Series-Parallel Circuirs

Ob ,| E CTiVES - Learn about the unique characteristics of series-

parallel configurations and how to 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 foun-
dation 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
parallel 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 learn—simply an approach
that permits the analysis of such structures. In the next chapter, we consider complex networks
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 ex-
amine 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 configurations
that make it easier 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 networks is a firm
understanding of the concepts introduced for series and parallel networks. All the rules and
laws to be applied in this chapter have already been introduced in the previous 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 R; connected to the common point b between R, and R,. Re-
sistors R, and R, are not in parallel because they are not connected at both ends. They are sep-
arated at one end by resistor R;. 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 R; and R, are in se-
ries because they share only point ¢, and no other element is connected to that point. Further,
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FIG. 7.1
Series-parallel dc network.
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the voltage 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 con-
figuration, there are no two elements in parallel.

How do we analyze such configurations? The approach is one that re-
quires us to first identify elements that can be combined. Since there are
no parallel elements, we must turn to the possibilities with series ele-
ments. The voltage source and the series resistor cannot be combined be-
cause they are different types of elements. However, resistors R; and R,
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 R,, and they can be combined using the laws for
parallel elements. The process has begun: We are slowly reducing the net-
work to one that will be represented by a single resistor equal 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 pro-
ceed 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 sketch 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
them 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 provide the reduced networks for the trip back to unknown
quantities from the source.

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

7.3 REDUCE AND RETURN APPROACH

The network of Fig. 7.1 is redrawn as Fig. 7.2(a). For this discussion, let
us assume that voltage V, is desired. As described in Section 7.2, first
combine the series resistors R; and R, to form an equivalent resistor R’ as
shown in Fig. 7.2(b). Resistors R, 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 resistance 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.
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FIG. 7.2
Introducing the reduce and return approach.

We can now proceed with the return phase whereby we work our way
back to the desired voltage V,. Due to the resulting series configuration,
the source current is also the current through R, and R’. The voltage
across R’y (and therefore across R,) can be determined using Ohm’s law
as shown in Fig. 7.2(e). Finally, the desired voltage V, 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 provides
a viable option toward the solution. In some cases, shortcuts can be ap-
plied that save some time and energy. Now for a few examples.

REDUCE AND RETURN APPROACH |1 245
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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 R, and R; in Fig. 7.3.
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EXAMPLE 7.1 Find current /; for the series-parallel network in Fig. 7.3.

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

RRy  (12kQ)(6kQ)

R =R,|R; = = = 4KkQ
2| Ry R, + R, 12kQ + 6kQ

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

Ry=R, + R =2kQ +4kQ =6kQ
The source current is then determined using Ohm’s law:

/ E 54V 9 mA
=—=—"=9m

In Fig. 7.4, since R, and R’ are in series, they have the same current /.
The result is

]]:IS=9II1A

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

I ( Ry >1 ( 12k )9 A = 6mA
= —_— = —_— m = m
3 TA\R, Ry 12kQ + 6 kQ

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 /, and /; and voltage V.
b. Insert the meters to measure current /, and voltage V,.

FIG.75
Series-parallel network for Example 7.2.

Solutions:

a. Checking out the network, we find that there are no two resistors in
series and the only parallel combination is resistors R, and R;. Com-
bining the two parallel resistors results in a total resistance of



R = Ry | R = R.R, _(ISkQ)(ZkQ)_lng
=R ' Ry,+ Ry 18kQ+2kQ

Redrawing the network with resistance R’ inserted results in the con-
figuration in Fig. 7.6.

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 parallel, 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 R, is
12 V. The result is that I, can be determined directly using Ohm’s law
as follows:

V, E 12V

=2=-== = 1.46 mA
R, R, 82kQ

4

In fact, for the same reason, /, could have been determined directly
from Fig. 7.5. Because the total voltage across the series combina-
tion of R; and R'; is 12V, the voltage divider rule can be applied to
determine voltage V, as follows:

v, = <R,>E— (I'Skﬂ)lzv—zslv
> \R +R 1.8kQ + 6.8 kQ )

The current /; can be found one of two ways. Find the total resistance
and use Ohm’s law or find the current through the other parallel
branch and apply Kirchhoff’s current law. Since we already have the
current I, the latter approach will be applied:

_E 12V
R, + R 68kQ + 1.8k
and [, =1, +1,=1.40mA + 1.46 mA = 2.86 mA

Iy

= 1.40 mA

. The meters have been properly inserted in Fig. 7.7. Note that the
voltmeter is across both resistors since the voltage across parallel

Fiy
CURRENT(mA)
- T +
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E =12V R4§8.2m 12V
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R'=18kQ §v2

FIG. 7.6
Schematic representation of the network in Fig. 7.5
after substituting the equivalent resistance R’ for the
parallel combination of R, and R;.

FIG. 7.7

Inserting an ammeter and a voltmeter to measure I, and V,, respectively.



248 ||| SERIES-PARALLEL CIRCUITS

FIG. 7.8
Introducing the block diagram approach.
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FIG. 7.9
Block diagram format of Fig. 7.3.
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elements is the same. In addition, note that the ammeter is in series
with resistor R,, 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, Example 7.2 revealed how a careful study of a network can
eliminate unnecessary steps toward the desired solution. It is often worth
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 solution relatively easy to understand. However, occasionally the
approach is not as obvious, and you may need to look at groups of ele-
ments rather than the individual components. Once the grouping of
elements reveals the most direct approach, you can examine the im-
pact of the individual components in each group. This grouping of ele-
ments 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 b and ¢ in common),
and the voltage source E is in series with block A (point @ in common).
The parallel combination of B and C is also in series with A and the volt-
age source E due to the common points b and c, respectively.

To ensure that the analysis to follow is as clear and uncluttered as pos-
sible, the following notation is used for series and parallel combinations
of elements. For series resistors R, and R,, a comma is inserted between
their subscript notations, as shown here:

R,=R +R,

For parallel resistors R, and R,, the parallel symbol is inserted be-
tween their subscripted notations, as follows:

RiR,

R1\|2:R1||R2:R TR
1 2

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 Ex-
ample 7.1. Blocks B and C are in parallel, and their combination is in se-
ries with block A.

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

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

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, re-
duce each block into a single element and proceed as described for Ex-
ample 7.1.
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FIG. 7.10
Example 7.3.
In this case:
A:R, =40

R 4Q
B:RB=R2HR3 =R2u3=ﬁ=7=29

C:RC:R4+R5 :R4’5 = O.SQ + I.SQ = ZQ
Blocks B and C are still in parallel, and

R 2Q
Rye=—=—7—"=10Q
ACTNT 2
with
(Note the similarity between this equation
RT = RA + RBHC and that obtained for Example 7.1.)
=40+1Q0=50Q
E 10V
and [[=—=—"=2A
We can find the currents 1, I, and I using the reduction of the network + V-
in Fig. 7.10 (recall Step 3) as found in Fig. 7.11. Note that /,, I, and I I, MWA
are the same in Figs. 7.10 and Fig. 7.11 and therefore also appear in Fig. IST R =40 || Jlc
7.11. In other words, the currents 14, I, and I-1in Fig. 7.11 have the same 1 + +
magnitude as the same currents in Fig. 7.10. 0V-= Ry=2 Q§ Vg Rc§2 QVe
L=1=2A L
L, I, 2A -
o pTleT T T
FIG. 7.11

Returning to the network in Fig. 7.10, we have Reduced equivalent of Fig. 7.10.

IR2 - IR3 - E - O.SA

The voltages V,, Vp, and V- from either figure are

Vy=ILRy=(1A)2Q) =2V
Ve=Vy=2V
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Applying Kirchhoff’s voltage law for the loop indicated in Fig. 7.11,

we obtain
2, V=E-V,= V=0
E=V,+Vy,=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, A
o ta, W b
Ry
Wy Vi e
60 b B
N R 240 c
E =168V R6§3 Q
R, 260 RsZ30
— c
FIG. 7.12
Example 7.4.
Solution:
OM60) 540
RA = 12 = = =36 Q
90 +6Q 15
(60Q)(3Q)
RB:R3+R4H5:4Q+m:49+29269
R-=30Q
+V, - The network in Fig. 7.12 can then be redrawn in reduced form, as shown
I, Ry in Fig. 7.13. Note the similarities between this circuit and the circuits in
——A\W Figs. 7.9 and 7.11.
Lt 360 |1 |t g8 LA
+| Ry + + 60)30)
E =168V RB§6Q A RC§3Q Ve Ry =Ry + Ry =360 + 60 +30
) —360+20=560
E 168V
= == =3A
R, 56Q
FIG. 7.13 I,=1=3A

Reduced equivalent of Fig. 7.12. . .. .
educed equivalent of Fig Applying the current divider rule yields

. Rc1, :(39)(3A)=%=1A
P R-+Ry 3Q0+6Q 9

By Kirchhoff’s current law,
IC:IA_IB:3A_ lA:2A



By Ohm’s law,

V,=LR, = (3A)3.6Q) =108V
Vy=IRy = Ve=IRe=2A)3Q) =6V

Returning to the original network (Fig. 7.12) and applying the current di-
vider rule,

R, (6Q)3A) 18A
R+R 6Q+9Q 15

=12A

1

By Kirchhoff’s current law,
IzZIA _Il :3A_ 1.2A: 1.8A

Figs. 7.9, 7.10, and 7.12 are only a few of the infinite variety of con-
figurations that the network can assume starting with the basic arrange-
ment in Fig. 7.8. They were included in our discussion to emphasize the
importance of considering each region of the network independently be-
fore 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.

7.5 DESCRIPTIVE EXAMPLES

EXAMPLE 7.5 Find the current /, and the voltage V, for the network 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 voltages
of the network. The method used should concentrate on obtaining only the
unknowns requested. With the block diagram approach, the network 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 voltage. The
current /, is now immediately obvious as simply the supply voltage di-
vided 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 series elements,
with the voltage V, capable of being determined using the voltage 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 approach before applying
laws, rules, and so on, can help avoid dead ends and frustration.
Applying Ohm’s law,
E E 12V

LL=—=—=—-=15A
‘"R, R, 80O
Combining the resistors R, and R in Fig. 7.14 results in

(BO)6Q) 180
30+60 9
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FIG. 7.14
Example 7.5.
"
+
E= A B
FIG. 7.15

Block diagram of Fig. 7.14.

+
c
E [
D | v
= | I
FIG. 7.16

Alternative block diagram for the first parallel
branch in Fig. 7.14.
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and, applying the voltage divider rule,

_ RE _(29)(12\/)_24V_4V
" Ryt R, 20+40Q 6

EXAMPLE 7.6 Find the indicated currents and voltages for the network

in Fig. 7.17.
+ V-
Rl
MWy
60
I R, Q»
Wy l
6
Ry Ry I
+| T Wy L +
E=24V 20 R4§89 RS§129 Vs
FIG. 7.17
Example 7.6.
+ V- Solution: Again, only specific unknowns are requested. When the net-
A work is redrawn, be sure to note which unknowns are preserved and
( I which have to be determined using the original configuration. The block
s + . . .
n diagram of the network may appear as shown in Fig. 7.18, clearly re-
EZ=R, B | Vs vealing that A and B are in series. Note in this form the number of un-
- knowns that have been preserved. The voltage V is the same across the
1, B three parallel branches in Fig. 7.17, and Vi is the same across R, and Rs.
The unknown currents 7, and I, are lost since they represent the currents
= through only one of the parallel branches. However, once V, and Vs are
FIG. 7.18 known, you can find the required currents using Ohm’s law.
Block diagram for Fig. 7.17. R 60
R1H2:7=7=3Q
N 2
30)2Q9) 60
+ Vi - RA:R1H2\|3:73Q+ZQ:?:1.29
Rijps
n 80)(12Q 96 )
T 1 : . 8Q + 12 20
+
EZ=24V Ryjs § 480 The reduced form of Fig. 7.17 then appears as shown in Fig. 7.19, and
Ry - RT = R1H2H3 + R4H5 = IZQ + 4.8 O = 6 Q
E 24V
= =" =4A
= R 6Q
FIG. 7.19 with Vi=ILRps;=(4A)(12Q0) =48V

Reduced form of Fig. 7.17. Vs =LRys = (4A)(480Q) =192V
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Applying Ohm’s law,

V. .
~ 52V aa
V, Vi 48V

L=—"=—"=-"-=08A
R, R, 60

1L

The next example demonstrates that unknown voltages do not have to
be across elements but can exist between any two 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 /..

FIG. 7.20
Example 7.7.
Solutions: This is one of those situations where it may be best to re- l I l /
draw the network before beginning the analysis. Since combining both I + + }
sources will not affect the unknowns, the network is redrawn as shown in ‘il R =50 ViRy 60

Fig. 7.21, establishing a parallel network with the total source voltage I ("

across each parallel branch. The net source voltage is the difference be- E _; 2v a;\\ v, —= b
tween the two with the polarity of the larger.
R, <3Q R, <20Q
a. Note the similarities with Fig. 7.16, permitting the use of the voltage
divider rule to determine V, and V: e
RE 50)(12V
E__COUZY) 0V _ .y FIG. 7.21

V: = =
""R+R, 50+30Q 8

v RE _(6Q)(12V)_72V_9V
" Ry+R, 60+20Q 8

Network in Fig. 7.20 redrawn.

The open-circuit voltage V,, is determined by applying Kirchhoft’s
voltage law around the indicated loop in Fig. 7.21 in the clockwise
direction starting at terminal a.

V= Vi + V=0

and Vllb=V3_V1=9V_7.5V=1.5V
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FIG. 7.22
Example 7.8.

b. By Ohm’s law,

=0TV s
"R, 50 ‘

V; 9V
L=—"=-—"—=15A
R, 6Q

Applying Kirchhoff’s current law,

L=L+L=15A+15A=3A

EXAMPLE 7.8 For the network in Fig. 7.22, determine the voltages V,
and V, and the current I.

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.

+ -
Ry 7Q , N Ry 6Q V,
—_ \ =+
R4§6Q V, E;—=6Vv / +
R,=5Q T + T E,—=— 18V
I I -
Tls g R ¢ -|-T11
=
FIG. 7.23

Network in Fig. 7.22 redrawn.

It is now obvious that

V2:

_El

= -6V

The minus sign simply indicates that the chosen polarity for V, in Fig.
7.18 is opposite to that of the actual voltage. Applying Kirchhoff’s volt-
age law to the loop indicated, we obtain

and

—E +V,—E=0

Vi=E,+E =18V +6V =24V

Applying Kirchhoff’s current law to note a yields

I=1+1+1,

N
R,

24V
6Q

£,
Ry

=4A+1A+05A
I=55A

E,
R, + R
6V 6V
60 120




The next example is clear evidence that techniques learned in the cur-

rent 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
Vy and Vi have been provided:

a. Determine the voltage V; and the current /.
b. Calculate V.
c. Determine V. using the fact that the approximation I~ = I is often

applied to transistor networks.
d. Calculate V; using the information obtained in parts (a) through (c).

Solutions:
a. From Fig. 7.24, we find
V,=Vy=2V
Writing Kirchhoft’s voltage law around the lower loop yields
Vo= Ve = V=0
or V=V, = V=2V —-07V=13V
V 13V
and I,=-+t=""=13mA
Ry 1kQ

b. Applying Kirchhoff’s voltage law to the input side (left region of the

network) results in

V2 + Vl - VCC =0

and Vl = VCC - VZ

but V,=Vy

and V]ZVCC_VZZZZV_ZVZZOV
c. Redrawing the section of the network of immediate interest results

in Fig. 7.25, where Kirchhoff’s voltage law yields
Vet Vee=Vee =0

and VC = VCC - VRC = VCC - ICRC
but I =1y
and Ve =Vee — IRe = 22V — (1.3 mA)(10 k()
=90V
Then VBC = VB - VC
=2V-9V
=-7V
d. VCE = VC - VE
=9V —-13V

=77V
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FIG. 7.24
Example 7.9.

Vee= 22V

Ic

-~

R-<10 kQ VRc

o &+

FIG. 7.25
Determining V. for the network in Fig. 7.24.
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EXAMPLE 7.10 Calculate the indicated currents and voltage in Fig. 7.26.

Ry P
Wy
4%0 T ;
+ s
R2§8k9 R, =240 E="T72V
Ry Rs Is
AW A"
12 kQ) 12 kQ - 6 kQ
FIG. 7.26
Example 7.10.
Is Is
R123§24k9 R4§24m Tl R6§12k9
+
E=_72V
* R
R
RS 12KQ v 010 89§9m
I Is
FIG. 7.27
Network in Fig. 7.26 redrawn.
Solution: Redrawing the network after combining series elements
yields Fig. 7.27, and
E 72V 72V
15 = = = = 3 mA
Risypu T Rs 12k + 12k 24 kO
with
R0 E 45k0)(72V 324V
y, = et ( )(72V) 196V
Rys9) + Re  4.5kQ + 12k 16.5
V. 19.6 V
j=—"—= = 435mA
and I, =15+ Iy =3mA + 435 mA = 7.35 mA
Since the potential difference between points a and b in Fig. 7.26 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.
Rl
Wy
4kQ Is
+
R2§8kﬂ R4§24k9 E—72V E—=—72V
" il
Wy Wy
12kQ 12 kQ -
FIG. 7.28

An alternative approach to Example 7.10.



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; that is, I, = I5 + I;.

EXAMPLE 7.11 For the network in Fig. 7.29:

o0 o

Determine voltages V,, V,, and V..

Find voltages V,. and V,,...

Find current 7.

Find the source current /.

Insert voltmeters to measure voltages V, and V), and current /..

Solutions:

a.

The network is redrawn in Fig. 7.30 to clearly indicate the arrange-
ment between elements.

First, note that voltage V, is directly across voltage source E;.
Therefore,

V,=E =20V

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

V.=E, =8V

To find voltage V,,, which is actually the voltage across R;, we
must apply Kirchhoff’s voltage law around loop 1 as follows:

E —E,—V,=0
and V3:E1_E2:20V_5V:15V
and Vh:V3:15V

Voltage V., which is actually the voltage across resistor R}, can then
be determined as follows:

V.=V,—V.=20V -8V =12V

Similarly, voltage V., which is actually the voltage across resistor
R,, can then be determined as follows:

V,=V,—V.=15V -8V =17V

. Current 1, can be determined using Ohm’s law:

Vo Ve TV
L=—= =—=175A
R, R, 40

The source current /;, can be determined using Kirchhoff’s current
law at note c:
21[ = 210
L+L+1,=0

Vi
and I, =—-1,—L= _E_Iz
1

with  V,=V,=V,—V.=20V -8V =12V

so that

I ——127\/—175A——12A—175A— 295A
55 10Q . . . .

DESCRIPTIVE EXAMPLES |11 257

FIG. 7.29
Example 7.11.

V{l
I
+
E,—5V R, §100
+ m R,
E] =20V vl) — WV v(
- L 40
+ —
Vs R3§SQ E;—28V
§ T
°3
FIG. 7.30

Network in Fig. 7.29 redrawn to better define a path
toward the desired unknowns.
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FIG. 7.31
Complex network for Example 7.11.

revealing that current is actually being forced through source E; in a
direction opposite to that shown in Fig. 7.29.

e. Both voltmeters have a positive reading as shown in Fig. 7.31 while
the ammeter has a negative reading.

7.6 LADDER NETWORKS

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

I R, R, Rs Is

AWy AWy MWy

50 40 10
— +

+| Rr
EE240V R, 260 R 260 R 220 Vg
FIG. 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 Vi 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

R,=50+30=80Q

E 240V
L= = =30A
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R, R R,

>

= B2 R Z60 §(3219+29) s /260 60T (=40 +20)

[—— [ —
BYOEY ¢ 02 _5q
30+6Q 2

FIG. 7.33
Working back to the source to determine Ry for the network in Fig. 7.32.

I: Rl
R
50
T 230
FIG. 7.34
Calculating Ry and 1.
Working our way back to I (Fig. 7.35), we find that I, R, I I
I, =1 W l
1 s 50
I, 30A ull
and I3=5=3T=15A E=-240V R 260 260
and, finally (Fig. 7.36),
©ML 6 )
Isy=———F——=—(15A)=10A FIG. 7.35
60+30 9 Working back toward 1.
and Ve =IRs = (10A)2 Q) =20V
I R, I Ry
MWy — MWV
50 L 40 l I l I
+ +

FIG. 7.36
Calculating 1.

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
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+ Y1 - + Y5 - + Vs -
I R, I R; Rs
MWy —MWy M
50 121 L 40 141 L 10 ils
+ + + +
E_—__240VV2R2§6Q R4§6Q \A R6§ZQ Ve
FIG. 7.37

An alternative approach for ladder networks.

method can best be described through the analysis of the same network
considered in Fig. 7.32, redrawn in Fig. 7.37.
The assigned notation for the current through the final branch is /q:

. V, _ V, _ Vi
S Rs+Ry 10+20 30
or Vy= @MW
so that 1, = 1‘;1 = (36(316 = 0.51,
and ILi=1,+1,= 05l + I, = 1.5
Vi = LRy = (1.51)(4 Q) = (6 V)l
Also, V,=V;+ V,= (060D + 3, = Q)
v, (9Q)I
so that 12=F2= 60 = 1.51
and I, =1+ 1L=15 + 1.5Ig =3I
with V,=1R, = LR, = (5O,
so that E=V, +V,=05WI+ 9O
=5 M)3EL) + (9 DI = (24 V)i
and I6=L=M=10A
240 240
with Vs = IiRs = (10 A)2 Q) =20V

as was obtained using method 1.

Mathcad

We will now use Mathcad to analyze the ladder network in Fig. 7.32 us-
ing method 1. It provides an excellent opportunity to practice the basic
maneuvers introduced in Sections 3.15 and 6.3.

First, as shown in Fig. 7.38, we define all the parameters of the network.
Then we follow the same sequence as included in the text material. For
Mathcad, however, we must be sure that the defining sequence for each new
variable flows from left to right, as shown in Fig. 7.38, until R, is defined.
We are then ready to write the equation for the total resistance and display
the result. All the remaining parameters are then defined and displayed as
shown. The results are an exact match with the longhand solution.

The wonderful thing about Mathcad is that we can save this sequence
in memory and use it as needed for different networks. Simply redefine
the parameters of the network, and all the new values for the important
parameters of the network will be displayed immediately.
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S LE Pes et Ppusl Tmh Deicio e ge - N
D-Fd S8& Y | = ‘L mD= PO e~ = @
o wlaw e w RO IRREEE
| BACEN RS-k A * e
-
E:= 240V Rl1:=50Q R2:=6Q R3:=40 R4:=60 R5:=10 R6:=20Q
R7:= R5+R6 R8 := R4 L R9:= R3+R8 R10:= R2- =
R4 +R7 R2 +R9
RT := RI +R10 RT = 8Q
IS := E IS=30A
RT
13 := R2- B=15A
R2 +R9
13
16 := R4+ I6=10A
R4 +R7
V6 := 16:-R6 V6= 20V
t o
{Fni L e e = (18
FIG. 7.38

Using Mathcad to analyze the ladder network in Fig. 7.32.

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 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.

. 120V
No-Load Conditions
10 Q)

Through a voltage divider network such as that in Fig. 7.39, a number of
different terminal voltages can be made available from a single supply. In-
stead of having a single supply of 120 V, we now have terminal voltages
of 100 V and 60 V available—a wonderful result for such a simple net- E=120V §20 Q
work. However, there can be disadvantages. One is that the applied resis- T
tive loads can have values too close to those making up the voltage divider

b
—e 100V

+

L e60V

network.

In general,

30 Q

Jor a voltage divider supply to be effective, the applied resistive loads %
should be significantly larger than the resistors appearing in the e 0V
voltage divider network. =

To demonstrate the validity of the above statement, let us now exam- FIG. 7.39
ine the effect of applying resistors with values very close to those of the Voltage divider supply.

voltage divider network.
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Voltage-divider supply

Loaded Conditions

In Fig. 7.40, resistors of 20 () 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.

oV, =120V
R 2100
Vi
E =120V R, <200 RLI§ZOQ
VC
Rngon
R3§3OQ R, 200
o0V

FIG. 7.40

Voltage divider supply with loads equal to the average value
of the resistive elements that make up the supply.

Voltage V, is unaffected by the load R, since the load is in parallel with
the supply voltage E. The resultis V, = 120V, which is the same as the no-
load level. To determine V,,, we must first note that R; and R, are in paral-
leland R’y = Ry || R, = 30 Q || 20 Q = 12 (). The parallel combination

Ry, = (R, + R3)|R,=(20Q + 120)[200Q
=320(200Q = 1231 Q
Applying the voltage divider rule gives
(12.31 Q)(120 V)

v, = = 6621V
P 12310+ 100

versus 100 V under no-load conditions.
Voltage V, is
V- (12.Q)(66.21 V) 483V
T 120+200 7
versus 60 V under no-load conditions.

The effect of load resistors close in value to the resistor employed in
the voltage divider network is, therefore, to decrease significantly some
of the terminal voltages.

If the load resistors are changed to the 1 k() level, the terminal volt-
ages will all be relatively close to the no-load values. The analysis is sim-
ilar to the above, with the following results:

V,=120V V,=9888V V.=5863V

If we compare current drains established by the applied loads, we find
for the network in Fig. 7.40 that

Vi, 6621V
R, 200

2

I, = =331A
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and for the 1 k() level,
_ 9888V

I, 1 kQ

= 98.88mA < (0.1 A

As demonstrated above, the greater the current drain, the greater the
change in terminal voltage with the application of the load. This is cer-
tainly verified by the fact that /;, is about 33.5 times larger with the 20 ()
loads.

The next example is a design exercise. The voltage and current ratings
of each load are provided, along with the terminal ratings of the supply.
The required voltage divider resistors must be found.

EXAMPLE 7.12 Determine R,, R,, and R; for the voltage divider sup-
ply in Fig. 7.41. Can 2 W resistors be used in the design?

20 mA

® -2V

FIG. 7.41
Voltage divider supply for Example 7.12.

Solution: R;:

Ve Vey 12V
L, I, 50mA
Py, = (Iz,)’Ry = (50 mA)*240 2 = 0.6 W < 2 W

3

R, =240 O

R,: Applying Kirchhoff’s current law to node a:
I

o~ I, —1, =0

1 1

and Iy = I,— 1, = 50 mA — 20 mA = 30 mA
Ve, V=V, 60vV-20V 40V

= 1.33 kQ

R = = = =
LI I, 30 mA 30 mA

Py, = (IR])ZRI = (30mA)*1.33kQ = 1.L197W < 2 W
R,: Applying Kirchhoff’s current law at node b:

IR, - IR2 - IL2 =0
and Iy, = I, — I;, = 30mA — 10 mA = 20 mA
V 20V
I, 20mA
Pp, = (Ig,)*R, = (20mA)’ 1 kQ = 04 W < 2 W
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+ Rz
P R|{ 3o
B R v _RiE
™R + Ry
FIG. 7.42
Unloaded potentiometer:
Coarse
19
Fine
VOLTAGE

Coarse @
e ¢

Fine

CURRENT (A)

57

Since P, Pg,, and Pg, are less than 2 W, 2 W resistors can be used for
the design.

7.8 POTENTIOMETER LOADING

For the unloaded potentiometer in Fig. 7.42, the output voltage is deter-
mined by the voltage divider rule, with R; in the figure representing the
total resistance of the potentiometer. Too often it is assumed that the volt-
age across a load connected to the wiper arm is determined solely by the
potentiometer and the effect of the load can be ignored. This is definitely
not the case, as is demonstrated here.

When a load is applied as shown in Fig. 7.43, the output voltage V; is
now a function of the magnitude of the load applied since R, is not as
shown in Fig. 7.42 but is instead the parallel combination of R, and R;.

FIG. 7.43
Loaded potentiometer.

The output voltage is now

R'E

= m with R’ = R, ” R; (7.1)

Vi

If you want to have good control of the output voltage V; through the
controlling dial, knob, screw, or whatever, you must choose a load or po-
tentiometer that satisfies the following relationship:

@2

In general,

when hooking up a load to a potentiometer, be sure that the load
resistance far exceeds the maximum terminal resistance of the
potentiometer if good control of the output voltage is desired.



For example, let’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-
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tance, as shown in Fig. 7.44. Then
1 MQ Pot.
R’ = 100k | 100 Q = 99.9 O
900 kQ
d _ 999000V) 001y = 1 mv Py
o L9990 +900kQ -m oy 100 kO )
which is extremely small compared to the expected level of 1 V. § 100Qv,
In fact, if we move the wiper arm to the midpoint, -
R’ = 500kQ | 100 Q = 99.98 O =
FIG. 7.44

(99.98 Q)(10V)
L9998 O + 500 kQ

and =0.002V =2mV

which is negligible compared to the expected level of 5 V. Even at

R, = 900 kQ, V, is only 0.01 V, or 1/1000 of the available voltage.
Using the reverse situation of Ry = 100 Q) and R, = 1 M() and the

Loaded potentiometer with R, << Ry.

wiper arm at the 1/10 position, as in Fig. 7.45, we find
100 Q) Pot.
R'=10Q|1MQ=100Q

q 10 Q(10 V) + 90 )

an = — = EZ=10V
100 + 90 Q) = 100 +

as desired. IMQ vV,

For the lower limit (worst-case design) of R, = R, = 100 (), as de- -
fined by Eq. (7.2) and the halfway position of Fig. 7.43, =

R =500 ]100Q = 33.33Q FIG. 7.45

and vV, = 33.33 (10 V) = Loaded potentiometer with R; => Ry

3333Q+500

It may not be the ideal level of 5V, but at least 40% of the voltage E
has been achieved at the halfway position rather than the 0.02% obtained
with R, = 100 ) and R, = 1 MQ.

In general, therefore, try to establish a situation for potentiometer con-
trol in which Eq. (7.2) is satisfied to the highest degree possible.

Someone might suggest that we make R, 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. 7.45, P,,,. = E*/R; = (10 V)*/100 Q = 1 W. If R; is re-
duced to 10 Q, P, = (10 V)10 Q = 10 W, which would require a
much larger unit.

+

EXAMPLE 7.13 Find voltages V, and V, for the loaded potentiometer .
. E—120V
of Fig. 7.46. -

Solution: Ideal (no load):

4kQ(120 V)
Vi S48
6 kQ(120 V)
2= ok 2V

10kQ Pot. N
230k v,

FIG. 7.46
Example 7.13.
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FIG. 7.47

d’Arsonval analog movement.
(Courtesy of Weston Instruments, Inc.)

1 mA, 50 Q

— )
L

FIG. 7.48
Movement notation.

Loaded:
R' = 4kQ | 12kQ = 3kQ

R” = 6kQ | 30kQ = 5kQ
3kO(120 V)

Vi= g~ 8V
5kQ(120 V)

=g~V

The ideal and loaded voltage levels are so close that the design can be con-
sidered a good one for the applied loads. A slight variation in the position of
the wiper arm will establish the ideal voltage levels across the two loads.

7.9 AMMETER, VOLTMETER,
AND OHMMETER DESIGN

Now that the fundamentals of series, parallel, and series-parallel networks
have been introduced, we are prepared to investigate the fundamental de-
sign of an ammeter, voltmeter, and ohmmeter. Our design of each uses the
d’Arsonval analog movement of Fig. 7.47. The movement consists ba-
sically of an iron-core coil mounted on jewel bearings between a perma-
nent magnet. The helical springs limit the turning motion of the coil and
provide a path for the current to reach the coil. When a current is passed
through the movable coil, the fluxes of the coil and permanent magnet in-
teract to develop a torque on the coil that cause it to rotate on its bearings.
The movement is adjusted to indicate zero deflection on a meter scale
when the current through the coil is zero. The direction of current through
the coil then determines whether the pointer displays an up-scale or
below-zero indication. For this reason, ammeters and voltmeters have an
assigned polarity on their terminals to ensure an up-scale reading.

D’ Arsonval movements are usually rated by current and resistance.
The specifications of a typical movement may be 1 mA, 50 (). The 1 mA
is the current sensitivity (CS) of the movement, which is the current re-
quired for a full-scale deflection. It is denoted by the symbol /5. The 50 €}
represents the internal resistance (R,,) of the movement. A common no-
tation for the movement and its specifications is provided in Fig. 7.48.

The Ammeter

The maximum current that the d’Arsonval movement can read inde-
pendently 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. 7.49, results in the basic construc-
tion of an ammeter.

1 mA, 50 Q Ammeter
") g
e L/
IS
E—
: W ;
L = 1A Rpunt
FIG. 7.49

Basic ammeter.



The resistance Ry, is chosen for the ammeter in Fig. 7.49 to allow
1 mA to flow through the movement when a maximum current of 1 A en-
ters the ammeter. If less than 1 A flows through the ammeter, the move-
ment 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,

(1 mA)(50 Q) = RshuntIS

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

(1 MA)(50 Q) = Ryyn(999 mA)
(1 mA)(50 Q)

R =
shunt 099 mA
=0.05 Q)
In general,
RmI CS
Rt = ————— 7.4
shunt Imax _ ICS ( )

One method of constructing a multirange ammeter is shown in Fig.
7.50, where the rotary switch determines the Ry, to be used for the max-
imum 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 current is 3.75 mA; on
the 50 setting, the current is 37.5 mA; and so on.

1 mA, 50 Q

I = 1A 005Q ]
5 mQ) \

o AAA External terminal

I = 10A
= 100A 0.5mQ

External terminal

Rotary switch I ax

FIG. 7.50
Multirange ammeter.

The Voltmeter

A variation in the additional circuitry permits the use of the d’ Arsonval
movement in the design of a voltmeter. The 1 mA, 50 () movement can
also be rated as a 50 mV (1 mA X 50 1), 50 () movement, indicating that
the maximum voltage that the movement can measure independently is
50 mV. The millivolt rating is sometimes referred to as the voltage sensi-
tivity (VS). The basic construction of the voltmeter is shown in Fig. 7.51.

The Ry, is adjusted to limit the current through the movement to 1 mA
when the maximum voltage is applied across the voltmeter. A lesser volt-
age simply reduces the current in the circuit and thereby the deflection of
the movement.
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1 mA, 50 O
@)
— U

I, = 1 mA

+ 50mV -
§Rseries

+ —
Oe«——V = 10 V (maximum) —»0

FIG. 7.51
Basic voltmeter.
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External terminals /'@

FIG. 7.52
Multirange voltmeter.

57

PP

Applying Kirchhoff’s voltage law around the closed loop of Fig. 7.51,
we obtain

[lOV - (1 mA)(Rseries)] —50mV =20

_ 10V —(s0mv) _ o
or series 1 mA -
In general,
Vmax -V
Rseries == ¥ (7.5)
ICS

One method of constructing a multirange voltmeter is shown in
Fig. 7.52. If the rotary switch is at 10 V, R.s = 9.95 kQ; at 50 V,
Rgeries = 40 kQ + 9.95 k) = 49.95 k(); and at 100 V, Ry, = S0 kQ +
40 kQ + 9.95 k) = 99.95 k().

The Ohmmeter

In general, ohmmeters are designed to measure resistance in the low,
mid-, or high range. The most common is the series ohmmeter, designed
to read resistance levels in the midrange. It uses the series configuration
in Fig. 7.53. 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.

1 mA, 50 Q )
//7\ Zerf-adjust
-

+I|I
o]

R

unknown

FIG. 7.53
Series ohmmeter.

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-
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 7, is

E
L, (full scale) = Iy = : 7.6
n ) = los zero — adjust (7.6)
R +R, +—
2
E zero-adjust
and R,=——-R,— ——— 1.7
I 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 appears
in Fig. 7.54. Because of its low-range capability, the network design must
be a great deal more sophisticated than described above. It uses electronic
components that eliminate the inaccuracies introduced by lead and con-
tact resistances. It is similar to the above system in the sense that it is com-
pletely portable and does require a dc battery to establish measurement
conditions. Special leads are used to limit any introduced resistance lev-
els. The maximum scale setting can be set as low as 0.00352 (3.52 m{}).

The megohmmeter (often called a megger) is an instrument for mea-
suring very high resistance values. Its primary function is to test the in-
sulation found in power transmission systems, electrical machinery,
transformers, and so on. To measure the high-resistance values, a high dc
voltage is established by a hand-driven generator. If the shaft is rotated
above some set value, the output of the generator is fixed at one select-
able voltage, typically 250 V, 500 V, or 1000 V. A photograph of a com-
mercially available tester is shown in Fig. 7.55. For this instrument, the
range is zero to 5000 M().

7.10 APPLICATIONS
Boosting a Car Battery

Although boosting a car battery may initially appear to be a simple appli-
cation of parallel networks, it is really a series-parallel operation that is
worthy of some investigation. As indicated in Chapter 2, every dc supply
has some internal resistance. For the typical 12 V lead-acid car battery, the
resistance is quite small—in the milliohm range. In most cases, the low in-
ternal resistance ensures that most of the voltage (or power) is delivered to
the load and not lost on the internal resistance. In Fig. 7.56, battery #2 has
discharged because the lights were left on for three hours during 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 desir-
able characteristic under some conditions. Be sure to check the gage of the

Battery terminals

s Icharging l au
2V T 117V
Booster battery Down battery
(#1) (#2)

FIG. 7.56
Boosting a car battery.
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FIG. 7.54
Milliohmmeter.
(Courtesy of Keithley Instruments, Inc.)

FIG. 7.55

Megohmmeter:
(Courtesy of AEMC® Instruments, Foxborough, MA.)
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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.

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 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 nei-
ther 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, it is strongly
recommended that the person making the connections wear the proper
type of protective eye equipment. Take sufficient time to 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 usu-
ally connected to the chassis of the car with a relatively short, heavy wire.

When you are sure of which are the positive and negative terminals,
first connect one of the red wire clamps of the booster cables to the posi-
tive 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 battery.
Next, connect one end of the black cable of the booster cables to the neg-
ative terminal of the booster battery, and finally connect the other end of
the black cable to the engine block 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, remove the cables in the reverse order starting with the ca-
ble 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 are 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 cur-
rent to start the other car. It’s a pretty heavy load to put on a single battery.
For the situation in Fig. 7.56, the voltage of battery #2 is less than that of bat-
tery #1, and the charging current will flow as shown. The resistance in series
with the boosting battery is more because of the long length of the booster
cable to the other car. The current is limited only by the series milliohm re-
sistors 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 cur-
rent willbe I = (12V — 11.7 V)/(20 mQ + 10 m) = 0.3 V/30 mQ) =
10 A. At starting, the current levels will be as shown in Fig. 7.57 for the re-
sistance levels and battery voltages assumed. At starting, an internal resis-
tance for the starting circuit of 0.1 1 = 100 m{} is assumed. Note that the
battery of the disabled car has now charged up to 11.8 V 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.

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 pro-
vided by the battery being charged. In essence, therefore, the majority of
the starting current is coming from the disabled car. The good battery has
provided an initial charge to the bad battery and has provided the addi-



L =4375A _ L=67.5A
( 10 mQ)
z Islaner=11+12=111.25A
r—n B
12V —.‘_ 18V
§————— |
100 mQ)
starter
motor
FIG. 7.57

Current levels at starting.

tional current necessary to start the car. But, in total, it is the battery of the
disabled car that is the primary source of the starting current. 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 reverse, with the
good battery providing 68.75 A and the bad battery only 37.5 A. Quite ob-
viously, therefore, the worse the condition of the dead battery, the heavier
the drain on the good battery. A point can also be reached 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 started 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 providing the necessary dc 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 shown in Fig. 7.58. 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 V)/30 mQ) =
23.7 V/30 m{) = 790 A], perhaps permanently damaging the electrical
system of both cars and, worst of all, causing an explosion that may seri-
ously injure someone. 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 is clear when you start that car.

Before leaving the subject, we should point out that getting a boost from
atow truck results in a somewhat different situation: The connections to the

2 m” AQA i@é o Booster cable 2%

|+

Idamugc = 79&

I —

10 mQ)

FIG. 7.58
Current levels if the booster battery is improperly connected.
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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 internal resistance on the supply side and
aheavier current from the truck battery. In this case, the truck is really start-
ing the disabled car, which simply reacts to the provided surge of power.

Electronic Circuits

The operation of most electronic systems requires a distribution of dc
voltages throughout the design. Although a full explanation of why the
dc 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 back-
ground to perform the dc analysis of the majority of electronic networks
you will encounter if given the dc terminal characteristics of the elec-
tronic elements. For example, the network in Fig. 7.59 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 base current by I~ = Bl = 501 (B varies from transistor to tran-
sistor). Using these facts will enable us to determine all the dc currents
and voltages of the network using the laws introduced in this chapter. In
general, therefore, be encouraged that you will use the content of this
chapter in numerous applications in the courses to follow.

FIG. 7.59
dc bias levels of a transistor amplifier.

For the network in Fig. 7.59 we begin our analysis by applying Kirch-
hoff’s voltage law to the base circuit:

+VBB - VRH - VBE = O or VBB = VRB + VBE

and Vi, = Vip = Vg = 12V =07V = 113V
sothat Vi = IRy =113V
d g = Ve _ 113V 51.4 A
an = = = 51.
57 R, 220kQ H
Then  Ip = Bl = 501, = 50(51.4 uA) = 2.57 mA
and +VCE + VRC - VCC = O or VCC = VRC + VCE

with VCE = VCC - VRC = VCC - ICRC =12V — (2.57 mA)(2 kQ)
=12V —-514V =686V



For a typical dc analysis of a transistor, all the currents and voltages
of interest are now known: I, Vi, I, and V. All the remaining volt-
age, current, and power levels for the other elements of the network can
now be found using the basic laws applied in this chapter.

The above example is typical of 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 relationships
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.

As shown in Fig. 7.60, the network is drawn as in earlier chapters us-
ing 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 resistors.
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. 7.60 was entered as 1.333 k() rather than 1.33 k()
as in Example 7.12. When running the program, we found that the com-
puter solutions were not a perfect match to the longhand solution to the
level of accuracy desired unless this change was made.

Since all the voltages are to ground, the voltage across R, is 60 V;
across R;, 20 V;and across R;, —12 V. The currents are also an excellent

%) Capiure C15 - Deme Edilion - [/ - (SCHEMATIES : PAGET]]

k] B £5c yew Bece baow Pipor dcormes Gpios [ndow bee N
Gje@] @] & |=|ef af =] T e - 0k [ O e 5 S
[scHEMATICIPpien 7.1 = || B[] Bes|slls] v [T . |wi

|=lololOle]” [2|a] flq jQlal=]=| + ] E]2]Y o]

E i

Tode —
=

R3 = 240 =

= 0
=
4] | i
e G SoEe 0% Kel¥) Tl
FIG. 7.60

Using PSpice to verify the results of Example 7.12.
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match with the handwritten solution, with I = 50 mA, I, = 30 mA,
Ip, =20 mA, I =50 mA, I =10 mA, and I =20 mA. For the
display in Fig. 7.60, the W option was disabled to permit concentrating on
the voltage and current levels. This time, there is an exact match with the
longhand solution.

PROBLEMS
SECTIONS 7.2-7.5 Series-Parallel Networks

1. Which elements (individual elements, not combinations of
elements) of the networks in Fig. 7.61 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 ele-
ments in parallel have the same voltage. Restrict your deci-
sions to single elements, not combinations of elements.

R, R, R, Ry R,

|+

o
| +
i
R
M

o
o
|
i
R
M
B
MA
=
M
o
i
Z
M

(a) (b) (c)

= R,
MWy
R, R,
R, R,
MWy Wy pa
E= AW
+ _ R
E = Ry Rs
_I R, R
(@ ()
FIG. 7.61
Problem 1.
2. Determine R for the networks in Fig. 7.62.
Wy
° 40
40 40 100 o Lo o—AMA—
e 10Q e 10Q 4Q 4Q 10Q 4Q
T T . .
R, 10 Q R, 40
O
40 40 10 o o o
(a) (b) (©) ()

FIG. 7.62

Problem 2.



3. For the network in Fig. 7.63:

I

-

Does I, = Is = Is? Explain.

IfI,=10Aand I, = 4 A, find L.

Does I, + I, = I; + 1,7 Explain.

IfV,=8Vand E = 14V, find V,.

IfR =4Q,R, =2Q0,R; =4 Q,and R, = 6 ), what
is Ry?

If all the resistors of the configuration are 20 (), what is
the source current if the applied voltage is 20 V?

Using the values of part (f), find the power delivered by the
battery and the power absorbed by the total resistance Ry

R, R

L, +Va-— I

R, Ry

FIG. 7.63
Problem 3.

4. For the network in Fig. 7.64:

a.

Find the total resistance Ry.

b. Find the source current /; and currents 7, and /5.
c. Find current /s.
d. Find voltages V, and V.
I3 Ry
MW
Is | 120
MWy
40 l Ry
+ + I AWy
E="14V Vv, R, S60 4+ 120 _
- 2 § v,
Ry
= ‘_Jls
FIG. 7.64
Problem 4.
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5. For the network in Fig. 7.65:
a. Determine R;.
b. Find [, 1,, and [,.
c¢. Find voltage V.

+ >
E= R1§1OQ R, Z15Q 0V,
36V .
- R4 20 V4
Ry -

FIG. 7.65
Problem 5.

6. For the circuit board in Fig. 7.66:

a.
b.

Find the total resistance Ry of the configuration.

Find the current drawn from the supply if the applied
voltage is 48 V.

Find the reading of the applied voltmeter.

FIG. 7.66
Problem 6.




276 |11 SERIES-PARALLEL CIRCUITS

*7. For the network in Fig. 7.67:
a. Find currents [, I,, and I;.
b. Find voltages V; and V.
c¢. Find the power delivered to the 3 k() resistor.

*8. For the series-parallel configuration in Fig. 7.68:
a. Find the source current /.
b. Find currents /5 and I,.
c. Find current .
d. Find voltage V..

R, R
M MA—1b
50 Tl* 60 /
N Vub T
R3§89 R
_ R,
R1§IOQ =30V '\N\,‘_"* R9§4Q
+ 60 Iy
l R, =4Q RS%SQ Ry=20
].!
FIG. 7.68
Problem 8.

9. Determine the currents /; and /, for the network in Fig. 7.69.

16 Q
M
+20v 50 _7v
o Wy T —0
I = b

M

250
FIG. 7.69
Problem 9.

+

E=2V= V|, R R2§ Ry =Z3kQ
N 12kQ “T12kQ

L

MWy

9k

h |l

l]z 6 kQ
+ Vs —

+

FIG. 7.67
Problem 7.

10. a. Find the magnitude and direction of the currents /, [}, I,,
and /; for the network in Fig. 7.70.
b. Indicate their direction on Fig. 7.70.

+24V
[

I

I
W S0

1

I

FIG. 7.70
Problem 10.

*11. For the network in Fig. 7.71:
a. Determine the currents I, I}, I3, and /.
b. Calculate V, and V..

=~

R 2100 20V R, § 5
b
-
FIG. 7.71

Problem 11.
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12. For the network in Fig. 7.72: *14. The network in Fig. 7.74 is the basic biasing arrangement for
a. Determine the current /;. the field-effect transistor (FET), a device of increasing im-
b. Calculate the currents 7, and /5. portance in electronic design. (Biasing simply means the ap-
¢. Determine the voltage levels V, and V. plication of dc levels to establish a particular set of operating

conditions.) Even though you may be unfamiliar with the
FET, you can perform the following analysis using only the
E020V basic laws introduced in this chapter and the information
l I provided on the diagram.
a. Determine the voltages V; and V.
RZ30 b. Find the currents [, I,, I, and I.
c. Determine V.
d. Calculate V).

Rs<6QR; <60

FIG. 7.72
Problem 12.
Ves = 175V b
I = 0A
Ip = I
*13. Determine the dc levels for the transistor network in Fig.
7.73 using the fact that Vg = 0.7V, Vy =2V, and I = I.
That is:
a. Determine /; and /.
b. Calculate 7. FIG. 7.74
c. Determine Vy and V. Problem 14.
d. Find Vz and V.

*15. For the network in Fig. 7.75:
Determine R

Calculate V,,.

Find V,.

Calculate V,.

Determine / (with direction).

S I

FIG. 7.73
Problem 13.

FIG. 7.75
Problem 15.
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16. For the network in Fig. 7.76: *19. For the network in Fig. 7.79:
a. Determine the current /. a. Determine R, by combining resistive elements.
b. Find V,. b. Find V| and V,.
c. Calculate /5 (with direction).
d. Determine /; by finding the current through each ele-
E = o+9 v ment and then applying Kirchhoff’s current law. Then
l] calculate R, from R; = E/I;, and compare the answer
with the solution of part (a).
N R, <Z7Q
Vi R, §5 Q + V, -
- 80 Ry
Ry W\/
| il 16 Q v, -
E,=-19V - R, L R Ry
—W Wy Wy
FIG. 7.76 80 40 320
Problem 16. Rs
Wy
16 Q
17. For the configuration in Fig. 7.77: Ry T E
a. Find the currents 1, /4, and . I||=
+ — -

b. Find the voltages V, and V5.

2V ls =
FIG. 7.79
+ V- Problem 19.
R; R; R, Is Rg
—
MWy WA MWy
0a ||n 100 60 6Q |s
+ +
—= R R
EZ= 100V R, 2300 W W RZ109Q vy
6Q 30
-
FIG. 7.77
Problem 17.
18. Determine the voltage V and the current / for the network in 20. For the network in Fig. 7.80:
Fig. 7.78. a. Determine the voltage V,;,. (Hint: Just use Kirchhoff’s

voltage law.)
b. Calculate the current 1.

— ol
! 8 Q) 6V = 50 T,
AWy AWy !
6 + a b
+
ull > 80
30V 8Q) -
= 2 4 =20V
— +
MWy
= 60 _=
FIG. 7.78 FIG. 7.80

Problem 18. Problem 20.




*21. For the network in Fig. 7.81:
a. Determine the current .
b. Calculate the open-circuit voltage V.

FIG. 7.81
Problem 21.

*22. For the network in Fig. 7.82, find the resistance Rj if the cur-

rent through it is 2 A.
R=120
+
120V = J2A
R, =200 R,
FIG. 7.82
Problem 22.

*23. If all the resistors of the cube in Fig. 7.83 are 10 (), what is
the total resistance? (Hint: Make some basic assumptions
about current division through the cube.)

° Wy

FIG. 7.83
Problem 23.
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*24. Given the voltmeter reading V = 27 V in Fig. 7.84:
a. Is the network operating properly?
b. If not, what could be the cause of the incorrect reading?

/@z\% v

6k0 W
AWy
AWy
+ 6 kQ
E=45V §36 kQ
FIG. 7.84
Problem 24.

SECTION 7.6 Ladder Networks

25. For the ladder network in Fig. 7.85:
a. Find the current 1.
b. Find the current /.
c. Determine the voltages V3, Vs, and V.
d. Calculate the power delivered to R;, and compare it to
the power delivered by the 240 V supply.

R, Ry R
—Wv MWy Wy
130 20 10
+ + + +
240V = A R3§4Q Vs R5§6Q vy R7§29
Ry B - 117
MWy
= 50
FIG. 7.85
Problem 25.

26. For the ladder network in Fig. 7.86:
a. Determine Ry
b. Calculate L

c. Find .

I R, R; Rq
("W MW Wy

Ry 40 40 40
+

2V =— R2§29 R4§ZQ R7§ZQ
) Rs Ry
MWy MWV=—
-L- 10 10 g
FIG. 7.86

Problem 26.
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*27. Determine the power delivered to the 10 () load in Fig. 7.87. 70 20 20
MWy MWy MWy
28. For the multiple ladder configuration in Fig. 7.88: B +—_— UV § 10 §2 10 /P
a. Determine /. - § 100
b. Calculate /. 120 120
c. Find /. AMN AMN
d. Find I,,.
FIG. 7.87
Rg Problem 27.
120
Ry Z12Q
FIG. 7.88
Problem 28. *30. Determine the voltage divider supply resistors for the con-
figuration in Fig. 7.90. Also determine the required wattage
. rating for each resistor, and compare their levels.
SECTION 7.7 Voltage Divider Supply
(Unloaded and Loaded) 0 +120V
29. Given the voltage divider supply in Fig. 7.89: %
a. Determine the supply voltage E. R,
b. Find the load resistors R;, and R, . 10 mA
¢. Determine the voltage divider resistors R, R,, and R;.
[,=72mA Ry §
. ZO_I'I'LA +
40 mA 2 mAT - RL1§100V
+ —

+
180V == R3§ RL2%4OV
=
R, S 16k0 - +
L <
R, R, 236V
3

FmA
Rs
o —60V
FIG. 7.89 FIG. 7.90

Problem 29. Problem 30.



SECTION 7.8 Potentiometer Loading

*31. For the system in Fig. 7.91:
a. Atfirstexposure, does the design appear to be a good one?
b. In the absence of the 10 k() load, what are the values of
R, and R, to establish 3 V across R,?
c. Determine the values of R, and R, to establish
Vg, = 3V when the load is applied, and compare them
to the results of part (b).

l 1 k() Pot.

i Rl{
E—_12V ol

T Rz{ "

T R, S10kQ 3V

FIG. 7.91
Problem 31.
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SECTION 7.9 Ammeter, Voltmeter,
and Ohmmeter Design

33.

34.

35.

36.

37.

A d’Arsonval movement is rated 1 mA, 100 ).

a. What is the current sensitivity?

b. Design a 20 A ammeter using the above movement.
Show the circuit and component values.

Using a 50 pA, 1000 Q) d’Arsonval movement, design a
multirange milliammeter having scales of 25 mA, 50 mA,
and 100 mA. Show the circuit and component values.

A d’Arsonval movement is rated 50 nA, 1000 ().

a. Design a 15 V dc voltmeter. Show the circuit and com-
ponent values.

b. What is the ohm/volt rating of the voltmeter?

Using a 1 mA, 100 ) d’ Arsonval movement, design a multi-
range voltmeter having scales of 5V, 50 V, and 500 V. Show
the circuit and component values.

A digital meter has an internal resistance of 10 M{) on its
0.5 V range. If you had to build a voltmeter with a d’ Arson-
val movement, what current sensitivity would you need if
the meter were to have the same internal resistance on the
same voltage scale?

*32. For the potentiometer in Fig. 7.92: *38. a. Design a series ohmmeter using a 100 pA, 1000
a. What are the voltages V,, and V), with no load applied movement; a zero-adjust with a maximum value of 2 k();
(R, = R, = o Q)? a battery of 3 V; and a series resistor whose value is to
b. What are the voltages V,, and V,, with the indicated be determined.
loads applied? b. Find the resistance required for full-scale, 3/4-scale,
¢. What is the power dissipated by the potentiometer under 1/2-scale, and 1/4-scale deflection.
the loaded conditions in Fig. 7.92? c. Using the results of part (b), draw the scale to be used
d. What is the power dissipated by the potentiometer with with the ohmmeter.
no loads applied? Compare it to the results of part (c). 39. Describe the basic construction and operation of the
megohmmeter.
a *40. Determine the reading of the ohmmeter for the configuration
4»100(), Pot. + in Fig. 7.93.
. 1kQ v,
E= 40V :
- 200{3 | b +
T 10kQ v,
- c
FIG. 7.92 180 180 18Q
Problem 32. 120 AWy MWy VWV—
o] W\, R, Ry Ry
R,
R, § 120
12Q — 9 o——
o AV @
Rs
(@) (b)
FIG. 7.93

Problem 40.
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SECTION 7.11 Computer Analysis
41. Using PSpice or Multisim, verify the results of Example 7.2.

42. Using PSpice or Multisim, confirm the solutions of Exam-
ple 7.5.

43. Using PSpice or Multisim, verify the results of Exam-
ple 7.10.

44. Using PSpice or Multisim, find voltage V, of Fig. 7.32.

45. Using PSpice or Multisim, find voltages V, and V, of
Fig. 7.40.

GLOSSARY

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

d’Arsonval movement An iron-core coil mounted on bearings
between a permanent magnet. A pointer connected to the mov-
able core indicates the strength of the current passing through
the coil.

Ladder network A network that consists of a cascaded set of
series-parallel combinations and has the appearance of a ladder.

Megohmmeter An instrument for measuring very high resis-
tance levels, such as in the megohm range.

Series ohmmeter A resistance-measuring instrument in which
the movement is placed in series with the unknown resistance.

Series-parallel network A network consisting of a combination
of both series and parallel branches.

Transistor A three-terminal semiconductor electronic device
that can be used for amplification and switching purposes.
Voltage divider supply A series network that can provide a

range of voltage levels for an application.



