y3 = Zs  2kQ 2900 0.5mS 2—-90 impedances for the network of Fig. 17.38.

Vl: (Yl + Y2 + Y3)Vl = —100Il

—100l
and ViITNEY, A,
_ —100l
"~ 025mS+1mS—j05mS
_ —100 x 10° —100 X 10°

1.25-j05 13463 ,—21.80°
—74.28 X 10° £.21.80°

1kQ
Vy =V, = —(74.28V;) V £ 21.80°

—74.28 X 103(L> /.21.80°

17.6 BRIDGE NETWORKS (ac)

The basic bridge configuration was discussed in some detail in Section
8.11 for dc networks. We now continue to examine bridge networ ks by
considering those that have reactive components and a sinusoidal ac
voltage or current applied.

We will first analyze various familiar forms of the bridge network
using mesh analysis and nodal analysis (the format approach). The bal-
ance conditions will be investigated throughout the section.
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Apply mesh analysis to the network of Fig. 17.40. The network is
redrawn in Fig. 17.41, where

1 1 Gl . BC
== . =3 7~ ) =<2 2

Y, G;+jBc Gi+B2 G2 + B2
- Z,=R,  Z3=Ry Z;=R4+jX = Zs=Rs

Zy

Ry

|
FIG. 17.40 + e Q %
Maxwell bridge. . @ B

R

FIG. 1741
Assigning the mesh currents and subscripted impedances for the network of
Fig. 17.40.

Applying the format approach:
(Z1+Z3)ly = (Z)l2 = (Z3)ls=E
(Z1+Zy+ Zg)l = (Z)l1 = (Zg)13 =0
(Zs+Zs+ Zo)lzg = (Z3)l1 = (Zs)I2=0

which are rewritten as

|1(21“+‘23)_221 — 13Z3 =E
-1 1Z]_ + 1 2(ZI“;F"'Z?--‘~E._,Z_5)__: |3Z5 =0
—11Z3 all PYA +T3(Z5+Zs+ Zs) =

Note the symmetry about the diagonal of the above equations. For
balance, 1z, = 0A, and

|25:|2_|3:O

From the above equations,

[Zl + 23 E _23 D
D _Zl 0 _25 D
| _ D _23 0 (Z3 + Z4 + Zs)D
2 £+ Z3 —Z, —Z3 O
0 -2y (Zi+ 2+ Zg) —Zs g
D _Zg _25 (Z3 + Z4 + ZS)D
_E(ZZ3+ 2424+ Z1Zs+ Z3Zs)
A
where A signifies the determinant of the denominator (or coefficients).
Similarly,
L= E(Z1Z3+ Z3Zy + Z1Zs + Z3Zs)
3 A
E(Z:Z,— Z2Z
and 12y 15— 1, = EEZe_ 22
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For 12, = 0, the following must be satisfied (for afinite A not equal to
Zero):

Z2124= 22> | l,,=0 (17.3)

This condition will be analyzed in greater depth later in this section.
Applying nodal analysis to the network of Fig. 17.42 will result in
the configuration of Fig. 17.43, where

1 1 1 1
Yij==—=—"—  Y,=="=—
Yz R-Xe > Z, R
1 1 1 1 1
° Zs R YT Zy RetHiX ° R
and Yo+ YV — (Y)Vo— (Y)Va =11

Y1+ Yz + YV — (Y)V1 — (Y5)V5=0
Yo+ Ya+ Yg)Vs— (Y)VL — (Y5)Vo =0

which are rewritten as

V(YY) = VaoYy = V3Y, =1
_V]_Yl + \75(Y"i“+~-¥—3.:|:__Y_5 . V3Y5 =0
_V1Y2 - V2Y5 +.V§(Y-é"+“~¥-4 + Y5) =0

Again, note the symmetry about the diagonal axis. For balance,
Vz, =0V, and

V25=V2_V3=0

From the above equations,

DY]_ + Y2 | _Yz |:|

|:| _Yl 0 _Y5 D

V _D _Yz 0 (Y2+Y4+Y5) D
2Nt Y, —Yi1 —Yz 0

D _Yl (Yl + Y3 + Y5) _Y5 D

D _Y2 _Y5 (Y2 + Y4 + Y5|:|

CI(Y1Y3+ VoY + YiYe + YoYe)
A
Similarly,

(Y Y3+ Y3Y, + Y Y5+ Y5Ye)

Vi
3 A

Note the similarities between the above equations and those obtained
for mesh analysis. Then

I(Y1Y4 — Y3Y))

V25=V2_V3= A

For V2, = 0, the following must be satisfied for afinite A not equal to
Zero:

Y1Y4 = Y3Y2 VZ =0 (174)

5
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Rl
c, R,
}\ W
@ A
Ry L
Ry
FIG. 1742
Hay bridge.
\% 1

D = :
& &

FIG. 1743
Assigning the nodal voltages and subscripted
impedances for the network of Fig. 17.42.
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FIG. 17.44
Investigating the balance criteria for an ac
bridge configuration.

However, substituting Y, = 1/Zy, Y, = UZ, Y3 = 1UZ3 and Y, =
1/Z,, we have

5

1 _ 1
2.2, ZsZ,
or | 2124 = Z3Z» | V,. =0

corresponding with Eq. (17.3) obtained earlier.
Let us now investigate the balance criteria in more detail by consid-
ering the network of Fig. 17.44, where it is specified that | andV = 0.
Sincel = 0,

w50

In addition, for V = 0,

1,2, = 1,Z, (17.5¢)

and 125 = 1,2, (17.5d)

Substituting the preceding current relations into Eq. (17.5d), we have

|1Z3 = Izz4

Zs

and I, ===1
2 Z4 1

Substituting this relationship for |, into Eq. (17.5¢) yields

Z3
12Z,=(Z"11)Z
1-1 <Z4 1) 2
and Z]_Z4:ZZZg

as obtained earlier. Rearranging, we have

L _ %

= 17.6
Z. 7, (17.6)

corresponding with Eq. (8.4) for dc resistive networks.
For the network of Fig. 17.42, which is referred to as a Hay bridge
when Zs is replaced by a sensitive galvanometer,

Z, =R —jXc
Z, =R
23:R3
Z4:R4+jXL

This particular network is used for measuring the resistance and induc-
tance of coils in which the resistance is a small fraction of the reactance
X..
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Substitute into Eq. (17.6) in the following form:

2223 = Z4Zl
RoRs = (Ry + j X)(Ry — ] Xo)
or RoRs = RiRy + j (RiXL — RaXc) + X XL

so that
RoRs +j 0 = (RiRy + Xc X)) + j (RiXL — Ry Xo)

For the equations to be equal, the real and imaginary parts must be
equal. Therefore, for a balanced Hay bridge,

| RRs = RRu+ Xc X | (17.7a)
and | 0=RX —RXc | (17.7b)
. 1
or substituting X =wL and Xo=-——
wC
1 L
we have c XL (wc)(w ) c
L
and RoRs = RiRy + c
i Ry
h Riwl = —%
wit W e

Solving for R, in the last equation yields
R, = w’LCR,

and substituting into the previous equation, we have

L
R2R3 = Rl(szCRl) + E

Multiply through by C and factor:
CR,R; = L(w®C?R3 + 1)

CR:R
and L=—T23 17.84
1+ «°CR; ( )
With additional algebra this yields:
W’ C°RIRR (17.8b)

R Tv R

Equations (17.7) and (17.8) are the balance conditions for the Hay
bridge. Note that each is frequency dependent. For different frequen-
cies, 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.
17.42, the resistance and inductance of the coil can be determined by
Egs. (17.8a) and (17.8b) when balance is achieved.
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+ Galvanometer
E@ S/ \(
— .
R3 Ry
FIG. 1745

Capacitance comparison bridge.

The bridge of Fig. 17.40 is referred to as a Maxwell bridge when Z
is replaced by a sensitive galvanometer. This setup is used for induc-
tance measurements when the resistance of the coil is large enough not
to require a Hay bridge.

Application of Eg. (17.6) in the form:

ZzZ3 = Z4Zl
and substituting

Ry £0°)(Xe. £ —90°
Zy =Ry £0° | Xc, £—90° = (Ry 2090, )

Rl - l XC]_
_ R]_XClL_gOO _ _J RGCl
Ri =] Xc, Ry = Xe,
ZZ = Rz
Z3=Rg
and Z4 = R4 + J XL4
. = Rlxcl
= —+ _—
wetare  (RIR) = (Ru+1X,)( 5= xc)
RR, = = R1R4Xc1.+ RaXe, XL,
Ri—J Xc,
or (RoR)(Ry — j Xc,) = RiXe, X, — J RiRiXe,
and RiRRs— J RoRsXc, = RiXe X, — | RiRaXc,
so that for balance
RIRRs = Ry Xc XL4
RFs = (i, 2L
and | L, = C;RRs | (17.9)
and R2R3XC1 = lel
RR.
s0 that Ri=— (17.10)
1

Note the absence of frequency in Egs. (17.9) and (17.10).

One remaining popular bridge is the capacitance comparison
bridge of Fig. 17.45. An unknown capacitance and its associated resis-
tance can be determined using this bridge. Application of Eq. (17.6)
will yield the following results:

R
Cs=Cy— (17.12)
Ro
RR
R, = % (17.12)
1

The derivation of these equations will appear as a problem at the end of
the chapter.
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17.7 A-Y, Y-A CONVERSIONS a Zc b

The A-Y, Y-A (or «-T, T-w as defined in Section 8.12) conversions for
ac circuits will not be derived here since the development corresponds
exactly with that for dc circuits. Taking the A-Y configuration shown
in Fig. 17.46, we find the general equations for the impedances of theY
in terms of those for the A:

Zplc 1%/
2y =—0———— 17.13
1T Z ¥ Za + Ze (17.13) N\ S/
\ /
\|7/
ZpZc C
LZy=——F"— 17.14
27 Za+ Zs+ Zc (17.14)
FIG. 17.46
A-Y configuration.
Zplg
ly=——"—"—" 17.15
8 Zpa+ 25+ Zc (17.15)

For theimpedances of the A in terms of those for the, the equations are

Z,Z,+ 2,25+ 2,7
g = ——E ;3 =3 (17.16)
2

22,+2,25+ 2,2
g = 23 =2 (17.17)
1

2,.2,+ 2,75+ Z,Z
Ve = 23 =2 (17.18)
3

Note that each impedance of theY is equal to the product of the
impedances in the two closest branches of the A, divided by the sum
of theimpedancesin the A.

Further, thevalueof each impedanceof theA isequal tothesum of the
possibleproduct combinationsof theimpedancesof theY, divided by the
impedancesof theY farthest from theimpedanceto bedetermined.

Drawn in different forms (Fig. 17.47), they are dso referred to asthe T
and 7 configurations.

FIG. 1747
The T and 7 configurations.
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In the study of dc networks, we found that if al of the resistors of
the A or Y were the same, the conversion from one to the other could
be accomplished using the equation

R
RA = 3RY or RY = ?A

For ac networks,

z
Zy=3Z, o Z,= ?A (17.19)

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 Z+ of the network of Fig.
17.48.

LA NP

FIG. 17.48

Converting the upper A of a bridge configurationto a.

Solution:
Zg = —j4 Zpn=—j4 Zc=3+j4

21 = Za+Zs+Zc (—j4Q)+(-j4Q)+(BQ+[40)
_ (424-90°(5253.13°) 20/ —36.87°
3-j4 5/—5313°
=40,1613°=3840 +) 1110
7, = ZnZc _(Fi40)EQ+j40)
Za+ Zg+ Zc 5Q £ —53.13°

=40 £1613°=3840 +j1110Q

Recall from the study of dc circuits that if two branches of theY or A
were the same, the corresponding A or Y, respectively, would also have
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two similar branches. In this example, Z, = Zg. Therefore, Z, = Z,,

and
7. - Zpls _ (£140)(=j49)
8 Za+Zg+Zc 50 ,-5313
16 O ~ —180°
=—————=320/-12687°= —-1920Q — j 256 ()
5, 5313  ° 68 9201 256
Replace the A by theY (Fig. 17.49): o 2
?
Z,=3840+j1110 Z,=3840+j1110 :
Z;=-1920-j256Q0 Z,=2Q Z e

e LE]
Impedances Z, and Z, are in series: 1 3

Z1,=2,+Z,=3840+j1110+20=5840+j1110Q

=594 £10.76°
Impedances Z, and Z5 are in series:

Zr,=Z,+25=3840+j1110+30=6840+1110Q
= 6.930Q £9.22°

. . FIG. 1749
Impedances Zr, and Zr, are in parallel: The network of Fig. 17.48 following the
ZZt, (5.94 O £10.76°)(6.93 (2 £9.22°) substitution of the'Y configuration.

Z15 = Zr, + 2y, 5840 +[1110+684Q0 +)1110
41160 £19.98°  41.16 Q) £19.98°
T 1268+)222 | 12872993
=3150 +j 0560

= 3.198 () £10.05°

Impedances Zz and Z+, are in series. Therefore,

Zr=2Z3+Zr,=—1920 2560 + 3150+ 056 Q)
=1230-j200 =235Q /—5841°

EXAMPLE 17.21 Using both the A-Y and Y-A transformations, find
the total impedance Z; for the network of Fig. 17.50.

Zr

1 30 60 3

FIG. 17.50
Example 17.21.
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Solution: Using the A-Y transformation, we obtain Fig. 17.51. In
this case, since both systems are balanced (same impedance in each
branch), the center point d' of the transformed A will be the same as
point d of the original Y:

Z, 30+j60

Zy = =10+j2Q
Y 3 3 J
2
30 30
6 6
{ MWy 000, 3
30 60
FIG. 1751

Converting a A configuration to a'Y configuration.

and (Fig. 17.52)
L
2 =o10%120

—10+j20Q
2 ) J

Z7

1 1Q 20 3

FIG. 1752
Substituting the'Y configuration of Fig. 17.51 into the network of Fig. 17.50.

Using the Y-A transformation (Fig. 17.53), we obtain
Zp=3Zy=310+j20)=30+)6Q
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2
30 30
60 60
$ Wy 000, 3
30 60
FIG. 1753

Converting the Y configuration of Fig. 17.50 to a A.

Each resulting parallel combination in Fig. 17.54 will have the fol-
lowing impedance:

30+j6Q

ZI
2

-150+j3Q

FIG. 17.54
SQubstituting the A configuration of Fig. 17.53 into the network of Fig. 17.50.

Z'(zy _ 22y _ 22

d Z. =
an TS 7422 3z 3

_2150+j30Q)
B 3

which compares with the above result.

—10+j20

178 COMPUTER ANALYSIS
PSpice
Nodal Analysis Thefirst application of PSpice will be to determine

the nodal voltages for the network of Example 17.16 and compare solu-
tions. The network will appear as shown in Fig. 17.55 using elements
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FIG. 17.55

Using PSpice to verify the results of Example 17.16.

that were 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 setting up the simulation.

For the current sources, ISIN was chosen so that the phase angle
could be specified (even though it is 0°), although the symbol does not
have the arrow used in the text material. The direction must be recog-
nized as pointing from the + to — sign of the source. That requires that
the sources I, and |, be set as shown in Fig. 17.55. The source I, is
reversed 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 employed with the VSIN source. It can be found under
the SOURCE library, and its attributes are the same as for the VSIN
source. For each source, IOFF is set to 0 A, and the amplitude is the
peak value of the source current. The frequency will be the same for
each source. Then VPRINTL1 is selected from the SPECIAL library
and placed to generate the desired nodal voltages. Finally the remaining
elements are added to the network as shown in Fig. 17.55. For each
source the symbol is double-clicked to generate the Property Editor
dialog box. AC is set at the 6-A level for the I, source and at 4 A for
the I, source, followed by Display and Name and Value for each. It
will appear as shown in Fig. 17.55. A double-click on each VPRINT1
option will also provide the Property Editor, so OK can be added
under AC, MAG, and PHASE. For each quantity, Display is selected
followed by Name and Value and OK. Then Value is selected and
VPRINT1 is displayed as Value only. Selecting Apply and leaving the
dialog box will result in the listing next to each source in Fig. 17.55.
For VPRINT2 the listing on Value must first be changed from
VPRINT1 to VPRINT2 before selecting Display and Apply.
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Now the New Simulation Profile icon is selected and ACNodal
entered as the Name followed by Create. In the Simulation Settings
dialog box, AC Sweep is selected, and the Start Frequency and End
Frequency are set at 1 kHz with 1 for the Pointg/Decade. Click OK,
and select the Run PSpice icon; a SCHEMATIC1 screen will result.
Exiting (X) will bring us back to the Orcad Capture window. Select-
ing PSpice followed by View Output File will result in the display of
Fig. 17.56, providing exactly the same results as obtained in Example
17.16 with V, = 20.8V £ —126.9°. The other nodal voltage is 8.617 V
£ —15.09°.

FIG. 17.56
Output file for the nodal voltages for the network of Fig. 17.55.

Current-Controlled Current Source (CCCS) Our interest will
now turn to controlled sources in the PSpice environment. Controlled
sources are not particularly difficult to apply once a few important ele-
ments of their use are understood. The network of Fig. 17.14 has a
current-controlled current source in the center leg of the configuration.
The magnitude of the current source is k times the current through resis-
tor Ry, where k can be greater or less than 1. The resulting schematic,
appearing in Fig. 17.57, seems quite complex in the area of the con-
trolled source, but once the role of each component is understood, it
will not be 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 caled up under the
ANAL OG library as F and appear as shown in the center of Fig. 17.57.

COMPUTER ANALYSIS m 777
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FIG. 1757

Using PSpice to verify the results of Example 17.8.

Take specia note of the direction of the current in each part of the sym-
bol. In particular, note that the sensing current of F has the same direc-
tion as the defining controlling current in Fig. 17.14. In addition, note
that the controlled current source also has the same direction as the
source in Fig. 17.14. If we double-click on the CCCS symbol, the
Property Editor dialog box will appear with the GAIN (k as described
above) set at 1. In this example the gain must be set at 0.7, so click on
the region below the GAIN label and enter 0.7. Then select Display
followed by Name and Value-OK. Exit the Property Editor, and
GAIN = 0.7 will appear with the CCCS as shown in Fig. 17.57.

The other new component in this schematic is IPRINT; it can be
found in the SPECIAL library. It is used to tell the program to list the
current in the branch of interest in the output file. If you fail to tell the
program which output 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 |, through the
resistor R, is desired. Double-clicking on the IPRINT component will
result in the Property Editor dialog box with a number of elements
that need to be defined—much like that for VPRINT. First enter OK
beneath AC and follow with Display-Name and Value-OK . Repeat for
MAG and PHASE, and then select Apply before leaving the dialog
box. The OK is designed simply to tell the software program that these
are the quantities that it is“ok” to generate and provide. The purpose of
the Apply at the end of each visit to the Property Editor dialog box is
to “apply” the changes made to the network under investigation. When
you exit the Property Editor, the three chosen parameters will appear
on the schematic with the OK directive. You may find that the labels
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will appear all over the IPRINT symbol. No problem—ijust click on
each, and move to a more convenient location.

The remaining components of the network should be fairly familiar,
but don't forget to Mirror Vertically the voltage source E2. In addi-
tion, 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. 17.57 for each source. Always be sure to select Apply
before leaving the Property Editor. After placing all the components
on the screen, you must connect them with a Place wire selection. Nor-
mally, this is pretty straightforward. However, with controlled sources
there is often the need to cross over wires without making a connec-
tion. In general, when you're placing a wire over another wire and you
don’'t want a connection to be made, click a spot on one side of the wire
to be crossed to create the temporary red square. Then cross the wire,
and make another click to establish another red square. If the connec-
tion is done properly, the crossed wire should not show a connection
point (a small red dot). In this example the top of the controlling cur-
rent was connected first from the E1 source. Then awire was connected
from the lower end of the sensing current to the point where a 90° turn
up the page was to be made. The wire was clicked in place at this point
before crossing the original wire and clicked again before making the
right turn to resistor R;. You will not find a small red dot where the
Wires cross.

Now for the simulation. In the Simulation Settings dialog box,
select 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 will result that should be exited to obtain the
Orcad Capture screen. Select PSpice followed by View Output File,
and scroll down until you read AC ANALY SIS such as appearing in
Fig. 17.58. The magnitude of the desired current is 1.615 mA with a
phase angle of 0°, a perfect match with the theoretical analysis to fol-
low. One would expect a phase angle of 0° since the network is com-
posed solely of resistive elements.

The equations obtained earlier using the supermesh approach were

E—|121—|222+ E2=0 or |1Zl+|222=E1+ E2

FIG. 1758
The output file for the mesh current |, of Fig. 17.14.
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and k|:k|1:|1_|2
— I, | |
resultingin =~ I, = = 2 _=_2 =3333
g 1"1-k 1-07 03 2
so that 11(1kQ) +1,(1kQ) =7V (from above)
becomes (3.3331,)1 kQ + 1,(1kQ) =7V
or (4.333kO)I, = 7V
7V .
and |2—m— 1.615mA 20

confirming the computer solution.

PROBLEMS

SECTION 17.2 Independent versus Dependent
(Controlled) Sources

1. Discuss, inyour own words, the difference between a con-
trolled and an independent source.
SECTION 17.3 Source Conversions

2. Convert the voltage sources of Fig. 17.59 to current
SOUrces.

+ 560 820 +

E =20V 02 0° E =60V O3 0° S0

@ (b)

FIG. 1759
Problem 2.

3. Convert the current sources of Fig. 17.60 to voltage
Sources.

150
I:0.5A460°CT> 100 60 | 2A /£ 120°
<<
/I-\169
O O

@ (b)

FIG. 1760
Problem 3.
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4. Convert the voltage source of Fig. 17.61(a) to a current
source and the current source of Fig. 17.61(b) to a volt-
age source.

R _
—o0
* - 4KQ
Voo
_T_ +
= - (n=16) —
@
FIG. 1761
Problem 4.

SECTION 17.4 Mesh Analysis

5. Write the mesh equations for the networks of Fig. 17.62.
Determine the current through the resistor R.

Wy

40

00
b/\
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+
E, = 10vVO0

+
60

E, = 40V 06 0°

- E, =5v 0O30°

& iH—00—

FIG. 1762
Problems 5 and 34.

6. Write the mesh equations for the networks of Fig. 17.63.
Determine the current through the resistor R;.

Rl
A‘M J_
L2? Zso0 10 -
) + + + 6A O 0°<T>
Br = = 60V [V 0° E; = 40V O 0°

20 v 05 0°

=
@

FIG. 1763
Problems 6 and 16.

O
R 50k0
O
(b)
RS 500 200
+ + ~T~600
E(N\,)20v 0 0°
=
(b)
Rl
200 200 0o
S 20 o= +
<
E=3V00

(b)
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*7. Write the mesh equations for the networks of Fig. 17.64.
Determine the current through the resistor R;.

40 60 R,
MWy 000 Wy
80
30 +
+ =10 <20 @Ez = 120V 012 0°
E, =60V OO0 -
=
= @
Rl
30 40
150 150

+ +
E, = 220V O 0°® T~100 ®52 =100V 09 0°

—
o0
=

FIG. 17.64
Problems 7, 17, and 35.

*8. Write the mesh equations for the networks of Fig. 17.65.
Determine the current through the resistor R;.

Rl
A
20Q 800 i
100 == 200 E, = 75V 0 20°
+ 60 150
E, = 40V O 60°
E, = 20V O 0° 2
. _ E; = 25V00° §1OQ TZOQ
MWy 000, AMWV—1—W
- 6Q 80 50 - 50
@ (b)
FIG. 17.65
Problems 8, 18, and 19.
1 I 9. Using mesh analysis, determine the current | (in terms
+ of V) for the network of Fig. 17.66.
R <1kQ
VL
X P4k

FIG. 17.66
Problem 9.
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2
*10. Using mesh analysis, determine the current | (in terms Xc
of 1) for the network of Fig. 17.67. N K |
L
1 | 0.2kQ +
501 RS40kQ R S8k XL§4kQ v,
FIG. 17.67
Problem 10.
*11. Write the mesh equations for the network of Fig. 17.68, AM I/
and determine the current through the 1-kQ and 2-kQ 1k(; I\
resistors. + + 4k +
6V, ®1ovm ¢ Z2k0 v,
FIG. 17.68
Problems 11 and 36.
*12. Write the mesh equations for the network of Fig. 17.69, 20VvO0°
and determine the current through the 10-kQ) resistor. N7
W T\
+ 2.2kQ
5VDO°@ §5kﬂ <T>4mADO°§10kQ
=
FIG. 17.69

Problems 12 and 37.

*13. Write the mesh equations for the network of Fig. 17.70,
and determine the current through the inductive element.

ovaooe
—/‘\+ 4kQ
&
+
6 mA 0 0° CT) VS§1kQ 0.1V, gekﬂ
=
FIG. 17.70

Problems 13 and 38.



784 m METHODS OF ANALYSIS AND SELECTED TOPICS (ac) gﬁ‘a}l

SECTION 175 Nodal Analysis
14. Determine the nodal voltages for the networks of Fig.

17.71.
20
000
50 30
|1:3ADO°<T> 40 207 Q>|2:5A530° <l>|2=4AD80° — 30
40 I, = 0.6A 0 20°
I L
@ (b)
FIG. 17.71
Problems 14 and 39.
15. Determine the nodal voltages for the networks of Fig.
17.72.
8Q
I I
N\ 1\
50 40
" 60 20 CTDI = 0.04A 0 90° rggg\
E =30V [O50° 100
\ . 100 20% l | = 08A D0 70°
- E = 50V 0 120°
=
@ (b)
FIG. 17.72
Problem 15.
16. Determine the noda voltages for the network of Fig.
17.63(b).
17. Determine the nodal voltages for the network of Fig.
17.64(b).
*18. Determine the nodal voltages for the network of Fig.
17.65(a).
*19. Determine the nodal voltages for the network of Fig.
17.65(b).
*20. Determine the nodal voltages for the networks of Fig.
17.73.
40
|(
I\

6 Q) 80

4 Q§ | IQ>4A oo 2/Q

80 50

3A [0 150°

I, = 2A030° 40 §5Q

I, = 6A090°

H—W—
8
|
Q00
: —

@ (b)

FIG. 17.73
Problem 20.
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*21. Write the nodal equations for the network of Fig. 17.74,
and find the voltage across the 1-k(} resistor.

2kQ

Wy

-+

el 4l

5mADO°Q> —~4kQ §1kﬂ <T>8mADO°

=

FIG. 17.74
Problems 21 and 40.

*22. Write the nodal equations for the network of Fig. 17.75,
and find the voltage across the capacitive element.

2kQ

10V 0 0°
- : +
12mAIZIO°<l> §1k9 3KO =< <l>4mADO°

=
FIG. 17.75
Problems 22 and 41.
*23. Write the nodal equations for the network of Fig. 17.76,
and find the voltage across the 2-k() resistor.
*24. Write the nodal equations for the network of Fig. 17.77,
and find the voltage across the 2-k() resistor.
1kQ
WV . 1
T Wy
2mA 0 0° 1kQ
33kQ ny >
2V
+ X
° +
12mADO<l> §2m 5mADO°CT> V, S 2k0 3l §1k9
6Vx X 1
_= =
FIG. 17.76 FIG. 17.77

Problems 23 and 42. Problems 24 and 43.
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*25. For the network of Fig. 17.78, determine the voltage V.
in terms of the voltage E;.
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+

Ei@ R1§1k9 501, 50kQZ R, 501, R = 50kQ Vv,

= = = = =

FIG. 17.78
Problem 25.

SECTION 17.6 Bridge Networks (ac)

26. For the bridge network of Fig. 17.79:
a. |sthe bridge balanced?
b. Using mesh analysis, determine the current through

the capacitive reactance.
c. Using nodal analysis, determine the voltage across the

capacitive reactance.

+

Es=10V[IO°®

FIG. 17.79
Problem 26.
27. For the bridge network of Fig. 17.80:
R, R, a. Isthe bridge balanced?
R.< 1kQ b. Using mesh analysis, determine the current through
4kQ 4k the capacitive reactance.
"/‘;‘ ¢. Using nodal analysis, determine the voltage across the
+ A capacitive reactance.
Es=1OVDO°® X %
- 4kQ 4 kQ
FIG. 17.80
Problem 27.

28. The Hay bridge of Fig. 17.81 is balanced. Using Eq.
(17.3), determine the unknown inductance L, and resis-

tance R,.

FIG. 17.81
Problem 28.
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29. Determine whether the Maxwell bridge of Fig. 17.82 is
balanced (w = 1000 rad/s).

30. Derive the balance equations (17.11) and (17.12) for the
capacitance comparison bridge.

31. Determine the balance equations for the inductance
bridge of Fig. 17.83.

SECTION 17.7 A-Y, Y-A Conversions

32. Using the A-Y or Y-A conversion, determine the current
| for the networks of Fig. 17.84.

80

* [ /\ 50
E:lZOVDO"@ T

40

—

80 60

J_—c

@

FIG. 17.84
Problem 32.
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FIG. 17.82
Problem 29.

FIG. 1783
Problem 31.

+ —
z
A E=60VO0 T
Yt W \/ @YT 120

12Q 12Q
90 90

(b)
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—
+O
16 Q) 16 Q)
E Z; 30
120 120
Y1
30 30
- |(
e
I | ——
= 16 Q
@

33.

— 000"
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Using the A-Y or Y-A conversion, determine the current
| for the networks of Fig. 17.85. (E = 100V 20° in each
case)

6

S MY M

50 50

FIG. 17.85
Problem 33.

(b)

SECTION 17.8 Computer Analysis

PSpice or Electronics Workbench

34.

35.

*36.

*37.

*38.

39.

*40.

*41.

*42.

*43.

Determine the mesh currents for the network of Fig.
17.62(a).

Determine the mesh currents for the network of Fig.
17.64(a).

Determine the mesh currents for the network of Fig.
17.68.

Determine the mesh currents for the network of Fig.
17.69.

Determine the mesh currents for the network of Fig.
17.70.

Determine the nodal voltages for the network of Fig.
17.71(b).

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

Determine the nodal voltages for the network of Fig.
17.75.

Determine the nodal voltages for the network of Fig.
17.76.

Determine the nodal voltages for the network of Fig.
17.77.

Programming Language (C++, QBASIC, Pascal, etc.)

44,

45.
46.

Write a computer program that will provide a genera
solution for the network of Fig. 17.10. That is, given the
reactance of each element and the parameters of the
source voltages, generate a solution in phasor form for
both mesh currents.

Repeat Problem 35 for the nodal voltages of Fig. 17.30.

Given a bridge composed of series impedances in each
branch, write a program to test the balance condition as
defined by Eq. (17.6).
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GLOSSARY

Bridge network A network configuration having the appear-
ance of adiamond in which no two branches arein series or
paralel.

Capacitance comparison bridge A bridge configuration
having agalvanometer in the bridge arm that is used to deter-
mine an unknown capacitance and associated resistance.

Delta (A) configuration A network configuration having the
appearance of the capital Greek letter delta

Dependent (controlled) source A source whose magnitude
and/or phase angle is determined (controlled) by a current
or voltage of the system in which it appears.

Hay bridge A bridge configuration used for measuring the
resistance and inductance of coils in those cases where the
resistance is a small fraction of the reactance of the coil.

Independent source A source whose magnitude is indepen-
dent of the network to which it is applied. It displaysits ter-
minal characteristics even if completely isolated.
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Maxwell bridge A bridge configuration 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 the loop (or mesh)
currents of a network can be determined. The branch cur-
rents of the network can then be determined directly 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 application of
Kirchhoff’s voltage law.

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

Wye (Y) configuration A network configuration having the
appearance of the capital letter Y.






