Methods of Analysis
and Selected Topics (ac)

Obl E CTiVES - Understand the differences between independent

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.

- 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 network that will
establish a balance condition.

17.1 INTRODUCTION

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 dc circuits in Chapter 8,
this chapter considers the variations required to apply these methods to ac circuits. Dependent
sources are also introduced for both mesh and nodal analysis.

The branch-current method is not 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 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
(CONTROLLED) SOURCES

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

The term independent specifies that the magnitude of the source is independent of the
network 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 controlled) by
a current or voltage of the system in which it appears.
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Independent sources.
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FIG. 17.2

Controlled or dependent sources.
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FIG. 17.3

Special notation for controlled or dependent sources.
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FIG.17.5
Source conversion.

Currently two symbols are used for controlled sources. One simply uses
the independent symbol with an indication of the controlling element, 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. 17.2(b), the magnitude and
phase of the current source are controlled by a current I elsewhere in the
system, with the magnitude further controlled by the constant k,. To distin-
guish between the dependent and independent sources, the notation in Fig.
17.3 was introduced. In recent years, many respected publications on cir-
cuit 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 circuit modeling for a variety of electronic de-
vices such as the transistor and FET. This text uses the symbols in Fig. 17.3.

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 in-
dependent source, isolation such that V or I = 0 in Fig. 17.4(a) results 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 control-
ling agent (V or I).

(a) (b)

FIG.17.4
Conditions of V=0V and 1 = 0 A for a controlled source.

17.3 SOURCE CONVERSIONS

When applying the methods to be discussed, it may be necessary to con-
vert a current source to a voltage source, or a voltage source to a current
source. This source conversion can be accomplished in much the same
manner as for dc circuits, except now we shall be dealing with phasors
and impedances instead of just real numbers and resistors.

Independent Sources

In general, the format for converting one type of independent source to
another is as shown in Fig. 17.5.
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EXAMPLE 17.1 Convert the voltage source in Fig. 17.6(a) to a current
source.

Source conversion

+
E =100V £ 0°

I=20A £-53.132

-

4Q

FIG. 17.6
Example 17.1.

Solution:

[ E_ 100V0°
Z 5Q0/5313°

—20A £—53.13° [Fig. 17.6(b)]

EXAMPLE 17.2 Convert the current source in Fig. 17.7(a) to a voltage
source.

I=10A460°<T> 860 =<40 =P

(a)

FIG. 17.7
Example 17.2.
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Solution:
7 - L, _ (X £—90°)(X, £90°)
Z.+ 17, —jiXc+jiX,
_(49.2-90°)(69£90°) 240 £0°
B —j4Q+j6Q C2./90°
=120 2 -90°

E=1Z = (10 A £60°)(12 Q 2—90°)
=120V,—-30°  [Fig. 17.7(b)]

Dependent Sources

For dependent sources, the direct conversion in Fig. 17.5 can be applied
if the controlling variable (V or I in Fig. 17.4) is not determined by a por-
tion of the network to which the conversion is to be applied. For exam-
ple, 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 I are controlled by a portion of the network to be converted, are con-
sidered in Sections 18.3 and 18.4.

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

source.
i i
Py + Z = 5kQ 5 +
+ + 2
V=VZs0 20V » V=vzo0 4 X 10°V)A £ 0° Z =5k
L L -

(@ (b)

FIG. 17.8
Source conversion with a voltage-controlled voltage source.

Solution:
(20V) V£0°

5kQ 20°
(4 x 10 V)A 20° [Fig. 17.8(b)]

E_
z

EXAMPLE 17.4 Convert the current source in Fig. 17.9(a) to a voltage
source.

| 40 kO

» 4 x 10DV £ 0°

(b)

FIG.17.9
Source conversion with a current-controlled current source.
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Solution:

E = IZ = [(100I) A £0°][40 kQ £.0°]
= @ x10°DV £0°  [Fig. 17.9(b)]

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 general approach to mesh analysis for independent sources in-
cludes the same sequence of steps appearing in Chapter 8. In fact,
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
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 as long as the remaining steps are
Jollowed 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
Jollow.

a. If an impedance has two or more assumed currents through it,
the total current through the impedance is the assumed current
of the loop 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 equations for 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 de-
scribed shortly must be applied.

EXAMPLE 17.5 Using the general approach to mesh analysis, find the
current I, in Fig. 17.10.

Solution: When applying these methods to ac circuits, it is good prac-
tice to represent the resistors and reactances (or combinations thereof) by
subscripted impedances. When the total solution is found in terms of
these subscripted impedances, the numerical values can be substituted to
find the unknown quantities.
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X, =20 J—xczm
TII §R=4Q
+ +
E =2V £0° E, =6V £0°
FIG. 17.10

Example 17.5.

_ T The network is redrawn in Fig. 17.11 with subscripted impedances:
Z1 + | = Z3 Z1:+]XL:+jZQ EIZZVLOO
z Z,=R=4Q E,=6V 20°
+ 2 - = —7 = —7
+ + Z, J Xc j1Q
E, |t E, Steps 1 and 2 are as indicated in Fig. 17.11.
: ’ Step 3:
= +E - 1LZ - Z,I, - 1,) =0
FIG. 17.11 72,1, -1)-LZ; —E, =0

Assigning the mesh currents and subscripted

impedances for the network in Fig. 17.10. or E -1LZ -1Z,+1LZ,=0

-2, + 1,2, - 1,Z; — E, =0

so that 1(Z, + Z, — ,Z, = E,
L(Z, +7Z;) - 1,Z, = —E,

which are rewritten as

L(Z, + 7, - 1,Z, =E,
-1,Z, + L(Z, + Z3) = —E,

Step 4: Using determinants, we obtain

‘ E, ~Z,
| -E, z,+12,
L= Z, +12, -1,

‘ ~Z, Z,+1Z,

EI(ZZ + Z3) B Ez(Zz)
- (Z, + 1,)(Z, + Z3) — (Z,)°
(El - Ez)Zz + E1Z3

72, + 7,2, + 7,7,

Substituting numerical values yields

2V-6V)4Q)+(2V)(—j1Q)

I:

P(+j2Q)4Q) + (+j2Q)(—j2Q) + (4Q)(—j2Q)
_ —16 —j2 _—16—j2_16.12AL—172.87°
j8—j*2—j4 2+j4 4.47 £63.43°

= 3.61 A £—236.30° or 3.61 A £123.70°
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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 3 is modified as follows: Treat each dependent source like an
independent source when Kirchhoff’s voltage law is applied to
each independent loop. However, once the equation is written,
substitute the equation for the controlling quantity to ensure that
the unknowns are limited solely to the chosen mesh currents.

3. Step 4 is as before.

EXAMPLE 17.6 Write the mesh currents for the network in Fig. 17.12 - uV, +
having a dependent voltage source. A Ny

Solution: +

+
E V., SR
Steps 1 and 2 are defined in Fig. 17.12. ‘ @ . § 2 @ Rs§

Step3: E, —LR, —RyI, - L) =0
R, — 1)+ uV, — LR, =0 L

Then substitute V, = (I} — )R,

Th Iti . d kn FIG. 17.12
€ result 1s two equations and two unknowns. Applying mesh analysis to a network with a voltage-
E,—IR —RA-1)=0 controlled voltage source.

R, = 1)) + pRy(I;, = ) —LR; =0

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 sources.
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 chosen mesh currents to the dependent sources to ensure that the
unknowns of the final equations are limited to the mesh currents.
3. Step 4 is as before.

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

having an independent current source. /,—\/\

Solution:

Z,

Steps 1 and 2 are defined in Fig. 17.13.
Z
Step3: E,—1,Z, + E, — 1LZ, = 0 (only remaining independent + /ID ICT) I, :

path) E,

with L +I=1

The result is two equations and two unknowns.

FIG. 17.13
Applying mesh analysis to 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
sources.
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Z,

FIG. 17.14
Applying mesh analysis to a network with a current-
controlled current source.

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 unknown quantities.

3. Step 4 is as before.

EXAMPLE 17.8 Write the mesh currents for the network in Fig. 17.14
having a dependent current source.

Solution:

Steps 1 and 2 are defined in Fig. 17.14.

Step 3: E -1Z -1LZ,+E,=0

and =1 -1,

Now I = I, so that K=1,-1I, or L=IL1-k)

The result is two equations 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 ac circuits:

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

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

3. We must now consider the mutual terms that are always subtracted
Jrom the terms in the first 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 term
is the product of the mutual impedance and the other loop current
passing through the same element.

4. The column to the right of the equality sign is the 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 reverse is true.

5. 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
variable 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 I, in Fig. 17.15.
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FIG. 17.15
Example 17.9.

Solution: The network is redrawn in Fig. 17.16:
Z,=R +jX,=10+j20 E =8V /20°
Z,=R,—jXc=40—-j8Q E,=10V 20°
Zy=+jX,= +j6Q

Note the reduction in complexity of the problem with the substitution of

the subscripted impedances.

Step 1 is as indicated in Fig. 17.16.
Steps 2 to 4:

1.Z, +Z,) - 1,Z, = E, + E,
L(Z,+7Z,) - 1Z, = —E,

which are rewritten as

I,(Z, + Z,) - 1,Z, =E, + E,
-1,Z, +L,(Z, +Z;) = —E,

Step 5: Using determinants, we have

‘Zl +7Z, E +E,

_Zz _Ez
12 =
’Zl + Z, -7,
-7, 7z, + 7,

_(Zl + Zz)Ez + Zz(El + Ez)
(Z, + 2,)(Z, + Z,) — 13
_ ZZEI B ZlEz
27, + 2.2, + 1,7,

Substituting numerical values yields

(4Q—j80)8V £20°) — (1Q+j20)(10V £0°)
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— + | =

Z,

Z,
+ —T+ Z,
+ _ I
E, E -
2
- I, +
=

FIG. 17.16
Assigning the mesh currents and subscripted
impedances for the network in Fig. 17.15.

12:

(4 — j8)(7.52 + j2.74) — (10 + j 20)
20 + (j6 — 12) + (j24 + 48)

(1Q+,20) 40 —-j8Q)+(1Q+,20)(+j6Q)+(4Q—-80)(+,6Q)

(52.0 — j49.20) — (10 +720) 420 — j69.20 _ 80.95 A /. —58.74°

56 + ;30 56 + ;30 63.53 £28.18°

=127 A £-86.92°
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Calculator Solution: The calculator can be an effective tool in per-
forming the long, laborious calculations involved with the final equation
appearing above. However, you must be very careful to use brackets to
define the order of the arithmetic operations (remember that each open
bracket must be followed by a close bracket). Using the TI-89 calculator,
the sequence in Fig. 17.17 provides the solution for I,.

((4—8i)X(8£20°)—(1+2i)x(10£0°)) = ((1+2i) X (4—8i) +(1+2i) X(6i) +(4—8i) X (6i)) p Polar 1.27E0.—86.95E0

FIG. 17.17
Determining I, using the TI-89 calculator.

Mathcad Solution: This example provides an excellent opportunity to
demonstrate the power of Mathcad. First, define the impedances and pa-
rameters for the equations to follow as shown in Fig. 17.18. Then enter the
guess values of the mesh currents I, and I,. Enter the label Given followed
by the equations for the network. Note that in this example, you are not
continuing with the analysis until the matrix is defined—you are working
directly from the network equations. Once the equations have been prop-
erly entered, enter Find(I1,12). Then selecting the equal sign results 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 magni-
tude and angle using the definitions entered earlier in the listing 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.

™ wathead - [Mathcsd 17 1.cmed) :
B Rt ee jeet fgmet Tock feebola Pedes meb -
D-FEl QAT i@ - =k = L v = 3
Bk ] o [§ <F 51 b | o - e
-
S ten peas e
= + 21 = — ol D= 01 = ’ ¥ & ¥ r
RI=8  Ol:= 20— El=RI®1  m-10 R EE ERE
180 ¥ Fowpae
Il:=1+i I2:= 1+i redEvw
35 ABIMAEZ
Given He ]l KAM
MZONDPE
11-Z1 +72) - 1272 = El +E2 TY®X¥YR

1272 +73) - 1172 = -E2

i
g
0.909 + 0.512i T
Find(11,12) = )
0.068 — 1.272i %
B S N 180° A
A= 0068 12720 i[A = 1274 | 10A = arg(A)—! =
e | i Mo i L m +
-
-

N ¥

Prms 1 or P, == =
FIG. 17.18

Using Mathcad to verify the results in Example 17.9.

EXAMPLE 17.10 Write the mesh equations for the network in Fig.
17.19. Do not solve.
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o
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XL]

FIG. 17.19
Example 17.10.

Solution: The network is redrawn in Fig. 17.20. Again note the re-
duced complexity and increased clarity provided by the use of sub-
scripted impedances:

Z1:R1+jXL1 Z4:R3_J'Xc2
Z,= R, +jX, Zs = R,
Z; = ch]

and 1(Z, +Z, — 1,Z, =E,

LZz,+72;+7Z,)—1Z,—5;Z,=0
L(Z,+Z5) —1,Z,=E,

or 1,(Z, + Z,) — 1,(Z,) +0 =E,
1,Z, —L(Zy, +Z; + 7, — I(Zy) =0
0 - IL(Z) —L(Z, t+ Z5) = E,
z, Zy Zs
+ - + - + -
+ | - + |-
+ f—
- T+ T+ *
I L 1§
FIG. 17.20
Assigning the mesh currents and subscripted impedances for the network in
Fig. 17.19.

EXAMPLE 17.11 Using the format approach, write the mesh equations
for the network in Fig. 17.21.

Solution: The network is redrawn as shown in Fig. 17.22, where
Z1:R1+jXL1 Z3:jXL2
Z,=R, Z,=j X,

and II(ZZ + Z4) - 12Z2 - I3Z4 = EI
12(Z1 + Z2 + Z3) - IIZZ - I3Z3 =0
L(Z; +Z,) — LZ; - 1Z,= E,

or Li(Zy+-Z1,) — L,Z, - LZ, =E,
17, P LZi+Ze+Z)-1Z, =0
_IIZ4 - 12Z3 +"I.3-(Z~3.'+‘Z4-).;: E2

|
I\
Xcl
X1, ;
R, =X,
=

R, XL,
AWy 000
R, XL2

000

FIG. 17.21
Example 17.11.

Z,

FIG. 17.22
Assigning the mesh currents and subscripted
impedances for the network in Fig. 17.21.
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Note the symmetry about the diagonal axis; that is, note the location of
—7Z,, —7Z,, and —Z; off the diagonal.

17.5 NODAL ANALYSIS
General Approach

Independent Sources Before examining the application of the
method to ac networks, a review of the appropriate sections on nodal
analysis in Chapter 8 is suggested since the content of this section is lim-
ited to the general conclusions of Chapter 8.

The fundamental steps are the following:

1. Determine the number of nodes within the network.

2. Pick a reference node and label each remaining node with a
subscripted 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 for each
application 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 net-
work in Fig. 17.23.

R, Ry
AWy AWy
0.5 kQ 2kQ

+
E = = 1=
12\/4()@@ XL%ka Xc =T~ 5k <D4mA 00

FIG. 17.23
Example 17.12.

Solution:

Steps 1 and 2 are as indicated in Fig. 17.24.

Vl V2
Z, Z,

=) z, n| (D

=

FIG. 17.24
Assigning the nodal voltages and subscripted impedances to the network in
Fig. 17.23.
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Step 3: Note Fig. 17.25 for the application of Kirchhoff’s current law to
node V:

SL=731,
0O=L+L+1
VI_E+& VI_VZ

+——=0
A Z, Z,
Rearranging terms:
1 1 1 1 E
V1{++]—V2{ }=‘ 17.1)
Z, 1, 17, Z, Z,
Note Fig. 17.26 for the application of Kirchoft’s current law to node V.
0=L+I+1
V,—-V \Y%
L+ 241=0
Z; Z,
Rearranging terms:
1 1] 1
Vol +=— |-V = -1 17.2
FAEARIA 472

Grouping equations:

V[l +1+1'_v[1] _E
'z, z, z,] “lz, Z,
Vi BT AN
'z, \z, 7z,
Lyt L o1 ;.1 2.5mS £ —2.29°
—t — + — = =25m —2.
Z, Z, Z, 05kQ j10kQ 2kQ
L1 L. 0.539 mS /21.80°
— =+ ————=0. m .
Z, Z, 2kQ —j5kQ
and
V,[2.5mS £ —2.29°] — V,[0.5mS £0°] =24 mA £0°
V,[0.5 mS £0°] — V,[0.539 mS £21.80°] = 4 mA £0°
with

24 mA £0° —0.5mS £0°
B ‘ 4mA £0° —0.539 mS £21.80°
' 25mS £-229° —0.5mS £0°
‘0.5 mS £0° —0.539 mS £21.80°

(24 mA £0°)(—0.539 mS £21.80°) + (0.5 mS £0°)(4 mA £0°)
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A v,

=
FIG. 17.25
Applying Kirchhoff’s current law to the node V| in
Fig. 17.24.
\S \E
-~ zZ, o
I
i E—
I
- @
=
FIG. 17.26
Applying Kirchhoff’s current law to the node V, in
Fig. 17.24.

(2.5mS £—2.29°)(—0.539 mS £21.80°) + (0.5 mS £0°)(0.5 mS £0°)

—12.94 X 10°°V £21.80° + 2 X 10°°V £0°
—1.348 X 107° £19.51° + 0.25 X 107° £0°
—(12.01 +j481) X 10°°V + 2 X 10°°V
—(1.271 + j0.45) X 107° + 0.25 X 10°¢

—1001V =481V 11106 V £ —154.33°
—1.021 — j0.45 1.116 £—156.21°
V, =995V ~1.88°
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[ Mathcad - [Mathcad 17-2.xmed]
Eile Edit View Insert Format Tools Symbolics Window Bsi=s -

D-sd SRY 4 =

] &

k:=10° Nrgm;=10'3 T
Vi=1+i V2:=1+i n B v ok A B
¥ £ om p o
A R A
Given ABT AEZ
He I K AM
1 1 1 1 TR TP 2

VA [y +—)-V2—=24m
(0.5~k 10-k-i Z-k) 2.k g e e O

v1~(i) - vz.(i R i) —4m

2k 2k —5ki
sin cos tan In log
i =T
e 2
9.944 + 0.319i ¢ x () x
Find (V1,V2) = ) m 789/
1.786 - 0.396i g e e
o LR
V1:=9.944+0.319i |V1] =9.949 L
AAANA,
6= BOaVD g 637
T
’1T
deg := — arg(V1) = 1.837 deg
180 -
2]
gl ) ¥
Press F1 for help. AUTO Page 1
FIG. 17.27

Using Mathcad to verify the results of Example 17.12.

Mathcad Solution: The length and the complexity of the above math-
ematical development strongly suggest the use of an alternative approach
such as Mathcad. The printout in Fig. 17.27 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 eas-
ier to review. When entering the equations, remember that the j is entered
as 1j without the multiplication sign between the 1 and the j. A multipli-
cation sign between the two would define the j as another variable. Also
be sure that the multiplication process is inserted between the nodal vari-
ables and the brackets. If an error signal continues to 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 2 1.837° is
a very close confirmation of the longhand solution.

Before leaving this example, let’s look at another method for obtain-
ing the polar form of the solution. The method appears in the bottom of
Fig. 17.27. First define deg as shown, and then pick up arg from the
Insert-f(x)-Insert Function-arg sequence. Next enter V1; the result is
in radian form but with a small black rectangle in the place where the
units normally appear. Click on that black rectangle, and the bracket ap-
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pears where you can type deg. When you select the equal sign, the angle
in degrees appears.

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 3 is modified as follows: Treat each dependent current
source like an independent source when Kirchhoff’s current law
is applied to each defined node. However, once the equations are
established, substitute the equation for the controlling quantity to
ensure that the unknowns are limited solely to the chosen nodal
voltages.

3. Step 4 is as before.

EXAMPLE 17.13 Write the nodal equations for the network in Fig.
17.28 having a dependent current source.

Vv, — v,

1 CD z o l> .

=

FIG. 17.28
Applying nodal analysis to a network with a current-controlled current source.

Solution:

Steps 1 and 2 are as defined in Fig. 17.28.
Step 3: Atnode V|,

I=1, +1
V, V,-V
71_,_172_1:0
Z, Z,
a v[1+1] v[l} I
an — — - — =
"z, 1z, 1z,
Atnode V,,
L+L+k=0
V,-V, V V, -V
2I+2+k{I2}:0
Z, Z, Z,
d V[l_k} V[l_k+1} 0
n BT I N
4 "z, 27z, 1z,

resulting in two equations and two unknowns.

NODAL ANALYSIS [Il 757
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Independent Voltage Sources between Assigned Nodes For
independent voltage sources between assigned nodes, the procedure 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: Treat each source between defined
nodes as a short circuit (recall the supernode classification in
Chapter 8), and write the nodal equations for each remaining in-
dependent node. Then relate the chosen nodal voltages to the in-
dependent voltage source to ensure that the unknowns of the final
equations are limited solely to the nodal voltages.

3. Step 4 is as before.

EXAMPLE 17.14 Write the nodal equations for the network in Fig.
17.29 having an independent source between two assigned nodes.

\A + Vv,

O [ o

=

FIG. 17.29

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

Solution:

Steps 1 and 2 are defined in Fig. 17.29.

Step 3: Replacing the independent source E; with a short-circuit equiva-
lent results in a supernode that generates the following equation when
Kirchhoff’s current law is applied to node V;:

L=+t
z, 17,
with V2_V1:E1

and we have two equations and two unknowns.

Dependent Voltage Sources between Defined Nodes For de-
pendent voltage sources between defined nodes, the procedure is modi-
fied 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 essentially 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.
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EXAMPLE 17.15 Write the nodal equations for the network in Fig.
17.30 having a dependent voltage source between two defined nodes.

Solution:

Steps 1 and 2 are defined in Fig. 17.30.

Step 3: Replacing the dependent source wV, with a short-circuit equiva-
lent results in the following equation when Kirchhoff’s current law is ap-
plied at node V;:

I=1+1,
v V, -V
71+M—I= 0
Z, Z,
and V,=uV,=ulV, — V5]
R
or V2_1+,U«V1

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

Format Approach

A close examination of Egs. (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 introduced in Chapter 8. Recall that the approach re-
quired that the voltage source first be converted to a current source, but
the writing of the equations was quite direct and minimized any chances
of an error due to a lost sign or missing term.

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

1. Choose a reference node and assign a subscripted voltage label to
the (N — 1) remaining independent nodes of the network.

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 formed by summing the admittances tied to the node of
interest and multiplying the result 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 is the product of
the mutual admittance and the other nodal voltage tied to that
admittance.

4. The column to the right of the equality sign is the algebraic sum of
the current sources tied to the node of interest. A current source is
assigned a positive sign if it supplies current to a node, and a
negative sign if it draws current from the node.

5. Solve resulting simultaneous equations for the desired nodal
voltages. The comments offered for mesh analysis regarding
independent and dependent sources apply here also.

NODAL ANALYSIS |11 759

Z,

Vl U VZ
— 4 +
ooV, T v, Zy
=
FIG. 17.30

Applying nodal analysis to a network with a voltage-

controlled voltage source.
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A

EXAMPLE 17.16 Using the format approach to nodal analysis, find the
voltage across the 4 () resistor in Fig. 17.31.

X, =50

7000

I :6A40°<l> R§49

X, =20 CT>12:4A40°

FIG. 17.31
Example 17.16.

Solution: Choosing nodes (Fig. 17.32) and writing the nodal equa-
tions, we have

Z,=R=4Q Z,=jX,=j5Q Z;=—jX;.=—j2Q

Vi

10) z,

s 7P

= Reference

FIG. 17.32
Assigning the nodal voltages and subscripted impedances for the network in
Fig. 17.31.

Vi(Y, +Yy) = V(Y = —1,

VY5 +Yy) —Vi(Yy) =+
or Vi(Y, +Y;) = Vy(Y,) =1
—Vi(Ys) T Vu(Y;+Y,) =41
1 1 1
Yl i Y2 i Y3 i
Z, z, Z,
Using determinants yields
‘ -1, -Y, ‘ —6A+ j02S ‘
_— +1, Y; +Y, _ +4 A+ j03S
! ‘Yl +Y, -Y, ’0.255—1'0.25 +j0.28’
-Y, Y;+tY, +j0.28S +j03S
B —(Y; + VL)), + LY,
(Y, + Yo)(Ys + Y,) — Y3
(Y5 Y,)I, + LY,

Y)Y, + Y,V + Y)Y,
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Substituting numerical values, we have

—[(1/=j2Q) + (1/j5Q)]6 A £0° + 4 A £0°(1/j5 Q)

M (1/4Q)(1/=j2Q) + (1/j5Q)(1/=j2Q) + (1/4Q)(1/j 5 Q)
~ —(+j0.5 —j0.2)6 £0° + 4 £0°(—j0.2)
(1/=j8) + (1/10) + (1/20)
(0.3 £90°)(6 £0°) + (4 £0°)(0.2 £—90°)
B j0.125 + 0.1 — j0.05
~ —1.8290° + 0.8 £ —90°
B 0.1 +j0.075
26V /—90°
©0.125 £36.87°
V, = 20.80 V 2 —126.87°

Calculator Solution: Using the TI-89 calculator, enter the parame-
ters for the determinant form for V, in the rectangular form as shown by
the sequence in Fig. 17.33. Note the different negative signs used to en-
ter the data.

det ([E0IC6 - 3C-3C27:; T4l 3030331033
det ([C-JE230s3C-3C-3C23: -3 L

)
C-oC23:;C-3C23:C:3
(- J03 i1 () )P Polar [ENTER 20.80E0 £ -126.8E0

FIG. 17.33
Determining V, using the TI-89 calculator:

EXAMPLE 17.17 Using the format approach, write the nodal equations
for the network in Fig. 17.34.

2

€
7Q 8QR2 10
R3§89 Q>11 = 10A £ 20°
x, Q50
=

FIG. 17.34
Example 17.17.

Solution: The circuit is redrawn in Fig. 17.35, where

Z, —o— z,

® [ FH o

a' =
=

FIG. 17.35
Assigning the subscripted impedances for the network in Fig. 17.34.
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Z, =R +jX, =7Q0+;8Q E =20V £0°
Z,=R,+jX,=40+;50 I, =10A 2£20°
Z,=—jX,=—j10Q
Z,=R,=38Q)
Converting the voltage source to a current source and choosing nodes, we
obtain Fig. 17.36. Note the “neat” appearance of the network using the
subscripted impedances. Working directly with Fig. 17.34 would be more
difficult and could produce errors.

v, a \p)

TD Z, z, Z, CD 1,

B
a' = Reference

FIG. 17.36
Converting the voltage source in Fig. 17.35 to a current source and defining the
nodal voltages.

Write the nodal equations:

Vi(Y, + Y, 7Yy = Vy(Yy) =+,
Vo(Y; +Y,) — Vi(Yy = +1,

S N LS N |
'Yz, 'z, oz, 'z,
which are rewritten as
Vi(Y, + Y, + Y3 — Vy(Y5) = +1,
—V,i(Yy) + V(Y3 +Yy) =+,

EXAMPLE 17.18 Write the nodal equations for the network in Fig.
17.37. Do not solve.

N
{10 i
X, Xe,
2
L CT) §R1 §R3 % XL,
Xc, 7T~
FIG. 17.37

Example 17.18.
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Solution: Choose nodes (Fig. 17.38):

v, \E Vi

I, CT) Z, Z, Zs Zg

FIG. 17.38
Assigning the nodal voltages and subscripted impedances for the network in Fig. 17.35.

Z,=R, Z2=jXL1 Z3=R2_chz
Z,=-jXe, Ls=R; Zs=jXp,
and write the nodal equations:
Vi(Y, +Yy) = Vy(Yy) = +1,

VoY, + Y3 +Y,) = Vi(Yy) — V3(Yy = -1,
Vi(Yy + Y5 + Yy — Vy(Yy) = +1,

which are rewritten as

Vl(Yl +‘Y’2~)---—._Y_2(X2_)_N + 0 = +Il
—Vi(Yy) + V,(Y, +Y§"1“‘Y¢)-:_Y3_(_¥_4_) =-IL
0 — V(Y,) + V5(Y, ¥Ys+Yo) =+,
1 1 1
Y = Y, = - Y=
R, J X, R, — j X,
Y, = ! Y = L Y, = !
YosiXe R © X,

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

EXAMPLE 17.19 Apply nodal analysis to the network in Fig. 17.39.
Determine the voltage V.

I

_— » B C
e
+
1kQ 1001 +
V.=V, £0° (B1) R4k R, S1kOQ X, 2kQV,
E E
= = = = = =
Transistor
equivalent
network
FIG. 17.39

Example 17.19.
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Solution: In this case, there is no need for a source conversion. The

1001 Y,

FIG. 17.40
Assigning the nodal voltage and subscripted
impedances for the network in Fig. 17.39.

AN
ENT

FIG. 17.41
Maxwell bridge.

B

e

FIG. 17.42
Assigning the mesh currents and subscripted
impedances for the network in Fig. 17.41.

network is redrawn in Fig. 17.40 with the chosen nodal voltage and sub-

scripted impedances.

Apply the format approach:

Y, :Z%:ﬁ: 0.25mS £0° = G, £0°
Yz—izi= 1mS £0° = G, £0°
Z, 1kQ
Y, = L b sms /o0
P Zy, 2kQ £90°
= —j05mS = —jB,
Vi (Y, + Y, + Y3)V, = —100I
—100I
and Vl = m
B —1001
©0.25mS + ImS —;0.5mS
~ —100 X 10°T  —100 X 10°I
125 -05 13463 £—21.80°

—74.28 X 10°I £21.80°

V;
—74.28 X 10° ( : > £21.80°
1 kQ

—(74.28V,)V £21.80°

VL:

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 networks by
considering those that have reactive components and a sinusoidal ac volt-

age 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. 17.41. The network is re-

drawn in Fig. 17.42, where

1 1 G, . B¢
7, =, = T 2 > T J >
Yl G1+]BC G+B GI+BC
Z, =R, Z;=Ry Z,=R,+jX, Zs=R
Applying the format approach:
(Z, + )L, — (L)L, — (Z)I; = E
(Zy +Z, + L), — (LI, — (Z5)I; =0
(Zs + 2, + Z5)l; — (Z)I, — (Z5)I, =0
which are rewritten as
(Z, + Z;) - LZ, —LZ; =E
-1z, FhZt 2y + Zs) — LZs =0
1,Z, -LZ, F s+ Ly + Zs) =0
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Note the symmetry about the diagonal of the above equations. For bal-
ance, IZ5 =0A,and

IZSZIZ_I3:O

From the above equations,

7, +7Z, E —7Z5
_Zl 0 _ZS
I _ _Z3 0 (Z3 + Z4 + ZS)
2Z, + 7, -7, -7,
-7, Z,+71,+17Zs —Zs
-7, —Zs Zy+Z,+ Zs)
B E(Z,\Z; + 72,2, + 7. Zs + 7:Z;)
a A
where A signifies the determinant of the denominator (or coefficients).
Similarly,
E(ZZ; + 7,7, + 725 + 7:Z5)
13 -
A
E(Z,Z, — 7 ;7
and IZSZIZ_I.}:%

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

Z1Z4 = Z3Z2 IZ5 =0 (17.3)
This condition is analyzed in greater depth later in this section.

Applying nodal analysis to the network in Fig. 17.43 results in the
configuration in Fig. 17.44, where

1 1 1 1

Y=g =75 Y= =—

Z, R —jXc Z, R,
1 1 1 1 1
Y,=—=— Y,=—=—— Y;=—
Z; R, Z, R,*+jX Rs

and

(Y, + YV, = (Y)V, = (Y)V; =1
(Y, + Y5+ YV, — (Y)DV, — (Y5)V5=0
(Y, + Y, + YOV, — (Y))V, — (Y5)V, =0

o X W5 O £

R, = =
) FIG. 17.44
FIG. 17.43 Assigning the nodal voltages and subscripted impedances for the

Hay bridge. network in Fig. 17.43.
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FIG. 17.45
Investigating the balance criteria for an ac bridge
configuration.

which are rewritten as

Vi(YT"_h--Y-l)______YZYl - ViY, =1
-ViY, + Vz(Y1+Y3+Y5)_ V,Y; =0
-ViY, AL + V(Y5 +Y, + Ys) =0

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

VZ =V2_V3=0

5

From the above equations,

Y, +Y, I -Y,
_Yl O _Y5
V _Y2 0 (Y2 + Y4 + YS)
Y, + Y, -Y, -Y,
-Y, (Y, +Y; +Ys5) -Y;
-Y, -Y; (Y, + Y, +Ys)
B I(Y\Y; + Y)Y, + Y Y5 + Y3Y5)
a A
Similarly,

I(Y\Y; + Y;Y, + Y, Y5 + Y5Y5)
.=
; A

Note the similarities between the above equations and those obtained

for mesh analysis. Then
Y, Y, - Y;Y,)
Vo, = Voo Vam

For V, = 0, the following must be satisfied for a finite A not equal to
Zero:

Y]Y4 = Y3Y2 VZS =0 (17.4)

However, substituting Y, = 1/Z,, Y, = 1/Z,,Y; = 1/Z;,and Y, = 1/Z,,
we have

or 212,=17, Vz5 =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. 17.45, where it is specified that I and V = 0.
Since I = 0,

L - L (17.5a)

and L=1 (17.5b)
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In addition, for V = 0,
L,Z, = 1,Z, (17.5¢)

and I3Z3 = I4Z4 (17.5d)

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

IlZ3 = 12Z4
d L= 2y
an 2 Z, 1

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

Z,
1,Z, = I, |Z,
2

and Z1Z4 = Z2Z3

as obtained earlier. Rearranging, we have

z, 17,

Z "z (17.6)

corresponding with Eq. (8.2) for dc resistive networks.
For the network in Fig. 17.43, which is referred to as a Hay bridge
when Zs is replaced by a sensitive galvanometer,

Z,=R, —jXc
Z,=R,
Z; =R,
Z,=R,+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

XL.Substitute into Eq. (17.6) in the following form:
7,1, =71,7,
RyR; = Ry + j XpD(R, — j Xo)
or R,Ry = R\R, +j (R X, — RX¢p) + Xe X,
so that

RRy +j0 = (RR, + Xc X)) +j (RX, — RX0)

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

| R,R; = R\R, + XCXL| (17.7a)

and | 0=RX, — R4XC| (17.7b)

or substituting X, =wL and X,=—

BRIDGE NETWORKS (ac) |11 767
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h XX ( L )( L) L
we have =|— |(wL) = —
ek wC C
L
and R:Ry; = R\R, + —
C
. Ry
with RwL = —
wC

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

and substituting into the previous equation, we have

, L
RoR; = Ry(w” LCR)) +

Multiply through by C and factor:
CR:R; = L(w*C*R} + 1)

. _ CRR,
an 1+ o' CR
With additional algebra this yields:

2 — ©*C’R\R,R,
Y+ W CR

A

(17.8a)

(17.8b)

Egs. (17.7) and (17.8) are the balance conditions for the Hay bridge.
Note that each is frequency dependent. For different frequencies, the re-
sistive and capacitive elements must vary for a particular coil to achieve
balance. For a coil placed in the Hay bridge as shown in Fig. 17.43, the
resistance and inductance of the coil can be determined by Eqgs. (17.8a)

and (17.8b) when balance is achieved.

The bridge in Fig. 17.41 is referred to as a Maxwell bridge when Z;
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.
Application of Eq. (17.6) in the form:
Z2Z3 = Z4Z1
and substituting

(R, £0°)(X¢, 2—90°)

Z,= R, £L0°| Xc, £—90° =

R, —j Xc1
Rl XCI L—9OO _] RIXC]
R, _jXCl R, _jXCl
Z2 = Rz
Z3 = R3
and Z,=R,+jX,
=J RIXCI
we have (R)(Ry) = (R, +jX )<>
2 )83 4 Ly R, — ]XCI

—j RiRX¢, + R Xc Xy,

RyR; = .
Ry — Xc1




Z

or (RyR3)(R, — jXCl) = R\ Xc X, — JRiRXc,
and R\R,R; — j RyR3 X, = RiXc X, — ] RiRXc,
so that for balance

KleRz = K]XCIXL4

N

and L, = CRyR; (17.9)
and RyR; Xc] = RR,y Xc,
RyRs
so that 4 = (17.10)
R,

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

One remaining popular bridge is the capacitance comparison bridge
of Fig. 17.46. An unknown capacitance and its associated resistance can
be determined using this bridge. Application of Eq. (17.6) yields the fol-
lowing results:

R,
C, = Ci= .
4= Cip. (17.11)
R,R
R, = =2 (17.12)
R,

The derivation of these equations appears as a problem at the end of the
chapter.

17.7 A-Y, Y-A CONVERSIONS

The A-Y, Y-A (or «-T, T-7 as defined in Section 8.12) conversions for ac
circuits are not derived here since the development corresponds exactly
with that for dc circuits. Taking the A-Y configuration shown in Fig.
17.47, we find the general equations for the impedances of the Y in terms
of those for the A:

B 2,7, 13
YU Z 4+ Z + Z (17.13)
Z,Z
Z,=—2°< )
P2+ Ly + L, (17.14)
Z,Zs
Z,=—238 .
P2+ 2y + L, (17.15)
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&

C4
Rs Ry
FIG. 17.46
Capacitance comparison bridge.
b

FIG. 17.47
A-Y configuration.
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For the impedances of the A in terms of those for the Y, the equations are

7.2, + 1,7, + L,Z
5= 142 143 2443 (17.16)
Z,
772, + L7, + LZ
= 1442 143 2443 (17.17)
Z,
2,7, + 1,2, + 1,1
= (17.18)
3

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

Further, the value of each impedance of the A is equal to the sum of
the possible product combinations of the impedances of the Y, divided
by the impedances of the Y farthest from the impedance to be
determined.

Drawn in different forms (Fig. 17.48), they are also referred to as the T
and 7 configurations.

FIG. 17.48
The T and 7 configurations.

In the study of dc networks, we found that if all of the resistors of the
A or'Y were the same, the conversion from one to the other could be ac-
complished using the equation

Ry
Ry, =3Ry or RYZ?

For ac networks,

Z
Z, =37y or Zy = TA (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.
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EXAMPLE 17.20 Find the total impedance Z; of the network in Fig.
17.49.

Z - - Zs
.
40 40
30 40
1 000 3 1 Zc 3 1 3

FIG. 17.49
Converting the upper A of a bridge configuration to a'Y.

Solution:

Zy=—j4 Z,=—j4 Z.=3+j4
Lyt Zyt+Ze (—j4Q)+ (—j4Q)+ (3O +40)
_ (42-90°)(5 £53.13°) 20 £—36.87°

Z,

3—j4 ©5/,-53.13°
=40/1613°=3840+,1.110Q
P Z A+ Zy+Zo 50 ,-53.13°

= 40 /1613°=3840 +;1.110Q

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, = Zj. Therefore, Z, = Z,, and

7. = 7,2 _ (_j49)(_j49)
P Zy+Zy+ Lo 50 /-5313°
16 Q £—180° 2
=—————=320,-12687°=—-1920 — j2.56 Q © )
5/ —53.13°
—_— Z
Replace the A by the Y (Fig. 17.50): Zr ’
Z,=384Q+;1.110Q Z,=3840+;1.110Q
Z,=-192Q0-j256Q Z,=2Q ! 3
Z5 = SQ

Impedances Z, and Z, are in series:
Z;, =7,+7,=3840+j1110+2Q0=5840Q0+j1.110Q

=5.94Q £10.76°

Impedances Z, and Zs are in series:
) ) FIG. 17.50
2;,=7,+7Z;=3840+j1110+30=6840+ ;1110 The network in Fig. 17.49 following the substitution

= 6.93 () £9.22° of the Y configuration.
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Impedances Z;, and Zg, are in parallel:

7 ZrZ;, (5940 £1076°)(6.93 0 £9.22°)

B Ly ALy, 5840 +111Q+684Q +1.11Q
41.16 Q £19.98°  41.16 Q £19.98°
1268 +j222 1287 £9.93°

= 3150 +;0.56 O

= 3.198 Q) £10.05°

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

Zy=17y+Zy, = 1920 —j256Q + 3150 + j0.56 Q
1230 —j200Q = 235Q £ —58.41°

EXAMPLE 17.21 Using both the A-Y and Y-A transformations, find
the total impedance Z; for the network in Fig. 17.51.

FIG. 17.51
Example 17.21.

Solution: Using the A-Y transformation, we obtain Fig. 17.52. In this case,
since both systems are balanced (same impedance in each branch), the cen-
ter point d” of the transformed A will be the same as point d of the original Y:

Zy 30+,6Q

7y = = =10+,20Q
Y 3 3 J
2
30 30
6 6
: MWy 000, H
30 6
FIG. 17.52

Converting a A configuration to a Y configuration.
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and (Fig. 17.53)

FIG. 17.53
Substituting the Y configuration in Fig. 17.52 into the network in Fig. 17.51.

Using the Y-A transformation (Fig. 17.54), we obtain
7,=37Z,=310+20)=30+,6Q

60 60

FIG. 17.54
Converting the Y configuration in Fig. 17.51 to a A.

Each resulting parallel combination in Fig. 17.55 will have the fol-
lowing impedance:
30 +j6Q
B 2

’

=150 +;30Q

L zQer) Ay o
Tz +22 37 3
(150 +j30)

3

and

10420

which compares with the above result.
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FIG. 17.55
Substituting the A configuration in Fig. 17.54 into the network in Fig. 17.51.

17.8 COMPUTER ANALYSIS
PSpice

Nodal Analysis The first application of PSpice is to determine the nodal
voltages for the network in Example 17.16 and compare solutions. The net-
work appears as shown in Fig. 17.56 using elements that were determined
from the reactance level at a frequency of 1 kHz. There is no need to contin-
ually use 1 kHz. Any frequency will do, but remember to use the chosen fre-
quency to find the network components and when setting 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 ar-
row used in the text material. The direction must be recognized as point-
ing from the + to — sign of the source. That requires that the sources I,
and I, be set as shown in Fig. 17.56. 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 attrib-
utes 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

!hﬂwmw-%mmwm - @ m

Cleja) & 0| |=| = o 7= =] mlsaim] vl jm|ojm) e u g
owmnci e vl = Sl k] S # vl wl |
—_— I T —
=%
AL =gk AL = i |
JFL, MAG = ok [F1, MAG = ok =
VPRINT1 (=7 PHASE = ok VPRINTZ (2= PHASE m gk I
| Ay _L._ - -1
i | 0.796mH | PrerTT T
ACBA i 2| PHASEwD ¥
FREQ = 1kHE /- R < 4 & = TOS5BuF y FREQ = 1kHz -
PHASE=0 . Vo OFF = oA all
IOFF = 08, =
I =
0 s
141 | g_%
. 2 e ] Aemwem el Ted 5 m

FIG. 17.56
Using PSpice to verify the results in Example 17.16.
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SPECIAL library and place it to generate the desired nodal voltages. Fi-
nally add the remaining elements to the network as shown in Fig. 17.56.
For each source, double-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, followed by Display and Name and Value for each. It appears as
shown in Fig. 17.56. Double-clicking on each VPRINT1 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. Se-
lecting Apply and leaving the dialog box results in the listing next to each
source in Fig. 17.56. For VPRINT2, first change the listing on Value from
VPRINT1 to VPRINT?2 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 Frequency at
1 kHz with 1 for the Points/Decade. Click OK, and select the Run
PSpice icon; a SCHEMATIC1 screen results. Exiting (X) brings you
back to the Orcad Capture window. Selecting PSpice followed by View
Output File results in the display in Fig. 17.57, providing 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°.

## Profile: "SCHEMATICL-PSpice 17-1" | CAICAT I\PSpice\PSpice 17-1-
PSpiceFiles\SCHEMATICIAPSpice 17-1.sim ]

iRk AC ANALYSIS TEMPERATURE = 27.000 DEG C
3 S 5 S 0 S o S o S o S o S o S5 o S o o B R R R o o R SRR SRR SRR RS R R R R R R o
FREQ VMNOL1900)  VPNC1900)
1.OOOE+03  2.080E-+01 -1.269E+02
FREQ VYM(NO1908Y  VP(NO1908)
[.OD0E+03  8.617E+00 -1.50GE+01
FIG. 17.57

Output file for the nodal voltages for the network in Fig. 17.56.

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 elements of their
use are understood. The network in Fig. 17.14 has a current-controlled cur-
rent source in the center leg of the configuration. The magnitude of the cur-
rent source is k times the current through resistor R, where k can be greater
or less than 1. The resulting schematic, appearing in Fig. 17.58, seems quite
complex in the area of the controlled source, but once you understand the
role of each component, the schematic is not that difficult to understand.
First, since it is the only new element in the schematic, let us concentrate
on the controlled source. Current-controlled current sources (CCCS) are
called up under the ANALOG library as F and appear as shown in the cen-
ter in Fig. 17.58. Pay attention to the direction of the current in each part of
the symbol. In particular, note that the sensing current of F has the same di-
rection as the defining controlling current in Fig. 17.14. In addition, note
that the controlled current source also has the same direction as the source
in Fig. 17.14. If you double-click on the CCCS symbol, the Property Ed-
itor dialog box appears with the GAIN (k as described above) set at 1. In
this example, the gain must be set at 0.7, so click on the region below the
GAIN label and enter 0.7. Then select Display followed by Name and
Value-OK. Exit the Property Editor, and GAIN = 0.7 appears with the
CCCS as shown in Fig. 17.58.

COMPUTER ANALYSIS [11 775
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% Py RCHEMATE 1 | P 1]
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AC =gk i
PRAINT  prAsE = ok 2
[ MAG = i 5
"1 "2 =
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1® 1% 1l
- VOFF = 0V i
VOFF = 0V | 1 1| B VAN, = 2y 3
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FIG. 17.58

Using PSpice to verify the results in Example 17.8.

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 provide any voltages or
currents. In this case, the current I, through the resistor R, is desired.
Double-clicking on the IPRINT component results in the Property Ed-
itor 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 tells the software
program that these are the quantities that it is “ok” to generate and pro-
vide. 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 pa-
rameters appear on the schematic with the OK directive. You may find
that the labels will appear all over the IPRINT symbol. No problem—
just click on each, and move to a more convenient location.

The remaining components of the network should be fairly familiar, but
don’t forget to Mirror Vertically the voltage source E2. In addition, do
not forget to call up the Property Editor for each source and set the level
of AC, FREQ, VAMPL, and VOFF and be sure that the PHASE is set on
the default value of 0°. The value appears with each parameter in Fig.
17.58 for each source. Always be sure to select Apply before leaving the
Property Editor. After placing all the components on the screen, you
must connect them with a Place wire selection. Normally, this is pretty
straightforward. However, with controlled sources, it is often necessary to
cross over wires without making a connection. In general, when you’re plac-
ing a wire over another wire and you don’t want a connection to be made,
click a spot on one side of the wire to be crossed to create the temporary red
square. Then cross the wire, and click again to establish another red square.
If the connection is done properly, the crossed wire should not show a con-
nection point (a small red dot). In this example, the top of the controlling
current was connected first from the E1 source. Then a wire was connected
from the lower end of the sensing current to the point where a 90° turn up
the page was to be made. The wire was clicked in place at this point before
crossing the original wire and clicked again before making the right turn to
resistor R,. You will not find a small red dot where the wires cross.
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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
SCHEMATICI1 results that should be exited to obtain the Orcad Cap-
ture screen. Select PSpice followed by View Output File, and scroll
down until you read AC ANALYSIS (see Fig. 17.59). The magnitude of
the desired current is 1.615 mA with a phase angle of 0°, a perfect match
with the theoretical analysis to follow. One would expect a phase angle
of 0° since the network is composed solely of resistive elements.

#5 Profile: "SCHEMATICI-PSpice 17-3" | CAICAT NPSpice\PSpice 17-3-
PSpiceFile s SCHEMATIC INPSpice 17-3.sim |

AC ANALYSIS TEMPERATURE = 27.000 DEG C
o et o st o st o st o R o s ok ook ol st s skt ok ok ok o s ok kot sl ok o o sk o o ok skt kB ok o
FREQ TM(V_PRINTI) (Y _PRINT )
LOOOE+03  1.615E-03 O.000F+00
FIG. 17.59

The output file for the mesh current I, in Fig. 17.14.

The equations obtained earlier using the supermesh approach were

E-1Z -LZ,+E, =0 or LZ +LZ, =E, +E,

and kI = kIl = Il - 12

lingin 1 =2 = B _ D55y
resulting in ST %" 1-07 o3 > )
so that I,kQ) +L(1kQ) =7V (from above)
becomes (3.3331)1 kQ + L(1 kQ) =7V
or (4333kQ)L, =7V

7V
and L=-—""""=1615mA 20°
4.333 k()

confirming the computer solution.
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PROBLEMS SECTION 17.3 Source Conversions

SECTION 17.2 Independent versus Dependent
(Controlled) Sources

1. Discuss, in your own words, the difference between a con-
trolled and an independent source.

o 560 820 o
E =20V £ 20° E =60V £ 30°
AWy o
220
(a)

FIG. 17.60
Problem 2.

50

|50

2. Convert the voltage sources in Fig. 17.60 to current sources.

(b)
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3. Convert the current sources in Fig. 17.61 to voltage sources.

A

0 o
15Q
I:O.SAL60°CT> IOQE 6 I 2A £ 120°
/|-\ 16 O
o 0
(@) (®)
FIG. 17.61
Problem 3.
4. Convert the voltage source in Fig. 17.62(a) to a current source
and the current source in Fig. 17.62(b) to a voltage source.
R — o
—o
* - 4kQ
Vooow jr o RS 50k0
i A
= =  (u=16) _ 1 (h=50) o
(a) (b)
FIG. 17.62
Problem 4.
SECTION 17.4 Mesh Analysis
5. Write the mesh equations for the networks in Fig. 17.63. De-
termine the current through the resistor R.
R
|
+ 80 + RS500 20 Q
E, =10V Z£0° 60O E, =40V Z 60° + + <60 Q)
- - E =5V £ 30° E, 20V £ 0°
L L
@ ®
FIG. 17.63
Problems 5 and 34.
6. Write the mesh equations for the networks in Fig. 17.64. De-
termine the current through the resistor R;.
R, R,
Wy AMA—T0
129IZQ 30 J_IQ 20 Q) 20 Q 100
I= —_
+ + + 6AZOOCT> § ZQ IOQ/\ +
El = o o
E 60V £70 = ° E=30VZO0
0V £ 50° 2 7 E; =40V £ 0
= =
(a) (b)

FIG. 17.64
Problems 6 and 16.
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*7. Write the mesh equations for the networks in Fig. 17.65. De-
termine the current through the resistor R;.

40 60 R,
AWy 00 WY
8 Q)
30 +
+ 10 —1~20 @Ez = 120V £ 120°
E, = 60V £0° -
=
- ()
R,
30 40
AWy

15Q
E, =220V Z£0°

©
A
/!
S

+
@Ez = 100V £90°

~
=}

FIG. 17.65
Problems 7, 17, and 35.

*8. Write the mesh equations for the networks in Fig. 17.66. De-
termine the current through the resistor R;.

R,
20 Q) 80 Q +
100 ==200 (NY)E, =75V 220°
+ 6Q 15Q
E, = 40V £60°
E, =20V £0° 2 100 == 200
! _ E, =25V Z0° T
£ Wy 000, W———W
- 60 80 50 = 50
(a) (b)
FIG. 17.66
Problems 8, 18, and 19.
9. Using mesh analysis, determine the current I, (in terms of j I
V) for the network in Fig. 17.67. L +
R, < 1kQ
R, §10 kQ v,
X, S 4kQ

FIG. 17.67
Problem 9.
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*10. Using mesh analysis, determine the current I, (in terms of I)

for the network in Fig. 17.68.

Xc
N I
I\ I
I 02kQ +
501 RZ40KO R, S8KQ XL§4kQVL
FIG. 17.68
Problem 10.
*11. Write the mesh equations for the network in Fig. 17.69, and AV I/
determine the current through the 1 k() and 2 k() resistors. I\
1kQ 4%Q
+ + +
6V, 10V 0° §2k9 v,
=
FIG. 17.69
Problems 11 and 36.
*12. Write the mesh equations for the network in Fig. 17.70, and
determine the current through the 10 k() resistor.
20VZ£0°
- +
WM——()
+ 2.2kQ u
SVZO"@ §5k0 <T>4mALO°§lOkQ
=
FIG. 17.70
Problems 12 and 37.
*13. Write the mesh equations for the network in Fig. 17.71, and
determine the current through the inductive element.
10V £0°
4 kQ

(")
&

+
6mA40°<T> VS§1kQ 0.1V, gsm

=

FIG. 17.71
Problems 13 and 38.
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SECTION 17.5 Nodal Analysis

14. Determine the nodal voltages for the networks in Fig. 17.72.

000

50
%49 207R
=

I = 3A40°<T>

<l>12:5A430° <l>12=4A480°§ cO==<30
40
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2 ()

30

I = 0.6A £20°

(@) (b)
FIG. 17.72
Problems 14 and 39.
15. Determine the nodal voltages for the networks in Fig. 17.73.
80
I I
I\ \
50 4Q
¥ 60 20 CT)I = 0.04A £ 90° rgng
E =30V £50° 10a
\ + 100 50 l I=08AZ70°
—= E = 50V £ 120°
=
(@) (b)
FIG. 17.73
Problem 15.

16. Determine the nodal voltages for the network in Fig. 17.64(b).
17. Determine the nodal voltages for the network in Fig. 17.65(b).

*18. Determine the nodal voltages for the network in Fig.

17.66(a).

40
I(
N\

IZ

10 3AZ150°

I = 2A230° 40 50 %80
-4

(a)

*19. Determine the nodal voltages for the network in Fig.
17.66(b).

*20. Determine the nodal voltages for the networks in Fig. 17.74.

60 80
. )
4AZ£0°
49311<T> Jo
50 40 L = 6AZ90°
(b)

FIG. 17.74
Problem 20.
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*21. Write the nodal equations for the network in Fig. 17.75, and
find the voltage across the 1 k() resistor.

III—4

FIG. 17.75
Problems 21 and 40.

*22. Write the nodal equations for the network in Fig. 17.76, and
find the voltage across the capacitive element.

2kQ

10V £0°
+

12mA40°<l> 3k AR <l>4mA40°

=

FIG. 17.76
Problems 22 and 41.

*24. Write the nodal equations for the network in Fig. 17.78, and

*23. Write the nodal equations for the network in Fig. 17.77, and
find the voltage across the 2 k() resistor.

find the voltage across the 2 k() resistor.

1kQ —1
MWy
+ Vv, - 1kQ
2 mA £ 0° //\/\
R

3.3kQ + s
5mA40°<T> ngzm l 3l §1m
12 mA £ 0° l 22k + :
5 6V,

=
- FIG. 17.78
Problems 24 and 43.

=

FIG. 17.77
Problems 23 and 42.
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*25. For the network in Fig. 17.79, determine the voltage V; in
terms of the voltage E;.

PROBLEMS [l 783

I, Ry
—»
MWN—-
1kQ T,

+ +
Ez@ R, § 1kQ 50 50kQZ R, 50I, R, Z50kQ V,
- = — — =
FIG. 17.79
Problem 25.

SECTION 17.6 Bridge Networks (ac)

26. For the bridge network in Fig. 17.80:
a. Is the bridge balanced?
b. Using mesh analysis, determine the current through the
capacitive reactance.
c. Using nodal analysis, determine the voltage across the
capacitive reactance.

+

E, = 10v40°@

FIG. 17.80
Problem 26.

27. For the bridge network in Fig. 17.81:
a. Is the bridge balanced?
b. Using mesh analysis, determine the current through the
capacitive reactance.
c. Using nodal analysis, determine the voltage across the
capacitive reactance.

R, R,
S 1k0
4 kO 4kQ
R3
4%Q
"y x, X
4%Q 4kQ

R

E, =10V Z£0°

I/\\+

FIG. 17.81
Problem 27.

28. The Hay bridge in Fig. 17.82 is balanced. Using Eq. (17.3),
determine the unknown inductance L, and resistance R,.

FIG. 17.82
Problem 28.

29. Determine whether the Maxwell bridge in Fig. 17.83 is bal-
anced (w = 1000 rad/s).

FIG. 17.83
Problem 29.

30. Derive the balance Eqgs. (17.11) and (17.12) for the capaci-
tance comparison bridge.
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31. Determine the balance equations for the inductance bridge

in Fig. 17.84.

FIG. 17.84
Problem 31.
SECTION 17.7 A-Y, Y-A Conversions
32. Using the A-Y or Y-A conversion, determine the current I for
the networks in Fig. 17.85.
L, L, 20
—oO
120 120
90 90

40

+ — + —
7 /\ 50 7
r E=60V40°® r
Yr Y, 120 90
30

8 Q) 6
—’_C ——
(@) (b)
FIG. 17.85
Problem 32.
33. Using the A-Y or Y-A conversion, determine the current I for
the networks in Fig. 17.86. (E = 100 V £0° in each case.)
I I 6 Q)
+o—= +o— )
50 50
. AW M
T
E
E Z; o
v, T =50 §5 Q <50
—o—1 —o—1
(b)
FIG. 17.86

Problem 33.
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SECTION 17.8 Computer Analysis
PSpice or Multisim

34. Determine the mesh currents for the network in Fig.
17.63(a).

35. Determine the mesh currents for the network in Fig. 17.65(a).
*36. Determine the mesh currents for the network in Fig. 17.69.
*37. Determine the mesh currents for the network in Fig. 17.70.
*38. Determine the mesh currents for the network in Fig. 17.71.

39. Determine the nodal voltages for the network in Fig. 17.72(b).
*40. Determine the nodal voltages for the network in Fig. 17.75.
*41. Determine the nodal voltages for the network in Fig. 17.76.
*42, Determine the nodal voltages for the network in Fig. 17.77.
*43. Determine the nodal voltages for the network in Fig. 17.78.

GLOSSARY

Bridge network A network configuration having the appearance
of a diamond in which no two branches are in series or parallel.

Capacitance comparison bridge A bridge configuration having
a galvanometer in the bridge arm that is used to determine an
unknown capacitance and associated resistance.

Delta (A) configuration A network configuration having the ap-
pearance of the capital Greek letter delta.

GLOSSARY 1| 785

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 resis-
tance 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.

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) cur-
rents of a network can be determined. The branch currents 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 be-
havior 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.







