Series-Parallel Circuits

.

- x . « Learn about the unique characteristics of series-
ES .

Obj ECTIV parallel configurations and how ta solve for the

voltage, current, or power to any individual

element or combination of elements.

« Become familiar with the voltage divider supply
and the conditions needed to use it effectively.

« Learn how to use a potentiometer to control the
voltage across any given load.

7.1 INTRODUCTION

Chapters 5 and 6 were dedicated to the fundamentals of series and parallel circuits. In some
ways, these chapters may be the most important ones in the text because they form a founda-
tion for all the material to follow. The remaining network configurations cannot be defined by
a strict list of conditions because of the variety of configurations that exists. In broad terms,
we can look upon the remaining possibilities as either series-parallel or complex.

A series-parallel configuration is one that is formed by a combination of series and paral-
lel elements.

A complex configuration is one in which none of the elements are in series or parallel.

. In this chapter, we examine the series-parallel combination using the basic laws introduced
for series and parallel circuits. There are no new laws or rules to leam—simply an approach
that permits the analysis of such structures. In the next chapter, we consider complex net-
works using methods of analysis that allow us to-analyze any type of network.

The possibilities. for series-parallel configurations are infinite. Therefore, you need to
examine each network as a separate entity and define the approach that provides the best
path to determining the unknown quantities. In time, you will find similarities between con-
figurations that make it. easjer to define the best route to a solution, but this occurs only with
exposure, practice, and patience. The best preparation for the analysis of series-parallel net-
works is a firm understanding of the concepts introducéd for series and parallel networks.
All the rules and laws to be applied in this chapter have already been introduced in the pre-
vious two chapters.

7.2 SERIES-PARALLEL NETWORKS

The network in Fig. 7.1 is a series-parallel network. At first, you must be very careful to de-
termine which elements are in series and which are in parallel. For instance, resistors R, and

R are not in series due to resistor Ry being connected to the common point b between Ry and.

" Ry. Resistors R; and R, are nor in parallel because they are nat connected at both ends. They

are separated at one end by resistor R3. The need to be absolutely sure of your definitions from

the last two chapters now becomes obvious. In fact, it may be a good idea to refer to those

rules as-we progress through this chapter.

If we look carefully enough at Fig. 7.1, we do find that the two resistors Ry and Ry are in
series because they share only point ¢, and no other element is connected to that point.
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FIG.7.1 1
Series-parallel dc network.
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Further, the vollage source E and resistor R, are in series because they
share point a, with no other elements connected to the same point. In the
entire configuration, there are no two elements in parallel.

How do we analyze such configurations? The approach is one that
requires us to first identify elements that can be combined. Since there
are no parallel elements, we must turn to the possibilities with series el-
ements. The voltage source and the series resistor cannot be combined
because they are different types of elements. However, resistors R3 and
R4 can be combined to form a single resistor. The total resistance of the
two is their sum as defined by series circuits. The resulting resistance is
then in parallel with resistor Rz, and they can be combined using the
laws for parallel elements. The process has begun: We are slowly reduc-
ing the network to one that will be represented by a single resistor equa.l <
to the total resistance “seen” by the source,

The source current can now be determined using Ohm's law, and we
can work back through the network to find all the other currents and volt-
ages. The ability to define the first step in the analysis can sometimes be
difficult, However, combinations can be made only by using the rules for
series or parallel elements, so naturally the first step may simply be to de-
fine which elements are in series or parallel. You must then define how to find
such things as the total resistance and the source current and proceed with
the analysis. In general, the following steps will provide some guidance
for the wide variety of possible combinations that you might encounter.

General Approach:

1. Take a moment to study the problem “in total” and make a brief
.mental skeich of the overall approach you plan to use. The result
may be time- and energy-saving shortcuts.

2. Examine each region of the network independently before tying
then together in series-parallel combinations. This usually simpli-
fies the network and possibly reveals a direct approach toward ob-
taining one or more desired unknowns. It also eliminates many of

_the errors that may result due to the lack of a systematic approach.

3. Redraw the network as often as possible with the reduced branches
and undisturbed unknown quantities to maintain clarity and pro-
vide the reduced networks for the trip back to unknown guantities
Jrom the source.

4. When you have a solution, check that it is reasonable by consider-
ing the magnitudes of the energy source gnd the elements in the
network. If it does not seem reasonable, either solve the circuit
using another approceh or review your calculations.

7.3 REDUCE AND RETUBN APPROACH

The network of Fig, 7.1 is redrawn as Fig. 7.2(a). For this discussion, let us
assume that voltage V4 is desired. As described in Section 7.2, first combine
the series resistors Ry and Ry to form an equivalent resistor R' as shown in
Fig. 7.2(b). Resistors Ry and R are then in parallel and can be combined to
establish an equivalent resistor R as shown in Fig. 7.2(c). Resistors R,
and R'; are then in series and can be combined to establish the total resis-
tance of the network as shown in Fig. 7.2(d). The reduction phase of the
analysis is now complete. The network cannot be put in a simpler form.

* We can now proceed with the return phase whereby we work
our way back to the desired voltage V4. Due to the resulting series
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configuration, the source current is also the current through Ry and R'1.

‘The voltage across Ry (and therefore across R;) can be determined
using Ohm’s law as shown in Fig. 7.2(c). Finally, the desired voltage Vq
can be determined by an application of the voltage divider rule as
shown in Fig. 7.2(f).

The reduce and return approach has now been introduced. This
process enables you to reduce the network to its simplest form across the
source and then determine the source current. In the return phase, you
use the resulting source current to work back to the desired unknown.
For most single-source series-parallel networks, the above approach pro-
vides a viable option toward the solution. In some cases, shortcuts can be
applied that save some time and energy. Now for a few examples:

EXAMPLE 7.1 Find current /3 for the series-parallel network in
Fig. 7.3.

Solution: Checking for series and parallel elements, we find that resis-
tors R, and Rj are in parallel. Their total resistance is

RRy (12 k2)(6 kL) =
Ry + Ry 12k + 6k
Replacing the parallel combination with a single equivalent resistance

results in the configuration in Fig. 7.4. Resistors R} and R’ are then in se-
ries, resulting in a total resistance of

Rr=Ry+R =2kQ +4kQ = 6kQ

R =Ry| Ry = 40

The source current is then determined using Ohm's law:

In Fig. 7.4, since R; and R’ are in series, they have the same current Ty
The resultis -
X [l = J‘. = OmA

Returning to Fig. 7.3, we find that /, is the total current entering the par-
allel combination of R, and R3. Applying the current divider rule results
in the desired current:

SN 12k 3
o (Rg % R,)" - (12kﬂ'+ 5;(0)9“”‘ mgms

Note in the solution for Example 7.1 that all of the equations used
were introduced in the last two chapters—nothing new was introduced
. except how to approach the problem and use the equations properly.

EXAMPLE 7.2 For the network in Fig. 7.5:

a. Determine currents J; and /; and voltage V,.
b. Insert the meters to measure current J, and voltage Va.

Solutions:

a. Checking out the network, we find that there are no two resis-
tors in series, and the only parallel combination is resistors R;
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FIG.7.3 .
Series-parallel network for Example 7.1.
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FIG. 7.4

Substituting the parallel equivalent resistance for
resistors Ry and R; in Fig. 7.3,
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FIG. 7.6 |

Schematic representation of the network in Fig. 7.5
after substituting the equivalent resisiance R’ for the
parallel eombination of Ry and Ry.

.

FIG.7.5
Series-parallel network for Example 7.2.

and R3. Combining the two parallel resistors results in a total
resistance of -

RsRy _ (18k2)(2KkA)
Ry + Ry 18k +2kQ

Ramdwmg.the network with resistance R’ inserted results in the
conﬁgurauon in Fig. 7.6,

. R =Ry|Ry= = 1.8k

You may now be tempted to combine the series resistors R, and
R' and redraw the network. However, a careful examination of
* Fig. 7.6 reveals that since the two resistive branches are in paral-
lel, the voltage is the same across each branch. That is, the voltage
across the series combination of R and R’ is 12 V and that across
_resistor Ry is 12 V. The result is that /; can be determmed directly
using Ohm s law as follows:
g Ww_E 12V
Ry, Ry 8.2k _ :
In fact, for thé same reason, /4 could have been determined directly
from Fig. 7.5. Because the total voltage across the series combina-
tionof Ry and R is 12V, the voltage divider rule can be applied to .
determine voltage V3 as follows:

R 1.8k
2 (R’ + R, )E (I‘Skﬂ +5.8’kﬂ)-12v L

The current /; can be found in one of two ways. Find the total resis-
tance and use Ohm's law, or find the current through the other paral-
lel branch and apply Kirchhoff’s current law. Since we already have
the current /4, the latter approach will be applied:

= 1.46 mA

E ! 12V
I = - — - = ].
"R +R T 68kQ + 1.8K0 : 1)
and [, =1I +I;= 1.40 mA + 1.46 mA = 2.86 mA .

. The meters have been properly inserted in Fig, 7.7. Note that the

voltmeter is across both resistors since the voltage across parallel
elements is the same. In ‘addition, note that the ammeter is in series
with resistor Ry, forcing the current through the meter to be the
same as that through the series resistor. The power supply is dis-
playing the source current.

© Clearly, Bxémpie 7.2 revealed how a careful study of a network can



FIG.7.7 .
Inserting an ammeter and a voltmeter to measure Iy and V5, respectively.

the extra time to sit back and carefully examine a network before trying
every equation that seems appropriate. '

7.4 BLOCK DIAGRAM APPROACH

In the previous example, we used the reduce and return approach to find

the desired unknowns. The direction seemed fairly obvious and the solu-
tion relatively easy to understand. However, occasionally the approach is
not as obvious, and you may need to look at groups of elements rather
than the individual components. Once theé grouping of elements reveals
the most direct approach, you can examinie the impact of the individual
components in each group. This grouping of elements is called the block
diagram approach and is used in the following examples.,

‘In Fig. 7.8, blocks B and C are in parallel (points & and ¢ in common),
and the voltage source E is in series with block A (point a in common).
The parallel combination of B and C is also in series with A and the
voltage source E due to the common points b and ¢, respectively.

To ensure that the analysis to follow is as clear and uncluttered as
possible, the following notation is used for series and parallel combina-
tions of elements. For series resistors R| and Ry, a comma is inserted be-
tween their subscript notations, as shown here:

Rip= Ry + Ry

For parallel :esiskgsors R; and Ry, the parallel éymbol is inserted be-
tween their subscripted notations, as follows:

RiR;

Rm"RlHRz=R1 TR

If each block in Fig. 7.8 were a single resistive element, the network
in Fig. 7.9 would result, Note-that it is an exact replica of Fig. 7.3 in
Example 7.1, Blocks B and C are in parallel, and their combination is in
series with block A.

However, as shown in the next example, the same block configuration
can result in a totally different network.

BLOCK DIAGRAM APPROACH 1| 249

. FIG.78
Iniroducing the block diagram approach.

) FIG.79
Block diagram format of Fig. 7.3.
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FIG. 711"
Reduced equivalent of Fig. 7.10.

3 Vo Re=20V,

EXAMPLE 7.3 Determine all the currents and voltages of the network
in Fig. 7.10.

FIG.7.10
Example 7.3.

Solution: Blocks A, B, and C have the same relative position, but the
internal components are different. Note that blocks B and C are still in
parallel, and block A is in series with the parallel combination. First,
reduce each block into a single element and proceed as described for
Example 7.1. i

In this case:

ARy =40
R
B:Ry =Ry [Ry =Rypy = 35 =
C:Re=R4+Rs =Ris=050+150=20
Blocks B and C are still in parallel, and

40
7 =20

R 20
R§C=R—=_.2_=‘1“
with R '
Rp= Ry ¥ Ryc  wdomovamiinbumgrny
=40+10=50
E -0V
d e
an I B A0 2A

' We can find the currents /y, [p, and I using the reduction of the net-
work in Fig. 7.10 (recall Step 3) as found in Fig. 7.11. Note that I, I,
and /¢ are the same in Figs. 7,10 and Fig, 7.11 and therefore also appear
in Fig. 7.11, In other words, the currents Iy, [, and /¢ in Fig. 7.11 have
the same magnitude as the same currents in Fig. 7.10. We have

Li=1L=2A

and
Returning to the network in Fig. 7.10, we have

Iy .
Iny=Ip,= 7 =054



The voltages V,, Vp, and ¥ from cither figure are
V‘q - IAR‘* = (2A)(4 ﬂ) =8Y
Vg = IgRp = (1A)(20) =2V
VC . ":/3 =2V

.

e _
Applying Kirchhoff's voltage law for the loop indicated in Fig. 7.11,
we obtain

SoV=E—-Vy—Vg=0_ 4
E=E +Vp=8V+2V

or 10V =10V (checks)

EXAMPLE 7.4 Another possible variation of Fig. 7.8 appears in '

Fig. 7.12. Determine all the currents and voltages.

R]’I . A
1"""
a I 90 T
Ry
: 60 B
+
E =168V
. FG.7.12-
Example 7.4.
‘Solution:
'- )6 0
R, = R Lo 540 .

w=9n+60 15

(4]
w-mun-m

= +
Rp R?+R4[5=4n- 60 +30 "

RC- 30

The network in Fig, 7.12 can then be redrawn in reduced form, as shown
in/Fig. 7.13. Note the similarities between this circuit and the circuits in
Figs. 7.9 and 7.11, We have '

RT.RA'FRHC:- 360 + -(ﬁff?-)ézﬁ%

=360+2( =561
! E 168V
% h=® " S6n
f* = J, =3A

=3A
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-

+ V-
[} Ry
== j‘!’"‘ Y
36 lfa yc
Rr & .+. > ] ¥
EZE168V  RyS60Vy ReZTIN Ve
FIG.7.13

Reduced equivalent of Fig. 7.12.

i
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FIG. 7.14
Example 7.5. o

:-|-- R &
+ ;
FIG. 7.15

Block diagram of Fig. 7.14.

+

.
E ']. +

. FIG. 7.16

Alternative block diagram for the first parallel
branch in Fig. 7.14.

&

oo

Applying the current divider rule yields

1= _Rela _BMBA) _9A _..
B " Rc+Ryg 30+6Q 9 "

By Kirchhoff's current law,
' Ie=l4,-Ip=3A-1A=2A

By Ohm's law,

Vi = LRy = (3A)3.60) =108V
Vp=IpRp = Ve =IcRc=(2A)30Q) =6V

Returning to the original network (Fig. 7.12) and applying the current
divider rule gives

Ria _(60)3A) 18A
Rp+R 60+90 15
By Kirchhoff’s current law, ]
h=lL-h=3A-12A=18A

Il = = 1.2A

Figs. 7.9, 7.10, and 7.12 are only a few of the infinite variety of
configurations that the network can assume starting with the basic
arrangement in Fig. 7.8. They were included in our discussion to em-
phasize the importance of considering each region of the network
independently before finding the solution for the network as a whole.

- The blocks in Fig. 7.8 can be arranged in a variety of ways. In fact,

_ there is no limit on the number of series-parallel configurations that can

appear within a given network. In reverse, the block diagram approach
can be used effectively to reduce the apparent complexity of a system by
identifying the major series and parallel components of the network.
This approach is demonstrated in the next few examples,

15 DESCRIPTIVE EXAMPLES

EXAMPLE 7.5 Find the current and the voltage V5 for the nctwork
in Fig. 7.14 using the block diagram approach, ;

Solution: Note the similarities with the network in Fig. 7.5. In this
case, particular unknowns are requested instead of a complete solution.

* It would, therefore, be a waste of time to find all the currents and volt-

ages of the network. The method used should concentrate on obtaining
only the unknowns requested. With the block diagram approach, the net-
work has the basic structure in Fig. 7.15, clearly indicating that the three
branches are in parallel and the voltage across A and B is the supply volt-
age. The current Iy is now immediately obvious as simply the supply .
voltage divided by the resultant resistance for B, If desired, block A can
be broken down further, as shown in Fig, 7.16, to identify C and D as se-
ries elements, with the voltage V5 capable of being détermined using the
valtage divider rule once the resistance of C and D is reduced to a single
value. This is an example of how making a mental sketch of the ap-
proach before applying laws, rules, and so on can help avoid dead ends
and fn!strsuou
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" Applying Ohm’s law, we have

E." E, 12V
-hh=E—=—=——=15A

: YRy Ry 80 =

Combining the resistors R; and Rj in Fig. 7.14 results in
- (3a)60) 180 .
= = i = =210
Rp=Ry|R3=30]60 30160 5
L

and, applying the voltage divider rule; we find

* RpE  (2Q)(12V) 24V _
" Rp+Rc 20+40 6

4V

EXAMPLE 7.6 Find the indicated currents and voltages for the net-
work in Fig. 7.17.

V= :
R, : : a

| p AAA
Yy -

60
f b,

; :
- AAA
Wy I
60 -

Rr 'RJ if"
s g AAA
L ¥y .

E=24V 20 Ry 2

=120 Vs

A
vy
o0
=
g
AAA

FIG. 7.17 el v 2
Example 7.6.

: : oe iy
Solution: Again, only specific unknowns are requested, When the net- : [r. ) &
work is redrawn, be sure to note which unknowns aré preserved and Al _ '
which have to be determined using the original configuration. The block . E=Rr n Vs
diagram of the network may appear as shown in Fig. 7.18, clearly reveal- .
ing that A and B are in series. Note in this form the number of unknowns )
that have been preserved. The voltage V| is the same across the three - -
parallel branches in Fig. 7.17, and Vs is the same across R4 and Rs. The
unknown currents [, and I, are lost since they reptesent the currents FIG.7.18
through only one of the parallel branches. However, once V) and Vs are Block diagram for Fig. 7.17.
known, you can find the required currents using Ohm’s law. '
Rlp’-“%:%#:;ﬂ 4 . ¥ -
’ ' (30)20) _6n W
Xy
Ry = Ripp = T0+20 120 ? ]f. 120

5

(8a)(120) 960 ' - E=124V Rys 480 V4
S Re=gn+zn- o 0 | R "
The reduced form of Fig. 7:17 then appears as shown in Fig. 7.19, and

Rr=Rpp + Rys =120 +480 =60 =

E 2V : FIG.7.19
Rr 60 , Reduced form of Fig. 7.17.
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1 + “l -
ViR =50 . l:,:R,
EihEIZV a, !: ’
= i TV,
. R, <3N Ry
FIG, 7.21

_ Network in Fig. 7.20 redrawn,

L]

with W= LRppn = (4A)(120) =48V
Vs = LiRys = (4 A)(4.80Q) = 192V
Applying Ohm'’s law gives '

Vs 192V
T e Y e— A
B e Tt
V, V, 48V
B=-2=-1-22Y _g8a
» 2 R2 Rz 60

The next example demonstrates that unknown voltages do not have to
be across elements but can exist between any twa-points in a network. In
addition, the importance of redrawing the network in a more familiar
form is clearly revealed by the analysis to follow,

EXAMPLE 7.7

a. Find the voltages V), V3, and V,,, for the network in Fig. 7.20.
b. Calculate the source current /.

60 f’n‘ T 20
Y- v
R, GJ+ R
=6V 50 h T
+ V- +
- N '?I' I
=
s FIG. 7.20
Example 7.7,

Solutions: This is one of those situations where it may be best to re-
draw the network before beginning the analysis. Since combining both
sources will fiot affect the unknowns, the network is redrawn as shown in

Fig. 7.21, establishing a parallel nietwork with the total source voltage
across each parallel branch, The net source voltage is the difference be-

tween the two with the polarity of the larger, -

a, No!ﬁne similarities with Fig. 7.16, permitting the use of the volt-
age divider rule to determine V; and Vi -
RE__(0)2V) sV _

R 1.+ Rz 50+ 3'ﬂ 8
- RE _(6Q)12V) B s
» 3 ‘Ry+Ry 6Q+20 8

The open-circuit voltage V,,, is determined by applying Kirchhoff's

voltage law around the indicated loop in Fig, 7.21 in the clockwise
direction starting at terminal @, We have

+|}|.".V3 + V”‘-U
and Vb =V3= V=9V =75V =15V

75V .

=9V

V3



b. By Ohm’s law,
' ' Vi, 15V
R i Rk
Vs 9V
slm—==15
b= nin 2

Applying Kirchhoff’s current law gives .
" L=hL+5L=15A+ 15A=3A

EXAMPLE 7.8 For the network in Fig. 7.22, determine lhe.vollages Vi
and V; and the current 1.

Solution: Tt would indeed be difficult to analyze the network in the
form in Fig. 7.22 with the symbolic notation for the sources and the ref-
erence Or ground connection in the upper left corner of the diagram.
However, when the network is redrawn as shown in Fig. 7.23, the un-
knowns and the relationship between branches become significantly
clearer. Note the common connection of the grounds and the replacing of
‘the terminal notation by actual supplies.

+ -
RR270 J— R 260V
w \ o

R‘E [ EI?G\F;‘ A .

+ R = 18V

B i —Th

FIG. 7.23
Nerwork in Fig. 7.22 redrawn.

Kol

wn

=
— g

1

It is now obvious that
Vy=—E =—-6V

The minus sign simply indicates that the chosen polarity for V3 in
Fig. 7.18 is opposite to that of the actual voltage. Applying Kirch-
hoff’s voltage law to the loop indicated, we obtain '

~E+Vi—-E=0
and V1==E2'+E]=18V+6V='24V
Applying Kirchhoff's current law to node a yields
I=h+hL+h
P G S
Ry Ry Ry+ Ry
24V 6V 6V
=%0 Ten 't 12a
=4A+1A+05A
1=55A

=
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FIG. 7.22
Example 7.8.
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FIG.7.24
Example 7.9.

FIG. 7.25 :
Determining Ve for the nerwork in Fig. 7.2d.

.

The next example is clear evidence'that techniques learned in

the current chapters will have far-reaching applications and will not be
dropped for improved methods. Even though we have not studied the
transistor yet, the dc levels of a transistor network can be examined
using the basic rules and laws introduced in earlier chapters.

EXAMPLE 7.9 For the transistor configuration in Fig. 7.24, in which
Vg and Vg have been provided:

d.

a. Determine the voltage Vg and the current /g,
b.
c.

Calculate V.

Determine Vg using the fact that the approximation /¢ = I is often
applied to transistor networks.

Calculate Vg using the information obtained in parts (a) through (c).

Solutions:

a.

From Fig. 724 we find
V,=Vg=2V
Writing Kirchhoff’s voltage law around the iowet loop yields
Vo— Vg +Vg=0

o - Ve=V,+ Vgg=2V=~07V=13V
v, 3V 2
and IE=E§=%=IJM
. Applying Kirchhoff's voltage law to the input side (left region of
the network) results in
Va+ Vi = Vee =0
and Vi=Vee =V,
but Va=Vp
and Vi=Vee-V=22V-2V=20V

.. Redrawing the section of the network of immediate interest results

in Fig. 7.25, where Kirchhoff’s voltage law yields
Ve + V= Vec = 0
and Vo= Vcc— VR:_- = Vee — IcRe
but Ie=1Ig
and V¢ =';f$;— IsRe = 22V - (1.3 mAX10 kQ)

Then VE(.':?B—VC
=2V-9V
= =7V

Veg= Ve~ Vg

L =9V =13V
=77V
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EXAMPLE 7.10 Caleulate the indicated currents and voltage in Fig. 7.26.
AR
§ -“'.‘r
4x0
_‘F
Ry ::Ekﬂ
Ry
AAA
LAAS
12k
_‘.
RJ-J.S:
Network in Fig. 7.26 redrawn.
a .
Solution; Redrawing the network after combining series elements
yields Fi_g, 7.27,and - . :
B . JEY 72V :
Is= = ; — = =3mA .
ST Rusap + Rs  12kQ+ 12k 24kQ
with : . . s ;
. Rygof _ (4SKM(2V) 32UV _ oo
77 Russ) * Rs  4SkQ +12kQ- 165 ;
V4 196 V :
fg=—— = = 4.35mA
87 Rygsy 45kQ
and I, =I5+ Ig=3mA +435mA = 7.35 mA

Since the potential difference between points @ and b in Fig. 726 is
fixed at E volts, the circuit to the right or left is unaffected if the network :
is reconstructed as shown in Fig. 7.28. ;

AA
m
|l
I
=J
3
<

>
R
3

FIG. 7.28
An alternarive approach ro Example 7.10.
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FIG. 7.29
Example F_".!I.

FIG. 7.30
Network in Fig. 7.29 redrawn to better define a path
toward the desired unknowns.

We can find each quantity required, except /,, by analyzing each cir-

cuit independently. To find /;, we must find the source current

for each circuit and add it as in the above solution; thatis, I; = Is + Is.

EXAMPLE 7.11 For the network in Fig. 7.29:

a.

b.
c.
d.
e.

Determine voltages V;, Vj, and V..

Find voltages V,. and V.

Find current /,.

Find the source current l

Insert voltmeters to measure voltages V, and V), and current Iy,

Solutions:

7 8.

The network is redrawn in Fig. 7.30 to clearly indicate the arrange-
ment between elements.
First, note that voltage V, is directly across \raltage source E|.

Therefore,

'n=mnmv

The same is true for voltage V.., which is directly across the voltage
source Ej. Therefore,

VC=E3=_8V .

To find. voltage V), which is actually the voltage across Rz, we
must apply Kirchhoff's voltage law around loop 1 as follows:

+E = Ey=V3=0
Va=E —E;=20V~-5V =
Vpy=V;=15V

and 15V »

and

. Voltage V., which is actually the voltage across resistor R;, can

‘then be determined as follows:
: e =Va=V, =20V -8V =12V

* Similarly, voltage Vi, which is actually the vo!tage across resistor
- Ry, can then be determined as follows:

Vee=Vy—V.=15V-8V=17VY
Current J; can be determined using Ohm's law:

v, v
et L I e

Hh=—
TR R, ARR

. The source current I;, can be determined usmg Kirchhoff's current

law at nodr. c:

EIJ=EIQ
Il +12+[‘}=0
Vi

and L=-h—h= 'E% -1

with' Vj=Ve=V,~V.=20V -8V =12V

s0 that .
12V

Iy= ——— — = ~12A-175A = -2.
T L715A=-12A-175A = -295A



- FIG.7.31
Complex network for Example 7.11.

revealing that current is actually hemg forced through source E3in a
direction opposite to that shown in Fig. 7. 29.

€. Both voltmeters have a posmve reading; as shown in Fig. 7.31,
while the ammeter has a negative reading.

7.6 LADDER NETWORKS

A three-section ladder network appears iff Fig. 7.32. The reason for the
' terminology is quite obvious for the rcpcuuve structure. Basically two
approaches are used to solve networks of this type.

. oy

[ Ry R '
AAA AAA . A
Yyy [ yy
; 50 40 10 l
+ —'RT- T3l ' %
EZ=20V R, 260 R, 260 RsZ20 Ve
=
FG. 7.32
Ladder network.
Method 1

Calculate the total resistance and resulting source current and then work
back through the ladder until the desired current or voltage is obtained.
This method is now employed to determine Vg in Fig. 7.32.

Combining parallel and series elements as shown in Fig. 7.33 results
in the reduced network in Fig. 7.34, and

=50+30=80

- LADDER NETWORKS 1! 259
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: R, Ry
o J.'l'l' l‘_l'.l' = — AAA
50 40 50
’ < > 30 . = b=
-6 S(=10+20) R Ry 60 603

(=40 +2M

Yyy

3
A
¥
>
o]
=
o
=
AAA

gmen g 88 . 4a
30 +60 2

FIG, 7.33 ’
Working badr to the source to determine Ry for the network in Fig. 7.32.

1y o IR Iy

v 7 e 2
L. R . T |

50 E=_240V Rk, £60 =60

—_—
—

~_AAA
vy

(%}

=]

-

: : FIG.7.34 - FIG.7.35
Calculating Rrand I, Working back toward I,

' Working our way back to I (Fig. 7.35), we find that

and Iy = 2

and, finally (Fig. 7.36),
S L
T 60+30
and Ve = IgRg = (10 A)(2 Q) =

——{15A) 10 A

FIG. 7.36
Calculating I

Method 2
Assign a letter symbol to the last branch current and work back through
the network to the source, maintaining this assigned current or other cur-
rent of interest. The desired current can then be found directly This
: method can best be described through the analysis of the same network
5 ++ considered in Fig. 7.32, redrawn in Fig. 7.37.
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+;1-1 ‘+;'s- + Vs -
1 R
[f’,' M= ___AA AR — 5
\AAJ —= VY T—= YY¥
. 50 ._le noen 1|5 i 1-%
+ +- < < L.+ e +.
FEMmVHEZ)  RIea v K320
FIG. 7.37

An alternative approach for z‘adder networks.

The assigned notation for the current t!u'ough the final branch is Jg:

I V4 Vq, : ; V4
** Rtk 10+20 30
or _ Vi=(3 Q)
so.that Iy= RK: =I(—3fgf-;-¥£ = 0.5l
and : L=l +_lﬁ = 0.5l + Is = 1514
; Va=1hRy=(l .5!6)(‘? 0)y= (6 0)
Also, Vo=Vy+ Vg = (6 )l + I(3 )l = (9 0)lg
sothat - L= :-;i L) 3"“ = 1.5l
and Iy =1+ L = 1.5l + 1.5Is = 3l
with Vi =LR = IR =G,
so that E=Vi+Va=(5Q),+ 00
= (5 Q)31 + (9 D) = (24 V)
: : v ?
and *‘-’s=%’=\%=1044
with ' Vs = IgRs = (10 A)2.Q) = 20 v

as was obtained using method 1.

7.7 VOLTAGE DIVIDER SUPPLY
(UNLOADED AND LOADED)

" When the term loaded is used to describe voltage divider supply, it refers
to the application of an element, network, or system to a supply that
draws current from the supply. In other words,

the loading down of a system is the process of introducing elements
that will draw current from the system. The heavier the current, the .
greater is the loading effect.

~ Recall from Section 5.10 that the application of a load can affect the
terminal voltage of a supply due to the internal resistance. -

No-Load Conditions .
T‘Iﬁ'ough a voltaée divider network such as that in Fig. 7.38, a number of

different terminal voltages can be made available from a single supply. -

- Instead of having a single supply of 120 V, we now have terminal volt-
“ages of 100 V and 60 V available—a wonderful result for such a simple

L.._mwork However, there can be disadvantages. One is that the applied

A
¥y
=]
=

+
I

>
120V - 320{1
[
e 50V

L
=300

AAA

s 0V

FIG.7.38
Voltage divider supplv.

o
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w0

resistive loads can have values too close to those making up the voltage
divider network.,
In general,

for a voltage divider supply to be effective, the applied resistive loads
should be significantly larger than the resistors appearing in the
voltage divider network,

To demonstrate the validity of the above statement, let us now exam-
ine the effect of applying resistors wlth values very close to those of the
voltage divider network.

-

Loaded Conditio'ns

In Fig. 7.39, resistors of 20 {2 have been connected to each of the termi-
nal voltages. Note that this value is equal to one of the resistors in the
voltage divider network and very close to the other two.

“Voltage divider supply
. sV, = 120V
e ”
2100
Ve
+—_,-- : < <
E=C120V R, 2200 R, 3200
L | 5 ,
g2 g - T
4 R, =200
U Ry=300 R, =200
»
00V

HG 7.39
Voltage divider supply with loads equal to the average vm’ue
of the resistive elements that make up the supply.

Voltage V, is unaffected by the ]oad Ry, since the load i is in paralle!
with the supply voltage E. The result i 1s V. = 120 V, which is the same
as the no-load level. To determine V, we must first note that Ry ‘and R,
are in parallel and Ry = Ry || Rz, = 3002 | 20 Q = 12 Q). The parallel
combination gwes

R2=(R2+R3]HRL2 (209‘*‘12“”’20“
=320(|2000=12310 :

Applying the voltage divider rule gives

_ (12310)(120 V)
12310+ 100

-versus 100 V under no-load conditions.
Voltage V, is )

=66.21V

i (12 0)(66.21 V) b b
S Y

versus 60 V under no-load conditions,
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. The e#'o::t of bn:l mom close in value to the resistor employed in
the voltage dsﬁdernetwork is, thmtfore, to decrease significantly some ’
of the terminal voltages. "
Ifdw!nadws]storsarc\:hangedwlhelkﬂleveltlmtcrmmsl\roll I
ages will all be relatively close to the no-load values. The analysis is
-smulnr Lo thé above, with the following results:

V=120V V,=9888V -V, =S863V

If we compare current drains established by the applied loads, we
find for the network in Fig. 7.39 that

Vi, 6621V
1,1 RL; = 200 =331A
-and for the 1 k() lcvcl, 3
9888V : _
= = < 4
Ilq k0 08.88 mA < 0.1A

As dcmonstmed above, the gmater‘e-le current drain, the greater-is
the change in terminal voltage with the application of the load. This is
certainly verified by the fact tha.t fuz is about 33.5 times larger with the
20 Q) loads.

The next example is a design exerclse The voltage md current rat-
ings of each load are provided, along with the terminal ratings of the
supply. The required voltage divider rcsmtors must be found.

L

EXAMPLE 7.12 Deterniine Ry, Ry; and R, for the voltage divider
supply in Fig. 7.40. Can 2 W resistors be used in the design?

a s -
Ilﬂmﬁ\ ¢
<
o. +
wlb 10 mA i
¥ -
!,ssﬂmhl ; __l+ RL,::&]V
N . i < . = e
— -
E:_I—-;TTZV s R, 20V
+ |
.
'R;::
—a 2V
FIG. 7.40

Voltage divider supply for Example 7.12.

Solution: Rs:

Vr Ve 12V i
Ry=—=—"= =240 *
T L SOmA 29 -

(IR,) Ry = (S0mA)? 2400 = 0.6 W < 2W
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Ry: Applying Kirchhoff's current law to node a, we have
f,—l'Rj"fL] =0
and I, =4, ~ 1, = 50mA — 20 mA = 30 mA
Vi, =W, = v
B g N POV Y O NAkh
Ig, Ig, 30 mA 30 mA

Pe, = (Iz,)*Ri-= (30mA)? 1.33kl = 1197 W < 2W

Ry: Applying Kirchhoff's cﬁmnt law at node b, we have .

IRI—IRI—hd:O ¥

and  Ig, = I, = I, =30mA - 10mA = 20mA - E
_— Ve, _ 20V
C Rj=—S= - 1k0
. L RS, T 20ma

Py, = (g, 'Ry = (20mA)? 1 ki) = 04W < 2W

Since Pg,, Pg,, and Pg, are less than 2 W, 2 W resistors canbe used fo
) the design,
e s -

7.8 POTENTIOMETER LOADING

For the unloaded potentiometer in Fig. 7.41, the output VDlta.ge is detes
=0 mined by the voltage divider rule, with Ry in the figure representing th
v

3

o

AAAAAA
yYyyvy

LA
kS

_ _R{E total resistance .of the potentiometer. Too often it is assumed that th
ETR + Ry voltage across a load connected to the wiper arm is determined solely b
the potentiometer and the effect of the load can be ignored. This is def
nitely not the case, as is demonstrated here,
‘When a load is applied as shown in Fig. 7.42, the output vo!tage V_:_

L

FIG. 7.41 now a function of the magnitude of the load applied since R, is not a
Unloaded potentiometer. . shownin Fig. 7.41 but is instead the parallel combination of R, and R,
The output voltage is now-

. RE )
Vi = ithR' = Ry | R, .
LR il L (7.1
; »

_; |

: FIG. 7.42 ;
Loaded patentiometer. : t



If you.-mh:_._ta_- tu,\ro good control of the output voltage Vi through the ~

ontrolling dial, kiob, screw, or whatever, you must choose a load-or po-
entiometer that satisfies the following relationship: '

In general,
when hooking up a load to a potentiometer, be sure that the load
resistance far exceeds the maximum terminal resistance of the
polentiometer if good control of the output voltage is, desired.
For_pxamplé, Jet’s disregard Eq. (7.2) and choose a 1 M poten-
tiometer with a 100 £ load and set the wiper arm to 1/10 the total resis-
tance, as shown in Fig. 7.43. Then :

R =100kQ[1000 =990

99.9 Q(10V)

Vi = e 2’0001V =
L= 50,90 + 900 k(¥ 0.001V = 1mV

and
which is extremely small compared to the c;r.pected level of 1 V.
In fact, if we move the wiper arm to the midpoint,

R' = 500 k2 | 100 Q = 99.98

(9998 Q)(10V)

_ APTORE Y) = 0.002V = v
i Vs e et Ve Y A

which is negligible compared to the expected level of 5 V. Even at Ri=
900 k€, V; is only 0.01 V, or 1/1000 of the available voltage. )

" Using the reverse situatioh of Ry = 100 () and Ry = 1 MQ) and the
wiper arm at the 1/10 position, as in Fig. 7.44, we find

R',=1_ﬂn1i-1mn;mn-

v 100Q(10Y)
L Toa+9%0Q

o
and « 1V

as desired. § .
For the lower limit (worst-case design) of Ry = Rp =100 ), as de-
~ fined by Eq. (7.2) and the halfway position of Fig. 742, *

R =50°0 /100 Q = 3333 Q2

BABOMOY) _,

and VL= pmarsa

It may not be the ideal level of § V, but at least 40% of the voltage E

has been achieved at the halfway position rather than the 0.02% obtained
with R, = 100 (1 and Ry = 1MQ. :
In general, therefore, try to establish a situation for potentiometer
control in which Eq. (7.2) issatisfied to the highest degree possible.
Someone might suggest that we make Ry as small as possible to

bring the percent result as close to the ideal as possible. Keep in mind,’

however, that the potentiometer has a power rating, and for networks
such as Fig. 7.44, Ppa, = E*/Rr = (10 V)2/100 Q = 1 W. If Ry is
reduced to 10 Q, Puge = (10 V)2/10 Q = 10 W, which would require a
 much larger unit. : :

BOTENTIOMETER LOADING |11 268

E

+
va :
=

FIG. 7.43

Loaded potentiometer with Ry, << Rr.

"

1000 Pot.
ey
g =%0
EZ=10V =
g 200 o
. TJ MOV
=

FIG. 7.44

Loaded potentiometer with Ry >> Ry
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J)meoL +
-
| =30k v,
+ 300
_— -
ES=120v . 59 waap .
=1 40 | +
| Zny,
-
FIG. 7.45
Example 7.13.

—
L

EXAMPLE 7.13 Find voltages V; and V; for the loaded potentiometer
of Fig. 7.45.

Solution: Ideal (n‘o load):
4 k(120 V) e

' 10k
6 k()(120 V) L
3 10k
Loaded:
R =4k0] 12k = 3k
R" =6k} |30k = 5k0
3 k}(120 V) R
1= k0 =
_ Sk120 V) ey
L BT
The ideal and loaded voltage levels are so close that the design can be
considered a good one for the applied loads. A slight variation in the po-

- sition of the wiper arm will establish the ideal voltage levels across the

two loads.

7.9 AMMETER, VOLTMETER,
AND OHMMETER DESIGN

The designs of this section will use the iron-vane movement of Fig. 746
because it is the one that is most frequently used by current instrument

manufacturers. It operates using the principle that there is a repulsive fofce -
between like magnetic poles. When a current is applied to the coil wrapped
around the two vanes, a magnetic field is established within the coil, mag-
netizing the fixed and moveable vanes. Since both vanes will be magnet-
ized in the same manner, they will have the same polarity, and a force of
repulsion will develop between the two vanes. The stronger the applied cur-
rent, the stronger are the magnetic field and the force of repulsion between

Spring

SIDE VIEW

: upscale reading
(printed on casing)

FIG. 7.46
Iron-vane movement.



the vanes. The fiked vane will remain in position, but the moveable vane

will rotate and provide a measure of the strength of the applied current.
" An iron-vane movement manufactured by the Simpson Company ap-

pears in Fig. 7.47(a). Movements of this type are usually rated in terms
of current and resistance. The current sensitivify (CS) is the current that
will result in a full-scale deflection. The resistance (Ry,) is the intemal
resistance of the movement. The graphic symbol for a movement ap-
pears in Fig. 7.47(b) with the current sensitivity and internal resistance
for the unit of Fig. 7.47(a). : :

Movements are uspally rated by current and resistance. The specifica-
tions of a typical movement may be 1 mA, 50 £, The 1 mA is the current
sensitivity (CS) of the movement, which is the current required for a full-
scale deflection. It is denoted by the symbol /¢g. The 50 £ represents the
internal Tesistance (R,,) of the movement. A common notation for the
movement and its specifications is provided in Fig. 7.48.

The Ammeter

The maximum current that the iron-vane movement can read independ-
ently is equal to the current sensitivity of the movement. However,
higher currents can be measured if additional circuitry is introduced.
This additional circuitry, as shown in Fig. 7.48, results in the basic con-
struction of an ammeter. '

1mA, 430 Ammeter

FIG.7.48
Basic ammeter.

The resistance Rgpune is chosen for the ammeter in Fig. 7.49 o allow
1 mA to flow through the movement when a maximum current of 1 A
enters the ammeter. If less than 1 A flows through the ammeter, the
movement will have less than 1 mA flowing through it and will indicate
less than full-scale deflection. _

Since the voltage across parallel elements must be the same, the po-
tential.drop across a-b in Fig. 7.49 must equal that across c-d; that is,

Q mA )(43 Q) = Repumls

1mA, 4300

External terminal 7 External terminal
Ipay = 10A
= 100 A 043 mf

‘Rotary switch  Tmax
e

FIG.749

Multirange ammeter.

.
13

.

) Ay e :
1 mA, 4300 ’
(b). &

FIG. 7.4T .
Iron-vane movement; (a) photo, (b) symbol
: am!__ ratings.

~

W

[Vl S 'AMMET_EH.VOLTMETEH,AN_DDHMMETEFIIDEslGNIII'ZBT":
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imﬁ,daﬂ ]

e
ln = 1 mA

Rlﬂhl

+.43mV -

V = 10.V (maximum)

FIG. 7.50
Basic volimeter.

External terminals

FIG.7.51
Mudtirange voltmeter.

7

Also, I, must equal 1 A — 1 mA = 999 mA if the current is to be
limited to 1 mA through the movement (Kirchhoff's current law).
Therefore,

(1mA)(43 Q) = Rypun(999 mA)
R, = {(ImA)(430)
shunt = 990 mA _
=43mQ (a standard value)

In general,

R =._R“""E_s.._'
shunt- e ~ Ao

(7.4)

One method of constructing a multirange ammeter is shown in
Fig. 7.50, where the rotary. switch determines the Rihynt to be used for
the maximum current indicated on the face of the meter. Most meters
use the same scale for various values of maximum current, If you

‘read 375 on the 0-5 mA scale with the switch on the 5 setting, the cur-

rent is 3.75 mA; on the 50 setting, the current is 37.5 mA; and so on..

The Voltmeter .

“h

* A variation in the additional circuitry permits the use of the iron-vane

movement in the design of a voltmeter. The 1 mA, 43 () movement can

also be rated as a 43mV (1mA X 43 1), 43  movement, indicating that

the maximum voltage that the movement can measure independently is
43 mV. The millivolt rating is sometimes referred to as the voltage sensi-
tivity (V). The basic construction of the voltmeter is shown in Fig. 7.50.

The Ryeries is adjusted to limit the current through the movement to
1 mA when the maximum voltage is applied across the voltmeter. A
lower voltage simply reduces the current in the circuit and thereby the
deflection of the movement. ‘

Applying Kirchhoff’s voltage law around the closed loop of

"Fig. 7.50, we ‘obtain

[10V = (1 mA)(Ryesies)] = 43mV = 0

_ 10V~ (43mV)

O Ruiw = ot = 995700 = 10kD |
In general, . ; :
g Viax — W, X
lﬁm 3 -'mufcs' : G

One method 6f constructing a multirange voltmeter is shown in
Fig. 7.51. If the rotary switch is at 10V, Rieries = 10k(Y; at 50V, Rypries =
40 k2 + 10 k€2 = 50 kQ); and at 100 V, Ryees = 50 k() + 40 k() +
10 k() = 100 k).

The Ohmmeter .

In general, ohmmeters are designed to measure resistance in the tow,
middle, or high range. The most common is the series ohmmeter,
designed to read resistance levels in the midrange. It uses the series
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{ FIG. 7.52
Series ohmmeter. . I :

configuration in Fig. 7.52. The design is quite different from that of the
ammeter or voltmeter because it shows a full-scale deflection for zero -
ohms and no deflection for infinite resistance.

To determine the series resistance R,, the external terminals are
shorted (a direct connection of zero ohms between the two) to simulate
zero ohms, and the zero-adjust is set to half its maximum value. The re-
sistance R, is then adjusted to allow a current equal to the current sensi-

I tivity of the movement (1 mA) to flow in the circuit. The:zero-adjust is
set'to half its value so that any variation in the components of the meter
that may produce a current more or less than the current sensitivity can
be compensated for. The current /y, is

= :
I (full scale) = Ics = zero-adjust k75
Ry B ¥+
Ln .
Y " zéro-adjust I 3 b
and : R,=—’-me_—J_ (7'7) i e
A ‘ " Jes 2 ' '

If an unknown resistance is then placed between the external terminals,
the current is reduced, causing a deflection less than full scale. If the ter-
minals are left open, simulating infinite resistance, the pointer does not
deflect since the current through the circuit is zero. '
An instrument designed to read very low values of resistance and
voltage appears in Fig. 7.53. It is capable of reading resistance levels be-
tween 10 mQ (0.01 ) and 100 mQ (0.1 {2) and voltages between 10 mV
and 100 V. Because of its low-range capability, the network design must
be agreat deal more sophisticated than described above. It uses elec-
. tronic components that eliminate the inaccuracies introduced by lead
and contact resistances, It is similar to the above system in the sense that

itis completely portable and does require a dc battery to establish mea- FIG. 7.53
surement conditions. Special leads are used to limit any introduced resis- Nanovoltmeter.
tance levels. . (Courtesy of Keithley Instruments.)

The megohmmeter (often called a megger) is an instrument for
measuring very high resistance values. Its primary function is to test
the insulation found in power transmission systems, clectrical ma-
chinery, transformers, and so on. To measure the high-resistance val-
ues, a high dc voltage is established by a hand-driven generator. If the
ghaft is rotated above some sel va}uc. the output of the generator is a e
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FIG. 72.54
Megohmmeter. \
(Courtesy of AEMC® Instruments, Foxborough, MA.)

fixed at one selectable voltage, typically 250 V, 500 V, or 1000 V—
good feason to be careful in its use. A photograph of a commercially
available tester is shown in Fig, 7.54. For this instrument, the range is
0 to 5000 MQ).

'7.10 APPLICATIONS
- Boosting a Car Battery

Although boosting.a car battery may initially appear to be a simple ‘ap-
plication of parallel networks, it is really a series-parallel operation that
is worthy of some investigation. As indicated in Chapter 2, every dc sup-
ply has some internal resistance. For the typical 12 V lead-acid car bat-
tery, the resistance is quite small—in the milliohm range. In most cases,
the low internal resistance ensures that most of the voltage (or power) is
delivered to the load and not lost on the internal resistance. In Fig. 7.55,
battery #2 has discharged because the lights were left on for 3 hours dur-
ing a movie. Fortunately, a friend who made sure his own lights were off
has a fully charged battery #1 and a good set of 16-ft cables with %6 gage
stranded wire and well-designed clips. The investment in a good set of
cables with sufficient length and heavy wire is a wise one, particularly if

- you live in a cold climate. Flexibility, as provided by stranded wire, is

also a very desirable characteristic under some conditions. Be sure to
check-the gdge of the wire and not just the thickness of the insulating
Jacket. You get what you pay for, and the copper is the most expensive
part of the cables. Too often the label says “heavy-duty,” but the gage
number of the wire is too high, Sl s

Battery terminals

Booster batt ; i * " Down battery
Wy _ s #2)
. FIG. 7.55
Boosting a car battery,

The proper sequence of events in boosting a car is often a function of
to whom you speak or what information you read. For safety’s sake,
some people recommend that the car with the good battery be turned off
when making the connections. This, however, can create an immediate
problem if the “dead" battery is in such a bad state that when it is hooked
up to the good battery, it immediately drains the good battery to the point

- that neither car will start. With this in mind, it does make some sense to

leave the car running to ensure that the charging process continues until
the starting of the disabled car is initiated. Because accidents do happen,
itis strongly recommended that the person making the connections wear
the proper type of protective eye equipment. Take sufficient time 10 be



sure that you know which are the positive and negative terminals for
both cars. If it’s not immediately obvious, keep in mind that the negative
or ground side is usually connected to the chassis of the car witha rela-
tively short, heavy wire. _ :
When you ase sure which are the positive and negative terminals, first
connect one of the red wire clamps of the booster cables fo the positive

- terminal of the discharged battery—all the while-being sure that the’

other red clamp is not touching the battery or car. Then connect the
other end of the red wire to the positive terminal of the fully charged bat-
tery. Next, connect one end of the black cable of the booster cables to the
negative terminal of the booster battery, and finally conriect the other
end of the black cable to the engine black of the stalled vehicle (not the
negative post of the dead battery) away from the carburetor, fuel lines, or
moving parts of the car. Lastly, have someone maintain a constant idle
speed in the car with the good battery as you start the car with the bad

battery: After the vehicle starts, rgmove the cables in'the reverse order '

starting with the cable connected to the engine block. Always be careful
to ensure that clamps don’t touch the battery or chassis of the car or get
near any moving parts. . ' _

“Some people feel that the car with the good battery should charge the
bad battery for 5 to 10 minutes before starting the disabled car so the dis-
abled car will be essentially using its own battery in the starting process.
Keep in mind that the instant the booster cables afe connected, the

booster car is making a concerted effort to charge both its own battery.

and the drained battery. At starting, the good-battery is asked to supply a
heavy current to start the other car. It's a pretty heavy load to put on a
single battery. For the situation in Fig. 7.55, the voltage of battery #2 is
less than that of battery #1, and the charging current will flow as shown.
The resistance in series with the boosting battery is greater because of
the long length of the booster cable to the other car. The current is lim-
ited only by the series millichm resistors of the batteries, but the voltage

difference is so small that the starting current will be in safe range for the’

cables involved. The initial charging-current will be I = (12 V -

117 V)/(20 mQ) + 10 mQ) = 0.3 V/30 m(2 = 10 A. At starting, the cur- |

rent levels will be as shown in Fig. 7.56 for the resistance levels and bat-

tery voltages assumed. At starting, an internal resistance for the starting

circuit of 0.1 £} = 100 m{} is assumed. Note that the battery of the dis-
_abled car has now charged up to 11.8V with an associated increase in its

power level. The presence of two batteries requires that the analysis wait
- for the methods to be introduced in the next chapter.

I}'=4375A o ly=613A

N 10m (10
e \i__ﬁ: (+L=11125A
; 118V

FIG. 7.56
Current levels at starting.
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- acts.to the pmwded surge of power

Note also that the current drawn from the starting circuit for the dis-
‘abled car is over 100 A and that the majority of the starting current is
provided by the battery being charged. In essence, therefore, the major-
ity of the starting current is coming from the disabled car, The good bat-
tery has provided an initial charge to the bad battery and has provided
the additional current necessary to start the car. In total, however, it is the -
battery of the disabled car that is the primary source of the starting cur-
rent. For this very reason, the charging action should continue for 5 or 10
minutes before starting the car. If the disabled car is in really bad shape
with a voltage level of only 11V, the resulting levels of current will re-

- verse, with the good battery providing 68.75 A and the bad balle.r‘on]y

37.5 A. Quite obviously, therefore, the worse the condition of the dead
battery, the heavier is the drain on the good battery. A point can also be
réached where the bad battery is in such bad shape that it cannot accept
‘a good charge or provide its share of the starting current. The result can
be continuous cranking of the disabled car without starting and possible
damage to the battery of the running car due to the enormous current
drain, Once the car is startéd and the booster cables are removed, the car
with the discharged battery will continue to run because the alternator
will carry the load (charging the battery and prcmdmg the necessary de
voltage) after ignition. !

The above discussion was all rather straightforward, but let’s investi-
gate what may happen if it is a dark and rainy night, you are rushed, and

- you hook up the cables incorrectly as shdwn_ih Fig. 7.57. The result is

two series-aiding batteries and a very low resistance path. The resulting
current can then theoretically be extremely high [/ = (12V + 11.7 vy
30 mQ) = 23.7V/30 mQ = 790 A}, perhaps permanent]y damaging the
electrical system of both cars and, worst of all, causing an explosion that
may seriously. injure someene. It is therefore very important that you

* treat the process of boosting a car with great care. Find that flashlight,

double-check the connections, and be sure that everyone 1s clear when
you start that car.

%

Boosier cable

10 mf}

FIG. 7 57
Cunam isvel'.r if the bobster battery is improperly camrecrga‘

Before lr.avmg the subjccl, we should point out that getting a boost
from a tow truck resull:s in a somewhat different situation: The connec-
tions to the battery in the truck are very secure; the cable from- the truck
is a heavy wire with thick insulation; the clamps are also quite large and
make an excellent connection with your battery; and the battery is
heavy-duty for this type of expected load. The result is less intemal re-
sistanice on the supply side and a heavier current from the truck battery,
In this case, the truck is n:ally starting the dlsablcd car, which simply re-

[y

W
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" The ops tion of most electronic systems requires a distribution of dc
“voltages throughout the design. Although a full explanation of why the:
de level is required (since it is an ac signal to be amplified) will have to
wait for the introductory courses in electronic circuits, the dc analysis
will proceed in much the same manner as described in this"chapter. In
other words, this chapter and the preceding chapters are sufficient
~ background to perform the dc analysis of the majority of electronic
networks you will encounter if given the dc terminal characteristics of
the electronic eleménts, For example, the network in Fig. 758 using a
transistor will be covered in detail in any introductory electronics
course. The dc voltage between the base (B) of the transistor and the
emitter (E) is about 0,7 V under normal operating conditions, and the

collector (C) is related to the baseé current by o = Blp = 5015 (B varies -

from transistor to transistor). Using these facts will enable us to deter-

_ mine all the dc currents and voltages of theé network using the laws in-
troduced in this chapter. In general, therefore, be encouraged that you
will use the c_;n_ntcnt of this ¢hapter in numerous applications in the
courses to follow: ; ; : '

FIG.7.58 :
o i The b leyalsiaf o transisior ampifer.

For the network in Fig. 7:58, we begin our analysis by applying
. Kirchhoff’s voltage law to the base circuit (the left loop): '

+"'GH = VR. - Vg =10 or Vgg = VR,"" Vae 3

and Vay = Vap = Veg = 12V =07V = 113V
so that VR, = IgRg = 113V
- Ve, 113V

" Iy=— =3 = 5L '
i e kit
“Then . Io = Blg = 505 = 50(51.4 uA) = 2.57 mA

- For the output circuit (the right loop)
+Veg + VRC__VCC':O or Vee = Vee + Vee

with Veg = Vee — Vae = Yec — IcRe = 12V = (257 mA)(2 kQ)
=12V -5.14V =686V

*+ For a typical dc analysis of a transistor, all the currents and voltages
of interest are now known: /g, Vgg, I¢, and Vg All the remaining volt-
age, currént, and power levels for the other elements of the network can
now be found using the basic laws applied in this chapter.

APPLICATIONS |11 278
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. .

The previous example is typicaliof the type of exercise you will be
asked to perform in your first electronics course, For now you only need
to be exposed to the device and to understand the reason for the relation-
ships between the various currents and voltages of the device.

7.11 COMPUTER ANALYSIS
: PSpice

Voltage Divider Supply - We will now use PSpice to verify the re-
sults of Example 7.12. The calculated resistor values will be substituted
and the voltage and current levels checked to see if they match the hand-
written solution. o 2
As shown in Fig. 7.59, the network is drawn as in earlier chapters
using only the tools described thus far—in one way, a practice exercise
for everything learned about the Capture CIS Edition. Note in this case
that rotating the first resistor sets everything up for the remaining resis-
tors. Further, it is a nice advantage that you can place one resistor after
another without going to the End Mode option. Be especially careful
with the placement of the ground, and be sure that 0/SOURCE is used.
Note also that resistor R; in Fig. 7.59 was entered as 1.333 k() rather
than 1.33 kf) as in Example 7.12. When running the program, we found _
T : that the computer solutions were not a perfect match to the longhand so-
lution to the level of accuracy desired unless this change was made.
Since all the voltages are to ground, the voltage across Ry,is 60'V;
across Ry, 20 V; and across Ry, —12 V. The currents are also an excel-
lent match with the handwritten solution, with fr = 50 mA, Ip, =
- 30mA, I, = 20 mA, Ip, = 50 mA, Ip,, = 10mA, and I, = 20 mA.
’ . For the display in Fig. 7.59, the W option was disabled te permit con-
centrating on the voltage and current levels. This time, there is an exact
match with the longhand solution. : '

FIG. 7.59
Using PSpice to verify the results of Example 7.12,
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PROBLEMS BT )
SECTION7,2-7.5 'Series-Parallel Networks
1. Which elements (individual elements, not combinations of
- elements) of the networks in Fig. 7.60 are in series? Which
are in parallel? As a check on your assumptions, be sure that
the elements in series have the same current and that the

elements in parallel have the same voltage. Restrict your de-
. cisions to single elements, not combinations of elements.

F,

B .
1
£+ R ) >
5 il el _3 Ry
L A
L’“r
kg R .
(a)

(e)
FIG. 7.60
Problem 1.
2. Determine Ry for the networks in Fig. 7.61.
A
¥
41
100 o —0
d ‘é;_“' =100 41
}';' 100
100 o — =l
(®) @r
FIG.7.61 .

Problem 2.
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)
o— AT —T—MWy—o
10 0 40 40
Rr :-
=, = —0
@
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3. Find the total resistance for the configuration of Fig, 7.62.

s
22k0 :
n 10 k2
Ry
=
>
10k > E: 22 X0
o
FIG. 7.62
Problem 3.

*4. Find the resistance Rr for the network of Fig. 7.63, Hint! If
: it was infinite in length, how would the resistance looking
into the next vertical 1 {1 resistor compare to the desired re-
sistance Ry? '

10 10 10

FIG. 7.63
Problem 4:

© *5. The total resisltancn Rr. for the network-of Fig, 7.64 is
7.2 k(. Find the resistance-R,. s r

AAA

@ YV
R,
— - > =
Rp=72kQ SR Sk 2R
o
FIG. 7.64
Problem 3.

G. For the network in Fig. 7.65:

a.
b.

Ci_

d.
e

£

Does [, = Is = 137 Explain.

L, =10Aand I, = 4 A, find I,. ) *

Does Iy + I = I3 + [,? Explain.

IfV, =8V and E~ 14V, find Vi

IfR] =41, Ry ='2.I.'l. Ry =41}, and Ry =6}, what
is Ry?

If all the resistors of the confi gura.nnn are 20 {1, what is
the source carrent if the applied voltage is 20V?
Usingthe values of part (f), find the power delivered by

- the battery and the power absorbed by the total resis-

tam:c Rr

Problem 8. -

Ry Ry
e ‘#" . —_— ‘N‘r
'f| ' 13 + if! -
=y —_— ‘ E—
b i, Is Iy
I *V; - A
= _AAA —
B r===V¥¥ ———A—
Ry Ry R
FIG. 7.85
Problem 6.
7. For the network in Fig. 7.66:
a. Determine RBr. .
b. Find I, I}, and 7;.
c. Find voltage V,.
G J I3
Ry =100
ﬂ— < P
E= R <1000 .g,<150 v,
—-Eﬁ % I 1 - . a
— 20
.R’- R‘
=
FIG. 7.66
Problem 7.
8. For the network of Fig. 7.67:
a. Find the voltages V, and V.
b. Find the currents /; and I,
+32V ! -
. ] >
S Tl ' 1 . Efl:;: :
S : l
. J -i
720 :: 120 i
b
i 240 80
= -
FIG. 7.67
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9. Forthe network of Fig. 7.68: i
a. Find the voltages Vo, Vp, and V.
b. Find the currents /; and /.

10. For the circuit board in Fig. 7.69:

Problem 12.

8k
. a Find the total resistance Ry of the configuration.
. b. Find the ¢urrent drawn from the supply if the applied
voltage is 48 V.
¢. Find the reading of the applied voltmeter, : FIG. 7.68
g o 3 Problem 9.
e FIG.7.69
Problem 10. 4 {
11. Inthe network of Fig. 7.70 all the resistors are equal. What Y © g
are their values?
- r i i-‘_ e R ey
2 120V == <IR <2R |
- R
» i ¥ . |
' FIG, 7.70
# . Problem 1. .
*12. For the network in Fig, 7.71: . _ Ry
a. Find currents [, I, and /. . . : —A—
b. Find voltages V) and Vs. ' 9Kki2
c. Find the power delivered to the 3 k{) resistor. ) B
: 1:, Ry lfh
. #;2 6k
E aw+ " ¥ BT RT3k tBT a4k
= = — - 10,
- e RCTR SV1Y B 71" M ' e
-
: =3 FIG. 7.71 .
Introductory, C.- 18A . . :
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13. &, Find the magnitude and direction of the currents 1, /), 43, 16. For the network in Fig. 7.75: >
and 13 for the network in Fig. 7.72. - a, Determine the current /.
b. Indicate their direction on Fig. 7.72. b, Calculate the currents /3 and /3.

¢. Determine the voltage levels V, and'Vj

3 )
i .
! .
i ; : o
L . o Eo20V
. EERAG . : Lj:, 7
R=<30
R 524 0 t——048V . - i . £ ; :
i 1 -
R, =100
3 I o .
FIG.7.72 ' s
Problem 3 1 ¥ -
; . . :
14. Determine the rurrents.‘l and Iy-for the network in Fig. ‘? 73, . ; ' AG.7.75

- constructed of standard values, W j Problem M ;

20v 474 i p
5 A A *17. Determine the dc levels for the transistor network in
I T : Fig. 7.76 using the fact that Vpg = 0.7V, Vg = ZV and lp=
. Ig. That is:
) 2700 : a. Determine I and .fc
A% . ; F'G 7.73 ) J h. Calcula._tc‘!s. ] *
Pml:lem 14, - o8 ! e, I?_ctcrmma Vg and Ve
K d. Find ch and Vgo
*15. For the network in Fig. 7.74: ' 5 ' i -
a. Determine the currents [, 1, 5, and Iy : _ :
b. Calculate V, and V;,r. N,

‘FIG, 274 -, ¢ ) L Rig e
Prohlem 15, : e it ~ Problem 17, Introductory, C.- 198
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18. For the network in Fig. 7.77:
.3 Delcrmlne ll'lecm'renlI

]

*21, For the netwcrk of Fig. 7.80: I
a. Determine the voltage Vy,

ks 1L Find Vi b. Calculate the current [
o o i~ c. Find the voltages V, and V.
+
-
v, By S840 I
s !
T :
E} = =22 \"_ 1
FIG.7.77 '
Problem 18.

'19 For the network in Flg 778

2 FIG. 7.80 .
. Determine Ry by combining resistive elements. - . Problem 21,
Find Vl and V4 . i 3 "

Calculate 15 (with direction). *

Determine I, by finding the current !hmugh each ele:
ment and lhcn applying Kirchhoff’s current law. Then
calculate Ry from Ry = Efk, and compare the answer ~

Ll 5] F"

*22. For the network in Fig. 7.81:

- a. Determine the current /
- with the solution of part (a). : =, b. Calculate the open-circuit voltage V.
- . 5 Lty
+ V= '
. R
AW
169 _ S
Ry K- Ry ‘ Ry
M
80 an 20 : i e
: sl
- AA
L4 4 B »;
o 160 F
: S e ' FIG. 7.81
th_ —= . : i Problem 22. |
nv I " '
FIG.7.78

Problem 19. a *23, For the network in Fig. 7.82, find the resistance Rj if the
' current through itis 2 A.

20. Determine the voltage V,;, and the current / for the network

of Fig. 7.79. Recall the discussion ef short and open circuits ' ™ _ i
in Section 6.8. 3

-

10k o i
AN : & b - 1 120
i _ 120V 3 7424
ok =nv 2k0 ; i\ g
' 1 RSN0 AT
= , =
FIG.7.79 *  FIG.7.82
Problem 20,

Problem 23.
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. *#24, 1f all the-resistors of the cube in Fig. 7.83 are 10 2, what is

the total resistance? (Hint; Make some basic assumptions
about current division through the cube.)

-
2 .
— -
Ry
AMA
Yy
c »
FIG. 7.83
Problem 2_4.

*25, Given the voltmeter reading V = 27 V in Fig. 7.84:

b.

Is the network operating properly?
If not, what could be the cguse of the incorrect reading?

FIG. 7.84
Problem 25. L

SECTION 7.6 Ladder Networks
26. For the ladder network in Fig, 7.85:

b.
c.
d.

Find the current J.

Find the current [5.
Determine the voltages Vs, Vs, and V5.

Calculate the power delivered to Ry, and compare it to
< the power delivered by the 240 V supply.

 FIG.785
Problem 26,

27. For the ladder network in Fig. 7.86:
a. Determine Ry.
b. Calculate /.

¢, Find the power delivered to Ry,

w

. R Re
r-—» AAA AAA AAA
J—— Yy Yy Yyy
Ry 40 40 40 /P
L—l- < <= ﬁ
b~y R, =20 Ra20 ;=20
Rs Ry
AAA AA
YYy v
= 10 1n
. FIG. 7.86
Problem 27.

.

#28. Determine the power delivered to the 6 () load in Fig. 7.87.

0 2Q
'_WV “"l"\'
* > P
. - .
=24V 40 S0 il
610

FIG. 7.87
Probiem 28.

29. For the multiple ladder configuration in Fig. 7.88:
a. Determine /.
b. Calculate I,

¢. Find
d. Find

Ry

1120

.
Zna
-

le
Iig.

FIG. 7.88
Problem 29. -
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SECTION 7.7 Voltage Divider Supply ' %32, A studio Jamp requires 40 V' at 50 mA to burn brightly. De-
(Unloaded and ‘Loaded) . sign a voltage divider arrangement that will work properly.off
a 120'V source supplying a current of 20 mA. Use resistors as
© 30. Given ﬁ:e'uollagedwxder supply in Fig. 7.89: ' _ Y close-as possible to standard values, and specily the mini-
8. Determine the supply voltage E. mum wattage rating of each. £ .
b Fndtheloadmmsm R[qade;_! - 5 ' ; ;
. Determine the voltage divider resistors Ry, Ry and Rs. . ggCTION 7.8 Potentiometer Loading
*33, For the system in Fig. 7.91: =
il o a. At first exposure, does the dcs:gn appear 1o be a good
LE©O jwmﬁ ' one?
: b. In the absence of the 10 k() load, what are the values of
Ry and R; to establish 3 V across R?
¢. Determine the values of R; and R, to establish
= 3V when the load is applied, and compare them
L to the results of part (b).
R, = 16K b, ;o ’
' 1 l] k0 Pot.
. 5 .
18 Ry
E=12V
& L] +
' R, 210K 3V
FIG. 7.89 | i
Problem 30. :
-
#3], Determine the voltage divider supply resistors for the con-' FIG. 7.91
figuration in Fig. 7.90. Also determine the required wattage _ ‘Problem 33.
rating for each resistor, and compare their levels.
- 3 o
HOTIEN *34. For the potentiomeler in Fig, 7.92:
= 2 a. What are the voltages Vp and Vi with no load applied
R Ry, = 00 (})?
10:mA b W at are the voltages V,p and V, with the indicated
— loads applied?
L . * e What is the power dissipated by the potentiometer un-
B : der the loadeéd conditions in Fig. 7.927
T4 i + d. What is the power dissipated by the potentiometer
S v with no loads applied? Cnmparc it-to the results of
40 mT R, Z 100
part (c)
+ : - -
lau_v_"-é_ 3,% R S0V
— a
1004 Pot. +
1k} V,
+
E =40V " -
—
20 04 ¥
’ 10k V),
) n
- ) =
FIG. 7.90 FIG.7.92
Problem 31. ' : Problem 34.

L
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° SECTION 7.8 - Ammeter, Voltmeter,

nd Ohmmetor Dasign

35 An iron-vane movemcm is rated 1 maA, 100 £).

37.

a. What is the current senmumy"

b. Design a 20 A ammeter using: the abov: movement.
Show tie circuit and component values.

Using a 50 A, 1000 2 movement, design a multirange

milliammeter having scales of 25 mA, 50 mA, and 100 mA.

Show the circhit and component values.

An iron-vane movement is rated 50 A, 1000 .

a. Designa 15V de volum:tcr Show mc circuit and com-

_ ponent values.
b.. What is the ohm/volt riting of the voltmeter?

38. Usinga I mA, 1000 £} movement, design a multirange volt-

39.

g !

meter having scales of 5V, 50 V, and 500 V. Show the cir-
cuit and component values.

A digital meter has an internal resistance of 10 MQ on its
05 V range. If you had to build a voltmeter with an iron-
vane movement, what current sensitivity would you need if
the mefer were to have the same internal resistance on the
same voltage scale?

w

SECTION 7.11 Computer Analysis

43. Using PSpice or Multisim, verify the results of Ex-amp1c T2

44. Using PSpice or Multisim, confirm the solutions of Exam-
ple 7.5.° ¥

Using PSpice or Multisim, \enfy the results of l:xa.rnple 7.10.
Using PSpice or Multisim, {ind voltage V; of Fig. 7.32.

Using PSpice- or Multisim, find voltages V}, and V, of
Fig. 7.40. )

45.
46,
47,

GLOSSARY

Complex configuration A network in which none of the ele-
ments are in series or parallel.

Iron-vane A movement operating on the principle that there is
repulsion between like magnetic poles. The two poles are
vanes inside of a fixed coil. One vane is fixed and the other
movable with an attached pointer. The higher the applied cur-
rent, the greater is the deflection of the mavable vane and the

© greater is the deflection of the pointer. - -

Ladder network A network thal consists of a cascaded set of
scrlesApUaIIEI combinations and has the appearance of a

*40. ‘a. Design a serics chmmeter using 'a 100 pA, 1000 O * ladder.
movement, a zero-adjust with a maximunr value of Megohmmeter An instrument for measuring véry high resis-
2 k), a battery of 3 V, and a series resistor whose value tance levels, such as in the megohm range.
is to be determined. Series ohmmeter A resistance-measuring instrument in which
b. Find the resistance required for full-scale, 3)‘4—%(:;;\]!: ' the movement is placed in series with the unknown resistance.
1/2-scale, and 1/4-scale geflection. . Series-parallel network A network consisting of a combination
. Using the results of part (b), draw the scale to be used of both series and parallai branches.
with the ohmmeter. : Transistor A three-terminal semiconductor electronic devlca
41: Describe the basic construction and operauuu of the that can be used for amplification and switching purposes.
megohmméter. . Voltage dlfvlder supply A series network that can provide a
; lication.
42. Determine the réading of the ohmmeter for cach qnnﬁgura- Hahge of valtags Tevels for'sm applicatian
tion ofﬁFlg. 7.93. ® . 22 . - .
MAA 150 180 180 | ' .
LAAJ q A ﬁ j! NA A A A ﬁ B |
1.2k0 s R ) R k 4
5 1 2 :
T 62k0 T62k0 3':' 33kQ = 33kh
. 12k0 ’
A
¥ ¢ 3 3
(00— .
4 LA S (N
s i FIG. 7.93
» ~ Problem 42. -
¥
¥ i



« Become familiar with the terminal characteristics

Ohal LCLIVES of a current source and how to solve for the

. voltages and currents of a network using current
- sources and/or current sources and voltnge
sources.

+Be able to.apply branch-current analysis and mesh
analysis to find the currents of nal:wgrk with one
or more independent paths..

« Be able to apply nodal analysis to find aﬂ the
_termfnal voltages of any series-parallel network
with one or more independent sources.

+ Become familiar with bridge network
configurations and how to perform A—Y or Y-A
conversions.” . -

8.1 INTRODUCTION ' b :

The circuits described in prevmus chapters had only one source or two or more sources in

series or parallel. The step-by-step procedures outlined in those chapters can be applied only
if the sources are in series or parallel. There will be an interaction _of sources that will not
permit the reduction techniques used to find quantities such as the total resistance and the
source current.

For such situations, methods of analysis have been developed. that allow us to appmach
in a systematic mianner, networks with any number of sources in any arrangement. To our
benefr the methods to be introduced can also be applied to networks w:th only orie source or
to networks in which sources are in series or parallel.

The methods to be introduced in this chapter include branch- current analysis, mesh analy-
sis, and nodal analysis. Each can be applied to the same network, although usually one is
more appropriate than the other. The “best” methdd cannot be defined by a strict set of rules but
can be determined only after developing an ‘understanding of the rélative advantages’ of each.

Before considering the first of the methods, we will examine current sources in' detail
. because they appear throughout the analyses to follow. The chapter concludes with an inves-
tigation of a complex network called the bridge configuration, followed by the use of A-Y
and Y-A conversiond to analyze such configurations.

8.2 CURRENT SOURCES

In previous chapters, the voltage source was the only source appearing in the circuit analysis.
This was primarily because voltage sources such as the battery and supply are the most com-
mon in our daily lives and in the laboratory environment.

We now turn our attention to a second type of source, called the current source, which ap-
pears throughout the analyses in this chapter. Although current sources are available as labo-
ratory supplies (introduced in Chapter 2), they appear extensively in the modeling of
electronic devices such as the transistor. Their characteristics and theinfimpact on'the currents
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.

(a)

(b)

‘FIG. 8.1
Introducing the current source symbol,

LA

TA E==.12V 'R

“FIG. 8.
Nenwork for

40

and voltages of a network must therefore be clearly understood if elec-
tronic systems are to be properly investigated.

The current source is often described as the dual of the voltage source.
Just as a battery provides a fixed voltage. to a network, -a current source
establishes a fixed current in the branch where it is located. Further, the
current through a battery is a function of the network to which it is applied,
just as the voltage across a current source is a function of the connected
network. The term dual is applied to any two elements in which the traits
of one variable can be interchanged with the traits of another. This is cer-
tainly true for the current and voltage of the two types of sources.

The symbol for a current source appears in Fig. 8.1(a). The arrow in-
dicates the direction in whicli it is supplying current to the branch where

it is located. The result is a current equal to the source current through

the series resistor. In Fig. 8.1(b), wé find that the voltage across a current
source is determined by the polarity of the voltage drop caused by the
current source. For sihgle-source networks, it always has the polarity of
Fig. 8.1(b), but for multisource networks it can have either polarity.

In general, therefore,

a current source determines the direction and magnitude of the
current in the branch where it is located.

-

Furthermore,

the magnitude and the polarity of the voltage across a current source
are each a function of the network to which the voltage is applied.

A few examples will demonstrate the similarities between solving for
the source current of a voltage source and the terminal voltage of a cur-

. rent source, All the rules and laws developed in the previous chapter still

apply, so we just have to remember what we are looking for and properly
understand the characteristics of each source. L :

.The simplest possible-€onfiguration with a current source appears in
Example 8.1.

EXAI;‘I‘:W Find the source voltage, the voltage V;, and current [,

for thécifcuit in Fig, 8.2,

-

Solution: Sirice the current source establishes the current in the branch

" in which it is located, the current Iy must equal /, and

) .r] =J]=10mA
The voltage.across R, is then determined by Ohm’s law:
' Vi = LR, = (10mA)(20 Q) = 200 V

Since resistor R and the current source are in parallel, the voltage across
each must be the same, and

o V=V, =200V
with the polarity showr

EXWM Find the voltage V, and currents [ } and I, for the net-
kKN 5 -

workNd Fig. 873.

Solution: This is an interesting problem because it has both a.current

source and & voliage sousce. For each source, the dependent (a function



.

of something else) variable will be determined. That is, for the current

source, V, must be detetmined, and for the voltage source, [, must be de-

termined. e .
- Since the eufrent source and veltage source are in parallel,

5 V,=E=12V
Further, since the vdtage source. and resistor R are in parallel,
Vg=E=1V %
' : Ve 12V _
and fz—R*_‘in-“:iA,

The current 7 of the voltage source can then be determined by apply-
ing Kirchhoff’s current law at the top of the network as follows:

LB =3,
* I-—-'Il'i"fz
and 1’]'—”!—“12=?A__3A="_4A
[
g

EXAW&MM@. the current [; and the voltage V; for the net-
work inFig. 8.4. ' _ :

Solution: First note that the current in the branch with the current
source must be 6 A, no matter what the magnitude of the voltage source
to the right. In other words, the currents of the network are defined by I,
R, and R,. However, the voltage across the current source is directly af-
fected by the magnitude and polarity of the applied source.

Using the current divider rule gives -

Rl _006A) i
Bptdy 1O+20 3
The voltage V) is given' by

L Vi=hRi=QA)RR) =4V
Applying Kirchhoff’s volfagé rule to determine V; gives
" V-V =2V =0 | -
and TV, =V +20V=4V +20V =24V

I (6A) =2A

In particular, note the polarity of the voltage V; as determined by the
network. d '

8.3 _SOURCE CONVERSIONS

. The current source appearing in the previous section is called an ideal
source due to the absence of any internal resistance. In reality, all
sources—whether they are voltage sources or current sources—have some
internal resistance in the relative positions shown in Fig. 8.5. For the volt-
age souree, if R; = 0}, or if it is so small compared to any series resistors
that it can-be ignored, then we have an “ideal” voltage source for all prac-
tical purposes. For the current source, since the resistor Rp is in parallel, if
Rp = oo {, or if it js large enough compared 10 any parallel resistive ele-
ments that it can be ignored, then we have an *“ideal” current source.

Unfortunately, however, ideal sources cannor be converted from
one type to another. That is, a voltage source cannot be converted to a

'SOURGE CONVERSIONS |11 288

AAA
vy

(b)

FIG.85
Practical sources: (a)voltage; (h) current.

1
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4

- current source, and vice versa—ithe internal resistance must be pres-
: * ent. If the voltage source in Fig. 8.5(a) is to be equivalent to the source
in Fig. 8.5(b), any load connécted to the sources such as R should re-
ceive the same current, voltage, and power from each configuration. In
- other words, if the source were enclosed in a container,-the load Ry
would not know which source it was connected to.

This type of equivalence is established using the equat!.ons appearing
in Fig. 8.6. First note that the resistance is the same in each configura-
tion—a nice advantage. For the voltage source equivalent, the voltage is
determined by a simple application of Ohm's law to the current source:

- E = IRp. For the current source equivalent, the current is again deter-
. - mined by applying Ohm's law to the voltage source: | = E/R,. At first
glance, it all seems too simple, but Example 8.4 verifies the results.

" &
a -
=
: 1=k
'II T =R,
¢ YV, |
5 i 4 z
7 3 \'f - b
T " P FIG. 8.6.

. Source conversion.

It is important to realize, however, that

_ the equivalence between a current source and a vo[tags source exists
* only at their external terminals.

- The internal characteristics of each are quite different.

4 For the circuitin Fig. 8.7: .,

5 the current 7j. 2
b. Convert the voltage source.to a currept source.

load for Example 8.4. c. Using the fesulting current source of part {b)‘ caleulate the current

through the load resistor, and compare your answer to the result of

part (a). ’
Solutions: .
a. Applying Ohm's law gives
40 G
¢ E--. 6V 6V
= — = —J=1A

! RAR, 20+40 60
' b, Using Ohm’s law again gives ' i :

FiG.8.8 2 i .. ¢ .II=R—'=E=3'A
Equivalent current source and load for the va!mgc %, anT 3 :
source in Fig. 8.7, SIS and the equivalent source appears in Fig. 8.8 with the load reapplied.
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" ¢. Using the current divider rule gives ;

Rl - (20)(3 A)

= = =J1A -
=% +R 20+40 B4

e
3
. s

We find that the current Ij is the same for the voltage source as it
was for the equivalent current source—the sources are therefore
equivalent. i :

As demonstrated’in Fig. 8.5 and in Example 8.4, note that

x

"a sonrce and its equivalent will establish current in the same direction
through the applied load. :

In Exampie' 8.4, note that both sources pressure or establish current up
through the circuit to establish the same direction for the load current [, -
and the same polarity for the voltage V. 4

\ Fr ey . FIG. 8.9
Two-source network for Example 8.5,

-

EXAMPLE 8.5 Determine current I, for the network in Fig. B8R ,
Salution: Although it may appear that the network cannot be solved B
using methods introduced thus far, one sousce conversion, as shown in
Fig. 8.10, results in a simple series circuit. It does notmake sense to con- -
vert the voltage solrce to'a current source because you would lose the
current I, in the redrawn network. Note the polarity for the equivalent

" voltagé source as determined by the current source. :

For the source conversion

E,=1LR = (4A)30Q) =12V _
3 o T + v - g 20 FIG. 8.10
_E 12V N1 SRR

L = = = = 4 i Stoswino i ; :
2T R 4R, 30+20 sQ Network in Fig. 8.9 following thie canversion of the
current saurce io a voltage source.

and

8.4 CURRENT SOURCES IN PARALLEL i

We found that voltage sources of different terminal voltages cannot be
placed in parallel because of a violation of Kir_chhcuff's voltage law.s
Similarly, .

current sources of different values cannot be placed in series due to a g
violation of Kirchhaff’s current law. ; %o

However, current sources can be placed in parallel just as voltage
sources can be placed in series. In general,”

_two or more current Sources in parallel can be replaced by a single

" eurrent source having a magnitude determined by the difference of
the-sum of the currents in one direc tion and the sum in the opposite
direction. The new parallel internal resistance is the total resistance ¥ B
of the resulting paraliel resistive elements. '

Corsider the following examples.
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- single
}z ) -
RS A2
NN 6A RZ30 10A R, 260
1 s
' G,
3 :
w2 I =2 - e FIG. B.11
i Parallel current sources for Example 8.6.
1, A R, 220 . . -
y AR Solution: The net source current is >
. - . I=10A-6A=4A ——
-'ﬂvith the direction being that of the largér source.
FIG. 8.12 : The net internal resistance is the parallel combination of rcs;slances
Reduced equivalent for the configuration Ry and Ry:. " '
. of Fig. 8.11, = - R,=30|a=20

The reduced equivalent appears in Fig. 8.12.

A Ri=40 4A Emmwcdme the parallel current sources in Fig. 8.13to a
: . single curentsource. . |

Solution: The net current is_
I=TA+4A—-3A=84A

B ' with the direction shown in Fig. 8.14. The net internal resistance remains
Parallel currenf s s for Example 8.7. fhis SR,

8/Reduce the network in Fig, 8.15 to a single currert
ulate the current through Ry

Solutmn' In this example, the voltage sourcé will first be converted to

" a current source as ‘shown in Fig. 8.16, Combining current sources gives
: '  L=h+h=4A+6A=10A ) " 3
FIG.8.14 and . R.=RR, =804 0 =60
Reduced equivalent for Fig. §.13.
P L
ﬁft i
nSs0 ; I A R.. 80 6A R, .240 RS0
Iy 6A R, 240 R,2140 p v i
1 i i L

T DRV
R I1-=R|=3n=.4A_

FIG. 8.16 _
Network in Fig. 8.15 following the conversion of the voltage
= 3 Source to a current source.

- ’ : ¥ %



Ap;i_lying the current divider rule to the resulting network in Fig. 8.17
giws - . & . .

’

R (60104 _60A

i s—— 3
L=k +r _60+140 2 ‘*

. 85 CURRENT SOURCES IN SERIES

The current through any branch of a network can be only single-valued.

For the situation indicated at point a in Fig. 8.18, we find by application -

of Kirchhoff's current law that the turrent leaving that point is greater
than that entering—an impossible situation. Therefore,

current sources of different current ratings are not connected in
series, - -

just as voltage sources of different voltage ratings are not connected in

parallel.

)

8.6 BRANCH-CURRENT ANALYSIS

Before examiining the details of the first importafit pethod of analysis, -
let us examine the network in Fig. 8.19 to be sure :?at you understand
the need for these special methods. ! ;

Initially, it may appear that we can use the reduce and return ap-
prqach to work our way back to thie source Ej and calculate the
source current [;,. Unfortunately, however, the series elements R;and
E, cannot be combined because they are different types of elements.
A further examination of the network reveals that there are no two
like elements that dre in series or parallel. No combination of ele-
ments can be performed, and it is clear that another approach must be
defined. ’ g -

It must be noted-that the network of Fig. 8.19 can be solved if we
convert each voltage source to a current source and then combine par-
allel current sources. However, if a specific quantity of the original
network is required, it would require working back using the informa-

tion determined from the source conversion. Further, there will be
- complex networks for which source conversions will not permit a solu-

tion, so.it is important to understand the methods to be described in -

 this chapter. :

The first approach to be introduced is called the branch-current
_ method because we will define and solve for the-eurrents of each
branch of the. network. The best way to introduce this method and un-
derstand its application is to follow a serics of steps, as listed below.
Each step is carefully defined in the examples to follow.

'

Branch-Current Analysis Procedure

1. Assign a distintt current of arbitrary direction to each branch of
the network. !
2. Indicate the polarities for each resistor as determined by the as-
" sumed current direction.
3. Apply Kirchhoff’s voltage law around each closed, independent
loop of the network.

BRANCH-CURRENT ANALYSIS |11. 289

1, .
a3 C el —.—l‘rL
i, 10A R, S 60 R 140
e B B
; i .

FIG. 8.17
- Network in Fig. 8.16 reduced to its simplest form.

FIG. 8.18
Invalid situation.

FIG.8.19 -
Demonsirating the need for an approach such as
branch-current analysis.
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The best way to determine how many times Kirchhoff's voltage law
has to be applied is to determine the number of “windows" in the net-
work. The network in Example 8.9 has a definite si milarity to the two-

: window_conﬁguratioq in Fig. 8.20(a). The result is a need to apply
* Kirchhoff's voltage law twice. For nefworks with three windows, as
shown in Fig. 8.20(b), three applications of Kirchhoff’s voltage law are
. required, and soon. - ’ :

$ : Y (&) ' B )]
L] - * s
_ FIG.8.20
\ Determining the number of independent closed logps.

4. Apply Kirclthoff’s current law at the minimum number of nodes
that will include all the branch currents of the network.
. The minimum number is one less than the number of independent
v nodes of the network. For the purposes of ‘this analysis, a node is a
Jjunction of two or more branches, where a branch is any combination of
series elements. Fig. 8,21 defines the number of applications of Kirch-
hoff’s current law for each configuration in Fi £.-8.20, '

i

;] ‘. : = 2 A s (4 nodes) - (4 nodes)
(2 nodes) ‘ ' (2 nodes) - : \ :
RS 2 2. 3. 4
3 ¥ 1 N 1 _
2-1=]eq 2-1 = leg 4-1=3eq 4-1 = 3'eq,
' FIG. 8.21

Determining the number of applications of Kirchhoff's current law required.

- 3. Solve the resulting simultaneous linear equations for assiimed
branch currents,

) It is assumed that-the use of the determinants method to solve for
- - . the currents Iy, Iy, anid /3 is understood and is a part of the student’s
' mathematical background. If not, a detailed explanation’of the proce-
dure is provided in Appendix C. Calculators and computer software
packages such as MATLAB and Mathcad can find the solutidns quickly
« _and accurately: - . s

-
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' "Pﬁj-_the brﬁnch—currcnt method to the network in

50£uﬂon y ot : . R
Step:l “Sinee there are three distinct branches (cda, cha, ca), three cur-
. rents of arbitrary directions €/, /2, I3) are chosen, as indicated in Fig.

8.22. The current directions for 7; and 7 were chosen to match the “pres- e I|

sure” applied by sources £ and Eg, respectively, Since both /) and /3 =iV |

enter node a; I is leaving. ‘T " 2 _ :J*

: I ; £
Step 2: Polarities for each resistor are drawn to agree with assumed ; : L
current directions, as indicated in Fig. 823, A J

- - ' P : . Example 859.
Defined by I3 4 o 3 LA

g FiG.8.23 _
Inserting the polarities across the resistive elements as defined
" by the chosen branch currents,

r

Step 3: _'K-irchhoff‘s voltage law is aj:plied around each f-.:losed loop (1
and 2) in the clockwise direction: | o

l-___ Rise in potential L e

loopl: SgV=+E—Vg — Vg =0 -,
Drop inf potential

; .' R.isc in potential

loop2: ZqV=+Vg + Vg ~E =0

) I 3 . Ti’Dmp in petential

loop1: IgV=+2V—=QOI-@QL=0

O

[

Battery Voltage drop Voltage drop
potential across 201 across 4 n
resistor resistor . ) E »

loop2: ZeV=@M+ M, -6V=0

and

L}

Step 4: Applying Kirchhoff's current law at node a (in a two-node nét- . &
work, the law is applied at only one node) gives

A+h?h‘



292 |1 METHQDS OF ANALYSIS AND SELECTED TOPICS (dc) P %

¥ Step 5: There are th;ce equations and three unknowns (units removed for
clarity):
2-21—4h =0 Rewritten: 21, + 0 + 413 = 2
4}‘3*‘1{1"‘6:0 | 0""1;""4173:-6
f;+11=]3 '11+I2—13:d
Us ing third-order determinants (Appendix C), we have
2 0 4
6 1 4
0 L S g L
2 0 4 "that the actual current is
r in the direction opposuc[u
D=0 1 4 o that assumed.
1 i =1 )
B 2 4
n 0 6 +
! 1 qQ -1 o f
f} = D l =Tk
» Ly
|2 6" 2 .
0 176
1 1 0
Iy= D =1A

Solution 2: Instead of using third-order determinants as in Solution
1, we can reduce the three equations to two by subsnlutmg the third -
equatlon in the first and second equations:
[J
e,

2-20 =4+ 1)=0 | 2-21, - 41 —4L, =0

e

AN : L AU -6=0 | 4L +aL+1,-6=0

B : or . ' : =6l ~ 4l = ~
0 i ) - 4l + 5 = +6
' ' Multiplying (h:ot.;gh by —1in ﬂlc tep equation-yields -
' 6l -f-'4.5 =43
41, + 5h = +6
and usmg dctmmnanm gives
F 4 . 3y
6 5 L J0—-24 -14.
'6 4" 30716 14
45 = T

1']=

T1-89 Solution: The prccedu:e for determining the determinant in
& ' Examp!e 8.9 requires some scrolling to obtain the desired math func-
' . . : tions, butin time that procedure can be performed quite rapidly. As with
any computer or calculator sys;cm, it is paramount that you enter all pa-
rameters correctly. One error in the sequence negates the entire process,
For the TI:89. the entries are shown in Fig. 8.24(a).



BRI, e Pl P SR 5 . ¢ |
ﬁ R Cle ) - BRANCH-CURRENT ANALYSIS-111 208 “- .

| um--mmumﬂ@ae«--
T EIEB A ED; E6D €3 650 B ) dﬂ[[ 4]]
' m. @ MATH (1] Matrix B8 mdct(- 3

3

. ~L.O0E0

FIG. 8,24
T1-89 solution for the current I, of Fig. 8,22,

After you select the last ENTER key, the screen shown in Fig. 8. 24(h}

\-apm
‘|6 2'
4,6l 96—8- 28
S ouk gt el v Sk T

h=h+h==-1+2=1A

It is now important that the impact of the results obtained be under-
stood. The currents I, 5, and [; are the actual currents in the branches in e T PR
which they were defined. A negative sign in the solution means that the F * L &

actual current has the opposite direction than initially defined—the mag-
nitude is correct. Once the actual current directions and their magnitudes
are inserted in the original network, the various voltages and power lev- L="14
els can be determined. For this example, the actual current directions and
their magnitudes have been entered on the original network in Fig. 8.25.
Note that the current through the series elements Ry and E| is 1 A; the
current through R3, is 1 A; and the current through the series elements Ry
ind E, is 2 A, Due to the minus sign in the solution, the direction of 1 is

L -

opposite to that shown in Fig. 8.22. The voltage across any resistor can” i i 'é" ,
now be found using Ohm's law, and the power delivered by either source - FIG.8.25
or to any one of the three resistors can be found using the appropriate Reviewing: the results of the analysis of the nmwrk
power equation. in Fig. 8.22.
\Applying K:rchhoff’s voltagc law around the loop 1nd1cated in
Fig. 8.25 gives
: gV .-+(4n)r3+(1n):2—sv 0
o, (4n)13+(1ﬂ)fz—6‘1
- and J (4 (1 A) + (1 RA) = B
4V +2V = 6V S .
6V=6V  (checks) <k RS
: e R =100 RZTsn ;
— : - #] th, =~ : -
(U EXAMPLE 8.10_&pply branch-current analysis to the network in \ il B
"Fig. 8.26. iRy
- 1 ; il
Solution; Again, the current djrections were chosen to match the £, 1;_;20 vV Ei=—40v
“pressure” of each battery. The polarities are then added, and Kirch- T4 et T
hoff’s voltage law is applied around each closed loop in the clockwise | ~-°°- ol
direction. The result is as follows: ' = '
lwp I: +15V+= (4“)!1 + (109)!3 -20Vv=20 FIG. 8.26
< loop2i 4200V =(10VDL— (WL +40V =0 g _ X Example 8.10.

Introductory, C.-20A° b
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. SRR A T A N

, : i § |
R [ ]' I Ry

: | : |

] b [

I BZ !

4§ % : il
Ey T by =E
'-I- e T e
- - = - = =
s
(a)

FG.827
Defining the mesh (loop) current: (a) "two-window"
network; (b) wire mesh fence analogy.

Applying Kirchhoff’s current law at node a gives
h+h=Ih
Substituting the third equation into the other two yields (with units re- )
moved for clarity)
15~4h +10,-20=0 Substituting for [ (since it occurs
-2 - 107y = 5(I; + I3) + 40 =0 only once in the two equations)

or —4h +10h=5
=51 — 151, = <60
Multiplying the lower equation by — 1, we have
=4+ 0= S
55 + 1513 = 60
|
60 15 75-600 ~—525
oq, = =- = =477A
g 0] Ze0=%0 =110
5 15
& ek '
| 5 60] -240-25 —265
Y = - = =241
BEETW - o110 e Tip A

L=l +I=47TA+241A="718A -

r_cvc’i_ling that the assumed directions were the actual directions, with I
equal to the sum of /| and /. .

8.7 MESH ANALYSIS (GENERAL APPROACH) -

The next method to be described—mesh analysis—is actually an exten-
sion of the branch-current analysis approach just introduced. By defin-
ing a unique array of currents to the network, the information provided
by the application of Kirchhoff’s current law is already included when

- we apply Kirchhoff's voltage law. In other words, there is no need to

apply step 4 of the branch-current method. :

The currents to be defined are called miesh or loop cyrrents. The two
terms are used interchangeably. In Fig. 8.27(a), a network with two
*“windows" has had two mesh currents defined. Note that each forms a
closed “loop" around the inside of each window;these Joops are similar--
to the loops defined in the Wire mesh fence in Fig, 8.27(b)—hence the
use of the term mesh for the loop currents. We will find that ,

the number of mesh currenis required to analyze a network will équai
the number of “windows" of the configuration..

~ The defined mesh currents can initially be a little confusing because it
appears that two currents have been defined for. resistor R3. There is no
problem with E; and R, which. have only cufrent J;, or with E; and R,
which have only current /;; However, defining the current through Ry may -
seem a little troublesome, Actually, it is quite straightforward, The current
through Ry is simply the difference between Iy and [, with the direction
being that of the larger. This is demonstrated in the examples to follow.

. Because mesh currents can result in more than one current through an
element, branch-current anelysis was introduced first. Branch-current

_ tateadiintane . 20B
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analysisis the atralghtforv.ia;-d application of the basic'laws of electric
circuits, Mesh-analysis employs a maneuver (“trick,” if you prefer) that
removes the need to apply Kirchhoff’s current law.

Mesh Analysis Procedure

1. Assign a distinct current in the clockwise direction to each inde-
pendent, closed loop of the network. It is not absolutely necessary to
choose the clockwise direction for each loop current, In fact, any

* direction can be chosen far each loop current with no loss in accu-
racy, as long as the remaining steps are followed properly. However,
by choosing the clockwise direction as a standard, we can develop a
shorthand method (Section 8.8) for writing the required equations

that will save time and possibly prevent some common errors.

This first step is accomplished most effectively by placing a loop .
current within each “window” of the network, as demonstrated in the'
previous section, to ensure that they are all independent. A variety of ]
other loop currents can be assigned. In each case; however, be sure that . &
the information carried by any one loop equanon is not included in a ' :
_ combination of the other network equations. This is the crux of the ter-
minology independent, No matter how .you choose your foop currents,
the number of loop currents required is always equal to the number of
windows of a planar (no-crossovers) network. On occasion, a network
may appear to bé nonplanar. However, a redrawing of the network may
reveal that it is, in fact, planar, This may bg true for one or two problems
at the end of the chapter. - -
Before continuing to the next step, let us ensure that the concept of a
loap current is clear. For the network in Fig. 8.28, the loop current /; is
the branch current of the branch containing the 2 () resistor and 2 V bat-
‘tery. The current through the 4 { resistor is not /;, however, Since there
- is also a loop current J; through it. Since they have opposite directions,
I, equals the difference between the two, I = I; orly — I, dependmg L A g :
on-which you choose to be the defining direction. [n other words, a loop o0 FIG, 8.28
current is a branch current only when it is the only loop current assigned Defining the mesh currents for a
to that branch. : . . ““two-window " network.

- . . e = =

2. indicate the polarities within each loop for each resistor as deter-
mined by the sumen‘ direction of loop current for that loop. Note
the requirement that the polarities be placed within-each loop. This
requires,;:as shawn in Fig. 8.28, that the 4 () resistor have two sets
of polarities across it.
3 Apply Kirchhoff’s voltage law around each closed loop in the
" clockwise direction. Again, the clockwise direction was chosen
1o establish uniformity and prepare us for the method to be intro-
duced in the next section. " =
a. If a resistor has two or more assumed currents through it, the
total current through the resistor 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 directipn, minus the assumed currents through in the
opposite direction. .
b. The polarity of a voltage source is unaffected by the dwcnan i
of the assigned loop currents. :

4. Solve the resulting xmu!taneaus linear tquatwnsfor the assumed
loop currents.
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¥ EXAMI’LE 8.11 Consider the same basic network as in Example 8.9,
now appeanngas Fig. 8.28.

Solution:

Step 1: Two loop currents (/) and 1,) are assigned in the clockwise direc-
tion in the windows of the network. A third loop (/3) could have been in-
cluded around the entire network, but the information carried by this
loop is already mcluded in the other two. '

Step 2. Polarities are drawn within each window to agree with assumed
_ current directions. Note that for this case, the pblarities across the 4 Q
vesistor are the opposite for each loop current.

; Step 3: Kirchhoff's voltage law is applied around each ]oop in the clock-
wise, du-ecumq Keep in mind as this step is performed that the law is con-
cerned only with the magnitude and polarity of the voltages around the
closed loop and not with whether a voltage rise or drop is due o a battery

" or aresistive element. The voltage across each resistor is determined by
V= IR. For aresistor with more than one current through it, the current is
the loop current of the loop being examined plus or minus the other loop
currents as determineq by their directions. If clockwisé applications of
Kirchhoff's voltage law are always chosen, the other loop eurrents are al-
ways subtracted from the loop current of the loop being analyzed,

loop 1: +Ey = V) = V3 =0 " (clockwise starting at point @)

r

- . Voltage drop acruss
4 {1 resistor

e —
+2V-2MWi—-¢ ﬂ.)(a’, 3) 0 mﬂm’ i
Tn[‘i ciirrent oppmucmdmctwn wl,.
* Y. 4ﬂr?alslut
- loop 2 - V3= Vy— E; =0 (clockwise starting at p-oinl b)
—U-1) - (1D -6V =0 '
Step 4: The equations are then rewritien as follows (without units'for c]anty]
loop1: +2 =21 —41, +4L,=0
loop2: —4hL + -y =1L ~6=0

and ©leop1:* +2 — 61 4, =0

_ loop2:  —5L+ 4l =6=0
or loop 1:  —65 +4h = -2 :

loop 2+l =5 = +6
Applying dewnmnants msults in :
Ch==1A" and L==2A

- The minus signs indicate, that the currents have a direction opposite to
that indicated by the assumed loop current. ~ '
The actual curent through the 2 V source-and 2'() resistor js therefore
1.A in the other direction, and the current through the 6 V source and 1 £
resistor is 2 A in the opposite direction indicated on the circuit. The cur-
rent through the 4 ) resistor is determined by the folowing equation
[;om the ungmal nctwurk .

loop I+ Lip=li—h= =1 A—(-2AY=“1A+2A "
" =1A (inthedirection of I;)
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-

e o}

S 'm‘e@uw’r loop (/3) and one inner loop (either I} or [2) would also have

" ‘produced the correct results. This approach, however, often leads to

- .grrors since the loop equations may be more difficult to write. The best | _
_ method of picking these loop currents is the'window approach.. K : i

-

- EXAMPLE 8.12 Find the current through each branch of the network : S e
in Fig..8.29. 2 i : : e

Solution: . i g

Steps 1 and 2: These are as indicated in the circuit. Note that the polari-
fies of the 6 O resistor are different.for each loop eurrent, N

2 - g=Tan

Step 3: Kirchhoff’s voltage law is applied around each closed loop in the |
clockyise direction: . i : :

loop It - +E; = Vi=-V,—- E; =" ' (plockwise starting at point g) i
+5V =10 - (6 ﬂ)(!lﬁ Ip)—10vV=0 . i FIG. 8.29

" Iy flows through the 6 £ resistor Example 8.12.

in the direction oppasite to I} v

loop 2: . Ey-V,—V3=0 (cloekwise starting at point b) - . : : _ 3 £ P .
F10V— (6 - I~ QQVWL=0 - % ' i e h c
" The equations are rewritten as J : ' ' : ;
5+ k2 G 6!1'——10:0} =Tl + 6l =5 B . *
. 10 =6l + 6l =2, =0] +6/, — 8, = —10 .
Step 4: ’ - 6l
' —-10 -8 _—40+60 _20
‘ -7 -'6| 5636, 20
B e : Pt
il i w
6 ‘=101 7030 40 ' ' :
I =, -= =3 : ; g
SR T ARl e g
Since /j and I, are positive and flow in opposite directions through
the 6 ) resistor and 10 V source, the total current +n this branch is
. equal to the difference of the two currents in the direction of the larger:

L>nL (A 1A)

Therefore, - -

=1A

I I, =2A — FA =1A inthe difection of I

It is sometimes impractical to draw all the branches of a circuit at
right angles to one another. The next example demonstrates how a por-
tion of a network may appear due to various constraints. The method of
analysis is no different with this change in configuration. :

- . . A==

EXAMPLE 8.13) Find the branch currents of the rietworks in Fig. 8.30. < %

——————

In
"
- [=.]
+,< =
I
i x)
| p
B
By N
T,,“M + |I
TR AL
]
- )
1 , =
- e
i e
o
¢ty 2
n
L
-

'S.ofutmn: | ) " : : o £IG. 8.30
_ Steps I and 2: These are as indicated in the circuit. J_:fxqmple 8.13.
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© Step 3: Kirchhoff's vultaée law is applied around each closed loop:

loopl: =E;=ILR —E; - Vg =0 (clockwise from point a)
~6V - QO =4V =@ = I)=0

loop2:" =Vy+ Ey =V = Eg =0 (clockwise from point b)

3 —(40){12—1.)+4v 6NN =3V=0
» which are rewritten as z
=10 =4l ~ 20} + 4l = 0} =6l + 4l = +10 ,
+1 + 41, +"4!z s 612_” 0 ‘4"4[[ —.1012= -1

or, by multiplying the top equation by —1, we obtain .

; 6I; — 4, = =10
4 =105 = -1
‘ L}
: ‘—m -—41
w1 ==ify 100 — 4. 96 ;
Step ¥ I, = ] 6 _41 g oy 2,18 A
4 -10 :
Jﬁ —10} )
-6+40 34 .
) mw 0.77 A

The current in the 4 ) resistor and 4 V source for loop 1is ,
I =l = =218 A = (=077 A)

-2.18A + 077 A

~141A

revealing that it is 1.41 A in a direction opposite (due to the minus mgn)
to {; in loop 1. -

i\

Supermesh Currehts

L Occasionally, you will find cutrent sources in a nctwork without a paral®
; lel resistance. This removes the possibility of converting the source to a
voltage source as required by the given procedure. In such cases, you
have a choice of two approaches.

The simplest and most direct approach is to place a resistor in parallel -
with the current source that has a much higher value than the other resis-
tors of the rietwork. For instance, if most of the resistors of the network
are in the 1-to 10 ) range, choosing a resistor of 100 {2 or higher would
provide one level of accuracy for the answer, However, choosing a resis-

v - tor of 1000 {).or higher would increase the accuracy of the answer. You
. will never get the exact answer becaus: the network has been modified
by this introduced element. However for'most appllcnnons the answer

will be sufficiently accurate,

The other choice is to use the supermesh approach described in the
following steps. Although this approach will provide the exacr solutwn.
it does require some practice o become proﬁmcnl imits use. The proce-
dure is as follows. -

. ' Start as before, and assign a mesh gurrent to each 1nd=pcndent loop,
4 ’ including the current sources, as if they were. resistors or voltage
sources. Then mentally (redraw the network if necessary) remove the
_ current sources (replace with open-circuit equivalents), and apply '

-
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K:rchhoff's voltage law to all the remaining independent paths of the
network umug the mesh. currents just defined. Any resulting path, in-
cluding two or more mesh currents, is said to be the path of a
supermesh currem Then relate the chosen mesh currents of the net-
work to the independent current sources of the network, and solve for
the mesh currents. The next example clarifies the definition of super-

mesh current and the procedure. - ; ' R, Ry
- AWy A
4 410 20
Ri=Z60 : =
EXAMPLE 8.14 Using mesh analysis, determine the currents of the . ! 4A =12v,
€ network in Fig. 8.31. =0V : py
=1 .

Solution: First, the mesh currents for the network are defined, as
shown in Fig. 8.32. Then the current source is mentally removed, as
shown in Fig. 8.33, and Kirchhoff’s volfage law is applied to the result- FIG. 8.31
ing network. The single path now including the effects of two mesh cur- Example 8.14,
rents is referred to as the path of a supermesh current. '

_______________ 'R! ____:...._..‘r
—W— |
P ¢ i
L )E ;%_Elzv
+1 1
° : +—— Supermesh
:'.L ‘I‘ current
FIG.8.32 : . ) FIG. 8.33 ' o
Defining the mesh currents for the network ¥ ) Defining the supermesh current.
in Fig. 8.31, ;
Applying Kirchhoff's law gives _ T ' _ X L
0V - 1)(60) = [(40Q) - L2Q)+12V=0 " %=, | >
> or , 10 + 2, =32 3 '

Node a is 1hen used to relate the’'mesh currents and the current source
- using Kirchhoff’s current law:

L=1+k

The result is two equations and two unknowns:, y
B ' 101, + 21, = 32 :

L-hL=4 . =
Applying determinants gives . g ;
| ]32 2| :
- 32)(—1) - (2)(4
h= ‘w ;1 =E10§E— ;* 88 =%'2'=3'3“_
1 -]
and Izéll—f:333A—4A=-—067A

In the above analysis, it may appear that when the current source was
removed, /; = I,. However, the supermesh approach requires that we
stick with the original definition of each mesh current and not alter those -
definitions when current sources are removyed. .
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B

6A

AAM

o0

=

A
Yy

s 0¢

o
o1
el

FIG. 8.34
Example 8.15.

: b
oy - *!

I < j

f =20 -5 Jsn< Iy

= <

T+ T

: i

H 1
yi.  *

_ FIG. 8.36
Defining the supermesh currént for the network in
Fig. 8.34. ‘

FIG. 8.37
Network in Fig. 8.29 redrawnwith a.mgned
loop currents,

: FIG. 8.35
Defining the mesh currents for the netwark in Fig. 8,34,

Solution: The mesh currents are defined in Fig. 8.35. The current sources
are removed, and the single supermesh path is defined in Fig. 8.36.
Applying Kirchhoff’s voltage law around the supermesh path gives
~Van —Ven — Vgn =0
B h)20-5(60)-(L-5L)80=0
—21'21'2]] 6ly — 8, + 8, =0
v 20— 16 + 83 =0
Introducing the relationship between the mesh currents and the cur-
rent sources
.{3 . ‘_B A
results in the following solutions:
2[{ Gy 16!2 +853=0

2(6A) — 161, + 8(8A) =0 . i
76 A
d =5 - 4754
an =g
“Then hol=I5 —L=6A-475A=125A
and aT=L—-L=8A-475A=325A

. Again, note that you must stick with your original definitions of the
various mesh currents when applying Kirchhoff’s voltage law around

- the resulting supermesh paths.

8.8 MESH ANALYSIS lFOHMAT APPROACH)

Now that the basis for the mesh- analysxs agpmach has been established, -
we now examine a technique for writing the mesh equations more rap-
idly and usually with fewer errors. As an aid in introducing the proce-
dure, the network in Example 8.12 (Fig. 8.29) has been redrawn in
Fig, 8.37 with the assigned loop currents. (Note that each loop current

- has a clockwise direction,)

Thc equations obtamed are . ) < LA ‘ .
' —71, + 6L =5
: L 6N - 8L = -10 ;
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which can also be written as
' My = bl = =5
8n — 91 =10
and expanded as -
' Col.1  Col.2 Col3
a+6)n— 6 =(- 10)
@+6)h— 6 =10 .~ ;
» 5 Y -

Note in the above equations that column [ is composed of a loop cur-
rent times the sum of the resistors through which that loop current
passes. Column 2 is'the produc_:t-of the resistors common to another loop
current times that other oop current. Note that in each equation, this col-

- amn is subtfacted from column 1. Columm3 is the algebraic sum of the

voltage sources through which the loop current of interest passes. A

source is assigned a positive sign if the loop current passes from the neg-

ative to the positive terminal, and a negative value is assigned if the po-
arities are reversed. The comments above are correct only for a standard
direction of loop current in each window, the.one chosen being the
clockwise direction. _ 3 2

The above statements can be extended to develop the following
format approach to mesh analysis.

Mesh Analysis Procedure

1. Assign a loop currentto each independent, closed loop (as in the
previous section) in clockwise direction, ;

2. The number of required equations is equal to the number of cho-
sen independent, closed loops. Column 1 of each equation is
Jformed by summing the vesistance valises of those resistors :
through which thé loop current of interest passes and multiplying
the result by that loop current. ¥ - :

MESH ANALYSIS [FORMAT APPROACH) 111 301-

3. We miust now consider thie mutual terms, which, as noted in the ex- -

armples above, are always subtracted from the first column. A
mutual term is simply any resistive element having an additional
loop current passing through it. 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. This will be
demonstrated in an example to follow. Each term is the product of
the mutual resisior 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 voliage sources through which the loop current of interest
passes. Positive signs are assigned to those sources of voltage hav-
ing a polarity such that the loop current passes from the negative
to the positive terminal. A negative sign is assigned to-those poten-
tials for which the reverse is true. -

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

Before considering a few examples, be aware that since the column to
the right of the equals sign is the algébraic sum of the voltage sources in
that loop, the format approach can be applied only to networks in which
all current sourceshave been c_onverted to their equivalent voltage Source,
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" FIG. 8.38
' Example 8.16.

EXAMP.LE 8.16 Write the mesh equations for the network in Fig, 8,38,
and find the current through the 7 () resistor.

Solution:
Step 1+ As indicated in Fig, 8,38, each assi gned loop current has a clock-
wise direction,
Steps 20 4:
» i BRH6Q+200 -2, =4V
b (7n+zn):2—fm)1:=«-9vl v R
and ' Coleh 2 =4
95 =2 = -9 T

-which, for determinants, are

and

‘A6l -2 =4
S+ 9L =9

{15 4] :

-2 -9 '~144+48 =136

o o e T
w2 9 .
= =097 A , . .

Fig. 8.39.

7z -
EXAMPLE(WWritc the mesh equations for the network in

FIG. 8.39
’ Example 8.17,

Solution: Each window is assigned a loop current in the clockwise

direction:

' .'ldoeampm through an clement ;
nutual with 5

A0+ 1ML -A0L+0=2V -4V
(1Q+20+30L- A0, - GO)L,=4V

(3n+-4'mr,—c3m;,+:%=.zv

b -f,dneanmpnl‘ssﬂlruuzhlneiemm_. :

W mutual lehf‘.

s
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_Summmi terms yields - ; '
s 2~ L+0 =-2
6, — I — 35
‘"3 & 3}2 +0 =2

which are rewritten for determinants as.

i
pa

“ou . ke g : »
W, b v G, =2 :
£ ey Ty S
i =Sl w4’
@ . “ :

s ;. =2

Note that the coefficients of the a and b diagonals are equal. This
symmetry*about the e-axis will always be true for equations written _
using the format approach. It is a check on whether the equations were ) 8
obtained correctly. . . iy :

We now consider a network with only one source of voltage to point
out that mesh analysis can be used to advantage in other than multi-
source networks.

EXAMP

ind the current through the 10 € resistor of the net-

work in
;i 0o hea=h
. A—
4TIV
e e B T S S \
” | 1
r : |
] 3 I
I g I .
R R T ettt $fiia?
= AAA 7 :
+ YV _ * -
e e N 5 \
+] 1 1+ 1+l
15V = 1 12 2 ‘220
T * 5
.[\_______:I_* \_____'fi_*
' FIG. 8.40
Example 8.18.
Solution: i

I B0+ 300 - B - GOh =15V
i (O+50+205- @0~ CME=0
I (B0 +100+50)0h - @M =ML =0

111, — 813 — 3 =15V
lﬂfz 5 311 =5 513 =0
. 235, -8l —5L,=0
or 11— 3~ 85=15V
=31, + 10, —~ Shh=80 ; . - : .
& —8l,— Sh+233=0
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-

H =3 15
=3 10 40|
-8 -5 0
and ; fg =f]m="'—"_"‘——-—]l 3 - =122A
=3 10 -5
=8 —§ 23|

T1-89 Calculator Solution: When the TI-89 calculator is used, the
sequence in Fig, 8.41(a) results, which in shorthand form appears as in
Fig. 8:41(b). The intermediary 2ND and scrolling steps were not in-
cluded. This sequence certainly requires some cdre in entering the data
in the required format, but it is still a rather neat, compact format, -

Home (G0} MATH (T] Mateix 789 Tt e (53] { A [ [0 [ () 3 [0 [ |

 E169); [ECDCICICICI I 63 EDEICIB I3
. €03 Geed ) €70 €53 ttome () MATH (O s 68 1 e BB Ed [ €79
ERC-(NICIE@ICE): () G360 3 E0dE O3 53
E%: () (DN CICIHDCIED) 363 122
g4 (a)

[ detl(11,~3,15/=3,10,0:8,~5,)dot(!

FIG. 8.41

Using the T1-89 calculator 1o solve Jor the current I, (a) Key entries; (b) shorthand Sfarm.

14 =3 15
_det) |3 j0 ¢
-8 -5 0
. 111 -3 -] .
det| {3 10 -5
. -8 -5 23

- FIG,8.42
The resulting display after properly entering the data
: for the current 1.

L22E0

The resulting display in Fig. 8.42 confirms our solution,

8.9 NODAL ANALYSIS (GENERAL APPROACH)

‘The methods introduced thus far have all been to find the currents of the
nétwork. We now tarn our attention to nodal Engl‘ysis—a method that
provides the nodal voltages of a network, that is, the voltage from the_
various nodes (junction points) of the network to ground. The method is
developed through the use of Kirchhoff’s current law in much the same
manner as Kirchhoff's voltage law was used to develop the mesh analy-
sis approach, ) J
Although it is not a requirement, we make it a policy to make ground
our reference node and assign it a potential level of zero volts. All the
other voltage levels are then found with respect to this reference level. For
a network of N nodes, by assigning one as our reference node, we have
(N~ 1) nodes for which the voltage must be determined. In other words,

the number of nodes for which the voltage rﬁu&f'be determined usin
nodal analysis is 1 less than the total number of nodes,

The result of the above is (N — 1) nodal ':follages that need to be de-
termined, requiring tht (V — 1) independent equations be written to
“find the nodal voltages. In other words, - 3

the number of equations required to soive Jor all the nodal voltages of

 anetwork is 1 less than the total number uf independent nodes, -

s
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i

" Since each equation is the result of an application of Kirchhoff's cur- N
tent law, Kirchhoff’s current law must be applied (N — 1) times for
each network. ‘ 2y o _

Nodal analysis, like mesh analysis, can be applied by a series of care-

* fully defined steps. The gxamples to follow explain each step in detail.

F

Nodal Analysis Procedure g

1. Determine the number of nodes witkin the network.
+ 2 Pick a reference node, and label each remaining node with a sub-
seripted value of voltage: V;, Vy, dnd so on. ' 2
3. Apply Kirchhoff's current law at each node except the reference.
Assume that all unknown currents leave the node for each applica- .
tion of Kirchhoff’s current law. In other words, for each node, :
- don’t be influenced by the direction that an unknown current for
. another node may have had. Each node is 10 be treated as a sepa-
rate entity, independent of the application of Kirchhoff’s current.
law to-the'other {tiides. ety ; : '
4. Solve the resulting equations for the nodal voltages.  °

A few examples elarify the procedure defined by step 3. It initially
takes some practice writing the equations for Kirchhoff’s current law cor-
rectly, but in time the advantage-of assuming that all the currents leave a’

- node rather than identifying a specific direction for each branch becomes
obvious. (The same type of advantage is associated with assuming that all
the mesh currents are clockwise when applying mesh analysis.)

‘As with mesh and branch-current analysis, a number of networks to
be encountered in this section cin be solved using a simple source con-

version. In Example 8.19, for instance, the network of Fig. 8.43 can be i . FIG.8.43
easily solved by converting the voltage source fo @ current source and . Example 8.19.
combining the-parallel current SOUICEs. However, as noted for mesh and
branch-current analysis, this method can also be applied to more com- - ", v, © '
plex networks where a source-conversion is not possible. o
. : e } R=60 s
¢ IZ 4o ey g y ; Ry=1200 I 1A
EXAMPLE 8.19 Apply nodal analysis to the network in Fig. 8.43.. 4
(V) e P : +
_ Solutiof: wo ; 4 E==24V

Steps 1 and 2: The network has two nodes, as shown in Fig.-8.44. The i
Jower node is defined as the reference node at ground potential (zero = o)
volts), and the other node as V,, the voltage from node 1 to ground. FIG. 8.44

Step 3: I; and I gre défined as leaving the node in Fig. 8.45, and Ki rch- Network in Fig. 8.43 with assigned nodes.

hoff’s current law is applied as follows:

= f,ﬂ- iy
“The current [ 1s related to the nodal voltage Vy by Ohm'’s law:
: VR; V[ .
"Z = —— = — .
Ry R
The current / is also delcmﬁncd by Ohm’s law as' follows:
Vg, :
{1 = ——— %
& : FIG. 8.45

with o Vg = Vi - E. ¥ Applying Kirchhoff's current law to the nodé 'i;-’,:. 4
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Substituting into the Kirchhoff's current law equation

" noE. M
LI )

.and rearranging, we have

R R R Ri "Ry "R,
' : ' 1"+ E
' Vil + =) =— 41
- : '('Rl R;) "R
Substituting numerical values, we obtain -
1 1 24V
et | = S = +
V‘(sn -120) B0 AT AAELA
. 1 .
V;_(m) =5A :
K200 V|=f.20\{, 51 e
The currents /; and I; can then be determined by using the preceding
= : equations: ; : '
_ = : !-_VI—E_ZDV—%V=—4V
FIG.848 : R ea 86 - 7.
= —0.67 A 0

The minus sign indicates that the current J; has a direction opﬁosi{e to-
that appearing in Fig, 8.45. In addition, :

Vi _ 20 Ba
TR 120 L67A
oo © EXAMPLER® 20)Apply nodal analysis to the network in Fig. 8.46,
- Solution: ik :

Steps 1 and 2: The newwork has three nodes, as defined in Fig. 8.47, with
the bottom node again defined as the reference node. J(at ground poten-
tial, or zero volts), and the other nodes as Viand V.

Step 2: For | node V;, the currents are defined as shown in Fig, 8.48, and

FIG. 8.47 2
Defining the nodes Jor the network in Fig. 8.46. s

 Kirchhoff's current law is applied:

. - i 0= + 5L+
” i , . . : ;
i 2.__ . Vl _E
* . with < 'Iiz‘Ri.'
D Ve Vi
R8N . & &
' - 100 Vi-E V-V
+ 50 that : —2 =0
E_T_“V R, | R _
i - | or N B O +1=0
- "L‘ ; : S B R R, R
FIG. 8.48' : ) d'. V(.l_+_1_)...p'_[_)=._ +'_§_
Applying Kirchhoff's current law to node V). - . ¥ R R % Ry d R,
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. Substituting valﬁc's.givcs ' , ' d : - - Ry L5
& 1 64V | v A v
. : 1 2 2
N = - + —= - - 4
V‘( 40) V2(4 n) iy oA - X
& &
- ‘For node 'V;, the currents are defined as shown in Fig. 8.49, and Ri<80 ( ) + l
Kirchhoff's current law is applied: ' - 2A R, =100
a 2
. I=h+1h BE-=-64V -
B V=¥ .. Ve .
1 J = ———— -
with "R R , _é_
or . I = Z;. i El_ +-E‘!. p . . I_ FlG 3445 )
y Ry R Rz Applying Kirchhoff's current law to node Va
- 1 1 1 . '
d Vl—+—]-wnl=)=
s : (Rz :Rs) I(Rz) g
Substituting values gives : ' ‘ ; d
1 1 '
V: Vil— | =2
‘( s0 " 10 n) 1_(4 n) a
Step4: The result is two equations and two unknowns: - : o .
& \ 2 -
which become :
“0.375V; — 025V, =6 .
= ~025V; + 035V, =2 2
Using detenmnants we obtain . :
= 3782V P .
_ =3273V :
) Since E is greater - than Vy, the current I, flows from ground to Vl and is
equal to B
. E=-V; 64V —3782V
Ip, = = — =3.27A
I.e' Rl 8 ﬂ 2 ’

. The positive value for V3 rcsulls in a current Ig, from node ¥, to ground
equal to

Ve _ V2 _3273V

ECn W =327A

I Ry =
Since V, is greater than V,, the current Jp, flows from V; to V3 and is
equal to . _ ' '
V=V, 3782V-3273V 5
= = = = 127A
Ry 490 ¥

The results of V; = 37.82V and V3 = 32.73 V confirm the theoretical
splution.” sl

Ig,
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Vi

PLE 8.21 Determine the noda] voltages for the network in
50

Ry
AAA
Yy

RN

< <
A mZ20 RZ60 24

FIG. 8.50 f
Example 8,21, : :

Solution; '
Steps ] and 2: As indicated in Fig. 8.51:

AR .
Yy e

4. M 1.‘1 RT60 2A

Refeunu

FIG. 8,51
Defining the nodes and app!ymg Kirchhoff's current law to rhe node Vi.

N Step 3. Included in F1g 8.51 for the node V. Applymg Kirchhoff's cur-
© rent law gwes . :

. . C4A=h+ L :
' 4 V. Vo Vi V1=V,
. R A Y Rt
Expanding and rearranging gives '

1 1 :
Vil =+ — 4
'(20 12n) V’(lzn) ey
.- For node V5, the currents are defined as in Fig. 8.52.

. . ' 4 r s :
: W - V
AAA i

v --ll’Y.
5 © | m=n2a

B R, >
4A. R,E:Zﬂ. éfiE:l"'ﬁ‘ 24

? : ‘ i
\Rawnce e ;

PG 852
: - Applying Kirchhoff s current law to the node V».
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Applying Kitchhoff's current law gives . 2 p
1 - 0=\13'+ 11+2A ¥

Vz = Vl : V'l . V: = Vl Vz . .

s it <2 2A'® O — ==+ 2A=
T ) R P

Expanding and rearranging gives

2 74 S i '
VT(lzn“La‘ﬂ)rv‘(lzn)""“ ' - 3

_resulting in the following two equations.and two unknowns:

A 1 1 1 ‘ :
Wil === =Wl = | =T §
: ‘(20 12:1) Vz(lZﬂ) o :
. iy ' 1 1 " 1 . 4 (811) i 3
V‘(mn*ﬁ)"y‘ u’n)""“ .
- producing - -
LIS R v = 48 .
TAL Y 2 Rl -
s 2y =2l -y + 3y =2
s v Mol o
}' 48 -—1l Xy
; - el , 10 5k _
Vi=r— T = = = X . -
and _ 4 ‘ = '—l\ 20 +6V .o ' ., : ¢
BT : : : v
g _ Bk \ 7 ’481 " : ;
1-1 ~24] =120 .- .
V, = L ——= =
* 20 20 - :
Since V), is greater than V3, the current :hmngh Ry passes from V; to V5. :
Its v_alue is* : s g . '

*

LRy, GV L(-6V) . BV b

! =
# Ry 1A . e

The fact that V is positive results in a current g, from V; to ground

-equal W
' Vo, Vi 6V
¥ Jp =—=—=== A
"TR, R 20 3 _
Finally, since V; is negative, the current Iz, flows from ground to V; and
is equal to .
. Vr Vo 6 v
Ip = Rt =—=1A
B™ R, R 6
Supernode ' ’ ' ;

Occasfonally, you may encounter voltage sources in a network that do
not have a series internal resistance that would permit a conversion to a
current source. In such cases, you have two options:.
The simplest and most direct approach is to place a resistor in series
~ with the source of a very small value compared 10 the other resistive,
ntrodirtory € .25
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[l

FIG, 8.53

 Example 8.22,

Ry

' Defining the superno

FIG. 8.54
de for the network in Fig. 8.53,

elements of the network. For instance, if most of the resistors are 10 Q or
larger, placing a 1 () resistor in series with a voltage source provides one
level of accuracy for your answer, However, choosing a resistor of 0.1 ) or
less increases the accuracy of your answer. You will never get an exact an-
swer because the network has been modified by the introduced element.
However, for.most applications, the accuracy will be sufficiently high.

The other approach is to use the supernode approach described
below. This approach provides an exact solution but requires some prac-
tice to become proficient, . _

Start as usual and assign a nodal voltage to each independent node of
the network, including each independent voltage source as if it were a
resistor or current source. Then mentally replace the independent volt-
age sources with short-circuit equivalents, and apply Kirchhoff’s current
law to the defined nodes of the network. Any node including the effect of
elements tied only (o other nodes is referred to as a supernode (since it
has an additional number of terms). Finally, relate the defined nodes to
the independent voltage sources of the network, and solve for the nodal,
voltages. The next example clarifies the definition of supernode. :

LE 8.22 Determine the nodal voltages V, and V; in Fig. 8.53
% the concept of a supernode, = ' :

FSolution: Replacing the independent voltage source of 12 V with a

short-circuit equivalent results in the network'in Fig. 8.54. Even fhough
the mental application of a short-circuit equivalent is discussed above, it
would be wise in the early stage of development to redraw the network
as shown in Fig, 8,54, The result is a single supernode for which Kirch-
hoff’s current law must be applied. Be sure to leave the othér defined
nodes in place, and use them to define the currents from that region of
the network. In particular, note that the current J. 3 leaves the supernode at
Vi and then enters the same supernode at Va. It must therefore appear
twice when applying Kitchhoff's current law, as shown below:

EI;-*EIO
bA+ L =L+, +4A+1, PR
or lith=6A-4A=2A

" Then - —+—==2A

Vi st
3 40 . 20
Relating the defined nodal voltages to the independent voltage source,
we have i ' )

and =2A

" .

. V,~V2=E=12V._.
which results in two equations and two unimownsi

_ 0.25V; + 0.5V = 2.
Wm0 Vi— =12 <
- Substituting gives -
' v Vi=V,+ 12
_ . 025V, ¢ 12) + 05V, =2 : .
and : WBMy=2—3=—: -5 4 e

Tl [ .l-_....-_.. ﬂ q4p

)
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: _ =N
o MRS R My e LB

and W)=V, +12V=-133V+12V=-1067V

~ The current of the network can then be determined as follows: ¥

vV 1067V
"“L':R_,‘ T - 267A
' V, 133V ;
m'n{'zn = 0.67A E
v, -V, 1067V =(-133V) 1 '
h=——t= : - o L I
25100 10 100

A careful examination of the network at the beginning of the analysis
would have revealed that the voltage across the resistor Ry must be.12'V '
and /3 must be equal to 1.2 A,

P
8.10. NODAL ANALYSIS {FORMAT APPROACH)

A close examination of Eq. (8.1) appearing in Example 8. 21 reveals'that

the subscripted voltage at the node in which Kirchhoff’s current law is
applied is multiplied by the sum of the conductances attached to that
node. Note also that the other nodal voltages within the same equation

are multiplied by the negative of the conductance between the two
nodes. The current sources are represented to the right of the equals sign
with a positive sign if they supply current to the node and witha negative
sign if they-draw current from the node. i

These conclusions can be expanded to include networks with any

number of nodes. This allows us to write nc@al equations rapidly and in

a form that is convenient for the use of determinants. A major require- .
- ment, however, is that all voltage sources must first be converted'to cur-
rent sources before the procedure is applied. Note the parallelism K .
" between the following four steps of application and those reqmrcd for *
rnesh smalysm in Section 8.8.

Nodal Analysis Procedure

1. Choose a reference node, and assign a subscnpfed vofrage label to
the (N — 1) remaining 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 conductances tied to the node
of interest and multiplying the result by that subscripted nodal
woltage.

3. We must now consider the mutual terms, whwk, as nored in rhe

- preceding example, are always subtracted from the first column. It
is possible to have more than one mutual term if the nodal voltage
of current interest has an’ element in common with more than one
other-nodal voltage. This is demonstrated in an example to follow.
Each mutual term is the product of the mutual conductance and
the other nodal voltage, tied to that conductance.

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
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assigned a positive sign if it supplies current to a node and a
negative sign if it draws current from the node.
o - Solve the resulting simultaneous equations for the desired voltages.

Let us now consider a few examples.

EXAMPLE 8.23 Write the nodal equations for the network in Fig. 8.55.

Ry
AA
YWy
3in
I 2A  Rj=60 % 3A R =40
L
-
L - FIG. 8.55
Example 8.23.

Solution: ;
Step 1: Redraw the figure with assigned subscripted voltages in Fig. 8.56.

V] R; va »

. - 4 ..:'
I l A R=Z60 I I RmZTen

+  FIG. 8.56 - .
Defining. the nodes for the network in Fig. 8.55.

Reference

Sfeps?.ra-f:. .
Drawing current
from node |
: vi (g + 55 )% - (5) LT
¢ 88 Taa)N T (3ah
Sum of = utual
- conductances o conductance .
» to node 1
7 % e
' e 1 I l
: R (Irrr+ m)"zf (3—9')-": gl
. : : o~ v R et :
' Sum of Mutual
v _ conductarices conductance
connected -

1o node 2%
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LY

o 3 ok 7 o TN D DSkl
and EVI = ‘Vg = =1 s c :
*y ; ) 1 7 _
: e — = ']
V) V=3 _ ' :

EXAMPLE 8.24 Find the voltagc across the 3 () resistor in Fig. 8.57

hy nodal analys:s
- 1#.' A— . _A'.\‘A'
2p. 60 oo | l
+ : 2 + =
==8V 40" Vip =30 —1V
- _.‘ +
‘FIG. 8.57
" Example 8.24.

Solution: Converting Sources and choosing nodes (Fig. 8.58), we have .
¥ ? R * -

.

Vi _ Va

o <
-
ol

Yy

0.1A

-

3 + T
20 $40 V3230 3

e T ‘L'nefermu -

 FIG.858
Defining the nodes for the network in Fig. 8.57.

T T
R e = + .
(2n+4n+sn)V" (6:1)‘}z i v

iyt gt g | B
(wn.*sn*sn)V’ (sn)v’ s

; 1, 1
—V -V =4
TR R

1 3
P | P g —{);
ﬁvl 5V1= 0]

resulting in ! :
' 11V - 2V = 448 '
- =8V + 18V = =37

%
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an 3A a0

FIG. 8.59
Example 8.25. _

vy

ov) .
FIG. 8.60
Defining the nades for the network in Fig. 8.59.

100
AAA
3 LA L

Va

*oy

FIG. 8.61
Reducing the nimber of nodes for the network in
Fig. 8:59'by combining the two 5 0 resistors,

“and - " _ g
11 43|
-5 —3] < =33+240 207
Vo= Vig = = =— =110V
TR 11 —2[ 98- 10 188 !
% -5 18

As demonstrated for mesh analysis, nodal analysis can also be a very
useful technique for solving networks with only one source.,

EXAMPLE 8.25 Using nodal analysis, determine the potential across
the 4 () resistor in Fig. 8.59. a .

Solution; The reference and four subseripted voltage levels were cho-
sen as shown in Fig. 8.60. Remember that for any difference in potential
between ¥ and V3, the current through and the potential drop across
each 5 () resistor are the same. Therefore, V, is simply a mid-voltage
level between V; and V; and is known if Vy and V5 are available. We will
therefore not include it in a nodal voltage and will redraw the network as
shown in Fig. 8.61. Understand, however, that V, can be included if de-
sired, although four nodal voltages will result rather than three as in the

* solution of this problem. We have

' L, I b T ol T TR
V“'(z_ﬁ+_?ﬁ +'1pn)v'_(iﬁ)vz ‘(mn)v3 4

£ e 1\ N
Va (m +zn)V"_ (zn)”‘ = (211)V3 Paw

1 1 1 1
() s (o
which are rewritten as ; .
' L1V; = 0.5V, — 0.1V = 0
V2= 05V, — 0.5v; =3
0.85V; — 0.5V = Q.1V; = 0

For determinants, we have

.i:“.. ke W

L1, = 08Y, - 'DIY, =0
‘b..‘ . "._.‘ ".“ . .
08K+ 1% - sy, =3

—0.1Y, — 0.5V, + 085V, =0 -

Before continuing, note the symmetry about the major diagonal in the
equation above. Recall a similar result for mesh analysis. Examples 8.23
and 8.24 also exHibit this property in the resulting equations: Keep this
in mind as a check on future applications of nodal analysis, We have

L1 =05 0 | .
;4 1208 1 3
VymVygm Ol 705 0 | ey

L1 -05 -0 o
TR Ty, . > IR Ty Sy ]
RSB ot s 7 g e T TSR

.
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The next example has only one source applied to a Tadder network.

EXAMPLE 8.26 Write the nodal equations and find the voltage across : : '
the 2 € resistor for the network in Fig. 8.62. s ' ’
h AAA
YVy .
10
60 24}

FIG. 8.62"
Example 8.26.

Solution: The nodal voliages are chosen as shown in Fig. 8.63. We have

1;- 1 1 T
(= gy ¥ = |52 V2 £ 0=20A . "
V‘(izﬂ 60 49)_‘ ,(49).3 S Gl
i Al 1 1 1 3
P fam b= —— ===y - = |a=0
V2 (4,0 60 m,)“'2 (m)v_‘ (m) 3
1 1 1s y
: raits ol sl - | = +0=
e (15; 2(1)"'3 (lﬂ)v.z = )
‘and 05V, - 025V, +0 =20
. .
"‘025‘/] +'T§V1"‘1V3 =0 it ia f
01V + 15V3= 0 ° 3 .
Vi : ‘ Va w . - ¥
_A'l\'lv - _.\hhf_"_— ¥
40 10 -3 :
: :oa() . §1z-n 6 60 _%Em ;
= 0V)
. FIG. 8.63 . ' : A

Converting the voltage source to a current source and defining the nodes
Jor the network in Fig. 8.62.

Note the symmetry present about the. major axis. Application of de-
terminants reveals that

V3 = VZﬂ = 10.67 v

8.11 BRIDGE NETWORKS

This section introduces the bridge network, a configuration that has a
multitude of applications. In the following chapters, this type of networkis
used in both dc and ac meters. Electronics courses introduce these in' the
discussion of rectifying circuits used in converting & varying signal to one
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<tgpom
e

(b)

FIG. 8.64
Various formats for a bridge nenvork.

of a steady nature (such as dc). A number of other areas of application also
* require some knowledge of ac networks; these areas are discussed later,
+ The bridge network may appear in one of the three forms as indicated _
EE=-20V in Fig. 8.64. The network in Fig, 8.64(c) is also called a symmetrical lat-
T tice network if Ry, = Ry and Ry = Rj. Fig. 8.64(c) is an excellent exam- -
A ple of how a planar network can be made to appear nonplanar. For the
asd purposes of investigation, let us examine the network in Fig 8.65 using
FIG. 8.65 Lo mesh and nodal analysis. ¥ -
Standard bridge configuration. Mesh analysis (Fig. 8.66) yields

GO+40+20); - (40)h— (20); =20V
(4O +50+20), - (@0 — (5Q)5 =0
ROA+50+ 1ML -OL-(50)h=0

and Ol — 4l -2y =20

' —dk + Ll =5l =0

=2, — Sh+8L=0

with the result that

L =4A
FIG. 8.66 I, =267A
Assigning the mesh currents to the network in = 267 A |

Fig. 8.65, * ;

. The net current through the 5 {) resistor is

"3 'fsﬂ=fz—f3=2.67.‘\_" 267TA=0A
Nodal analysis (Fig. 8.67) yields -

1 1 1 1 1 20
(1) (30 4n+m)"‘ (m)vz (m)v’ 34
¥a 1 1 1 ) ' ( 1 ) ( !
—_.+_ PRI — — -_— ——— =
satzatsa/ o \qn/" - \5a/ve=0
| 1 1 {1 1.
_ (et Tﬁ)"’"(m)“‘ (?ﬁ)"* “
. FIG, 8.67 and
Defining the nodal voltages for the network
in Fig. 8.65, - 1 Vil 1 ( 1 ) ( 1
g sy R - = A o - V = ¥
. : ( + + Vi a0 V, VAL 6.67 A
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With t.hc.TI-Bg wlculm the Iop part of the determinant is determined by
the sequence in Fig, 8.68 (take note of the calculations within parentheses):

 FIG.868 : : '
T1-89 solution fqr-lhe numerator of the solution for V.

with the bottom of the determinant determined by the sequence in Fig. 8:69.

* -7 FG.869 :
I]’ 89 solurion for the denammarar of the equation for Vy. , ~

Finaﬁy. the simple division in Fig. 8.70 provides the desired result. 4

HG. 8.70

TI-89 solution for Vq.
- * : : J : "
and T n=8mV 57 2 R, 230 -
Similarly, Vo=267V _and V;=267V :
- . . 5 - o« +
and the voltage across the 5 () resistor is - 4
Vsa=Vy - V3 =267A = 267A=0V T
Smce Vm = 0V, we can insert a short in place of the. bridge arm 4—" :
without af‘fe.cung the network behavior. (Certainly V=IR = -(0) = " FiIG. 8.71
0 V.) In Fig.' 8.71, a short cirguit has replaced the resistor Rs, and Substituting the short-civcuit equivalent for-
the voltage across Ry is to be determined: The network is redrawn in the balance arm of a balanced bridge.
Fig.872,and : -
Via * JRLE dpy ltage divider rule) ) ‘
=
0= Gaj10) + @a)20) +30 ORI,
" .0 R,220
200v)  Z@0V) - . 2 in EE0 - NHZ
o T R ' ' | i
4=+ 4+ =+=
LIV b ET S 5+;2°V R20 R0 v
2(20V) 40V oy _'l' g di 1a
T 24449 1 i i '
. as obtained earlier. : .
We found through mesh analysis that .lm = ( A, which has as its equiv- . “ FIG.8.72

~ alent an open.¢ircuit a§ shown in Fig. 8.73(a), (Certainly [ = VIR = _ Redrawing the network in Fig. 8.71.
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FIG, 8.74 -

Establishing the balance criteria for a bridge

nemwork,

Fig. 8. 73(b) and

@ . , (b)
FIG.8.73
Subsnmrmg the open-mrrmr equivalent for the balance arm of a balanced bridge.

-

"0/ ) = 0 A.) The voltage across the resistor Ry is again determined

and compared with the result above.
The petwork is redrawn after combining senes etements as shown in

(6Q[30)20V) - - 2000v)

’ N galzn+30 20+30
10B8V) 3v
s 1 Rl W P
as above.

The condition Vsg = 0V or Isq = 0 A exists only for a particular re-

- lationship between the resistors of the network. Let us now derive this

relationship using the network in Fig. 8.74, in which it is indicated that
I=0Aand V =0 V. Note that resistor R, of the network in Fig. 8.73
does not appear in the following analysis.

The bridge network is said to be balanced when the condition of
I=0Aor V=0V exists.

If V= 0V (short circuit between @ and b), then

V=V
and . : IRy = IR,
LR
or - : I = *}z—l—-z-
- In addition, when V = U-V, ‘
. 3 Vi = Va
and 2 Ry = LR

‘If weset]=0A,then /3 = [, and 14 = [, with the result that the
above equation becomes -

' IRy = LRy
Substituting for /; from above yields
' fzﬁ'z ) i ¢
( R Ry fzr‘h
or, rearranging, we have

R Ry ' )
Ry Ryl » W)
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. This conclusion. states that if the mmmf RitoRsis cqual to that of R, : ;
toR.; the'bridge is balanced, and / = 0 Aor V=0V. A method of mem- R',-f/\%k
orizing this form is indicated in Fig. 8.75. 2
Pormeexampleabove R1~4ﬂ Ry =21, R3—2Q Ey=14, {;’ \\ Rn‘ R
“and \\ =S ;1 "2, = R_:
y N I
R_Ry 40 20, 5 s .
i Ry Ry 20 1Q . ' "‘g\f&
The endphasis in this section has been on the balanced situation. Un- ’ _
derstand that if the ratio is not satisfied, there will be a potential drop . +FIG. 8.75 ‘
~ across the balance arm and a current through it. The methods just de-- A visual approach to remembering
scribed (mesh and nodal analysis) will yield any and all potcnnals or ‘ the baffm't' condition.

currents desire Just as they did for the balanced situation.

AY twwens:oms- o |

reu conﬁgurauuns'arc often encountered in which the“resistors o’
not appear to be in series or parallel. Under these conditions, it may be
necessary to convert the circuit from one form to another to solve for any
unknown quantities if mesh or nodal analysis is not apphca//‘Tyo circuit
configurations that often account for :hese difficulties are the wye (YJ
and delta (4) configurations depicted in Fig, 8.76(a). They are alsore- .
" ferred to-as the teé (T) and pi (), respectively, as indicated in Fig. - ' =
8.76(b). Note that the pi is actually an inverted delta. _ :

Ry Ry

R

@). o E T g ®

FIG. 8.76
The Y (T) and A (w) configurations.

The purpose of this section is to develop the equations for converting
from A to Y, or vice versa. This type of conversion normally leads 10 a
network that can be solved using techniques such as those described in
Chapter 7. In other words, in Fig. 8.77, with terminals @, b, and ¢ held
fast, if the wye (Y) configuration were desired instead of the inverted
delta (A) configuration, all that would be necessary is a direct applica-
tion! of the equations to be derived. The phrase instead of is emphasized
to ensure that it is understood that only one of these configurations is to
appear at one time between the indicated terminals.

It is our purpose (referring to Fig. 8.77) to find some expression for
Ry, Ry, and Ry in terms of Ry, Rpyand Re, and vice versa, that will ensure FIG. 8.77-
that the resistance between any wo terminals ofthe Y conﬁgumnon wi ll “ Introducing the concept of A-Yor Y-A conversions.

.‘-. i

-
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be the same with the A configuration inserted in place of the Y configu-
ration (and vice versa). If the two circuits are to be equivalent, the total
resistance between any two terminals must be the same. Consider termi-
nals a-c in the A-Y configurations in Fig. 8.78.

b -

FIG.8.78
Finding the resistance R, for the Y and A configurations.

/ét.us—ﬂrst assume that we want to convert the A (R, Rp, R¢) to the

(Ry, Ry, R3). This requires that we have a relationship for Ry, R,, and
Rj; in terms of Ry, Rp, and R If the resistance is to be the same be-
" tween terminals @-¢ for both the A and the Y, the following must be
true; .

;?M(YJ = 'Ra-JA)

 Rg(Ry + Rc) el
that = + = - 2

so tha Roc =R + R; Rs + (Rx + Ro) (8.3a)
. Using the same approach for a-b and b-c, we -ob-txjn the following
.relationshipst

= " Rc(R4 + Rg) ,
Rep =Ry + Ry = Re + (R, + Ry) ~(8.3b)
s - : Rp + Re). :
ik b s R Ra(Rg + Rc) 830

Ry + (Rp +Rc)
Subtracting Eq. (8.3) from Bq: (8:3b), we have

ReRg + ReRy ) _ (RBRA + Rgiﬁ)

(Ry + Ry).= (Ri + Ry) = (

Ry + Ry + Re Ry +Rp + Re
: : -RiRe — RgRy i 5

5o that - Ry W R L0 8.4
N SR F Re ( ’_

Subtracting Eq, (8.4) from Eq. (8.3¢) yields _
'(mh+&k)*(&&~&h)
ARy +Rg+Re) \Ry+RotRc/.

(Ra + R) = (Rs = Ry) =

b FOP

e !

sothat. o .. S
A G T A e R
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* . resulting in the following expression for R; in terms of Ry, Rp, and R¢:

Al

ST T _ /
Ry = ‘_“‘“""—‘_RA o oy S (8.5a)

Following the same procedure for R, and R;, we have

Ry.= RsRc © (8.5b
VT Ry + Rp + Re )
"R.R
and ., Ry = e

R,|+R3+Rc

Nan’ that each rﬂixwr of the Yis equ,al' to the product of the resistors
in the two closest branches of the A divided by the sum of the resistors
in the A

To obtain the relationships necessary to convert froma Y toa'A, first
I divide Eq. (8:5a) by Eq. (8.5b): .

Ry _ (RaRp)/(Ry + R + Rc) _

Ry (RBRC)/(RA + Rg + Rc} Rr:

E _ RcRs
or T
. h LRy "R

. Then divide Eq (8:5a) by Eq. (8:5¢):

_ (RaRs)/(Ry+ Rg + Rc) Ry ~
R: (RARCl/(RA + R+ Re) Re

o o e

Substituting for R, and Ry in Eq. (8.5¢) yields
(RcRy/R)Re
(RsR¢/Ry) + (ReRy/R)) + Re

- (Ry/R1)Rc '
(Rs/Ry) ~+ (R3/Ry) + 1
Placing these over a common denominator, we obtain

Rz=

e * (RiR¢/Ry)
: 27 (RiRy + RiRy + RoR3)/(RiR,)
k. RyR3Rc
L) R]Rz + R|R3 + RzRg.
: ' RiRy + RyRs + RoR
anid Re =Dk ;3 2R3 (8.6a)
. T Ry _

We follow the same procedure for Rp and Ry:

_ RiRy + RiRy + RoRy
% -

_' (8.6b)

- {8.5¢)

&

Y-A (T} AND A-Y {r-T) CONVERSIONS |11 324
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s . 3
o— W——W—o
Ry Ry
) EP_RJ
¥ 2 - 4
o o

“\r:__:__‘r_"

(3
[+ F 3

. ) (13 v ” L1 ﬂ ”
&)

! FIG.8.79"
The relationship between the Y and T configurations
and the A and w canfigurations.

2

n ; (8.6¢)

-

#
- RiRy; + RiRy + RzR;
=1 R

and

Note that the value of each resistor of the A is equal to the sum of the
possible product combinations of the resistances of the Y divided by
the resistance of the Y farthest from the resistor to be determined.

Letus considcr what would occur if all the values of a A orY were the
same. If Ry = Rg = Rg, Eq (8.5a) would become (using R, only) the

following: . »
B oo aBE o o KiBa® _R R
> Ry+Rg+Rc Ry+Ry+Ry 3Ry 3

and, following the same procedure,

Ry Ry
R 1= T Ry = T
In gen.cra],'ﬂ'lcrefore, ; ’
R i
Ry =2 8.7
3

which indicates that for a 'Y of three equal res:'{rars. the value of each re-

sistor of the A is equal to three times the value of any resistor of the Y. If

only two elements of a Y or a A are the same, the corresponding A or Y

‘of each will also have two equal elements, The converting of equations is

left as an exercise for you,

The Y and the A often appear as shown in Fig. 8.79. They dre lhen e

ferred to as a tee (T) and a pi () network, respectively. The equations
used to convert from one form to the other are éxactly the same as those
developed for the Y and A transformation.

EXAMPLE 8.27 Convert the A in Fig, 8.80 0 2 Y.

be 3(:_ ]

FIG. 8.80
Eramp:'e 8.27.
So!ut!un.: o
e RgR¢ 2 (2002)(1002) 200 ﬂ 14
V7 Ry + Ry + Re 3on+2on+10n 60 .

"
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RaRp.  (30)(109) 3000 -

= = =50 .
B "RitRp+ R 600 - 60 :
- (200)300 ,
R, = = RaRs O o s L ) S
Ra+Rg+Rc' 600 60

‘The cquwalr:nt network is shown in Fig. 8.81.

FIG. 8.81 g FIG. 8.82

The Y equivalent for the A in Fig. 8.80, ) Example 8.28.
EXAMP@QWH’( the Y in F1g 8. 82 aA. -
Solution: ' ' ;
RiRy + RiRy + RZR;. : '
RA -
Ry
{ﬁU Q)(60 &) + (60 2)(60 ) + (60 0)(60 ﬂ)
600
_ 3600 02 + 36000 +3600 0 10,800 0 .
3 -3 60 : : 60
Ry = 18080

i—lowcver.' the three resistors for the Y are equal, permitting the use of
Eq. (8.8) and yielding '

: Ry =3Ry =3(6002) =180
and: " Rp=Re=18000

. ; ) ek FIG. 8.83
The equivalent network is shown in F:g..8‘83. . The A equivalent for the ¥ in Fig. 8.82.
EKAMPL@:M the total rcs:stance of the network in Fig. 8.84, :
where R, Ry = 3.(1 and Rp =61 o
o Two resistors of the A were equal; B
Solution: : therefore, Lwo resistars of the ¥ will
be equal —— 2
R INen 180 T
‘Rl = RRC = ( )( ) = = 1.5 ﬂ et
R3+R£+RC 30+30+60 12 =i |
30)(60 80
PR EHER B0, en'e
2 R 30)310 90 ¥ :
K WRp _(3)BQ) 9a oS0 FIG. 8,84

Ry + Rp+ Re 120 1 - Example 8.29,
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Replacing the A by the Y, as shown in Fig. 8.85, yields.
(40 +150)20+150)

Ry= 0O A 1501+ 2O+ 150)
i ;[1'+ (55Q)(3.50)
B i T T R TY
=0750+21390
Rr = 2.89 ()
‘ 'FIG. 8.85 - '
Substituting the Y equivalent for the bottom EXAMPLE 8.30 Find the total resistance of the. network in Fig. 8.86.

. Ain Fig. 8.84, :

boluﬂons: Since all the resistors of the A or Y are the same, Egs. (8.7)
and (8.8) can be used to convert either form to the other. '

a. Converting the A to a ¥: Note: When this is done, the resulting d' of
the'new Y will be the same as the point d shown in the original
figure, only because both systems are “balanced.” That is, the resis-
tance in each branch of each system has the same value:

Ry 60.
! = — = — = : i i {3
: { dmg e han (Fig. 8.87)
The network then appears as shown in Fig. 8.88. We have
i (202)(99) :
FIG. 8.86 . Ry= [29+99]F3f21n’

Example 830.

FIG. 8.87 _ FIG. 8.88
Converting the A configuration of Fig. 8.86toa . Substituring the Y configuration for the converted
Y configuration. 313 . - Ainto the network in Fig. 8.86.
o
b, Converting the Y 1o a A; .
Ry =3Ry = (3)(990) =270 (Fig. 8.89)
60)(27 Q)
“'R_T" T-=( )( )-——1620549]“
60 + 2740 33 ;
Rr(Rr + RT)  Ry2Ry . 2Ry
RT - i’ ’ + = ’ T
% W - Ryt (Rr+Ry) 3Ry . 3
L o 2(491Q) - )
. = — =32742
- FIG. 889 _ 3 :

Substituiing the converted Y configuration into the " (. Ll ‘. o
" nenwirk in Fig: 8.6, 4 I]nch checks with the previous solution.

-
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8.13 APPLICATIONS F
This sectiun discuéses the constant-current characteristic in the design of

security systems, the bridge circuit in'a common residential smoke de-
tector, and the nodal voltages of a digital logic probe.

Constant-Current Alarm Systems

The: bmc components of an a]arm system using a constant-current
supply are provided in Fig. 8.90. This design is improved over that pro-
vided in Chapter 5 in the sense that it is less sensitive to changes in
resistance in the circuit-due to heating, humidity, changes in the Jength

of the line to the sensors, and so on. The 1.5 k€) rheostat (total resis-

tance between points a and b) is adjusted to ensure a current of 5 mA
through the single-series security circuit. The adjustable rheostat is nee-

essary to compensate for variations in the total resistance of the circuit

introduced by the resistance of the wire, sensors, sensing relay, and mil-
liammeter. The milliammeter is included to set the rheostat and ensure a
current of 5 mA.

- Sensing relay
\
NIC To bell circuit
Door A g
switch Ny 15 :ﬂ@ A
10 mA
Window | movement
foil =5mA
Rheostat
0—=1.5k02
ic B
swifc': I E 10

e

FIG. 8.90
+  Constani-current alarm system.

,

If any of the sensors‘opens the current through the entire circuit drops
to zero, the coil of the relay releases the plunger, and contact is made
with the N/C position of the relay. This action completes the circuit for
the bell circuit, and the alarm sounds. For the future, keep in mind that
switch positions for a relay are always shown with no power to the net-

_work, resulting in the N/C posmon in Fig. 8.90. When power is applied,
the switch will have the position indicated by the dashed line. That is,
'various factors, such as a change in resistance of any of the elements due
to heating, humidity, and so on, cause the applied voltage to redistribute
itself and create a sensitive situation. With an adjusted 5 mA, the loading
can change, but the current will always be 5 mA and the chance of trip-
pmg reduced. Note that the relay is rated as 5V at 5 mA, indicating that
in the on state the voltage across the relay is 5V and the current through

the relay is 5 mA. Its intérnal resistance is therefore 5 V/5 mA =1 klin

this state.

APPLICATIONS 111°325



326 ||| METHODS OF ANALYSIS AND SELECTED TOPICS (dc)

Dual-In-line package
VOBATT ARUTSRRTE QUM s’ st

" on packa /-
10 u.‘lu:rm!":n;Ke

pin numbers

{ e
- 17 - 1 T
LT ICWPUTIY WUTT OUTRTE OUTRUT) meUTET e .

(b)
+ ﬁ:lh -
- Yy
+4V Roie =
0

%
()

FIG. 8 92 -
LM2900 operational amplifier: (a) dual-in- rme
paz‘kage (DIP); (b) components; () impdct of
iow-mpu& impedance, !

+5V
- Door
switch +15v . 4mA
L5V Constant- R,
Window current
foil 2 mAL 14 source
Qurput
! : 4 To alarm
. 4mAl |, bell circuit
Magnetic ; ;
swilch Op-
| = LM2900

FIG. 8.91

Constant-current alarm system with electronic components.

A more advanced alarm system using 4 constant current is illustrated
in Fig. 8.91. In this case, an eléctronic system using a single transistor,
biasing resistors, and a dc battery are establishing 4 current of 4 mA

" through the series sensor circuit connected to the positive side of an op-

erational amplifier (op-amp). Transistors and op-amp devices may be
new to you (these are discussed in detail in electronics courses), but for
now you just need to know that the transistor in this application is being
used not as an amplifier but as part of a design 1o establish a constant
current through the circuit. The op-amp is a very useful cemponent of
numerous electronic systems, and it has important terminal characteris-
tics established by.a variety of components internal to its design. The
L.M2900 operational amplifier in Fig. 8.91 is one of four found in the
dual-in-line integrated circuit package appearing in Fig. 8.92(a). Pins 2,

3, 4,7, and 14 were used for the design in Fig. 8.91. Note in Fig.

8.92(b) the number of elements required to establish the desired termi-
nal charactensuce.—tha details of whlch will be investigated in your
electronics courses.

In Fig. 8.91, the designed 15 V dc supply, biasing resistors, and trant
sistor in the upper right corner of the schematic establish a constant 4 mA
current through the circuit. It is referred to as a constant-current source
‘because the current remains fairly constant at 4 mA even though there
may be moderate variations in the total resistance of the series sensor
circuit connected to the transistor. Following the 4 mA through the cir-
cuit, we find that it enters terminal 2 (pasitive side of the input) of the
op-amp. A second current of 2 mA, called the reference current, is es-
tablished by the 15V source and resistance & and enters terminal 3 (neg-
ative side of the input) of the op- amp. The reference current of 2 mA is
necessary to establish a current for the 4 mA current of the network to be
compared against. As long as the 4 mA current exists, the operational -
amplifier provides a “high” output voltage that exceeds 13.5 V, with a
typical level of 14.2V (according to the specification sheet for the op-
amp). However, if the sensor current drops from 4 mA to a level below
the reference level of 2 mA, the op-amp responds with a “low output
voltage that is typically about 0.1 V. The output of the operational ampli-
fier then signals the alarm circuit about the disturbance. Note from the
above that it is not necessary for the sensor current to drop to 0 mA to
signal the alarm circuit—just a variation around the reference level that .
appears unusual.’ . '

One very important characteristic of this particular op-amp is that

the input impedance to the op-amp is relatively low. This feature is
Inbrndiptan: | A nap




e

important because j'du._d-on’: want alarm circuits reacting to every volt-

age spike or turbulence that comes'down the line because of external
switching action or outside forces such as lightning. In Fig. 8.92(c), for
instance, if a high voltage should appear at the input to the series con-
figuration, most of the voltage would be absorbed by the series resis-
tance of the sensor circuit rather than travel across the input terminals
of the operational amplifier—thus preventing a false output and an acti-
vation of the alarm.

I

Wheatstone Bridge Smoke Detector

The Wheatstone bridge is a popular network conﬁguration wheneve;' de-
tection of small changes in a quantity is required. In Fig. 8.93(a), the dc

—
*

pC
power

v

Rcfcréncr. .

NfC

relay ? T
; T.._ N/O

~0 4 Test module socket

o " [ To alarm /
Sensitive cireuit o

@ ‘®
1 Ceiling Reflector
; Phi?toconducﬁw :i
cells Light
(Resistance a function .. ! source
of applied light) m
I ' }—Clear
plastic
l Room Vents for the
passage of air or smoke
(c)
FIG. 8.93
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4
LED

(light-emitting
diode)

Recessed
test switch

Wheatstone bn‘&ge smoke detector: {a) de bridge configuration; (b) outside appearance; (c) internal qansrrur:r:"om
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bridge configuration uses a photoelectric device to detect the presence of
smoke and to sound the alarm. A photograph of a photoelectric smoke
detector appears in Fig. 8.93(b), and the internal construction of the unit
is shown in Fig. 8.93(c). First, note that air vents are provided to permit
the sruoke (o enter the chamber below tne clear plastic. The clear plastic
prevepts the smoke from entering the upper chamber but permits the
light from the bulb in the upper chamber to bounce off the lower reflec-
tor to the senncondnﬁtor light sensor (a cadminm’ photocell) at the left

side of the chamber. The clear plastic separation ensures that the light
hitting the light sensor in the upper chamber is not affected by the
entering smoke. It establishes a reference level to compare against the
. chamber with the gntering smoke. If no smoke is present, the difference
in response between the sensor cells will be registered as.the normal
situation. OF course, if both cells were exactly identical, and if the clear
% B 5 plastic did not cut down on the light, both sensors would establish the
o same reference level, and their difference would be zero. However, this

* is seldom the case, so a reference difference is recognized as the sign

that smoke is not present. However, once smoke is present, thefe will be

a sharp difference in the sensor reaction from the norm, and the alarm

should sound.

MR 2 g In Fig, 8.93(a), we find that the two sensors arc located on opposite:
' arms of the bridge. With np smoke present, the balance-adjust rheostat
15 used to ensure that the voltage V between points a and'b is zero volts
and the resulting current through the prtmary of the sensitive relay is
zero amperes. Taking a look at the relay, we find that the absence of a
voltage from a ta & ledves the relay coil unenergized and the switch in
the N/O position (recall that the position of & relay switch is always
drawn in the unenergized state). An unbalanced situation results in a
voltage across the cail and activation of the relay, and the switch moves
to the N/C position 1o complete the alarm circuit and activate the alarm..
Relays with two contacts and one movable arm are called single-
Jole-double- .'ﬁrmw (SPDT) relays. The dc power is required to set up

. - the balanced situation, energize the parallel bulb so we know that the
ot . system is on, and prowde the voltage from atobifan’ unbalanced situ-

ation should develop.

7 oy . ‘Why do you suppose that only one sensor isn't used, since its resis-
' tance would be sensitive to thé presence of smoke? The answer is that
the smoke detector may generate a false readout'if the supply voltage or

‘output light intensity of the bulb should vary. Smoke detectors of the

% type just deseribed must be used in gas stations, kitchens, dentist offices,
- . and so-on, where the range of ¢ gas fumes present may set off an nomzmg- )
type smoke (lelectm'

LS

[}

‘Schematic with Nodal théges

When an investigator is presented with a systcm that is down or net op-
erating pmper]y, one of the'first options is to check the system’s speci-
2% fied voltages on thc schematic. These specified voltage levels are
- : actually the nodal vnltages determined in this chapter. Nodal voltage is’
: simply a special term for a voltage measured from that point to ground,
The technician attaches the negative or lowerapcmnual lead to the
ground uf the network (often the chassis) and then places the positive or
hlgher-po{snual lead ori the specified points of the network to check the
nndal vu;tages If Lhcy malch it means that section of the system is op-

a5
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_— - Printed . .
BV 2 selieslt e TS fie:
v _bosrd - * il ’
L P @ :
/ Y kED | ;
- = a+3.5V ‘_
X
o
Rs = ol
TP -,
10 k0 LOGIC IN
; " (B ' ;
_ " FIG. 894 . i
Logic probe: (u) schemgiic with nodal voliages: (b) nenwork with global connections, (c) photagraph aof commereially m'aifﬂbl'e':rftfl.

¥ ¥
N : *

erating properly, If one or more fail to match the given values, the prob-
lem area can usually be identified. Be aware that a reading of —15.87V
is significantly different from an expected reading of + 16V if the leads
have been properly attached: Although the actual numbers seem close,
the difference is actually more than 30 V. You must expect some devia-
tion from the given value as shown, but always be very sensitive to the
resulting signof the reading. o

The schematic in Fig. 8.94(a) includes the nodal voltages for a logic !
probe used to measure tie input and output states of integrated circuit o 2
logic chips, In other words, the probe determines whether the measured
voltage is one of two states: high or low {often referred to as “on”’ or
“off” or 1 or 0). If the LOG‘!(; IN terininal of the probe is placed on a
chip at a location where the voltage is between 0and 1.2V, the voltage ' w3 s ..
is considered to be a low level, and the green LED lights (LEDs are
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light-emitting semiconductor diodes that emit light when current is
passed through them). If the measured voltage is between 1.8V and 5 V,
the reading is considered high, and the red LED lights. Any voltage be-
tween 1.2'V and 1.8 V is considered a “floating level” and is an indication
that the system being measured is not operating correctly. Note that the
reference levels mentioned above are established by the voltage divider
network to the left of the schematic, The op-amps used are of such high
input impedance that their loading on the voltage divider network can
be ignored and the voltage divider network considered a network unto
itself. Even though three 5.5 V de supply voltages are indicated on the
diagram, be aware that all three points are connected to the same supply.
The other voltages provided (the nodal voltages) are the voltage levels
that should be present from that point to ground if the system is working
. properly. . _

" " The op-amps are used to sense the difference between the reference
at points 3 and 6 and the voltage picked up in LOGIC IN. Any differ-
ence results in an output that lights either the green or the red LED. Be
aware, because of the direct connection, that the voltage at point 3 is
the same as shown by the nodal voltage to the left, or 1.8 V. Likewise,
the voltage at point 6 is 1.2 V for comparison with the voltages at
points 5 and 2, which reflect the measured voltage. If the input voltage
happened to be 170 V, the difference between the voltages at points 5
and 6 would bé 0.2 V, which ideally would appear at point 7. This low
potential at point 7 would result in a current flowing from the much
higher 5.5 V dc supply through the green LED, causing it to light and

 Indicating a low condition. By the way, LEDs, like diodes, permit cur-
rent through them only in the direction of the arrow in the symbol.
Also note that the voltage at point 6 must be higher than that at point 5
for the output to turn on the LED. The same is true for point 2 qver
point 3, which reveals why the red LED does not light when the 1.0 V
level is measured. . ;
Often it is impractical to draw the full network as shown in Fig.
8.94(b) because there are space limitations or because the same voltage
divider network is used to supply other parts of the system. In such
cases, you should recognize that points having the same shape are con-
* nected, and the number‘in the figure reveals how many connections are
' made to that point. : '
A photograph of the outside and inside of a commercially available
< logic probe is'shown in Fig. 8.94(c). Note the increased complexity of
system because ofthe variety of functions that the probe can perform.

- 8.14 COMPUTER ANALYSIS
PSpice

We will now analyze the bridge network in Fig. 8.67 using PSpice to

B ensure that it is in the balanced state. The only component that has not

" been introduced in earlier chapters is the dc current source. To obtain it,

first select the Place a part key and then the SOURCE library.

Scrolling the Part List results in the option IDC. A left click of IDC

_followed by OK results in a dc current source whose direction is toward

the bottom of the screen, One left click (to make it red, or active) fol-

.~ lowed by a right click results in a listing having a Mirror Vertically op-

. Uon. Selecting that option flips the source and gives it the diréction in
Fig. 8.67. !



e

;m *=AT0 ¥al.

o

FIG.895 ‘
Applying PSpice o the bridge network in Fig. 8.67.

The remaining parts of the PSpice analysis are preity straightforward,
with the results in Fig. 8.95 matching those obtained in the analysis of
Fig. 8.67. The voltage across the current source is & V positive to ground,
and the voltage at either efid of the bridge arm is 2.667 V. The voltage

across Rs is obviously 0 V for the level of accuracy displayed, and the

clurrent is such a small magnitude compared to the other current levels of -

the network that it can essentially be considered 0 A. Note also for the
balanced bridge that the current through R, equals that of Rj, and the
current through R, equals that of Ry. -

-

Multisim

“We will now use Multisim to verify the results in Example 8.18. All the
elements of creating the schematic in Fig. 8.96 have been presented
in earlier chapters; they are not repeated here to demonstrate how little
documentation is now necessary to carry you through a fairly complex

network.
For the analysis, both the standard Multimeter and meters from the

" Show Measurement Family of the BASIC toolbar listing were em*

ployed. For the current through the resistor Rs, the Place Ammeter
(Horizontal) was used, while for the voltage across the resistor Ry, the
Place Voltmeter (Vertical) was used. The Multimeter is reading the
“voltage across the resistor Rj. In actuality, the ammeter is reading
the loop current for the top window, and the voltmeters are showing the
_nodal voltages of the network. N e
After simulation, the results displayed are an exact match with those
in Example 8.18. '

-
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FIG. 8.96 T
p Using Multisim to verify the results in Example 8.18.

PROBLEMS 2. For the network of Fig, 8.98:
S ¥ a. Determine the currents /; and L,
SECTION 8.2 Current Sources b. Calculate the voltages V5 and V..

1. For the network of Fig, 8.97: .
a. Find the currents /, and /5.
b. Determine the voltage V,,

FIG. 8.97 s e Ly ' FIG. 8.98
Problem ], 3 _ X3 g Problem 2.



3. Find véltage V; (with polarity) across the ideal current
- source in Fig. 8.99.

8mA V

FIG. 8.99
Problem 3.

4. For the network in Fig. 8.100:
a. Find voltage V,.
b. Calculate current /.
¢. Find the source current /.

lll—

FIG.8.100 « 5
Problem#.

5, Find the voltage V3 and the current I, for the network in
Fig. 8.101.

< 3 +
06A -~ | RyZ60Y;
RI-I:GQ 1 2 R‘;d: -
. .‘: -
1:1 R, 280
L
T -
FIG. 8.101
_ “Problem 5.

6. For the network in Fig, 8.102:
8. Find the currents /, and /;.
b. Find the voltages V; and V3.

Ry
AAA
i Yy
lfl p II: 60 .
¥ b + +
v, ! R, =20 E...Tzw Ry =20V,
= ;
FIG. 8.102
Problem 6.
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SECTION 8.2 Source COnvdrsions

onvert the voltage sources in Fig..8.103 to current sources.

O\)r,.-—%’ Q_,,wa\é

@ ®»

FIG. 8.103
Problem 7.

onvert the current sources in Fig. 8.104 to voltage Lges
\i

FIG. 8.104
Problem 8.

9. For the network in Fig. 8.105:
" a Find the current through the 10 €} resistor..Nothing that
the resistance R, is significantly less than R, What vas .
the impact on the current through R;? - :
b. Convert the current source (6 a voltage source, and re-
calculate the current through the 10 () resistor.
Did you obtain the same resu 1t? .

;

o

20 A
! R,ﬁmon R 2100

t FIG. 8.105
Probiem 9.

10. For the configuration of Fig. 8.106:
a. Convert the current source to a voltage source.
b, Combine the two series voltage sources into one source.
¢. Calculate the current through the 91 Q résistor.
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Ry

E

-

‘SECTION 84 Current Sources in Parallel

FIG. 8.106
Problem 10.

“ 11. For the network in Fig, 8.107:

a. Replace all the current sources by a single current source;
b.+ Fmd the source voltage V,.

e ¥3 ' '

V, 62A "1.2A R
-
=

'FIG. 8.107
Problem 11,

< 0D8A
:; 40

12. Find the voltage V; and the current I for the network in
Fig, 8.108.

L ]

TA R,

: 3 +
40 R, Sen G)SA v,
3 i
= o i i

FIG, 8.108
‘Problem 12.

13. Convert the voltage sources in Fig. 8.109 to curent sources,
8. Find the voltage V,; and the polarity of points g and &,
b. Find the magmtude and duecuan of the current /3,

FIG. 8.109
Problems I3 and 37,

20

14.. For the netwgrk in Fig, 8.110:
a. Convert the voltage sburce to a current source.
b. Reduce the network to a single current source, and de-
termine the voltage V),
¢. Using the results of part (b), determine V;.
d. Calculate the current [;.

+ 1y -
B2
A
22k '
8|_'nh i 1 A
ViR Z6.8k0 3ImA _T.mv
- ‘—Jf,

FIG. 8.110
Pmbi_em 14,

Branch-Current Analysis

a. Using branch-current analysis, find the- ‘magnitude and

direction of the current through each resistor for the net-
work of Fig. 8.111.

b. Find the voltage V,,

FIG. 8111 . :
Problems 15, 20, 32, and 70. 5

For the network of Fig, 8.112:

a. Determine the current through the 12 £} resistor using
branch-current analysis.

b Convert the two voliage sources to current sources. and
then determine, the current thmugh the 12 Q) re%:stor

e Compare the results of parts (a) and (b).

b2

.h.lll 4
120

; .FIG.8.112
Pmbfems 16, 21, and 33
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Using branch-current analysis, find the current through 21. a. Using the general approach to mesh analysis, determine

each resistor for the network of Fig. 8,113, The resistors are - the current through each voltage source in Fig. 8.112.

all standard values. - b. Using the results of part (a), find the power delivered by
the source £; and to the resistof Ry.

3;3&“ ' . 22. a. Using the general approach to mesh analysis, determine
' A ’.9 f)/ : the current through each resistor of Fig. 8.113.

RZ56 b. Using the results of part (a), determine the voltage
; Esn v /&0) across the 3.3 k{2 resistor.

23, a. Using the general approach to mesh analysis, determine

E, :=‘ lov EJ# the current through each resistor of Fig. 8.114,
T =+ : %l"y b. Using the results of part (a), find the voltage V,.
& - \:L - *24, a- Determine the mesh currents for the network of Fig.
; FIG. 8.113 '\/ 8.115 using the general approach.

o b. Through the proper use of Kirchhoff's current law,

Problems 17, 22, and 34. L . . -

i @ : s S ) reduce the resulting set of equations to three.
. Using branch-current analysis, find the current through ¢, Use determinants 1o find the three mesh currents.
the 9.1 k{) resistor in Fig. 8.114. Note that all the resis- d. Determine. the current through each source, vsing the
tors are standard values. ! resulr.s of part (¢). :
b, Using the results of part (), determine the- wltase Ve #25, a. Write the mesh equations for the network of Fig. 8.116
v i ' using the general approach.
R _E % : b. Using determinants, calculate the mesh currents.
_'..Jw\,_-__||| ¢, Using the results of part (b), find the current through
1.2k} " oV ~ each source.
2 L
; M = 7.5kl
820 + W i
m“- - 4 ] +
Ry 9.1!:2_2 N 4P Ry <9.1 kil L By v,
I1 K R0 _| Ry Z68KN
e G- : © O E=—18V R Z33k0
Y 1.1k lﬂ_ a 2
" FIG.8.114 & _ +
Problems 18 and 23. = i
For the network in Fig. 8.115; FIG. 8.116 ’
p a. Write the equations nacemry to sulve for the branch ~  Problems25and 36.-

currents. Write the mesh equations for the network of Fig. 8.117

b. By substitution uf Kirchhoff’s current law, reduce the using the general approach.
set to three equations, b. Using determinants, calculate the mesh currents.
c. Rewrite the equations in a formai that can be solved us- ’ ¢, Using the results of part (b), caiculate the current .
4 ing third-order determinants. . * through the resistor Rs. '

d. Solve for the branch current through the resistor Rs.

Ry

AAA

bl ’

;(25
+

i

o

<

FIG. 8.115 & FIG. 8.117
roblems 19, 24, and 35. Problen 26.

L i .
7/ Mesh Analysis (General Approach) 27. a. Write the mesh currents for the network of Fig. 8.118
; . using the general approach.
Using the géneral approach to mesh analysis, determine b. Using determinants, calculate the mesh currents.
the current through each resistor of Fig. 8.111. c. Using the results of part (b), find the power delivered by

b. Using the results of part (a), find the voltage V. the 6 V source.

4,
. -
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*28. a. Redraw Ihl’.‘. network of F]g 8 119 in a manner that will

METHODS OF ANALYSIS AND SELECTED TOPICS (d¢}

A
Yy

' 6.8 k(2 2.7k81
Lw‘v""v 1 " "“
B 4.7k0N
=6V
e
e
¥ Y¥y
.
12k0 2k =9V
o 1.1 k0 T-
]t 1 iﬂ‘
L L ...I__ \r
' FIG.8.118
ye Problems 27, 38, and 71. i @

b

remove the crossover,

Write the mesh equations for the network using the gen-

eral approach, =

‘¢. Calculate the mesh currents for the network.
. Find the total power delivered by the two sources,

FIG. 8.119
Problem 28.

For the transistor configuration in Fig. 8.120:

a. Solve for the currents Iy, I, and Ig, using the fact Lhat

h. Find the voltages V. Ve, and Vg with respect 1o ground.
» What is the ratio of eutput current /¢ to input current /7
[Note: In transistor analysis, this.ratio is referred t0.as -

VBE—97Vﬁﬂd V(‘E=BV

the dc bera of the transistor (B4.).]

I
S5 “Ae

l'l'ﬂ(“’

for — 20V

T i SR R
Problem29, = g

'

25

*30. Using the supermesh npbrouh. find the current throuzh
each element of the network of Fig. 8.121.

40
1042
641 v
— 12V
+ 6 A e
-
-FIG. 8.121

Problem 30.

K

*31. Using the supermesh approach, find the current through

_each element of the network of Fig. 8.122.

"""‘M“\r i AN
L en 80
::4 ] = =
+ . IA :: 10
=ov - - :
T
=
FIG. 8122
Problem 31.
i s

SECTION 8.8 <Mesh Analysis (Format Approach)

32. 2. Using the format approach to mesh analysis, write the

3.

b,

b.
a.

I

*35,

#36.

3T 4

p',,;-

L

b,

mesh equations for the network of Fig. 8111,
Solve for the current thirough the 8 ) resisior,
Using the format approach 1o mesh analysis, write the
mesh equations for the retwork of Fig. 8.1]2.
Solve for the current through the 3 € resistor.

Using the format approach to mesh analysis, write the

“mesh equations for the network of Fig. 8.113 with three

independent suun:cs "

‘Find the current through each source of the nc:wurk

Write the mesh equations for the network of Fig. 8.115
using theformat approach to mesh gnalysis.

Solve for the three mesh currents, using determinants.
Determine the current through the 1 (2 resistor,

Write the mesh equations for the network of Fig. 8.1 16
using the furmal approach 1o mesh analysis.

-Solve for the three mesh currents, using determinants,

Find the current through each source of the network.
Write the mesh equations for the network of Fig, 8.109
using the format approach. :
Find the voltage V,; using the result of par! (a).
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*38, a. 'er-iedie mgneqnauons for the hetwork of Fig. 8.18 54V
~ - using | the format approach 10 mesh analysis. + |1|| -
", b. Solve forthe four mesh currents using determinants. iUl
“«e. Find the voltage at the common connection at the center ' :
5 .“m‘d‘*p‘,m ' ) R,%sn I 124 ° RS 200 R, S50
#39. a, Write the mesh equations for the network of Fig, 8.123 3
using the format approach 1o mesh analysis.
" b. Use determinants to determine the mesh currents.
¢, Find the voltages V, and Vj.
d. Determine the voltage V.

n]‘—

FIG. 8.125
Problems 41 and 52.

-an

42. a Write the nodal equal:ons using the general approach
i for the network of Fig. 8.126,
b. Find the nodal voltages using determinants.
c. Wha{ is the total power supplwd by the current sources?

3 : ! Ry
: = - ) ’ : i 4 n -- . i~
. PG.8A23 g N R :

 Problems 39 and 56. 5y , B ) R

e ¥ ’ ZA ‘h »
2 3 I Ri=20 mn:?-R‘s =
SE Nodal Analysis (General Approach) . i
P . L T
Write the nodal equations using the general approach i L

for the network of Fig. 8.124. ! =
b. Find the nodal voltages using determinants. : ¢
¢. Use the results of part (a) to find the voltage across the AG. 31126

3 0 rekistor. N }frobfem 42, iy
d. Use the résults of part (a) to ﬁnd the current ihrough the - . _ ) '
2 ﬂ and 4 ) Tesistors. :

b. Using determinants, solve for the nodal voltages.
¢. Determine the magnitude and polarity of the voltage

across each resistor.
> B #
AAA
VWV
24}
V)
Wy
R 3
I l 6A R, S50 I 7A n;%“ﬁs §0
FIG. 8.124 .
Problems 40 and 51. - ' FIG.8.127
Problem 43.
Write the nodal equations using the general approach -
for the network of Fig. B.125. ; *44. a. Write the nodal equations for the m:twork of Flg 8.128
b. Find the nodal voltages using determinants. using the general approach. .
¢; Using the results of part “(af, calculate the eurrent b. Solve for the nodal volages using determinants.

through the 20 () resistor. g ¢. Find the current throngh the 6 @ resistor. -

, »43. a. Write the nodal equations for the network of Fig. 8.127. E
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FIG. 8.128
Problem 44,

*45, a, Write the nodal equations for the netwcrk of Fig. 8. 129

using the general approach., |
b. Solve for the nodal voltages using determinants.
¢. Find the voltage across the 5 () resistor.

60 60
REZ30 Rs R
B < o
x AAA
. a{*
Tl anbr, 4 -
E =15V EHJA /Rz10
- 1
=
FIG. 8.129

Problem 45.

A
@}n. Write the nodal equations for the network of Fig. 8.130
using the general approach,
b, Solve for the nodal voltages using determinants.
Find the voltage across the resistor Rg.

5]

Rg

200
200 200
#% AA

" Ry Ry 40 R,
ZA 90 L
C - cRy=48Q - Lt
. 16VEDE,

FIG. 8.130
Problems 46 and 53,

*47. a. Write the nodal aquauons for the nelwork of Fig. 8. 131
using the general approach,
b. Find the nodal voltages using determinants.
@ Determine the current through the 9 (Y resistor.

% AAA AAA

Yy Yyy

n 20

an
=91, < v}
55(1)205; L ha 1y
TZDV
k-
FIG. 8.131

Problems 47, 54, and 72.

*48. a. Write the nodal equations for the network of Fig. 8.132
using the general approach and find the npdal voltages.
Then calculate the current through the 4 0N rulstor

5A

-
>4 0

-

F
: FIG. 8.132
Problems 48 and 55:

*49. Using the supernode approach, dmrrnmc the nodal volt-
ages for the network of Fig. 8.133.

100 f‘ ir_
—W—]I

_ T
2 260 T40 Fuao

=

FIG. 8.133
Problem 49.

*50. Using the supernode approach, determine the nodal volt-
ages for the network of Fig. 8.134.

I

" FIG.8.134
Problem 50,
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SECTION 8.10 Nodal Analysis (Format Approach)

51,

52,

*53.

*54. a.

*55.

*56.

a. Determine the nodal voltages of Fig. 8.124 using the
format approach to nodal analysis.

b. Then find the voltage across each current source.

a. Convert the voltage source of Fig 8.125 to a current
source, and then find the nodal voltages using the for-
mat approach to nodal analysis.

b. Use the results of part (a) to find the voltage across the
6 £} resistor of Fig. 8.125.

a. Convert the voltage source of Fig. 8.130 to a current
source, and then apply the format approach to nodal
analysis to find the nodal voltages.

b. Use the results of part (a) to ﬁnd the current through the
4 £} resistor.

Convert the voltage source of Fig. 8.131 to a current
source, and then apply the format nppmach. to nodal
analysis to find the nodal voltages.

Use the results of part (a) to find the current through the
9 () resistor.

a. Using the format approach, find the nodal voltages of
Fig. 8.132 using nodal analysis.

b. Using the results of part (a), find the current through the
2 {}resistor.

a. Convert the voltage sources of Fig. 8.123 to current
sources, and then find the nodal voltages of the resulting
network using the format'approach to nodal analysis.

b, Using the results of part (a), find the voltage between
points a and b, ’ .

b

. SECTION'8.11 Bridge Networks

57.

For the bridge network in Fig, 8.135:
a. Write the mesh equations using the format npproach
b. “Determine the current through Rs.

" ¢ Is the bridge balanced?

d. Is Eq. (8.2) satisfied?

FIG. 8.135 .
Problems 57 and 58.

For the network in Fig. 8.135:

a. Write the nodal equations using the format apprnach
b, Determine the voltage across Rs,

¢. Is the bridge balanced? : -

d. Is Eq. (8.2) satisfied? :

: ! CT)lzijR’
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59, For the bridge in Fig. 8.136:

a. Write the mesh equations using the format approach.
b. Determine the current through Rs.

c. Isthe bridge balanced?

d. Is Eq. (8.2) satisfied?

FIG. 8.136
Problems 59 and 60.

60. For the bridge network in Fig. 8.136: .

a. Write the nodal equations using the format approm:h
b. Determine the current across Rs.
c. Is the bridge balanced?

d. Is Eq. (8.2) satisfied?

\

'eiermine the current through the source resistor Ry-in
A

Fig. 8.137 using either mesh or nodal analysis. Explain why'

you chose one method over the other.

R, <1k0 R, 22k R, 22k0
-

1 =
. - Ry -
t; o A—4
¥ & 2k} >
CEZS10V R, 220 RS20

e

FIG. 8.137

Problem 61.

I

#62, Repeat Prablem 61 for the network of Fig. 8.138.

FIG. 8.138
Problem 62.
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SECTION 8.12 Y-A (T-) and A-Y {#-T) Conversions

63. Using a A-Y or Y-A conversion, find the current / for the °
network of Fig. 8.139.

b . : :
- 180
i +
20V = FIG, 8.142
=T Problem 66.
' FIG..8.139 , 67. The network of Fig. 8.143 is very similar to the two-source

Problem 63, networks solved using mesh or nodal analysis. We will now
e use 2 ¥-A conversion to solve the same network. Find the
source current [, using a ¥-A conversion.
64. Convert the A of 6.8 k() resistors in Fig. 8.140 to a T con- :
figuration and find the current /.

R R,
1.1k o e, e 6k0 o
+ E,==10V R, =6 k0 By 5V
T T I
= g
A 268k0 g
-l
- : FIG. 8.143
Problem 57.
FIG. 8.140
Problem 64. E "
65. For the network of Fig. 8,141, find the current 7 without 68. a. Replace the 7 configuration in Fig. 8,144 (composed of
using Y-A conversion. 3 k() resistors) with a T configuration.
' . . b. ' Solve for the source current /.
A
-
=20
R, =1kO k.
+
J 2 E=_20V
FIG. 8.141 i, k0

Problem 63.

66. ‘a. Using a A-Y or Y-A convetsion, find the current / in the !
- network of Fig, 8,142, FIG. 8.144
b. ‘What other method could be used to find the current /7 Problem 68,



#69. Using Y-& or A-Y conversion, determine the total resistance
of the network in Fig. 8.145. :

a__  AAM b

FIG. 8.145
Problem 69.

. SECTIONS8.14 Computer Analysis

PSpice or Multisim
70. Using schematics, find the current through cach element in
Fig. 8.111. :
#71, Using schematics, find the mesh currents for the network in
+ Fig. 8.1 18. i
*72. Using schematics, determine the nodal voltages for the net-
work in Fig. 8.131.

GLOSSARY

Branch-current method A technique. for determ ining the
branch currents of a multiloop network,

Bridge network A network configuration typically having a di-
amond appearance in which no two elements are in series or
parallel.. '

-

tntrardurtory G- 23A
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Current sources Sources that supply a fixed current 1o & net-
work and have a terminal voltage dependent on the network to
which they are applied. . :

" Delta (A), pi () configuration A network structure that con-

sists of three branches and has the appearance of the Greek
letter delta (A) or pi (). - :

Determinants method A mathematical technique for finding
the unknown variables of two or more simultaneous linear
equations. "

Mesh analysis A technique for determining the mesh (loop) cur-
rents of a network that results in a reduced set of equations
compared to the branch-current method. : 4

Mesh (loop) current A labeled current assigned to each distinet ~
closed loop of a network that can, individually or in-combina-
tion with other mesh currents, define all of the branch currents’

of a network.” Y -
Nodal analysis A technique for determining the nodal voltages
of a network. -

Node A junction of two or more branches in a network.

Supermesh current A current defined in a network with ideal
current sources that permits the use of mesh analysis.

Supernode A node defined in a network with ideal voltage
sources that permits the use of nodal analysis.

Wye (Y), tee (T) configuration. A network structure that con-
sists of three branches and has, the appearance of the capital
letter Y or T, : '

#

' f
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Qb | E CI.I! ES . Bet;ome familiar with the superpaosition theorem
e and its unique ablility to separate the impact of
each source on the quantity of interest.

» Be able to apply Thévenin’s theorem to reduce any
two-terminal, series-parallel network with any
number of sources to a single voltage source and
series resistor. ' :

"« Become familiar with.Norton’s theorem and how it
-can be uséd to reduce any two-terminal, series-
_parallel notwork with any number of sources to a
smgle i1 ant source and a parallel resistor.

» Understand how to apply the maximum power
transfer theorem to determine the maximum
-power to a load and to choose a load that will
receive maximum power. i

. Ba_ca}ne aware of the reduction powers of
Millman’s theorem and the powerful implications
of the substitution and reciprocity theorems.

9.1 INTRODUCTION

This chapter introduces a number of theorems that have application throughout lhe fi eid of
electricity and electronics. Nut on}y can they be used to solve networks such as encountered
in the previous chapten, but they also provide an opportunity to determine the impact of a par-
ticular source or element on the response of the entire system. In most cases, the network to
be analyzed and the mathematics required to find the solution are simplified. All of the theo-
rems appear again in the analysis of dc networks. In fact, the application of each theorem to ac
networks is very similar in content to that-found in this chapter.

The first theorem to be introduced is the superposition theorem, followed by Thévenin’ s
theorem, Norton's theorem, and the maximum power transfer theorem. The chapter concludes
with a brief introduction to Millman's theorem and the substitution and reciprocity theorems.

'9.2 SUPERPOSITION THEOREM ) i

The superposition theorem is unquestionably one of the most powerful in this field. It has
such widespread application that people often apply it without recognizing that their maneu-
vers are valid only because of this theorem. .

In general, the theorem can be used to do the following:

» Analyze networks such as introduced in the last chapter that .have two or more sources
. -that are not in series or pamﬂel
* Reveal the effect of each source on a particular quantity of interest.
* For sources of different types (such as dec and ac, which affect the parameters of the
network in a different manner) and apply a separate analysis for each t_)pe, with the
total resu!r simply the algebraic sum vy the resuls.
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The first two areas of application are described in detail in this section,
The last are covered in'the discussion of the superposition theorem in the

. . . _ac portiop of the text
' ; Wpcrposmon theorem states the following:
. ' The current through, or voltage across, any element of a network is

equal to the algebraic sum of the currents or voltages produced
independently by each source. -

In other words, this-theorem allows us to find a solution for a current or
voltage using only one source at a time. Once we have the solution for
* each source, we can combine the results fo obtain the total solution. The
term algebmac appea.rs in the above theorem statement because the cur-
rents resulting from the sources of the network can have different direc-

tions, just as the resulting vultagcs can have opposite polarities.
If we are to consider the effects of each source, the other sources ob-
viously must be removed. Setting a voltage source to zero volts is like

» placing a short circuit across its terminals, Therefore,

when removing a.voltage source from a network schematic, replace it
’ _ with a direct connection (short circuit) of zero ohms, Any internal
: resistance associated with the source must remain in the network.

Setting a current source lo zero amperes is like replacing it with an
open circuit. Therefore, .

= . when nemow'ng a currenl source from a uetwork schematic, replace it
by an open circuit of infinite olums, Any internal resistance associated
with the source must remain in the network.

The above statemnents are illustrated in Fig. %:1.
o : 1—‘—«: ;

L :
0o L—*@f
L
‘lG 9.1

) Removing a voltage source and a current source 1o permit the app{mamm
of the superposition theorem,

Ripy Ryt

AM
¥

=
g

Since the effect of each source will be determined independently, the
number of networks to be analyzed will equal the number of sonrces.

If a particular current of a network is to be determined, the contribution
to that current must be determined for each source. When thé' effect of
each source has beén «determined, those currents in the same direction
are added, and those havmg the opposite direction are subtracted; the al-
: gebraic sum is being determined. The total result is the direction of the
s St o  larger sum and the magnitude of the difference.

) e i 2% . Similarly, if a particular voltage of a network is to be Qctermmed the
contribution to that voltage must be determined for each source. When
the éffect of each source has been determined, thuse voltages with the
g £ PP T eyl pnlqpty are added, and those with the opposite polarity are sub-
bt X ' tracted; the algebrauc suTn is bemg determined, The total result has the

..,.l..,r Y SR B Toaf it



. Superposition cannot be applied to power effects because the power is
" related to the square of the voltage across a resistor or the current through
a resistor. The squared term results in a nonlinear (a curve, not a straight

line) relationship between the power and the determining current or volt-

" age. For example, doubling the current through a resistor does not double
the power to the resistor (as defined by a linear relationship) but, in fact,
increases it by a factor of 4 (due to the squared term). Tripling the current

.- increases the power level by a factar of 9. Example 9.1 demonstrates the
differences between a linear and a nonlinear relationship. E

A few examples clarify how sources are removed and total splutions

obtained.

9.1 8RR

rem, determine the current through

sing the superpos

ion theo

resistor R for the net g.9.2. :
b. Demonstrate that the superposition theorem is not applicable to
power levels. ' -
‘Solutions: -

a. In order to determine the effect of the 36 V voltage source, the cur-
rent source must be replaced by an open-circuit equivalent as shown

in Fig. 9.3. Thexesult is a simple series circuit with a current equal to

) E A6V .. 36V
}2 = ¥ =

SR R +R 120460 1807
~ Examining the effect of the'9 A current source requires replacing
the 36 V voltage source by a short-cireuit equivalent as shown in

Fig. 9.4, The result is a parallel combination of Tesistors R; and Ry.
Applying the current divider rule results in

s Ri(D) _ (12Q)(9A) _ 5K
b Rt R 12Q+60 o
. Since the contribution to current I ‘has the same direction for

each source, as shown in Fig. 9.5, the total solution for current /3 is
the sum of the currents established by the two sources. That is,

L=I+13=2A+6A=8A

b. Using Fig. 9.3 and the results obtained, we find the power delivered
to-the 6 (1 resistor

Py =(I)XRy) = @A)(60) = 24W

Using Fig. 94 and the results obtained, we find the power delivered
to the 6 {) resistor -

P, = (I)(Rs) = (6 AJ6Q) = 216 W

Using the total results of Fig. 9.5, we obtain the power delivered to
the 6 (1 resistor

Pr=13R; = (BA)6Q) = 384W -

It is now quite clear that the power delivered to the 6 0 resistor
using the total current of 8 A is not equal to the sum of the power
levels due to each source independently. That is,

P+ Py = W + 216 W = 200 W # Pp = 348 W

SUPERPOSITION THEOREM 111 345

9A

. FIG.9.2
Netwark to be analyzed in Example 9.1 using
the superposition theorem.

1

Current source

replaced by open circuit
R
AMA
-
r=120-» l
/ e

FIG. 9.3
. Replacing the 9 A current soitrce in Fig. 9.2 by
- an open circuit to determine the effect of the 36V
voltage source on current .

I=9A

_ FIG.9.4
Replacing the 36 V voltage source by a short-circuit
equivalent to determine the effect aof the 9 A
current source on current I,

lr1=2A 1.@:3.&
RZen map RZ60
ls"zssa
FIG. 95 Ty

Using the results of Figs. 9.3 gnd 9.4 10 determine
current I for the network in Fig. 9.2,

=
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'IEHL-_t}'
xf | &

TTh.

Fo expand on the above conclusion and further demonstrate what is
meafit by a nonlinear relationship, the power to the 6 {2 resistor ver-
sus current through the 6 () resistor is plotted in Fig. 9.6. Note that
the curve is not a straight line but one whose rise gets steeper with
increase in current level.

400

300

|
!
1
1
I
I
I
[
I
I
!
|
1
I
I
!
I
I
1
1
i
1
|

200

|
1
I
|
i

Nmﬁnemcum-
1 i ; s ,
i 1 2 3 L s 6 7 8 fm (A)
' () {I%) tp A
o =7 “UMNE : 2

Plotting power delivered to the 6 {} resistor versus current
: through the resistor.

Recall from Fig. 9.4 that the power level was 24'W for a current
of 2 A developed by the 36 V voltage source, shown in Fig. 9.6.
From Fig. 9.5, we found that the current level was 6 A for a power
level of 216 'W, shown in Fig. 9.6. Using the total current of 8 A, we
tind that the power level in 384 W, shown in Fig. 9.6. Quite clearly,
the sum of power levels due to the 2 A and 6 A current levels does
not equal that due to the 8 A level. That is,

» y x+y#z

Now, the relationship between the voltage across a resistor and
the current through a resistor is a linear (straight line) one as shown
in Fig. 9.7, with : :

c=a+b

b I®
Q-
L e e e L
Th !
] R e . i
1 1
5t t |
I 1
44 e L !
4 m | ul
b r . - ; Linear curve, | !
o S Sl I |
¥ I ] 1
. 0 I I L L —
R 12 24 6 - 48 Vig (V)
: @ ¢ 1% "
" FIG.9.7

. Plotting I versus V for the 6 0 resistor.



E 9.2 Using the superposition theorem, determine the ¢ current’
the 12 ( resistor in Fig. 9.8, Note that this is a two-source net-
work of the type examined in the previous chapter when we applied
branch-current analysis and mesh analysis.

Solutien: Considering the effects of the 54 V source requires replacing
the 48 V source by a short-circuit equivalent as shown in Fig. 9.9. The
result is that the 12 € and 4 € resistors are in parallel.

“The total rcs:stam:e seen by the source is therefore

RT«R1+RQHR3—24Q+ 120)40.= 249+3n—27n

FIG. 2.8
Using the superposition theorem 1o détermine the

and lhe source current is currentthrough the 12 §) resistor (Example 9.2).
SRy Y : ;
e == =2A
17 Ry 27D :
: t
ol e Ry : I, Ry
M A e o AW~
‘o ¥ - 1
20 . i;z i paatis 240 lh
i . / circut + ET L]
i - 3 -3
EI_T_sw R, 120 - =4V mTnre kg
. o = G = P YL
- _ e n
FIG. 9.9 K

Using the superpc'sfﬁon theorem 1o détermine the effect of the 54 V voltage source on current I in Fig, 9.8.

Using the ‘current dmdcr rule results i m the contnbution ol due to tl)e

: Silv source: - ;
i A TE (‘m)(“) =054 //’/
TR+ R, 40+ 120
If we now replace the 54 V source by a short-circuit equivalent, the
network in Fig. 9.10 results. The result is a parallel connection for the 12 ﬂ

and 24 () resistors.
Therefore, the total resistance scen hy the 48 V source is

Rp=Ry+RjR =40+ 120(240=240+80=120"

&

'R| Rg " R!
Wy i
24 6 410 [ i 40
L .
o BE .
R, =128 E, =4V s R, S 240 RZ120 E, == 48V
- -+ +
r :
= 1x___.—.._——1 s 4
; ” s g0 . -
54 V battery replaced
by short circuit \
FIG. 9.10 -

Using the superposition iheorem to determine the effect of the 48 V voltage sourc

e on current Iy in Fig. 9.8.
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l Iy=0% A a:_ld the source current is

E; 48V

: I=—"2=——=4A
RZi20 P 2S00 Ry 12 77 _ "
: Applying the current divider rule results in

Rity) — (24Q)(4 A)

T.r"z=2 67 A TJ3=1,1'H\
Ri+R, 240+120

SR

)

= 2,67 A

FG. 9.1
Using .fhe résults of Figs. 9.9 and 9.10 to determine It is now important to realize that current I; due to each source has a
current I for the network in Fig. 9.8. different direction, as shown in Fig. 9.11. The net current therefore is the
5 difference of the two and in the direction of the larger as follows:

h=I7-19=26TA—-05A =217A

i) Using Figs. 9.9 and 9.10 in Example 9.2, we can determine the other
currents of the network with little added effort. That is, we can determine all
. the branch currents of the network, matching an application of the btanch-
current analysis or mesh analysis approach, In general, therefore,.not only
# : can the superposition theorem prnwde a complete solution for the network,
but it also reveals ect of each source on the desired quanmy

+* < .
EZ=C30V IA R 260

FIG. 9.12
Two-source netwark to be analyzed using the
superposition thearem in Example 9.3,

P}té 9.3 Using the superposition theorem, determine current /,
etwork in Fig. 9.12,

Solution: Since two sources are present, there are two networks to be.

analyzed. First let us determine the effects of the voltage source by set-

- - " ting the current source to zero amperes as shown in Fig. 9.13. Note that

_L i lf’ L the resulting current is defined as 'y because it is the currem through re-
5

sistor Ry due to the voltage source only.
Due to the open circuit, resistor R is in series (and, in fact, in paral-

E=_30V R. 60

- _ « . lel) with the voltage source E. The voltage across the resistor is the ap-

T i : plied voltage, and current /') is determined by

* 3
V 30V
= st =B NV 5y
R. R 60, -
FIG.9.13 -

. Determining the effect of the'30 V supply on the Now for the contribution due to the current source. Setting the volt-
current I in Fig. 9.12, age source to zero volts results in‘the network in Fig. 9.14, which pres-

ents us with an interesting situation. The current source has been
replaced with a short-circuit equivalent that is directly across the current
source and resistor Ry. Since the source current takes the path of least re-

['—1 l _ 1.‘",_ sistance, it chooses the zero ohm path.of the inserted short-circuit-equiv-
I

++ ‘alent, and the current through R, is zero amperes. This is clearly

' A R £en demonstrated by an apphcanon of the current divider rule as follaws
' B v R, 1 0Q)
4 : Pim = i 0A
. » R+ Ry 001+6 ﬂ
2 ' Since /{ and /'] have the same defined dlrecnon in Figs. 9.13 and
N FIG. 9.14 9. 14 the total current is defined by -
Delea:mim'ng the effect of the 3 A current source on h=I'+I"=5A+0A=5A

the current Iy in Fig, 9.12.
Although this has been an excellent introduction to the application of

the superposition theorem, it should be immediately clear in Fig. 9.12 .
that the -voltage source is in parallel with the current source' and load



L

g

resmoi‘ R]. 50 the voltage across each must be 30 V. The result is that I
e b ms!hede:ermmcdsn]elyby _

“:." éh - : L% _E_ 0V

R, R, 6 S '..-
Rt 7 il l,' : i

: Wg the principle of.supcrpoéition, find the current I
ugh the-t7 k(2 resistor in Fig. 9.15. .

FIG. 9.16
. The effect of the current source I on the current L.
"I’t;e current divider rule gives.
i e Rk _ (6 k2)(6 mA)
Iy= =2mA
Ry + Ry ﬁkﬂ + 12kQ .
Consxdcnng the effect of the 9 V voltage source (Fig. 9 1?] gives
" i E 9V
& R+ Ry T 6k0 + 12k0

Smce I'y and I havé the same direction through Ry, the des:.red cur-
renl. is the sum of the two:

= 0.5 mA

Ig=fg+!2
=2mA + 0.5mA
= 2.5mA
FIRIE
+-—--9V 25
Ry Ry Iy
s 6k 12K0
12kQ
. 9y
-
§ ' d E
14k R, Z35k0Q :
Ry R,
' 14 k0 5 35 k0
- t— N
msn

' The eﬁ'ecr of the voltage source E on fhuurunr I,
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I 6mA
. FIG.9.15
¥+ Example 9.4,
& L)
’:_:.‘1 L]
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£Th.

-

v 1 Iy 0= R EXAMPl}Qﬁ/Find the current through the 2 { resistor of the network
= < ‘ in Fig. 9.18. The presence of three sources results in three different net-
BRI20 1 3A + :
e == works to be analyzed.
12v | sv=h . ;
+ Ml; T Solution: Consider the effect of the 12 V source (Fig. 9.19):
B < |
1 'y
FIG. 9.18 % $ 4 i I 10 R,
Example 9.5. : 20 .‘lil
' coage on
+ = ——t
=
“ £ -
= FIG. 9.19
The effect of E| on the current I.
E; NI . IR
== = =——=2A
. '"R+R 20+40 60
| ._t.. Consider the effect of the 6 V source (Fig. 9.20): .
” 102 R, : . -
<R E} 6V av
02! L + M= = o = 1A
T, Iﬂ. v =g, ‘ R+R 20+40Q 60
o S— = Consider the effect of the 3 A source (Fig. 9.21): Applying the current
= divider rule gives B |
FIG. 9.20 Ry _(40)3A)- 12A

The effect of E; on the current I.

| y 40
208, i
b :

Ry

FG.9.21 *}
The effect of I on the current I},

ZA .--

=

A " In+40 " 6

The total current mmugh the 2 ) resistor appears in Fig. 9.22, and

Same direction
, sl inFig 9.18.
——

‘ Iy= P4 1% Lo,
=1A+2A-2A=1A

| 1 ,

R220[7=2A |Ii=1A [M=2AWEP-p 2201 =14

Opposite direction
1o f, in Fig. 9.18

FIG. 9.22
The resultant current I,.

9.3 THEVENIN'S THEOREM

The next theotem to be introduced, Thévenin’s theorem, is probably
one of the most interesting in that it permits the reduction of complex
networks to a simpler form for analysis and design.

In generl, the theorem can'be used to do the following:

. _Amlyzé networks with sources that are piot in series or parallel.
* Reduce the number of components required to establish the same
characteristics at the output terminals.



after each change. . -
© All thaet a:

Y thesdén& thee_ﬂ'ect of changing.a particular component on the

' behavior of a network without having to analyze the entire network

j nf application are demonstrated in the examples to follow.
enin's theorem states the following:

: ny two-terminal dc network can be replaced by an equivalent circuit
consisting solely of a voltage source and a series resistor as shown in
Fig. 9.23. 4 :

' The theorem was developed by Commandant Leon-Charles Thévenin in
1883 as described in Fig, 9.24. 5

" To demonstrate the power of the theorem, consider the fairly, com-
plex network of Fig. 9,25(a) wifht its two sources and series-parallel
connegtions. The theorem states that the entire network inside the blue
shaded area can be replaced by one voltage source and one resistor as

shown in Fig. 9.25(b). If the replacement is done properly, the voltage

across, and thfcurrent through, the resistor Ry will be the same for each
fietwork. The value of Ry can be changed to any value, and the voltage,

. current, or power to the load resistor is the same for each configuration.

Now, this is a very powerful statement—one that i§ verified in the ex-

" amples to follow,

The question' then is, How can you determine the proper value of
Thévenin voltage and resistance? In general, finding the “Thévenin
resistance value is quite straightforward. Finding the Thévenin voltage

can be more of a challenge and, in fact, may require using the superposi-

tion theorem or one of the methods described in Chapter 8.~
Fortunately, there are a'series of steps that will lead to the proper value

of each parameter. Although a few of the steps may seem trivial at first,

they @an become quite important when the network becomes complex.

ThéQanin’s Theorem Iiroce_dl;ire
Preliminary: 't Rl

1. Remove that portion of the network where the Thévenin equivalent
circuit is found. In Fig. 9.25(a), this requires that the load resistor
Ry be temporarily removed from the network. \
2. Mark the terminals of the remaining two-terminal network. (The
importance of this step will become obvious as we progress
through some complex networks.)

Ry :

3. Caleulate Ryy, by first setting all sources to zero (voltage sources
are replaced by short circuits and current sources by open circuits)
and then finding the resultant resistance between the two marked
terminals. (If the internal resistance of the voltage and/or current
sources is included in the original network, it must remain when
the sources are set to zero.) ;

ETII':

4. Calculate Eqy, by first returning all sources to their original posi-
tion and finding the open-circuit voltage between the marked
terminals. (This step is invariably the one that causes most confu-
sion and errors. In all cases, keep in mind that it is the open-
circuit potential between the two terminals marked in step 2.)

- (1857-1927)
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&

FIG. 9:23
Thévenin equivalent circuit.

- FG.9.24
Leon-Charles Thévenin.
Courtesy of the Bibliothéque Ecole

Polytechnique, Paris, France.

French (Meaux, Paris)

Engineer, Cominandant and Educator
Ecole Polytechnique and Ecole Supérieure de

. Telégraphic

though acnva unhc study,and design of tele-.
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L B

lll.

l'"‘l’
E’ L -'

1 =29 Ry 260 LR,

0

i
b"

FIG. 9.26
Example 9.6,

-
260
-

L
|
-]
-

37

A

Yy

. —s b
-*- P
' FIG. 9.27
Identifying the terminals of particular

importance when applying
Thdveum s théorem.

Conclusion: i ’ .

5. Draw the Thévenin equivalent circuil with the portion of the
circuit previously removed replaced between the terminals of the
equivalent circuit. This step is indicated by the placement of the
“resistor Ry between the terminals of the Thévenin equivalent
circuit as shown in Fig. 9.25(b).

R,
— W\~
E= Vo b3
Ry
AAA
Yy =
(a) - i) : (b)
FIG. 9.25
Sub.uiruri_ng the Thévenin equivalent circuit for a complex nenwork. "

EXAMPLE 9.6 Find-the Thévenin equivalent circuit for the network
in the shaded area of the network in Fig. 9.26. Then find the current
through R; for values of 2 (2, 10 €1, and 100 0.

Solution: ; ' ’

Steps 1 and 2: These produce the network in Fig. 9.27. Note that the .
load resistor R, has been removed and thie two “holding” terminals

" have been defined as a and b.

Step 3: Replacing the voltage source El with a short-circuit equwalem
yields the network in Fig. 9 .28(a), where

: (3O)60Q) -
5. Rn"Rlliﬁz—"—‘—3_n+sﬂ—
Rj g
prid—
in

FIG. 9.28
" Determining Ry, for the network in Fig. 9.27,

The importance of the two marked terminals now begins to surface.
They are the two terminals across which the Thévenin resistance is
measured. It is no longer the total resistance as seen by the source, as
determined in the majority of problems of Chapter 7, If some difficuity
develops When dewmunjng Ry, with regard to whether the resistive el-
ements are in series or para]lcl consider recalling that the ohmmeter
sends out a trickle current into a resistive combination and, senses the



level of the resulting voltage to establish the measured resistance level.
In Fig,.9.28(b), the trickle current of the ohmmeter approaches the net-
work (hrough terminal a, and wher it reaches the junction of Ry and Ry,
it splits as shown. The fact that the trickle current splits and then recom-
. bines ‘at the lower node reveals that the resistors are in parallel as far as

" the chmmiéter réading is concerned. In essence, the path of the sensing

- current of the ohmmeter has revealedihow the resistors are connected to

" {he two terminals of interest and how the Thévenin resistance should be

determined. Remember this as you work through the various examples
in this section, d

Step 4: Replace the voltage source (Fig.'9.29). For this case, the open-

circuit voltage Egy is the same as the voltage drop across the 6 () resistor.

Applying the voltage divider rule gives ' TR

- T ey - (60Y0OV) sV
En = = - — R =
y - Rz..'{' Rl 69'1"3.“ 9
It is particularly important to recognize that Ery, is the open-circuit

potential between points a dnd b. Remember that an open circuit can-
have any voltage across it, but the current must be zero. In fact, the

6V

‘current through any element in series with the open circuit must be .

zero also. The use of a voltmeter to measure Egy, appears in Fig. 9.30,
Note that it is placed directly across the resistor Ry since. Ezy and Vg,
are in parallel. ; ¢

Step 5: (Fig. 9.31):

" P o

s R + Ry
=20 r,,=-‘2—.ﬁ%5_= LB
Ri =100~ - i,,a=5-.n—6£m=o.s.4
Ry = 1002 . ‘;’-"f?‘n_ivﬁo_b,“"‘“‘

If Thévenip's theorem were unavailable,'eacﬁ change in Ry would re-

quire that the entire network in Fig. 9.26 be reexamined to find the new

value of R;. - 4

EXAMFWF, Thévenin equivalent circuit for the network in
the shaded of the network in Fig. 9.32. -
Solution: i

Steps 1 and 2: See Fig. 9.33. ' 47 p

Step 3: See Fig. 9.34. The current source has been replaced with an
open-circuit equivalent and the resistance determined between terminals
aand b.’

In this case, an ohmmeter connected between terminals a and b sends
out a sensing current that flows directly through Ry and R; (at the same
level). The result is that R, and R; are in series and the Thévenin resis-
tance is the sum of the two, p

Rﬁ=R1+R3=4ﬁ+2ﬂ=6n-

o
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R
AAA a
Yy L a
i il i + +
; i o
+ -
Ey—==9V Rg“‘:ﬁn) Epy
TR
= =45
=
FIG. 9.29 <

Determining Eny, for the nenwork in Fig. 9.27.

R,
AAA
\AA
sn ., t
+ <
By ==9V R, 60
FIG.930 ‘

Measuring Eqy for the network in Fig. 9.2,

[}

7 FIG. 9.31
Substituting the Thévenin equivalent circuit for the
network external to R in Fig. 9.26.
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Ry R, + V=0V -

a
— i —AW—sa W
10 | 20 THRy =20 1,=0
¥ : = . * E v,
12A IR EEan Ry EE“" = Rn, I=124 ng:m _ fn
* I - e - b
FIG. 9.33 . FIG. 9.34 : - FIG.9.35
Establishing the terminals of . Determining Ry, for the network Determining Eqy, for the network in
particular interest for the network in in Fig. 9.33. Fig. 9.33,
Fig. 9.32. :
Step 4: See Fig. 9.35. In this case, since an open circuit exists between
. _ the two marked terminals, the current is zero between these términals
Wy = a and through the 2 () resistor. The voltage drop across R, is, therefore,
Rpyp=6 ]
‘ + . e : Vz =Ry = {O)Rz =0V
— Epn =48V Ry <701 " -
i g and En =Vi = IR, = IR, = (12A)(4Q) = 48V

b ' Ste 5 SeeFl "y
= ) . P 3 /
! 5

£ 9,58 m&gviﬁl;)uﬁhc Thévenin equivalent circuit for the network in
aded area Of the network in Fig. 9.37.Note in this example that

Substituting the Thévenin.equivalent circuit in th
network external to the resistor Ry in Fig. 9.3

: ' re is no need for the section of the network to be preserved to be at the

‘end” of the configuration. L -

o _
5 / : Au
4 L . 'l"‘!'
e L J_
rR=60 RS = LS
l:p ": T"‘ ..20
' " FIG.9.37
Example 9.8.
! . Solution:
2 _ Steps I and 2: See Fig. 9,38,  +
i Ry b
AAA /
'] l Ty
Y
W - <
[R=60 S8V R 320
. +
oo
v = N
- - ' .
AR w FIG, 9.38 gy

lden!{ﬁ:mg the terminals of pamcular interest for the network
in ng 9.37.
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-

T

: R, - Circuit redrawn:
AAA, —: :
17" 4"
¢

= ol ; X

= n
R, 260 Ry Ry=2
R ; % b . “Short ggmdited"

_F_'wﬁ-""

Rr=00]20 =080

FIG. 9.39 ,
Determining Ry, for the network in Fig. 9.38.

= ; .

Step 3: See Fig. 9.39. Steps 1 and 2 are relatively easy to apply, but now
we must be careful to “hold” onto the terminals a and b as the Thévenin
resistance and voltage are determined. In Fig. 9.39, all the remaining el-
ements turn out to be in parallel, and the nétwork can be redrawn as
shown. We have .~

' 6040 240 "
fR”_R‘”Rz_GIHAQ_ e

B X .
; = — ].'.i'l.' ﬂ '
a I as ; : . 1 .

_ 40
1 \'\—,_j -
Em Ep Ri=60 E =8tV ' RZ20
*,,-—.\ -+
be + +
=

: FIG. 9.40
Determining Ey for the nefwork in Fig. 9.38.
Step 4: See Fig. 9.40. In this casc, the nclyoi‘k can be redrawn as shown
in Fig. 9.41. Since the voltage is the same across parallel clements, the

voltage across the series resistors R and R is Ey, or8 V. Applying the '

voltage divider rule gives

S RE__(6D)EY) 48V _
’/En__RI+§£F6II+4ﬂ_ T

Step 5: See Fig. 9.42.

The importance of marking the terminals should be obvious from
Example 9.8. Note that there is no requirement that the Thévenin

_ voltage have the same polarity as the equivalent circuit originally in-
troduced. '

Jf-';l / "

Ry <40
> -
- E =8V Ryg20
Ep RiZ60 x
+
' = :
FIG. 9.41
Nerwork of Fig. 9.40 redrawn.
‘v‘r‘v a
l R“ =240
_—_::.9,,,-4,_5\? R, 230
T o
N = b.
FIG.9.42

'.S‘ubsrr‘ming the Thévenin equivalent circuit for the
network external to the resistor Ry in Fig. 9.37."
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Solution: _
Steps 1 and 2: See Fig. 9.44.

of a-b to produce the configuration in Fig. 9.45(b).

Step 3: See Fig. 9.45. In this case, the short-circuit replacement of the
voltage source E provides a direct connection between ¢ and ¢’ in Fig.
9.45(a), permitting a “folding” of-the network around the horizontal line

FIG. 9.44
Identifying the terminals of particular interest for the
) nerwaork in Fig. 9.43. : .

AAA a
LAA
Ry =50
=fn =6V Sk
i1 L]
b
[ fh
FIG. 9.47

Substituting the Thévenin equivalent circuit for the

network external to the resistor Ry, in Fig. 943,

P Ry

Ren = Ra-p =Ry || Ry + Rz || Ry
=60[30+40[120
=20+3N0=50

FIG. 9.45 '
Solving for Ry, for the network in Fig. 9.44.

Step 4: The circuit is redrawn in Fig. 9.46. The absence-of a direct con-
nection between a and b results in a network with three parallel
branches. The voltages V) and V; can therefore be determined using the

voltage divider rule:

RE* _(6)(72V) 432V

S T U T e Tk
i RE . (12Q)(72V) mgmvmﬂv‘
YT Ri+R, 120+40 16 )

+

. i <
[ OViRZ6N KL R 2o v,

+ i + E - -
EZ=_NV C\E s ™o e
s \ a \
ik - . -
VR 230, Ry Z40

FIG. 9.46
Determining Ey for the network in Fig. 9.44.

- Asstiming the polarity shown for’En, and applying _K:irt:hhcﬁ‘s volt-
age law to the top loop in the clockwise direction results in

ECV=+E—,~;,+-V1—V;=0 o

and Em=Vy— V=54V —48V =6V

" Step 5: See Fig. 9.47. ) o
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" ‘Thévenin's theorem is not restricted to a single passive element, as
“shown in the preceding examples, but can be applied across sources,
whole branches, portions of networks, or any circuit configuration, as
" shown in the following example. It is also possible that you may have to
use one of the methods previously described, such as mesh analysis or _
.superposition, to find the Thévenin equivalent circui.

Steps 1 and 2: See Fig: 9,49, The network is rcdrawn
Step 3: Scc Fig. 9.50.

Rey =Ry + Ry f|Rz||R3

=14kQ + 08kQ[4kO| 6K
=14k0 + 0.8k0[|24k0
=14k + 0.6 k0

=2k !

Sfep 4: Applying superposition, we will consider the effects of the volt-
age source £ first. Note Fig. 9.51. The open circuit requires that V; =
LRy = (R, =0V, and

E'm=Vs
Rr=Ry)||Ry =4k ]| 6k0) =24KQ
Applying the voltage divider rule gives
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E 0410V '
Ry
AWy
14KkQ
R, < 08KkQ Ry =6kN Ry
Ej0-6V =
FIG. 9.48
Example 9.10.
Ry
: 2 ‘M l
) 1.4 k)
R Soska 24k £
= Ry 6Kk0
_i_esvfz T 1ov . T,,
FIG. 9.49

Identifying the terminals of particular interest for
the network in Fig. 9.48.

: Ry
RTE, _ -(24KkQ)(6V) 144V o A 1
s i by = _— i R i 1
12.4k) + 0.8 k() 2.2 R =05k’ = 4k0 ; 1.4k a
E'Ty =V3-45V Ry 2 6k Ry
Fogthe pisiite E;, the network in Fig. 9.52 results. Again, V; = !4}24 = i
=0V, :
(O)Ry = 0V, and __ =
' E'm =V,
; o FIG. 9.50
Rr=R | Ry = 0.8k2 6 k2 = 0.706 k2 Determining Ry for the nenwork in Fig. 9.49.
RYE 0.706 kQ)(10V) 7,06V :
b - Yy menlit _ (0706 k2)(10V) s sa
R+ Ry 0706kl +4kQ  4.706
' E" Th = V3 =15V h o
= Wt + Vi -
R, Li=D L=0- R
w" ) "“"Y
R . 1.4%01 l i 1.4 k02 l -
mToskn 40 L - RiZogen Sk L + ,
e R Z6X v, EY, 3 RyZ6K vy E'n,
E=6V - + E=10V = -
T r : r
- 4.—
FIG. 8.51 FIG. 9.52
Determining the contribution to Epy, from the Determining the contribution to Eqy, from the
source Ey for the network in Fig. 9.49, source E for the netwerk in Fig. 9.49. 3 :



388 ||| NETWORK THEOREMS

R

_Wv
l- 2k0 .
Eny = Ry
+
=

FIG. 9.53°
Subm.'mm g the Thévenin equivalent circuit for the
" network external to the resistor R in Fig. 9.48.

(a)

Since E'r and E"ny, have opposite polarities,
Epy =Em — E'm
=45V —-15V
=3V  (polarity of E'r)

Step 5: See Fig. 9.53.

Experimental Procedures X

Now that the analytical procedure has been described in detail and a sense
for the Thévenin impedance and voltage established, it is time to investigate
how both quantities can be determined using an experimental procedure.

Even though the Thévenin resistance is usually the easiest to deter-
mine analytically, the Thévenin voltage js often the easiest to determine
experimentally, and therefore it will be examined first.

Measuring Er; The network of Fig. 9.54(a) has the equivalent
Thévenin circuit appearing in Fig. 9.54(b). The open-circuit Thévenin
voltage can be determined by simply placing a voltmeter on the output ter-
minals in Fig. 9.54(a) as shown. This is due to the fact that the open circuit
in Fig. 9.54(b) dictates that the current r.hmugh and the voltage across the
Thévemn resistance must be zero, The result for Flg 9.54(b) is that

-VW =Eq = 4.5V
In general, therefore,

the Thévenin voltage is determined by cannectmg a vobmerer ro the
oulput terminals of the network. Be sure the internal resistance of the
voltmeter is significantly more than the expected level of Ry

e OAIB‘?S‘D

+
Ep, =45V

-

@)
FIG. 9.54 '

Meaturing the Thévenin voltage with a valimeter: (a) actual network; (b) Thévenin equivalent.

-

Measuring Ry, _

' Using An Ohmmeter Tn Fig. 9.55, the sources iri Fig. 9.54(a) have been
set to zero, and an ohmmeter has been applied to measure the Thévenin re-

sistarice. In Fig. 9.54(b), it is clear that if the Thévenin voltage is set to zero

volts, the shmmeter will read the Thévenin resistance directly.
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& 'RZ
_AAA
— WYYy
l in
b Ry
- Ll
&40 B
= £

@
" FiG. 9.55

Measuring Ry, with an ohmmeter: (a) actual network; (b) Thévenin equivalent.

In general, therefore,

the Thévenin resistance can be measured by setting all the sources to
sero-and measuring the resistance at the output terminals.

_ It is important to remember, however; that chmmeters cannot be used
on live circuits, and you cannot set a voltage source by putting a short
circuit across it—it causes instant damage. The source must either be set
to zero or removed entirely and then replaced by a direct connection. For
the current source, the open-circuit condition must be clearly estab-
lished; otherwise, the measured resistance will be incorrect. For most
situations, it is usually best to remove the sources and replace them by
the appropriate equivalent.

Using a Potentiometer 1f we use 4 potentiometer to measure the
Thévenin resistance, the sources can be left as is. For this reason alone,
this approach is one of the more popular. In Fig. 9.56(a), & potentiometer

has been connected across the output terminals of the network to estab-
lish the condition appearing in Fig. 9.56(b) for the Thévenin equivalent.
If the resistance of the potentiometer is now adjusted so that the voltage
across the potentiometer is one-half the measured Thévenin voltage, the
Thévenin resistance must match that of the potentiometer. Recall that for
a series circuit, the applied voltage will divide equally across two equal
series resistors. / -

If the potentiometer is then disconnected and the resistance measured
with an ohmmeter as shown in Fig. 9.56(c), the ohmmeter displays the
Thévenin resistance of the network, In general, therefore,

the Thévenin resistance can be measured by applying a potentiometer
to the output terminals and varying the résistance unti! the output
voltage is one-half the measured Thévenin voltage. The resistance of
the potentiometer is the Thévenin resistance for the network.

Using the Short-Circuit Current ' The Thévenin resistance can also be
determined by placing a short circuit across the output terminals and find-
ing the current through the short circuit. Since ammeters ideally have zero
internal ohms between their terminals, hooking up an ammeter as shown
in Fig. 9.57(a) has the effect of both hooking up a short circuit across the

*

(b}
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Rz Rn
AWy ‘Nr.
10 1.875 0
Ry L+ ¢
IC’>SAR‘ 40 ' Ep =45V
; E=n
+
; = +

(a) ) (b)

(c)

: ) FIG. 9.56
Using a potentiometer to determine Ryy: (a) actual network; (b) Thévenin equivalent; (c) measuring Ry

Ry

AAN

Yy

1,875 .

g +
i BAR =401 Eq = 4.5V
v
(a) (b)

. FIG. 9.57
Determining Ryy using the short-circuit current: (a) actual network; (b) Thévenin equivalent.



.'Imﬁinajs'and'measuring the resulting current. The same ammeter wis

_connected across the Thévenin equivalent circuit in Fig. 9.57(b).

Ona pmctical level, it is assumed, of course, that the internal resistance '

of the ammeter is approximately Zero chms in comparison to the other re-

sistors of the network. It is also important to be sure that the resulting cur-

rent does not exceed the maximum current for the chosen ammeter scale.
In Fig. 9.57(b), since the short-circuit curreat is
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I 5c R ..
Th
the Thévenin resistance can be determined by
E FIG. 9.58 .
Th
Ry =—=— Edward L. Norton, |
R Reprinted with the permission of

i JBell P
In general, therefore, Lucent Technologies, Inc./Bell Labs

American (Rockland, ane Summil, New Jersey)
(18981983 « 2
- Electrical Engineer, Sdenllst, Inventor
Department Head: Bell Laboratories
Fellow: Acoustical Socmty and lnsun.m: of Radio

the Thévenin resistance can be delermmed by hooking up an
ammeter across the output terminals to measure the short-circuit
current and then using the open-circuit voltage to calculate the '
Thévenin resistance in the following manner:

L Exglnem 2 L it
Vae | . : i Althnrugh mtm'nated primarily in  communications
Rpy = N (9.1) . Gircuit theory and the transmission of data at high
i X speeds over telephone lines, Edward L, Norton is

best: rmnmbewd for dqvelopmam of the dual of
: equluleﬁt gircuit, currently referred 1o s

on's equvakm circuit. In fact, Norton and his.
AT, Tmtheearly 1920s are recognized
the ﬂrst to pgrfarm wor‘l: appl ying ..

As aresult, we hzwe three ways to measure the Thévenin resistance of a
configuration. Because of the concern about setting the sources to 2€ro
in the first procedure and the concern about current levels in thc Tast, the
second method is often chosen.

can be determined by Norton’s theorem (Fi
through the conversions of Section 83.
The theorem states the followi

Any two-terminal linear bilateral dc network can be replaced by an
equivalent circuit consisting of a current source and a parallel _
resistor, as shown in Fig. 9.59. !

The discussion of Thévamn s theorem wuh respect to the equivalent
circuit can also be applied to the Norton equivalent circuit, The steps
leading to the proper values of Iy and Ry are now listed.

® In E: Ry
Norton's Thuoum Procaduro : ey
Preliminary: <= == A
1. Remove that portion of the netwark across which the Normn '
equivalent circuit is found. - FIG.9.59
2. Mark the terminals of the remaining two-terminal network. Norton equivalent circuit.
Ry,

3. Calculate Ry by first setting all sources to zero {wkaga sources
are replaced with short circuits and current sources with open
circuits) and then finding the resultant r(:.'.suum between Ihl two
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a
AMA
Ty o
in
\ ¥ - b
E_T_gv R;E:Eﬂ 31?,_
3 b
FIG. 9.61
Ezample 9.11.
Ry
I'A‘Il' ®.q
30 Z
+ .
EZ9vV  RS60

" FIG.9.62

ldentifying the terminals of particular interest for the

nerwork in Fig. 9.61.

R,
AN g

in
-~ P
R, 260 T Ry
. b

=
FIG. 9.63

Determining Ry for the network in Fig. 9.62. .

Iy Ry Ix Iy _ Short-,

'T Shoﬂcimiwd i it

c o E L R
Dﬂemml’ng LG fr)r the neiwork in Fig. '9.62,

+ Ry = Ry

= En 7 IRy

el
P —
-

) FIG. 9.60 ]
Converting between Thévenin and Norton equivalent circuits.

inarked terminals. (If the internal resistance of the voltage and/or
current sources is included in the original network, it must remain

_when the sources are set to zero.) Since Ry = Ryy, the procedure
and value obtained using the approach described for Thévenin’s
theorem will determine the proper value of Ry. .

-

IN.'

4. Calculate Iy by first returning all sources to their original position

*“ and then finding the short-circuit current between the marked
terminals. 1t is the same current that would be measured by an
ammeter placed between the marked terminals.

Conclusion:

5. Draw the Norton eqmwa!ent circuit with the portion of the circuit
previously removed replaced between the rermals of the equivalent
circuit.

* The Norton and Thévenin equivalent circuits can also be found from

each other by using the source transformation discussed earlier in this

chapter and reproduced in Fig, 9.60.

o

Solution: o’ :
Steps 1 and 2: See Fig. 962 ’ d‘;
Step 3: See Fig. 9.63, and - wl

| b At e (Ba)6ea) - 180 R

RN~R1IIR;—-30.|!GR R =20 -

Step 4: See Fig. 9.64; which’ clearly indicates that the short-circuit con-
nection between terminals a and b is in parallel with R; and eliminates its
effect. [y is therefore the same as thrqugh R;‘ and the full battery voltage,
appears across R, since

y = LRy = (0)6 ) =OV

Therefore, : fiad

Step 5: Seé Fig. 9,65/ This circuit is the same as the first one considered
in the development of Thévenin's theorem, A simple conversion indi-
cates that the Thévenin circuits are, in fact, the same (Fig, 9.66).
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; o 5 . . g Rpy= Ry=20 =
S R e . 4 _
e o > # ¢ I bl [
1 r - . b : . &
. = b . <
. ~ FIG.9.65 : : FIG. 9.66
_ Subsrituting the Norton equivalent circuit for the Converting the Norton _eqwiwr!'enr cireuit in Fig. 9.65 10 a
nerwork external to the resistor Ry in Fig. 9.61. ; Thévenin equivalent circuit.
L]
lR'I
AMAA ‘
UAAJ
50 ra 50 -
of a
"I ¥
Ry 40 10A k=90 L 10A
- : s b
¥ : b ¥
FIG. 9.67 FIG.9.68 RN
* Example 9.12, Identifying the terminals of f . T
g Y particular interest for the network in R,
Fig. 9.67. RES
. ; S B : PR P
Step 3: See Fig. 9.69, and ' ' i ) .
3 ¢ b—p O—=

Re=R +R=50+40=90 KA i)

R
Step 4: As shown in Fig. 9.70, the Norton current is the same as the cur- F
rent through the 4 () resistor. Applying the current divider rule gives & o B

' ¢ = -
R (50)10A) s0A - ,
Iy = : = =556 A
NTR AR, s0+4Q 9 ot ; o ~FIG. 969 _
oy g . Determining Ry for the nerwork in
Step 5: See Fig. 9.71. 47 Fig. 9.68.
R ] "
50 | —a @
a .
> & 56 3 90
RzEE"ﬂ o 5 R:E: Iy 556A Ry=910 = R,
[ b
b _ - + 2
FIG. 9.70 FIG. 9.71

Substituting the Norton: equdvalent clrcuir for the
Herwork external to the resisior Ry in Fig. 067

Determining Iy for the nerwork in Fig. 9.68. .
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R =40 '
1 8A R, =260
-+
=

FIG. 9.73
n'demgﬁung the terminals of particular in-
terest for the network in Fig. BT

=]

o—
L

=40

: 260 " Ry
- : T
FIG.9.74
Dererim'ng Ry for the nerwork in Fig. 9.73,
i Siwn :ir\cuited a
I'y l Iy \
R=4Q :
b R, <6 Iy
i GARE! |
= b
FIG. 9.75
Determining the contribution 1o Iy from the voltage
sourece E),
Short eircuited
F N a
e e '
” ~
RI 4an 4 » .
i BA R, 260 A 1Y
Iy,
1y I
» ——f
= b
. FIG.8, n
Determining the contribution to Iy from the curfm
- sourcel,

.

i 1
il

EXAMPL MOumes) Find the Norton equivalent circuit for
the portion of the network to the left of a-b in Fig. 9.72.

R 240 . RZeq
I 8A R, =60 R, =100
+ . -
E|-:._?V i Ez—_—__-ll\f
g E:
= ' b

b

FIG. 9.72
Lxample 9.13.

Solution:

~ Steps 1 and 2: See Fig. 9.73..‘

Step 3: See Fig. 9.74, and
(406 ) 20

= = =240
RN RJHR: 40)60 = d0+60 - 10 2
Step 4: (Using superposition) For the 7'V battery (Fig. 9.75),
2 £ 7V 5
Iy = T T 1L75A

For the 8 A source (Fig. 9.76), we find that both R and R; have been
“short circuited™ by the direct mnnecnon between a and &, and

T 8A
The result is. -
' Iv=Iy-Iy=8A-175A = 625 A
Step 5: See Fig. 9.77. :

-1

t R] _gn
i 6.25A E-.exszm . R=Z100

By =12V

o
b

-

FIG. 8.77
Sub.rriru:iug the Normn equivalent circuit for the network to the :'aﬁ of
terminals a-b in Fig. 9.72,

Experimental Procedure

The Norton current is measured in the same way as dascribed for the
short-circuit current (/) for the Thévenin network, Since the Norton
and Thévenin resistances are the same, the same procedures can be
followed as described for the Thévenin network.



9.5 MAXIKIUM POWER TRANSFER THEOREM
Weh des gnmg a circuit, it is often important to be able to answer one
of the following questions:
What load should be applied to a system to ensure that the load is
receiving maximum power from the system? -

Conversely:

For a particular load, what conditions should be imposed on the
source to ensure that it will deliver the maximum power availa!g!e?

Even if a load cannot be set at the value that would result in maxi-,

mum power transfer, it is often helpful to have some idea of the value
that will draw maximum power so that you can compare it to the load at
‘hand. For instance, if a design calls for a load of 100 £, to ensure that the
load receives maximum power, using a resistor of 1 {) or 1 k{} results in
a power transfer that is much 1éss than the maximum possible. However,
using a load of 82 () or 120 {2 probably results in a fairly good level of
power transfer. : ;

Fortunately, the process of finding the load that will receive maxi-
mum power from a particular system is quite straightforward due to the
maximum power transfer theorem, Which states the following:

A load will receive maximum power fmni a network when its
resistance is exactly equal to the Thévenin resistance of the network
(9.2)

applied ta the load. That is,
|
) v

In other words, for the Thévenin equivalent circuit in Fig. 9.78, when the
load is set equal to the Thévenin resistance, the load will receive maxi-
mum power from the network. -
Using Fig. 9.78 with Ry = Ry, We can determine the maximum
power delivered to the load by first finding the current: ¥
- En

o ~_Em: _ Em
L Rpw+ Ry Ryt Rmy 2Rmy

r

Then we substitute into the power equation:

Er \? EXR
Py = IR, = (J:I) (Rpy) =~

and " (9.3)

To demonstrate that maxinmum power is indeed transferred to the load
under the conditions defined above, congider the Thévenin equivalent
circuit in Fig. 9.79. : ,
Before getting into detail, however, if you were to guess what value of
Ry would result in maximum power transfer to Rz, you might think that
the smaller the value of Ry, the better it is because the current reaches a
maximum when it is squared in the power equation. The problem is, how-
ever, that in the equatiaﬁ P, = IfRy, the load resistance is a multiplier.
As it gets smaller, it forms a smaller product. Then again, you might sug-
gest larger values of Ry because the output voltage increases, and power
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+ -
E'RL?RH !

ARA

—Epn

: FIG. 9.78
®Defining the conditions for maximum power io a
load using the Thévenin equivalent circuir,

FIG. 9.79 '
Thévenin equivalent network to be used io validate
the maximum power trangfer theorem.
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and the power by

.
is determined by P, = VZ/Ry. This time, however, the load resistance
is in the denominator of the equation and causes the resulting power to

decrease. A balance must obviously be made between the load resistance
and the resulting current or voltage. The following discussion shows that

maximum power transfer occurs when the load voltage and current
are one-half their maximum possible values,

For the circuit in Fig. 9.79, the current through the load is determined by

e Em _ 60V
" Rm+R. 90 +R,

The voltage is determined by

v, = RiEm . Rif60V)
L R Ry B+ Ry

{ 60V \? © 3600R;,
3 P, = IR =( ._..) G - T Ot
. Pr=1IfRy 50+ R, (Rr) GO+ R
If we tabulate the three cjuantities versus a range of values for Ry from

0.1 0210 30 2, we obtain the results appearing in Table 9.1. Note in par-
ticular that when Ry, is equal to the Thévenin resistance of 9 (), the power

TABLE 9.1
. e e
R.() s < Py W) 1.(A) Vi (V)
0.1 4,35 " 6.60 0.66
02 - 85l 652 | 1.30
R 1 1. 1994 | 6.32 .16
1 3600 | 6.00 © 600
5 9l - 59.50 546 _ 10.91
3 ©75.00 5.00 15.00
4 85.21 4.62 1846
5 91.84 | 4.29. ' 21.43
6" 96.00 4.00 A 24.00
7 9844 | Increase  3.75 | Decrease  26.25 | Increase
8 .- 9965V 353 Y R L DR
9 (Rzy) = 100.00 (Maximum) 3,33 (I;yae/2) 30,00 (Ezy/2)
10 99.72 316 31.58
11 99.00 300 [ © o 33.00
12 . 9796 | . 2,86 ; 34.29
13 196.69 \ 278 ; 35.46
4 95,27 | . 2.61 36:52
"15 93.75 o 2.50 13750
16 92.16 | w2l [t e AR.40
0 i - L e e | ) 39.23
18 = 88.89. FRna ) B . 40,00
19 T2 AN T 40.71
20 85.61 S ¥ 41.38
25 18 E LR A
30 1 I 1.54 - Ty 46,18
A0 8008 L 22 4898 |
200, e 3080 1 DB A b e SERE G
S00 695 |Decrease 0.12 | Decrease ~ $8.94 | Increase
:5'4 -v .. A D.Dﬁ_' {r & L {’ RS -

1000 C g, - 59.47
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Py

10

50+

a0

10

0 A T O T I 30 R ()

FIG.9.80 :
P versus Ry for the network in Fig. 9.79.

has a maximum value of 100 W, the current is 3.33 A, or one-half its
‘maximum value of 6.60 A (as would result with a short circuit across the -
output terminals), and the voltage acrgss the load is 30 V, or one-half its
maximum value of 60 V (as would result with an open circuit across its
output terminals). As you ‘can see, there is no question that maximum
power is transferred to the load when the load equals the Thévenin value.

* The power to the load versus the range of resistor values is provided
in Fig. 9.80. Note in particular that for values of load resistance less
than the Thévenin value, the change is dramatic as it approaches the
peak value, However, for values greater than the Thévenin value, the
drop is a great deal more gradual. This is important because it tells us
the following: - .

If the load applied is less than ihe Thévenin resistance, the power to
the load will drop off rapidly as it gets smaller. However, if the applied
load is greater than the Thévenin resistance, the power to the load
will not drop off as repidly as it increases.

For instance, the power to the load is Bt least 90 W for the range of
“about 4.5 01109 £ below the peak value, but it is at least the same level
for a range of about 9 () to 18 €} above the peak value, The range below
the peak is 4.5 (2, while the range above the peak is almost twice as
much at 9 0. As mentioned above, if maximum transfer conditions can-
not be established, at least we now know from Fig. 9.80 that any resis-
tance relatively close to the Thévenin value results in a strong transfer
of power. More distant values such as 1 £ or 100 Q result in much
lower levels, )

It is particularly interesting to plot the power to the load versus load
resistance using a log scale, as shown in Fig. 9.81, Logarithms will be
discussed in detail in Chapter 21, but for now notice that the spacing
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01 02 05 1 2 34567810 203040, 100 1000 R, ()
& S————
Rp=Rp=90 Log scale
FIG, 9.81

Py versus Ry for the nerwork in Fig. 9.79,

between values of Ry, is not linear, but the distance, between powers of
ten (suchas 0.1 and 1, 1 and 10, and 10 and 100) are all equal, The advan-
tage of the log scale is that a wide resistance range can be plotted on a
relatively small graph, . :

Note in Fig. 9.81 that a smooth, bell-shaped curve results that is sym-
metrical about the Thévenin resistance of 9 £, At 0.1 (2, the power has
dropped to about the same level as that at 1000 Q,and at 1 ) and 100 0,
the power has dropped to the neighborhood of 30 W.

Although all of the above discussion centers on the power to the load,
it is important to remember the following: :

The total power delivered by a supply such as Eq, is absorbed by both
the Thévenin equivalent resistance and the load resistance. Any
power delivered by the source that does not gel to the load is lost to
the Thévenin resistance. :

Under maximum power conditions, only half the power delivered by the
source gets to the load. Now# that sounds disastrous, but remember that
Wwe are starting out with a fixed Thévenin voltage and resistance, and the
above simply tells us that we must make the two tesistance levels equal
if we want maximum powerto the load. On an efficiency basis, we are
working at only a 50% level, but we are content becatse we are getting

- maximum power out of our system.

* The dc operating efficiency is defined as the ratio of the power deliv-
ered to the load (Py) to the power delivered by the source (P,). That i,

7% = £ x 100% ©.4)
5

For the situation where R, = . Rt =
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35t 'R, = Ry
- 3 - -"
ffl:* E- kRL X 100% ]
4l s 1 L 1 i - Rt
0 10 2 40 60 80 - 100 Ry () 3

_ FIG. 9.82 " , i
Efficiency of operation versus increasing values of Ry. :

_ For the circuit in Fig. 9.79, if we plot-the efficiency of operation ver-
sus load resistance, we obtain the plot in Fig. 9.82, which clearly shows
that'the efficiency continues to rise to a 100% level as R; gets larger.
Note in particular that the efficiency is 50% when Ry = R : _

. To ensure that you completely understand the effect of the maximum Power flow
power transfer theorem and the efficiency criteria, consider the circuit in ' ;

" Fig. 9.83, where the load resistance is set at 100 Q and the power to the
Thévenin resistance and to the load are calculated as follows:

E T
= RH-TRL;- msfrwd = fo.i)\;z =iim
with Pr,, = IZRm = (550.5mAYY(9 Q) =2.73W '
and P, = I2R, = (5505 mA)X 1000) =303 W
The results clearly show that most of the power supplied by the bat- =

tery is getting to the load—a desirable attribute on an efficiency basis.

" However, the power getting to the load is only 30.3 W compared to the
100 W obtained under maXimum power conditions. In general, there-
fore, the following guidelines apply:

If efficiency isthe overriding factor, then the load should be much '
larger than the internal resistance of the supply. If maximum power
transfer is desired and efficiency less of a concera, then the '
conditions dictated by the maximum power transfer theorem should
be applied. - 2

FIG. 9.83 A
Examining a-circuir with high efficiency buta
relatively Jow level of power to the load_‘ '

G
A relatively low efficiency of 50% can be tolerated in situations where
power levels are relatively low, such as in a wide variety of electronic
systems, where maximum power transfer for the given system is usually
more important. However, when large power levels are involved, such as
\ at generating plants, efficiencies of 50% cannot be tolerated. In fact, a A
great deal of expense and research is dedicated to raising power generating ' ‘
and transmission efficiencies a few percentage points. Raising an effi-
ciency level of a 10 MKW power plant from 94% to 95% (a 1% increase)
can save 0.1 MKW, or 100 million watts, of power—an enormous saving.
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!
vy }
Iy ) RH'.:.: Z?RL = Ry
L N
T FIG 9.84

Defining the conditions for maximum power 10 a
load using the Norton equivalent circuit.

.

b

In all of the above discussions, the effect of changing the load was
discussed for a fixed Thévenin resistance, Looking at the situation from
a different viewpoint, we can say - :

if the load resistance is fixed and does not match the applied
Thévenin equivalent resistance, then some effort should be made (if
possible) to redesign the system so that the Thévenin equivalent
resistance is closer to the fixed applied load, .

In other words, if a designer faces a situation where the load resistance is
fixed, he or she should investigate whether the supply section should be

 replaced or redesigned to'create g closer match of resistance levels to

produce higher levels of power to the load.
For the Norton equivalent circuit in Fig. 9.84, maximum power will

be delivered to the load when _

This result [Eq. (9.5)] will be used to its fullest advantage in the analysis

of transistor networks, where the mast frequently applied transistor cir-

cuit model uses a current source rather than a voltage source, !
For the Norton circuit in Fig. 9.84,

(9.6)

E)(AMPLE\W”@:. battery, and laboratory supply are
connected to resistive load Ry, in Fig. 9.85.

a. For each, determine the value of R, for maximum power transfer to Ry

b. Under maximum power conditions, what are the current level and
-the power to the load for each configuration?

¢. What isthe efficiency of operation for each supply in part (b)?

d. Ifaload of 1 k) were applied to the laboratory supply, what would
the power delivered to the load be? Compare your answer to the

. level of part (b). What is the level of efficiency?”
e. For each supply, determine the valueof R; for 75% efficiency.

(a) dc generator 3 (b) Battery . (c) Laboratory supply
~ FIG. 9.8%
Example 9,14,
- Solutions;

-, ]

a. For the dc sen_erator.. :
! TRy =Ry =Ry =250
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Forthe 12‘\! c.urbaltery‘
Fiact '_ -,RL—Rﬁ—Rln.uoosn ;
. For ! shz dclabom!ory supply - Z

A Ry =Ry =R =200
b. “For the dc generator,
E E? 120 V)2
Pros = 4}3;; Y S1(2.5 r.i) 2 sl
Por Lh’e 12V car battery, '
By B (12 V)
Prow = 4R-n, = Rm 40050)°
For the de laburatory suprply. _
p B (40V)
Lo = “4Rrn TaR, 4(20Q) -
They are all operating under a 50% efficiency levebbecause Rp= Rm
d The power to the load is determined as follows:
E 4V 4V
Rm + R 200+ 10000 10200
and . PL= {f& (39. 22mA)2(IODD Q) =154 W

The power le.vcl is sigmﬁcantiy less than the 20 W achieved in
: part (b). Theeﬁiciencylevel is i

=720 W

=20W

o

=192 mA

i

AR o : 54\ 1.54 W
Gp = t % b4 = % 100% = ——— 7 X 100%
n% = 5 X 100% = =Er T x| @ V)(39.22 mA)
:saw .
x = 98.
1 7w 100% = 98.09%

which is. mn:kedly l;igher than whmved under maximum power
conditions—albeit 4t the empense of the power level. :
[ For the d generator, - -

= & —-R—— (n in decimal form)
"R Rntk 1
2T Ry
and’ . S
" T R R

ﬂ(Rn s RL) =R
nRr; + MRL = Ry
Ry (1 = n) = nRny,

and o iR.= :"f”ﬂ , ©.7)
Ry = . 7.5-0
1-0.75
For the battery,
o 0750050) _ o0

1-0.75



372 |11.NETWORK THEOREMS : ' ﬁ

For the laboratory supply, : .
0.75(20 Q) :
L -0

LY I\/ ///

EXAMPLE\9.15 analysis of a u-ansismr-netwark resulted in the re-
duced equivalenydn Fig. 9.86.

> "
£ 10mA £, 240k R, @ Find the load resistance that will result in maximum power transfer

_ . to the load, and find the maximum power delivered, '
= T b. If the load were changed to 68 k0, would you expect a fairly high
'level of power transfer to the load based on the results of part (a)?
FIG. 9.86 * What would the riew power level be? Is your initial assumption

Example 9.1 5, verified? =
: ¢. If the load were changed to 8.2 k(), would you expect a fairly high
level of power transfer to the load based on the results of part (a)?
What would the new power level be? Is your initial assumption
verified? ; '

Solutions:
a. Replaci ng the cutrent source by an open-circuit equivalent results in

Restoring the current source and finding the open-circuit voltage at
the output terminals results in

Emy = Voo = IR, = (10 mA)(40 k}) = 400 v
For maximum power transfier to the load,
’ Ry = Ry, = 40 kO
with a maximum power level of
Ef, (400 V)2
PLm.u = e— e — x
, 4Rry  4(40k0) _ :
b. Yes, because the 68 k0 load is greater (note Fig, 9.80) than the
40 kS2 load, but relatively close in magnitude.

Ep 400 V 400
: . I = — = — = =37
. T Rpt R, 20K +68K0 - 08kn = T mA
Pp=1fRy = (3.7 mA)(68 kO = 0.93 W _
. Yes, the power level of 0.93 W compared 10 the | W level of pai‘t (a)

R
7 J\j‘ o ; verifies the assumption.
( c s 480 ¢. No, 8.2 kf) is quité a bit less (note Fig. 9.80) than the 40 k) value,
T b 400 V _ 400V '
E =48V 2 Rig’fmn L Ren + R, 40KQ + 82k0  482kQ - S5 MA
]T o e « PL=IR = (83mA)¥82K0) =057 W
ol Yes, the power level of 0.57 | eompared to the 1 W level of part (a)
= verifies the assumption, K
de supply g
" FIG.987 . EXAMPLE 906 I Fig- 987, a fixed load of 16 (2 is applied 10,4 45 v

de supply with a fixed 16 0 lead (Example 9.16).  “supply Wwith an internal resistance of 36 ().
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‘a. For the conditions in Fig. 9.87, what is the power delivered to the

- “load-and lost to the internal resistance of the supply? "

b. If thie designer has some control over the internal resistance level of
“the supply, what value should he or she make it for maximum power
to the load? What is the maximum power to the load? How does it
compare to the level obtained in part (a)?

¢. Without making a single calculation, find the value that would result > ’ N
in more power to the load if the designer could change the internal :
resistance to 22 {2 or 8.2 {1, Verify your conclusion by calculating

" the power to the load for gach value, .
Solutions:
N,
: E 48V v ‘
a. I ol =023.1 mA

LTR TR, 60+160 520
Py, = 1ZR, = (923.1 mA)’(36 Q) = 30.68 W
PL=IfR, = (923.1 mA)%16 () = 13.63W

b. Be careful here, The quick response is to make the source resistance
R, equal to the load resistance to satisfy the critéria of the maximum
power transfer theorem. However, this is a totally different type of
problem from what was examined earlier in this section. If the load
is fixed, the smaller the source resistance Ry, the more applied volt- -
age will reach-the load and the less will be lost in the internp] series

" resistor. In fact, the source resistance should be made as small as

possible. If zero ohms were possible for R, the voltage across the
load would be the full supply voltage, and the power delivered to the .
load would equal ' :

vi _ (48V)? ¢
Pp=—= = 144 W
LRy 160
3 : 5
which is more than 10 times th¢ value with a source resistance of

. 360 ;
" c. Again, forget the impact in Fig. 9.80: The smaller the source resis-
tance, the greater is the power {o the fixed 16 () load. Therefore, the
8.2 () resistance level results in a higher power transfer to the load

than the 22 () resistor. ; _ 3 ‘Y
ForR, = 82Q ] : e : 4
kL 48V ¢ 48V : - ;

i = - . = = ], A

LS R +R,Bzo+ 160 2a P FIG. $.88 \M
and P, = IR, = (1.983 A)H(16 Q) = 62.92 W Example 9.17.  °

" ForR, =220 _ it . , -
2 ' 48V
I 2 i = = 1263 A

“R+R 20+160 38Q

and PWM A)Y(160) =2552 W
_,J"_-‘\

2
EKAMBI:E/&M network in Fig. 9.88, find the value of

R; for maximum power to the load, and find the maximum power {0
the load.

Solution: The Thévenin resistance is determined from Fig. 9.89; —— FIG. 9.89 !
e ) Determining Ry, for the nerwark external to resisior
Ry =R+ R, +R3=30+100+20=150 . Ryin Fig. 9.88.
. . L]

Intraritiotary G 25A ) i dar, o .
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-V, =0V +
I=0

FIG. 9,90 )
Determjning Ery, for the network external to resisior
Ry in Fig. 9.88.

sothat . : "Ro=Rp =150
The Thévenin voltage is determined using Fig. 9.90, where
Vi=V3=0V and V;=5LR, = IR, = (6A)(100) = 60V
Applying Kirchhoff's voltage law gives

. : V= E+Ep =0

and Ep=Vy+E=60V +68V =128V

with the maximum power equal to

P Ehy —Mmmom /
boa = 3Ryn  4(15 K2 i _

9.6 MILLMAN’S THEOREM

Through the application of Millman’s theorem, any number of para]]el
voltage sources can be reduced to one. In Fig. 9.91, for example, the
three voltags sources can be reduced to one, This permits finding the
current through or voltage across R;, without having to apply a method
such as mesh analysis, nodal analysis, superposition, and so on: The the-
orem can best be described by applying it to the netwark in Fig. 9.91.
Basically, 'hree steps are included in its application,

*

R!é.
e IE R, wsndys
- + +
B = = By =
é — - q‘_“
FIG.9.91

Demonstrating the effect of applying Miliman's thearem.

:')'."t’p /: Convert all vollagk sburces to current sources as outlined in Sec-
tion 8.3, This is performed in Fig. 9.92 for the networx in Fig. 9.91.

4

‘ “@EIGI_GI ' fh BEG G Iy -’5351 Gs%

i El E

" (7) ) » .

} A 1, Py
FIG. 9.92

Canverting all the sowrce: in Fig, 9.9] to current sources.

Introductory, C.-258
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Step 2: Combine parallel current sources as described in Section 8.4...

The r:sulm:g network is shown in Fig. 9.93, where
.I.'=!|+f2+l3 and GT'EG;"‘G‘}'FG‘_;

Step 3: Convert the resulting current source to a voltage source, and the
desired single-source network is obtained, as shown in Fig. 9.94.

In general, Millman’s rhecrem states that for any number of parallel
voltage sources, 8

£ dr _xhEhrlhix - xly
© Beg Gr GI'I"G;"‘_G_q'f' o+ Gy
= IE;G;i Eng'.";.E3Gj .. iENGNE
or ) E“I_ = 61 E Gz + GJ, + -+ GN ) (9-8]_

The plus-and-minus signs appear in Eq. (9.8) ta include those cases
where the sources may not be suppiymg energy in the same direction.
(Note Example 9.18.)

The equivalent resistance is

MILLMAN'S THEOREM 111 3?;5

L : |
G‘.—;-.. RL$

i

i

L Cinikia

FIG. 9.93

Reducing all the current sources in Fig. 9.92 10 a
single current sonrce.

1 1
== - 9.9
Rﬂ]'GT G+ Gy +G3+ -+ Gy 09
In terms of the resistance values,

« B Ez Ly, L En

o R3 ~ Rw
o T : (9.10)

o e s it o, e

) R R Ry
Req = - : ' (9.11)

and Ul 15 N S Ea o
R2 RN |

Because of the relatively few direct steps required, you may find it
easier to apply each step rather than memorizing and employing Eqgs.
(9.8) through (9.11).

EXAMPLE 9.18 Using Millman’s theorem, find the current through
and voltage across the resistor Ry in Fig. 9.95.

. Solution: By Eq (9.10),

Ei_Ey Es

"R, Ry Ry
WETL L

R, R, R: ;

The minus sign is used for Eo/R; because that supply has the oppositc

polarity of the other two. The chosen reference direction‘is therefore
that of E; and E;. The total conductance is unaffected by the direction,
and

Gy
'RL.
I
€] e EIT
FiG. 9.94 h
Converting the current source in Fig. 9.93 to a
voliage source,

. FIG.8.95
Example 9.18.
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Eq =21V

FIG. 9.96
The result of applying Miliman’s theorem to the
network in Fig. 9.95.

=10 R,=60

fTh.

__.__—+_,_
p 80 40 "30 _ _2A-4A+4A
=T 11T T 025+0258+ 058
50740 " 20
=224 v
0955
! B
= = = 1050
Wil gty . 1. 0958

— s P
50 40 20
The resultant source :s shown in Fig. 9 96, and

211V 211V
If-_‘ 1.05.(1+3n_‘4.osn.”05“

with Vi= IR, = (0.52A)(3 Q) =1.56 V

EXAMPLE 9.19 Letus nﬁw cénsider the type of problem encountered

~ in the introduction to'mesh and niodal analysis in Chapter 8. Mesh analy-

sis‘was applied to the network of Fig. 9.97 (Example 8.12). Let us now

' Ry=20 ed 10 |
" *_ . i - use Millman's theorem to find the current through the 2 ) resistor and
! :T' 3 ’_T- compare the results.
e Solutions: f
: . _ a. Letus first apply each step and, ini the (b) solution, Eg. (9.10). Con-
FIG. 8.97
Example 9.19. - verting sources yields Fig. 9.98."Combining sources and parallr:{
e conductance branches (Fig. 999) yields |
515 5 20
I=L+L=5A+-A=—"A+>-A="
i S 3 At T
. 6 1 7
Gr=G1+ Gy = 1S+—S=—S+~ =—8
R el TR
10 6083 ' G =1 <
i K60 R220 z ViF T 2A GTIs Rg20
hi{iA '
= -
FIG. 9.98 . . FIG.9.99
Converting the sources in Fig. 9.97 fo current Reducing the current sources in Fig. 9.98 ~
sources, ; ) fo a single source.
Re R Converting the current source 1o a voltage source (Fig, 9.100), we obtain
: i .‘:zﬂ \ 20 £ .
. i A g
B ewy, Sl 37 600 40
e, R Gy 7 S (3){7 gl
T 6 \
-
: - 1 1 .
.. FG.ef0 and Mz_m_zég ’
Converting the cierrent source in Fig. 9.99 Gr- 7 .

to a voltage source.
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“-s'o_t'lufyz-.
<=t - 40 40
i 0, 40
Eeq 7 < 7v 40V .
bo= TR, .6 e R
b =R Eesan g

which agrees with the result obtained in Example 8.18.
b. et us now simply apply the proper equation, Eq. (9.10); *

5V 10V 30V 10

<

+ = = —
g 0 60 _40
St L g e T
12760 ' 60 60 :
and % s
» 1 - 1 S,
Ryg = = o — ==
T T L Ty T
107 60 60 60 6

_ which are the same values obtained above.

The dual of Millman's theorem (Fig: 9.91) appears in Fig. 9.101. It can
be shown that I,y and Req, as in Fig. 9.101, are given by

CEhR £ LRy * IRy
L. = 9.12).
= Rl + R‘z + R} . ( z)
“and 5 ¥ Rq=Ri +Ry+Ry| = ° 013 .
The derivation appears as a problem at the end of the chapter. g _ i _ )

FIG. 9.101 _ . ..
The dual effect of Millman's theorem.

9.7 SUBSTITUTION THEOREM

R
The'substitution theorem states the following: _“ilv R
If the voltage across and the current through any branch of a dc ¥ i : 6n | l &
bilateral network are known, this branch can be replaced by any EE-0V Ry =240 12V
combination of elements that will maintain the same voltage across = -
and current through the chosen branch. . b

More simply, the theorem states that for branch equivalence, the ter- _
minal voltage and current must be the samé. Consider the circuit in FIG. 9.102. .
Fig. 9.102, in which the voltage across and current through the branch - Demonstrating the effect-of the substitution theerem.

-

.Y
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+

?l;a T+

£
JER

Mh—oc=

7l ¥ o 20
R B Y 1
= 12% 1A 12V +| 12V "
‘l b V=
b ~ % b bﬁ
FIG. 8.103

Equivalent branches for the branch a-b in Fig. 9.102.

a-b are determined. Through the use of the substitution theorem, a
number of equivalent a-a' branches are shown in Fig. 9.103, '
Note that for each equivalent, the terminal voltage and current are
the same. Also consider thut the response of the remainder of the
circuit in Fig. 9.102 is unchanged by substituting any one of the equiv- -
alent branches. As demonstrated by the single-source gquivalents in
Fig. 9.103, a known potential difference and current in a network can
be replaced by an ideal voltage source and current source, respectively.
Understand that this theorem cannot be used to solve networks with
(wo or more sources that are not in series or parallel. For it to be ap-
plied, a potential difference or current value must be known or found
using one of the techniques discussed earlier. One application of the
theorem is shown in Fig. 9,104, Note that in the figure the known poten-
tal difference V was replaced by a voltage source, permitting the isola-
tion of the portion of the network including Rj, Ry, and Rs. Recall that
this was basically the approach used in the analysis of the ladder net-
work as we worked our way back toward the terminal resistance Rs,

AAA
. ¥Yy

"+ FIG. 9.104 |

Demonstrating the effect of knowing a voltage at some point in a complex network,

The current source equivalence of the above is shown in Fig. 9.105,
where a known current is replaced by an ideal current source, permitting
the isolation of R, and Rs, ' :

i “ ' FIG.9.105 g
Demonstrating the effect of knowing a current at some point in a complex network,




Recall from the discussion of bridge networks that V= Oand [ = 0
were replaced by a short circuit and an open circuit, respectively. This
substitution is a very specific application of the substitution theorem.

9.8 RECIPROCITY THEOREM

The reciprocity theorem is applicable only to siagle-source networks,
It is. therefore, not a theorem used in the analyvsis of mu'tisource net-
works described thus far. The theorer states the following:

The current I in any branch of a network due tv a single voltage
source E anywhere else in the network will equal the current through
the branch in which the source was originally located if the source is
placed in the branch in which the current 1 was originally measured. '

In other words, the location of the voltage source and the resulting
current may be intérchanged without a change ir current. The theorem
requires that the polarity of the voltage source have the same correspon-
dence with the direction of the branch current in each position.

1 AV 1..‘ _
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'W\'__‘ ]

i

=
Lo
i

b-].‘
B F)]

FIG. 9.106
Demonstrating the impact of the reciprocity theoreim.

In the representative network in Fig. 9.106(a), the current [ due to the
voltage source E was determined. If the position of each is interchanged
as shown in Fig. 9.106(b), thé current / will be the same value, as indi-
cated. Tc-demonstrate the validity of this statement and the theorem,
cansider the network in Fig. 9.107, in which values for the elements of

. Fig. 9.106(a) have been assigned

The total resistance is

Rr= R, + Ra|/(Ry + Ry) = 2Q+60jE0+40)
=n0+6060=120+32=150

d —_ e = ——e— T
- Is Rr 15Q A4
" 3A -

with -I=-—-2 =15A

For the network in Fig. 9.108, which corresponds to that in Fig.
9,106(b), we find : E

R]."=R4+R3+R1“Rg
—40+20+ 12060 =108

!

d L L, (Y
an R — = e
“T R 100 L
* _(6Q)(#5A) _45A _

so that 1 SA

T 1no+60 3

which acrees with the above.

" b ] N

FIG. 9.107
' Finding the current I due to a source E |

"
!
!

|

FIG.9.108
Juterchanging the location of E and I of Fig. 9. 107 10
demonsirate the validiry of the reciprocity theore:
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RiZ08KQ Ry, =4k0 ' Rpy -

FIG. 9.110
Network to which PSpice is to be applied to
determine Eqy and Ry,

v

i,

The uniqueness and power of this theorem can best be demonstrated
by considering a complex, single-source network such as the one shown
in Fig.9.109. .

FIG. 9.109
Demaonstrating the power and uniqueness of the reciprocity theorem.

9.9 COMPUTER ANALYSIS

Once you un:icrsland the mechanics of applying a software package or
language, the opportunity to be creative and innovative presents itself.
Through years of exposure and trial-and-error experiences, professional
programmers develop a catalog of innovative techniques that are not only
functional but very interesting and truly artistic in naturé. Now that some
of the basic operations associated with PSpice have been introduced, a

few innovative maneuvers will be made in the examples to follow.
.

”PSpice

Thévenin’s Theorem  The application of Thévenin's theorem requires
an interesting maneuver to determine the Thévenin resistance. It is a ma-
neuver, however, that has application beyond Thévenin’s theorem when-
ever a resistance level is required. The network to be analyzed appears in
Fig. 9.110 and is the same one analyzed in Example 9.10 (Fig. 9.48).
Since PSpice is not set up to measure resistance levels directly, a 1.A
curtent source can be applied as shown in Fig. 9.11], and Ohm's law can

~ be used to determine the magnitude of the Thévenin resistance in the fol-

lowing manner:

= |V,] (9.14)

[Rya| = {{5‘ = ‘-]%:

In Eq. (9.14), since /, = 1 A, the magnitude of Ry in ohms is the same
as the magnitude of the voltage V; (in volts) across the current source.

. The result is that when the voltage across the current source is displayed,

it can be read as ohms rather than volts, -

When PSpice is applied, the network appears as shown in Fig. 9.111,
Flip the voltage source E; and the current-source by right-clicking on the
source and choosing the Mirror Vertically option. Set both voltage .
sources to zero through the Display Properties dialog box obtained by
double-clicking on the source symbol, The result of the Bias Point sim-
ulgtion is 2 kV across the current source. The Thévehin resistance is
therefore 2 k() between the two terminals of the network to the left of
the current source (to match-the results of Example 9.!09. In total, by



i FIG. 9.111 i
Using PSpice to determine the Thévenin resistance of a network through the
application of a 1 A current source.

* setting fhe voltage source to 0 V, we have dictated that the voltage is the
same at both ends of the voltage source, replicating the effect of a short-

" circuit connection between the two points. - -
‘For the open-circuit Thévenin voltage between the terminals of in-
terest, the network must be constructed as shown in Fig. 9.1 12. The

. FIG. 98.112
Using PSpice lo determine the Thévenin voliage for a network using a very
large resistance value 1o represent the open-circuit-condition between
Aot the terminals of interest. ;

COMPUTER ANALYSIS 111381
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T Th

resistance of 1 T (=1 million M) is considered large enough to repre-
Sent an open circuit to permit an analysis of the network using PSpice.
PSpice does not recognize floating nodes ard generates an error signal
if a connection is not made from the top right node to ground. Both
voltage sources are now set on their prescribed values, and a simulation
results in 3 V across the 1 T resistor, The open-circuit Thévenin voltage
is therefore 3 V, which agrees with the solution in Example 9,10,

Maximum Power Transfer The procedure for plotting a quantity
versus a parameter of the network is now introduced. In this case, the
output power versus values of load resistance is used to verify that max-
imum power is delivered 1o the load when its value equals the series
Thévenin resistance. A number of new Steps are introduced, but keep in
mind that the method has broad application beyond Thévenin's theorem
and is therefore well worth the learning process. 2

The circuit to be analyzed appears in Fig. 9.113. The circuit is con-
structed in exactly the same manner as described earlier except for the
value of the load resistance, Begin the process by starting a New Project

labeled PSpice 9-3, and build the circuit in Fig. 9.113. For the moment,
do not set the value of the load resistance.

- U/~ GCHEMATCL PAGEL] o7 D&-m
acro  Pipice  Arcessories Optiens  Windaw Heip e

cddence [-sTx]

BERENEREQED -

e X Wit

orcwc.pmas-p-m'_
Eile Edt Yiew Jools Place

{Rva} -
[ Rl N 1
&Mm:;hmd g . 55«51;;_;2.50 ¥=0. |
L e - —— ~ N,
FIG.9.113

Using PSpice to plot the power to Ry fora raﬂ:ge of values for R;.

The first step is to establish the value of the load resistance as 4 vari-
able since it will notbe assigned a fixed value. Double-click on the value
of RL, which is initially 1 k0, to obtain the Display Properties dialog
box, For "’nlue, type in {Rval} and click in place. The brackets (not
parentheses) ‘are required, but the variable does riot have to be called

- Rval-—it i'__s_ihc‘ choice of the user. Nex_t_ select the Place part key to
obtain the Plat_e Part dialog box. If you are not already in the Libraries :

5



list, choose: Add Library and add SPECIAL ta the list. Select the
SPECIAL library and scroll the Part List until PARAM appears. Select
it: then click OK to obtain a rectangular box next to the cursor on the
screen. Select a spot near Rval, and deposit the rectangle. The result is
PARAMETERS: as shown in Fig. 9.1 13, _ _

- Next double-click on PARAMETERS: to obtain a Property Editor
dialog bex, which should have SCHEMATIC1:PAGE]1 in the second
colummn from the left. Now select the New Column option from the top
list of choices to obtain the Add New Column dialog box. Under Name,
enter Rval and under Value, enten1 followed by an OK to leave the dia-
log box. The result is a return 1o thé Property Editor dialog box but
-with Rval and its value (below Rval) added to the horizontal list, Now
select Rval/l by clicking on Rval to surround Rval by a dashed line and

add a black background around the 1. Choose Display o produce the

Display Properties dialog box; and select Name and Value followed by
OK. Then exit the Property Editor dialog box (X) to display the screen
in Fig. 9.113, Note that now the first value (1 Q) of Ryal is displayed.

We are now ready to set up the simulation process. Under PSpice,
celect the New Simulation Profile key to open the New Simulation di-
alog box. Enter DC Sweep under Name followed by Create. The
Simulation Settings-DC Sweep dialog box appears. After selecting
Analysis, select DC Sweep under the Analysis type heading. Then
leave the Primary Sweep under the Options heading, and select
Global parameter under the Sweep: variable. The Parameter name
should then be entered as Rval. For the Sweep type, the Start value

should be 1 {; but if we use 1 ), the curve to be generated will startat .

1.0, Jeaving a blank from 0 to 1 ). The curve will look incomplete. To
solve this problem, select 0.001 £} as the Start value (veryclose 10 0 ()
with an Increment of 1 €2, Eater the End value as 30.001 ) to ensure
a calculation at R = 30 Q. If we used 30 €} as the end value, the last
calculation would be at 29.001 Q since 29.001 Q-+ 10 = 30.001 0,
which is beyond-the range of 30 £2. The values of RL will therefore be
0,001 £2,1.001 ©,:2.001 Q, ... 29.001 0, 30,001 £, and so on, al-
' though the plot will look as if the values were 0 0, 1, 203, 29 0, 30
(), and so’on. Click OK, and select Run under PSpice to obtain the dis-
play in Fig. 9.114. \ '
Note that there are no plots on the graph, and that the graph extends to
32 ) rather than 30 {) as desired. It did not respond with a plov.of power
versus RL because we have not defined the plot of interest for the com-
puter. To do this, select the Add Trace key (the key that has-a red curve
peaking in the middle of the plot) or Trace-Add Trace from the'top
‘menu bar. Either chaice results in the Add Traces dialog box. The most
“important region of this dialog bax is the Trace Expression listing at the
bottom. The desired trace can be typed in directly, or the quantities of in-
terest can be chosen from the list of Simulation Output Variables and
deposited in the Trace Expression listing, To find the power to RL for
the chosen range of values for RL, select W(RL) in the listing; it then
appears as the Trace Expression. Click OK;, and the plot in Fig. 9.115
appears. Originally, the plot extended from 0 {1 to 35 0. We reduced the
range to 0 Q0 to 30 {1 by selecting Plot-Axis Settings-X Axis-User De-
fined 0 to 30-OK. . .
Select the Toggle cursor key (which li. an arrow sct in a blue back-

ground), and seven options will open to the right of the key that include -

Cursor Peak, Cursor Trough, Cursor Slope, Cursor Min, Cursor
Max, Cursor Point, and Cursor Search. Select Cursor Max, and the

v
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{BUw 10 o Bonietor Doiw ot oo s oo iy cidence -2 x

FIG.9.114

: Plot resulting from the de sweep of By for the network in Fig. 9.1 13 befirre
b ' i defining the pavametersto be displayed,
L e Y T p— cidence -4 x

"Brneesas |

“
(2L d - i . YRS emdunr (RCTAN
COTZA T ¥ e 90 e e AT §» 18,4 Teth ) w2 o ""_\.- A

- FIG.-8.115

A plot of the power delivered 10 R in Fig. 9.113 for a range of values for Ry,
. ¢ extending from 0 () 10 30 0,

Probe Cursor dialog box at the bottom right of the screen will reveal
where the peak dccurred and the power level at that point. Note that A1
is 9.001 to reflect a load.of 9 2, which equals the Thévenin resistance.
The maximum power at this point is 100 W, as also indicated to the
right of the resistance value. The Probe Cursor box can be moved to
any position on the screen simply by selecting it and dragging it to the
desired position. A second cursor can be generatéd by right-clicking the
mouse on the Cursor Point option and moving it to a resistance of
i ; 30 £). The resultis A2 = 30 0, witha power level of 71.005 W, as shown
on the plot. Notice also that the plot generated appears as a listing at the
' oL bottom left of the screen as W(RL). :
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Multisim

- 3 AA )
Superposition  Let us now apply superposition to the network in o |l
~ Fig. 9.116, which appeared earlier as Fig. 9.2 in Example 9.1, to permit + g
a comparison of resulting solutions. The current through R is to be de- E=-36V R; 5:6 n I 9A
termined. With the use of methods described in earlier chapters for the - 'T
“application of Multisim, the network in Fig. 9.117 results, which allows
us 1o determine the effect of the 36 V voltage source. Note in Fig. 9.117 =
that both the voltage source and current source are present even though %
we are finding the contribution due solely to the voltage source. Obtain Apphiiig M ?r !HE; 9'1.15 h i
the voltage source by selecting the Place Source option at the top of the pplying Multisim sﬁpe -;o':?:::':':: the current I using

left toolbar to open the Select a Component dialog box. Then select
POWER SOURCES followed by DC_POWER as described in earlier

chapters, You can also obtain the current source from the same dialog box
by selecting SIGNAL_CURRENT under Family followed by DC_
CURRENT under Component. The current source can be flipped .
vertically by right-clicking the source and selecting Flip Vertical. Set the

- current source to zero by left-clicking the source twice to obtain the DC_

(_‘:URRENT dialog box. After choosing Value, set Current(I) to 0 A.

£

1 ;,||.|i|1'51m‘;.1. Multisim - [Multisim9-1245 |-'
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@) vi| =

e RIS il i et e 5 > el -

1P mttsims-1 =[ _ - i

e N T =
» FIG.9.117

Using Multisim to determine the contribution of the 36 V voliage source
to the current through R,

Following simulation, the results appear as in Fig.9.117. The current
through the 6 ( resistor is 2. A due solely o the 36 V voltage source. The
positive value for the 2 A reading reveals that the current due to the 36V
source is down through resistor Ra.

For the effeets of the current source, the voltage source issetto OV as

. shown in Fig.9.118, The resulting current is then 6 A through Ry, with
the same direction as the contribution dut to the voltage source.

The resulting current for the resistor Ry is the sum of the twao currents:
I+=2A +6A=8A,as determined in Example 9.1, '
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by

‘ ! " FIG.9.118 3
- Using Multisim to determine the contribution of the 9 A current source
to the current through R,

PROBLEMS ' ®

: . AAA
SECTION 9.2 Superposition Theorem . il 330
L. a. Using the superposition theorem, determine the current - R 2240 3A
through the 12 (2 resistor of Fig, 9.119, g
b. Convert both voltage saurces to current sources and re-

II,—-

calculate the current to the 12 ) resistor,
¢. How do the results of parts (2) and (b) compare? : FIG. 9.120

] ! Problem 2. ;
I » i
RiZaq) RZ20 How do the results of part (d) compare with the sum of
. RS ti " the results to parts (b) and (c)? Can the superposition’
A g - % \ theoren be 2pplied to power levels?
c B 6V By=m 10V . Using the superposition theorem, determine the current
) R AT,
# F

through the 56 {2 resistor of Fig, 9.121,
L

i . 24V 120 ;560
FIG. 9.119 % AMA s T A :
2 ' Probiem 1. _ Wy . |
2. a. Using the superposition theorem, determine the voltage : .
across the 4.7 (1 resistor of Fig. 9.120, i g8A s 40 <
b.. Find the power delivered to the 4.7 £} resistor due.solely ' ;
to the current source. ' ) }
. Find the power delivered to the 4.7 Q resistor due solely
-to the voltage source, : ,
d. Find the power delivered to the 4.7 £ resistor using the ' FIG. 9.121

voltage found in part (a). . ; Problem 3



4, Using superpusmon. l'lnd l.ht currcnt { through th: 4V

source inFig. 9. 122
E =482V

R 2180

|h]_ ' .
'! |+

REI0 T 0o
j'-'= =

'FIG. 9.122
Problem 4.

+

Fig. 9 123,

8, Using superposuon. find the vuhage V; for the network in

FIG. 9.123
. Problem 5.

*6. . Using superposition, find the current through R for the net-
work in Fig. 9.124,

s
A
v
‘ 13k
h 12k0
I@ R, =22x0 BHZ4TK
SmA — 8V |
| Y ‘
L o
FIG. 9.124
Problem 5.
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*7. Using superposition, find the voltage across the 6 A source ‘
in Fig. 9.125.

[

"FIG. 9.125
Problem 7.

SECTION 9.3 Thévenin's Theorem

8. a. Find the Thévenin equivalent circuit for the network ex-

¢

ternal to the resistor R in Fig. 9.126.

b. Find the current ﬂlrough R when R is 2 ﬂ. 300, and
100 0.

/ o Ry . R
. it A A

A
Yy

60 . 40
st <
E=_18V Ry=30 R
iy o -
- -
.-FIG.9.126
Problem 8.

9, a, Find the Thévenin equivalent circuit for the network ex-
ternal to the resistor R for the network in Fig. 9.127

100 kf2.

b. Find the power delivered to R when R is 2 k&l and

24Kk

3.3kl

120

mA

CT) 12k T =g

FIG. 8.127
Prablem 9.
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10/ a. Find the Thévenin equivalent circuit for the network ex-
. ternal to the resistor R for the network in Fig. 9.128,

b. Find the power delivered to # when Ris 2 {1 and 100 02. ,

FIG.9.128 ;
Problem 0. -

. & - = .
11. Find the Thévenin equivalent circuit for the network exter-
nal to the resistor R for the network in Fig. 9.129.

FIG. 9.129
Problem 11. |

12. -Find the Thévenin equivalent circuit for the network exter-
nal to the resistor R for the network in Fig. 9.130.

AAA 3*16“'_

-
< 36k0

- ' FIG. 9.130
Problent. 12.

T

*13. Find the Thévenin equivalent circuit for the network exter-
nal to the resistor R in Fig. 9.131.

61 R
o+
E=TAY
in a0
-
FIG.9.131 .
. Problem 3.

14. a. Find the-Thévenin equivalent circuit for the portions of

the network of Fig. 9.132 external tp points a and b.

. b. RRedraw the network with the Thévenin circuit in place |
- and find the current through the 1.2 k() resistor.

47k
'\r"\?‘v
a R
RZ1.2k0 ;
ngfz.nn F o f(T) RS 39K
E=6V 18 mA
1,
=
)
FIG. 9,132 D
Problem 14.

. *15. a. Determine the Thevénin cquivalént circuit for the net-

work external to the resistor R in'Fig. 9,133,

b. Find the current through the resistor R if its value is

2041, 50 £2, and 100 ).

c. Without having the Thévenin equivalent circuit, what

would you have to do to find the current through the re-
sistor R for all the values of part (b)?

R, Ry Ry
" 200 120 20
EZ=0V RS0 RTN IR
FIG. 9.133

Problem 15.

" ¥16.-a. Determine the Thévenin equivalent circuit fof the net-

work exiernal to the resistor R in Fig. 9.134.

b. Find the polarity and maggitude of-the vbliage across

the resistor R if its value is 1.2 k). "



FIG.9.134
Problem 16.

. *17. For the network in Fig. 9,135, find the Thévenin equivalent
circuit for the network qtcmal to the load resistor Rp.°

+0V

| Fi$.8.135
. Problem 17.

*#18. For the transistor network in Fig. 9.136:
a. Find the Thévenin equivalent circuit for that portion of
., the petwork to the left of the base (B) terminal.
b.’ Using the fact that I = Iz and Vigg = £V, determine the
magnitude of Ir. ! . A
.. Using the results of parts (a) and (b), calculate the base
current fﬂ if V'sp_‘ =0.7V. -
d. What is the voltage V¢?

2 20Vo 20V

FIG. 9.136
& gl . Problem I8,
Introductorv. © - 26A _ . <
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19. For each vertical set of measurements appearing il
Fig. 9.137, determine the Thévenin equivalent circuit.

Network =20V
]
-
Network =1.6mA
= %5
X = -
(a)
Network | - [ }/ )=60mV.

E=0V
Nework | (())=27260° |
i .
4 T
=
" (b)
Network | =16V
| T
B /
+
Network gV R=22Kk0
1
. '
=
)
FIG.9.137 r

Problem 19.
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*20.

For the network of Fig, 9.138, ﬁnd the Thévenin equwalem ;

circuit for the network external to the 300 0 relistor.

FIG.9.138
Problem 20.

SECTION 9.4' Norton’s Theorem

21,

22,

23

24,
| ws,
26,

2z,

w3

*29.

a. Find the Norton equivalent circuit for the network ex-
ternal to the resistor R in Fig. 9, 126.

b.  Convert the Norton equivalent circuit :c the Thévenin
form.

¢. Find the Thévenin equwulen: circuit usmg the Thévcmn
approach and compare results with part (b).

a, Find the Norton equivalent cireuit for the ue:work ex-
ternal to the resistor R in Fig. 9.127.

b. Convert the Norton equivalent circuit to the Thévenin
form.

¢. Find the Thévenin equivalent circuit tising the Thévenin
approach and compare results with part (b).

Find the Norton equivalent circuit for the nerwork external
to the resistor R in Fig. 9,129,

Find the Norton equivalent tircuit for. xhc network external
to the resistor R in Fig. 9.130. ' ' &

Find the Norton equivalent circuit for the network external
to the résistor R in Fig. 9.131,

Find the Norton equivalent circuit for the network external
to the resistor R i Fig. 9.133, .

Find the Norton equivalent circuit for lhe network external
to the resistor R in Fig, 9.135,

+ Find the Norton equivalent circuit for the hetwork cxtemal

o lhe 300 £) resistorin Fig. 9 138.

2. Find the Norton nquwnlant circuit external to points a .

and & in Fig. 9.139,
b. Find the magnitude and polarity of the voltage across
the 100 {1 resistor using the results of part (a).

120

" FIG. 9,139 Y
Problem 29, )

-

SECTI

31

32, a

33, a.

i
9.5 Miulmum Power Transfer T'henrsm

Find the value of R for maximum. power I.ransfer o R
for the network of Fig. 9.126. ey
b. Determine the maximum power of R.

a. Find the value of R for maximum power transfer to R -

for the network of Fig. 9.129.
b. Determine the maximum power of R.
Find the value of R for maximum power transfer to R
for the network of Fig. 9.131.
b. Determine the maximum power to R.

Find the value of Ry in,Fig, 9.135 for maximum ppwer

transfer to Ry.

b. Find the maximum power to Ry:

a. For the network of Fig. 9,140, deu:mﬂn: the value of R
for maximum power to R,

b. Determine the maximum power to R. .

e. Plot a curve of power to R versus R for R rmamg from

144 to 2 times the value determined in part (a) using an

increment of 1/4 the value of R. Does the curve verify

the fact that the chosen value of Rin part (a) will ensure

maximum power transfcr"

R Z 240 '
5A 3,-.5240 R
20\-’ s oiflid )

.# ] ?

FIG. 9.140
Problem 34. -

*35. Find the m!stance R, in Fig. 9.141 such that the’ resistor Ry

1 wrll receive maxlmum power. Think!

100V

FIG. 9.141
Problem 35.

.

#*36. a. For the network in Fig.g 142; determine the value cfﬂ;

for maximum power to Ry, -
b. Is there a general statement that can be made about situ-
ations such as those presented here and in Problem 357

-
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il Wias X £ Ry " 40, Using Millman’s theorem, find the current through and
L — - ' voltage across the resistor Ry in Fig. 9.146.
: : 5001
Al'
ELTIN Ry,
R=g00 E=-20V
’ : - = *
R 20011 ; E,—_ 1V
FIG. 9.142 - a = =
Problem 36. . : E) —+ 400V R, 2500 -|-
. i 3
#37. For the network in Fig. 9.143, determine the level of R that =
;ﬂl} enr;f:;e p‘:\:’::?:? power to the 100 () resistor, ll=ind the - FIG. 9.146 A
L Problem40.
‘ s
41, Using the dual of _Millman's theorem, find the current

through and voltage across the resistor Rz in Fig. 9.147.

b= 16A
b
=
FIG. 9.143 e ) il ;
Problem37. - . . . FIG.9.147
. . ' . ; Problem 41.

SECTION 9.6 Miliman’s Theotem * 42, Using the dual of Millman's theorem, find the carrent
38, Using Millman's theorem, find the current through and through and voltage dcross the resistor Ry, in Fig. 9.148. .
voltage across the resistor Ry in Fig. 9.144. fid

f! ._.l

-
RZ30 I Zs2kh
) &
' FIG.9.144 , ; _E:g;,::::
Problem 38. ' ; 2
. : £ - SECTION 9.7 Substitution Theorem
39. Repeat Problem 38 for the network in Fig. 9.145. 43, Using the substitution theorem, draw three equivalent
v s ; - branches for the branch a-b of the network in Fig. 9:149.
P31 %S 8210 : 25k 8k :
7 R, Z5.6K0
RZ 22k E;T=_20V :
=
FIG. 9.145 _ FIG.9.149
Problem 43.

Problem 39.
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44, Using the substitution theorem, draw three equivalent

47. a. For the network of Fig. 9.153(a), determine the current /,
» branches for-the branch a- of the network in Fig. 9.150.

b. Repeat part (a) for the network in Fig. 9.153(b),
¢. Is the reciprocity theorem satisfied?

&
\ Ra. %
Il
S 051k oy
% 1 2R 1.5k0
I
-
: FIG. 9.150
Problem 44.

*45. Using' the substitution thheorem‘ ‘draw three equivalent
branches for the branch a-b of the network of Fig. 9.151.

(b)
- ' FIG.9.153
Problem 47,
s
. 48. a. Determine the voltage V for the network in Fig. 9.154(a).
- 3 g fim™ b. Repeat part (a) for the network in Fig. 9.154(b).
FIG. 9.151 - *¢. Is the dual of the reciprocity theorem satisfied?
Problem 45,
" i . . Y= !
. R J
SECTION 9.8 Reciprocity Theorem = A
= F LALS
46. a. For the network in Fig. 9.152(a), determine the current . . 0
b. Repeat part (a) for the network in Fig. 9.152(b), I R =30 Ry=40
. & Is the reciprocity theorem satisfied? i
’ = @ '

< 8kA akn

8k 4k0

FIG. 9.154
; " Problem 48,

20kl

SECTION 9.9 Computer Analysis ,
* 5 54 T S . 49. Using Pépica or Multisim, determine the voltage V, and its
| i § )., 5 : : components for the network in Fig, 9.123, '

50.. Using PSpice or Multisim, determine the Thévenin equiva-
lent circuit for the network in Fig, 9.131.

FIG. 9,152
Problem 46.




_ Using PSpice, plot the power delivered 10 the resistor R
" {nPig, 9.128 for R havigg values from 101w 100
by From the plot, determine the value of R resulting in the
_maximum power to R and the maximum power 19 R.
¢. Compare the results of part (a) to the numerical solu-
« tion. - By
d. Plot VgandJg versus R, and find the value of each under
‘maximum power conditions.

. ‘52. Change the 300 {1 resistor in Fig. 9.138 to a variable -

resistor, and using Pspice, plot the power delivered to the
resistor versus valpes of the resistor Determine the range of
resistance by trial and error rather than first performing a
longhand calculation. Determine the Norton equivalent

“circuit from the results, The Norton current can be deter-

mined from the maximum power level. -

GLOSSARY L
Miximum power transfer theorem A theoren used to deter-

mine the load resistance pecessary to ensure maximum power

transfer to the load. ¥
Millman’s theorem A method using source conversions that
will permit the determination of unknown variables in a mul-
tiloop network. Z '

o

-

-.‘I-
‘u
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Norton’s theorem A theotem that permits the a‘éductim} of any

two-terminal linear dc network to one having gsingle current
source and parallel resistor. a8 i

Reciprocity theorem A theorem that ‘states that for single- '

source netwarks, the curfent in any branch of a network due to
a single voltage source in the network will equal the current
through the branch in which the source was originally located
if the source is placed in the branch in which the current Was
originally meastréd.
Substitution theorem A theorem that states that if the voltage
+ across and current through any branch of a dc bilateral net-
work are known, the branch can be replaced by any combina-
tion of elements that will maintain the same voltage 4cross
* and current through the chosen branch. S
Superposition theorem A network theorem that permits consid- .
ering the effects of each’ source independently. The resulting
current and/or voltage is the algebraic sug of the currents
and/or voltages developed by eagh source in penfiently.
Thévenin's theorem A theorem that permits. the reduction of
any two-terminal, linear dc network 10-one having a single
voltage source and series resistor,” ) :

4




