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71 SERIES-PARALLEL NETWORKS

A firm understanding of the basic principles associated with series and
parallel circuits is a sufficient background to begin an investigation of
any single-source dc network having a combination of series and paral-
lel elements or branches. Multisource networks are considered in detail

in Chapters 8 and 9. In general,

series-parallel networks are networks that contain both series and
parallel circuit configurations.

One can become proficient in the analysis of series-parallel networks
only through exposure, practice, and experience. In time the path to the
desired unknown becomes more obvious as one recalls similar configu-
rations and the frustration resulting from choosing the wrong approach.
There are a few steps that can be helpful in getting started on the first
few exercises, athough the value of each will become apparent only

with experience.

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. Next examine each region of the network independently before
tying them together in series-parallel combinations. This will
usualy simplify the network and possibly revea a direct ap-
proach toward obtaining one or more desired unknowns. It also
eliminates many of the errors that might 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
guantities from the source.
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FIG. 71
Introducing the reduce and return approach.

—

FIG. 7.2
Introducing the block diagram approach.

)

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

Reduce and Return Approach

For many single-source, series-paralel networks, the analysis is one
that works back to the source, determines the source current, and then
finds its way to the desired unknown. In Fig. 7.1(a), for instance, the
voltage V, is desired. The absence of a single series or paralel path to
V, from the source immediately reveals that the methods introduced in
the last two chapters cannot be applied here. First, series and parallel
elements must be combined to establish the reduced circuit of Fig.
7.1(b). Then series elements are combined to form the simplest of con-
figurations in Fig. 7.1(c). The source current can now be determined
using Ohm'’s law, and we can proceed back through the network as
shown in Fig. 7.1(d). The voltage V, can be determined and then the
origina network can be redrawn, as shown in Fig. 7.1(e). Since V, is
now known, the voltage divider rule can be used to find the desired
voltage V,. Because of the similarities between the networks of Figs.
7.1(a) and 7.1(e), and between 7.1(b) and 7.1(d), the networks drawn
during the reduction phase are often used for the return path.

Although all the details of the analysis were not described above, the
general procedure for a number of series-parallel network problems
employs the procedure described above: Work back for I and then fol-
low the return path for the specific unknown. Not every problem will
follow this path; some will have simpler, more direct solutions. How-
ever, the reduce and return approach will handle one type of problem
that does surface over and over again.

Block Diagram Approach

The block diagram approach will be employed throughout to emphasize
the fact that combinations of elements, not ssimply single resistive ele-
ments, can be in series or paralel. The approach will aso revea the
number of seemingly different networks that have the same basic struc-
ture and therefore can involve similar analysis techniques.

Initially, there will be some concern about identifying series and par-
alel elements and branches and choosing the best procedure to follow
toward a solution. However, as you progress through the examples and
try afew problems, a common path toward most solutions will surface
that can actually make the analysis of such systems an interesting,
enjoyable experience.

In Fig. 7.2, blocks B and C are in parallel (points b and ¢ in com-
mon), and the voltage source E is in series with block A (point a in
common). The parallel combination of B and C is aso in series with A
and the voltage source E due to the common points b and ¢, respec-
tively.

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

R1’2 = Rl + R2



)

For paralld resistors R, and R,, the parallel symbol will be inserted
between their subscript notations, as follows:

R.R,

Ry =R || R = R+ R,

EXAMPLE 7.1 If each block of Fig. 7.2 were a single resistive ele-
ment, the network of Fig. 7.3 might result.
The parallel combination of Rz and R results in

(12 kQ)(6 kQ)

12k0 + k0 KO

Reic = Re || Re =

The equivalent resistance Rgc is then in series with R,, and the total
resistance “seen” by the sourceis

Rr = Ra + Rgc
=2kQ +4kQ =6kQ

The result is an equivalent network, as shown in Fig. 7.4, permitting
the determination of the source current ..

E 54V
— =——=9mA
Rr 6 kQ)

and, since the source and R, are in series,
la=ls=9mA

ls=

We can then use the equivalent network of Fig. 7.5 to determine I
and I using the current divider rule:
6 kQ(ly) 6 1

o= eka+ 12k 1815 3 OMA)=3mA

o 12k00) 12, 2 ~
o= Dkat6ka 18~ 3 @MA) =6MA

or, applying Kirchhoff’s current law,
lc=1ls—1lg=9mA — 3mA = 6 mA

Note that in this solution, we worked back to the source to obtain the
source current or total current supplied by the source. The remaining
unknowns were then determined by working back through the network
to find the other unknowns.

EXAMPLE 7.2 It is also possible that the blocks A, B, and C of Fig.
7.2 contain the elements and configurations of Fig. 7.6. Working with
each region:

A R.=40Q
R 40
B: =R||R=Ryz=—=—=20Q
Rs 2|| 3 2|13 N 2
C. RR=R,+Rs=R;5=05Q+150=20Q

Blocks B and C are still in parallel, and

R 20

=—= =10
Reaic N >
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(a* AMA b
ls 2KkQ vlg vlc
Rr B C
Rajc §12 kQ §

6 kQ

- c
FIG. 7.3
Example 7.1.
IA
N
E—54V RT§ 6 kQ)
FIG. 7.4

Reduced equivalent of Fig. 7.3.

Ia

E—
iIB i|c
§12 kQ § 6 kQ)
FIG. 7.5
Determining lg and I for the network of
Fig. 7.3.
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+ Vp —
IA
A
RAWZQ Jle Jle
4 o
10V=—=" R§:29§ Vg Re=20Vc
/
FIG. 7.7

Reduced equivalent of Fig. 7.6.

Uy R, A
SRS -
40 MB wc
B c
IST = R4§o59
E——10V R2§4Q R3§4Q
RZ150
= c
FIG. 7.6
Example 7.2.
with
— Note the similarity between thi ati
Rr=Ra + Rgic it obtiinad for Exampier )"
=40+1Q0=50
E 10V
and lg=—=—"7"7"=2A
ST R 50

We can find the currents |, Iz, and I using the reduction of the net-
work of Fig. 7.6 (recall Step 3) asfound in Fig. 7.7. Note that 1 5, I, and
Ic are the same in Figs. 7.6 and 7.7 and therefore also appear in Fig.
7.7. In other words, the currents I 5, I, and I of Fig. 7.7 will have the
same maghitude as the same currents of Fig. 7.6.

= lo= 2A
. 1. 2A
lp=lo=—A s _2A _ g,
and B=lc= 5 T 2

Returning to the network of Fig. 7.6, we have

|
Ik, = Iry = 73 = 05A

The voltages V,, Vg, and V¢ from either figure are
Vo= I1aRa = (2A)4 Q) =8V
Vg =IgRs = (1A)(2Q) =2V
Ve=Vg =2V

Applying Kirchhoff’s voltage law for the loop indicated in Fig. 7.7,
we obtain

SeV=E—-Vya—Vg=0

E=Vp+Vsg=8V +2V
or 10V =10V (checks)

EXAMPLE 7.3 Another possible variation of Fig. 7.2 appears in Fig.
7.8.
_(09)609) _ 540

Re=Rie=g5 160~ 15 0%
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R, A
| MW— b
a —Le 90 h
R,
T e e
60 2 B
Ry 40 c
E-==16.8V R6§3Q
R, =60 R=30
2 c
FIG. 7.8
Example 7.3.
(6Q)(BQ)
=R;+ = + A = + =
Re=Rs+ Rys =4Q 60 +30 40+20=6Q
R.=3Q
The network of Fig. 7.8 can then be redrawn in reduced form, as shown
in Fig. 7.9. Note the similarities between this circuit and the circuits of + Va—
Figs. 7.3 and 7.7. a, s
v
_ _ (60)(3Q) _ 360 lg le
RT_RA+RB||C_3GQ+6Q+3Q IST RT i + } +
=360+20=560Q T8V ReZ60Q Vo ReZ30
__E _ 168V _
=R " 560 A s
Ia=ls=3A

FIG. 7.9
Applying the current divider rule yields Reduced equivalent of Fig. 7.8.
I — Rla  _ BOYBA) _ 9A
® R:+Rs 30+60 9
By Kirchhoff’s current law,
lc=lpa—1g=3A-1A=2A

=1A

By Ohm's law,
Vo= 1Ry = (3A)(3.6 Q) =108V
Ve =IgRs = Ve =IcR. = (2A)(3Q) =6V

Returning to the original network (Fig. 7.8) and applying the current
divider rule,

Rla  _ (6Q)(3A) _ 18A
R+R 6Q+9Q 15

By Kirchhoff’s current law,

l,=Ir—1, = 3A — 1.2A = 1.8A

I, =

=12A

Figures 7.3, 7.6, and 7.8 are only afew of the infinite variety of con-
figurations that the network can assume starting with the basic arrange-
ment of Fig. 7.2. They were included in our discussion to emphasize the
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FIG. 7.10
Example 7.4.

FIG. 711
Block diagram of Fig. 7.10.

e— U |e{ O
<

FIG. 7.12
Alternative block diagram for the first
parallel branch of Fig. 7.10.

)

importance of considering each region of the network independently
before finding the solution for the network as a whole.

The blocks of Fig. 7.2 can be arranged in a variety of ways. In fact,
thereis no limit on the number of series-parallel configurations that can
appear within agiven network. In reverse, theblock diagram approach can
be used effectively to reduce the apparent complexity of asystem by iden-
tifying the major series and parallel components of the network. This
approach will be demonstrated in the next few examples.

72 DESCRIPTIVE EXAMPLES

EXAMPLE 7.4 Find the current |, and the voltage V, for the network
of Fig. 7.10.

Solution: 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 employed should
concentrate on obtaining only the unknowns requested. With the block
diagram approach, the network has the basic structure of Fig. 7.11,
clearly indicating that the three branches are in parallel and the voltage
across A and B is the supply voltage. The current |, is how immediately
obvious as simply the supply voltage divided by the resultant resistance
for B. If desired, block A could be broken down further, as shown in
Fig. 7.12, 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 amental sketch of the approach might be made before applying
laws, rules, and so on, to avoid dead ends and growing frustration.
Applying Ohm’s law,
E E 12V

I, Sy 80 15A
Combining the resistors R, and R; of Fig. 7.10 will result in

BO)6Q) _ 180 _
30+6Q0 9

and, applying the voltage divider rule,

__RE _(@O@2v) _ 24v
Ro+Re 20+40 6

Ro=R|[Rs=30160Q=

20

V, —4v

EXAMPLE 7.5 Find the indicated currents and voltages for the net-
work of Fig. 7.13.

Solution: Again, only specific unknowns are requested. When the
network is redrawn, it will be particularly important to note which
unknowns are preserved and which will have to be determined using the
original configuration. The block diagram of the network may appear as
shown in Fig. 7.14, clearly revealing that A and B are in series. Note in
this form the number of unknowns that have been preserved. The volt-
age V, will be the same across the three parallel branches of Fig. 7.13,
and Vs will be the same across R, and Rs. The unknown currents |, and
I, are lost since they represent the currents through only one of the par-
alel branches. However, once V,; and Vs are known, the required cur-
rents can be found using Ohm’s law.



% DESCRIPTIVE EXAMPLES m 219

+ V) —
Rl
MWy
60
Is R, P
(o e V-
6 l A
R R
B, W a . [ s
—_— [0 —
E—=24V 2 R4§8Q R5§129 \i5 E—=—r B| v
] S
FIG. 7.13 FIG. 7.14
Example 7.5. Block diagram for Fig. 7.13.
_ R _69_
Ry = N 2 30
_ _ (3029 60
Re=Ruzs =501 505 120
80)(12Q) 90O
= = = = 4_ Q
Re=Ris=gn+120 20 8
Thereduced form of Fig. 7.13 will then appear as shownin Fig. 7.15, and + va -
1)[2l}3
Ry = R]J|2||3 + R4||5 =120+480=6Q
120
Lo E_ v, I, .
Ry 6Q
E—=/ 24V Rys §4.89 Vs
with Vi = IsRypz = (4A)(1.2Q) = 48V R _
Vs = IsRys = (4A)(4.8 Q) = 19.2V
Applying Ohm's law, =
I, = ﬁ - 19.2v =24A FIG. 7.15
Ry 80 Reduced form of Fig. 7.13.

_ Vv _ Vi _ asv

I, = = = = 0.8A
2 R R 6Q

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

EXAMPLE 7.6
a. Find the voltages V,, Vs, and Vy, for the network of Fig. 7.16.
b. Calculate the source current .

Solutions: Thisis one of those situations where it might be best to
redraw the network before beginning the analysis. Since combining
both sources will not affect the unknowns, the network is redrawn as
shown in Fig. 7.17, establishing a parallel network with the total source
voltage across each paralel branch. The net source voltage is the dif-
ference between the two with the polarity of the larger.
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V3R,

'l

.

N

<

o
~7

S

R, =30 R, =20

FIG. 7.17
Network of Fig. 7.16 redrawn.

FIG. 7.18
Example 7.7.

Rs R,
60 bﬁ 20
+V; —
Vap
R a¢+ R, B
E,—/— 6V 50 30 18V —E,
+ +v, - +
"
FIG. 7.16
Example 7.6.

a. Notethe similarities with Fig. 7.12, permitting the use of the voltage
divider rule to determine V; and Vs:

RE _ (50)12V) _ 60V

V= =75V
' R+R, 50+30 8
R:E 6Q)(12V) 72V
)  RR+R  60+20 8

The open-circuit voltage V,, is determined by applying Kirchhoff’s
voltage law around the indicated loop of Fig. 7.17 in the clockwise
direction starting at terminal a.

+V1_ V3+ Vab: O
and Voo =V3 =V, =9V — 75V =15V
b. By Ohm's law,

Vi 75V
I, = —= = =15A
R 50

V3 oV
;= —=—""_=15A
TR 60

Applying Kirchhoff’s current law,
ls=1;+13=15A +15A =3A

EXAMPLE 7.7 For the network of Fig. 7.18, determine the voltages V,
and V, and the current I.

Solution: It would indeed be difficult to analyze the network in the
form of Fig. 7.18 with the symbolic notation for the sources and the ref-
erence or ground connection in the upper left-hand corner of the dia-
gram. However, when the network is redrawn as shown in Fig. 7.19, the
unknowns 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.
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

_E1+V1_E2:O
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R4§6n Vo BimE6VA

R, Tiﬂ le il B _.Hlllsv

FIG. 7.19
Network of Fig. 7.18 redrawn.

i

and Vi=E,+E =18V + 6V =24V
Applying Kirchhoff’s current law to node a yields
I = Il + |2 + |3
Vi B E

24V, 6V , 6V
6Q 60 120
=4A + 1A + 05A

| =55A

The next example is clear evidence of the fact that techniques
learned in the current chapters will have far-reaching applications and
will not be dropped for improved methods. Even though the transistor
has not been introduced in this text, the dc levels of a transistor network
can be examined using the basic rules and laws introduced in the early
chapters of this text.

EXAMPLE 7.8 For the transistor configuration of Fig. 7.20, in which

Vg and Vg have been provided:

a. Determine the voltage Vg and the current |g.

b. Calculate V.

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

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

Solutions:
a. From Fig. 7.20, we find

V2 = VB =2V
Writing Kirchhoff’s voltage law around the lower loop yields
Vo = Vge = V=0

or Ve=V,— Vge =2V — 07V = 13V
Ve 13V
and = —=—"2Y__13mA 7
e~ R T 10000 FIG. 7.20

Example 7.8.
b. Applying Kirchhoff’s voltage law to the input side (left-hand region
of the network) will result in

V2+V1_VCC:0
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and Vl = VCC - V2
but V2 = VB
and V1:VCC_V2:22V_2V:20V
¢. Redrawing the section of the network of immediate interest will
Ve = 22V result in Fig. 7.21, where Kirchhoff’s voltage law yields
I
lC + VC+VRC_VCC:O
R S10KQ Vg and Ve = Vec = Vr. = Vee — IcRe
- but le = g
QC and Ve = Vee — IR = 22V — (1.3 mA)(10 kQ)
v =9V
C
S Then VBC = VB - VC
i_ =2V -9V
- = =7V
FIG. 7.21
.. . d VCE = VC - VE
Determining V¢ for the network of Fig. 7.20. — 9V — 13V
=77V

EXAMPLE 7.9 Cdculate the indicated currents and voltage of Fig.

7.22.
R1
a
Wy
4kQ T'
S
R2§8k9 Ry < 24kQ E 72V
Rs Rs I5 b
—
w M——=0"
12 kQ 12 kO -
FIG. 7.22
Example 7.9

Solution: Redrawing the network after combining series elements
yields Fig. 7.23, and

-— —
Is ls
24 kQ)
R 12k
E—=—/T72V
+
> R
R 2 12k0 v & P2k
|5 |6
BT
FIG. 7.23

Network of Fig. 7.22 redrawn.
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L E _ 72V _ T2V
® Ruogu+tRs 12kQ+12kQ  24kQ
with
Ry E (4.5kM)(72V) 324V
vy = : = = =196V
" RyegtRs 45kQ+12kQ 165
V7 19.6V
lg = = = 4.35mA
® Ryee  45kQ
and lc=1ls+lg=3mA + 435mA = 7.35mA

Since the potential difference between points a and b of Fig. 7.22 is
fixed at E volts, the circuit to the right or left is unaffected if the net-
work is reconstructed as shown in Fig. 7.24.
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R, Rs
Wy Wy
4kQ Is ls  12kQ
S Re
R2§8k9 RiZ 24k E= T2V E—=T72V e

=
.||—

FIG. 7.24

An alternative approach to Example 7.9.

We can find each quantity required, except I, by analyzing each cir-
cuit independently. To find I, we must find the source current for each
circuit and add it as in the above solution; that is, I = Is + I.

EXAMPLE 7.10 This example demonstrates the power of Kirchhoff's
voltage law by determining the voltages V, Vs, and V; for the network
of Fig. 7.25. For path 1 of Fig. 7.26,

El - V]_ - E3 =0
and V,=E —Ez=20V -8V =12V
For path 2,

E2 - Vl - V2 == 0
and Vo=E -V, =5V —-12V = -7V

indicating that V., has a magnitude of 7V but a polarity opposite to that
appearing in Fig. 7.25. For path 3,

V3 + V2 - E3 =0
and V;=E;3—V,=8V —(-7V)=8V +7V =15V

Note that the polarity of V, was maintained as originally assumed,
requiring that —7 V be substituted for V..

7.3 LADDER NETWORKS

A three-section ladder network appears in Fig. 7.27. The reason for
the terminology is quite obvious for the repetitive structure. Basically
two approaches are used to solve networks of this type.

FIG. 7.25
Example 7.10.

FIG. 7.26
Defining the paths for Kirchhoff’s voltage law.
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Is R, Rs Rs ls
A Ay Wy
50 40 10
—_— +

FIG. 7.27
Ladder network.

Method 1

Cdculate 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. 7.27.

R Ry R,
- AWM Y
50 40 50
30 _
he RE60 R0 2T (. L0 = R 260 60T (=40 +20)
. -
BOED _,, 60 _
30 + 60 2
FIG. 7.28

Working back to the source to determine Ry for the network of Fig. 7.27.

Combining parallel and series elements as shown in Fig. 7.28 will

Ig R, result in the reduced network of Fig. 7.29, and
- A
g\g’ Rr=50+30=80Q
E 240V
—_— 30 == - =
R § Is R, ) 30A
- Working our way back to I (Fig. 7.30), we find that
FIG. 7.29 I, =1lg
Calculating Ry and | . . L E_ 30A 5A
22 2
s, Rl . and, findlly (Fig. 7.31)
50
E—=—o2my R <60 §6sz ls R N R
- MW —Wy
50 I 40 l|4 lle
L + +
= E—= 240V R2§GQ A R4§6Q R516§30
FIG. 7.30 B
Working back toward lg.

FIG. 7.31
Calculating l.
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=501 aqg ~ g (15A) = 10A
and Vs = IgRs = (10A)(2 Q) = 20V

Method 2

Assign aletter symbol to the last branch current and work back through
the network to the source, maintaining this assigned current or other
current of interest. The desired current can then be found directly. This
method can best be described through the analysis of the same network
considered above in Fig. 7.27, redrawn in Fig. 7.32.

| + V; _I + V3 _ + V5 —
s Rl 1 Rs RS
—
MWy —Wy —MW
50 |21 I, 40 |41 s 10 le
+

+ +
E oy V2 R2§6£z R4§6sz Vi Re=Z20 Vg

FIG. 7.32
An alternative approach for ladder networks.

The assigned notation for the current through the final branch is lg;

po Ve NMa WV
" RR+Ry 10+20 30
or V, = (3Q)lg
so that I, = % = (?’Gi&'ﬁ = 05lg
and l3=1,+lg=05lg+ lg= 15l¢
Vs = 13Ry = (L5g)(4 Q) = (6 Q)lg
Also, Vo= Vs + V, = (6Q)lg+ (3N)Is=(90)lg
so that I, = % = (%6 = 15l
and ls=1,+ l3=15lg + 155 = 3lg
with Vi = 1R = IR, = (5 )l
so that E=V,+ Vo= (5BQ)I+ (9D
= (50)3lg) + (9Q)ls = (24 Q)lg
E 240V
and o= 200 = 240 104
with Vs = IgRs = (10A)(2Q) = 20V

as was obtained using method 1.

Mathcad

Mathcad will now be used to analyze the ladder network of Fig. 7.27
using method 1. It will provide an excellent opportunity to practice the
basic maneuvers introduced in earlier chapters.

First, as shown in Fig. 7.33, al the parameters of the network must
be defined. Then the same sequence is followed as included in the text

LADDER NETWORKS m 225
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o=

V)

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.
7.33, until Ry 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 this sequence can be put
in memory and called for as the need arises for different networks. Sim-
ply redefine the parameters of the network, and all the new values for
the important parameters of the network will be displayed immediately.

Sl albr sd 1ondnpremal e ms ] wod]

|] Do L8 Ve jwms Fgea pah Grbolcs el it x|

DEW Sy " I

"  wDw Lo L[ = Y

[ =

=m = wm U mES IS

e

E=24 BRl=35 Bl=6 EFE3i=4 Bd4d=§& BRS5:=1 Ri=12
RT-=RS+Ré HE: Rn.—F‘T ES=RI+RE RID: 11—“
(B4 + BT (B2 4+ R
BT := Bl 4 Ri0 RT - %
IS = B 5= 30
ET
B Ri—e—— B is
(B2 + RE)
6= Rd - 5 6= 10
(R4 + BT
VE = I6-R6 Vii=
Pz 7 o AL =
b IR T S T [T — AR aiTae
FIG. 7.33
Using Mathcad to analyze the ladder network of Fig. 7.27.
74 VOLTAGE DIVIDER SUPPLY
a0y (UNLOADED AND LOADED)
The term loaded appearing in the title of this section refers to the appli-
100 cation of an element, network, or system to a supply that will draw cur-
N rent from the supply. As pointed out in Section 5.8, the application of a
—t.)loov load can affect the terminal voltage of the supply.
Through a voltage divider network such as the one in Fig. 7.34, a
E—120V §20 Q number of terminal voltages can be made available from asingle supply.

FIG. 7.34
\oltage divider supply.

The voltage levels shown (with respect to ground) are determined by a
direct application of the voltage divider rule. Figure 7.34 reflects a no-
load situation due to the absence of any current-drawing elements con-
nected between terminals a, b, or ¢ and ground.

Thelarger theresistance level of the applied loads compared to the
resistance level of the voltage divider network, the closer the resulting
terminal voltage to the no-load levels. In other words, the lower the
current demand from a supply, the closer the terminal characteristics
areto the no-load levels.
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To demonstrate the validity of the above statement, let us consider
the network of Fig. 7.34 with resistive loads that are the average value
of the resistive elements of the voltage divider network, as shown in
Fig. 7.35.

Voltage-divider supply

oV, = 120V

R1§109

E—==120V R2§209 RL1§200

R3§3on R, 2200

o0V

FIG. 7.35
\oltage divider supply with loads equal to the average value of the resistive
elements that make up the supply.

The voltage V, is unaffected by the load R, since the load isin par-
alel with the supply voltage E. The result is V, = 120V, which is the
same as the no-load level. To determine V,, we must first note that R
and R, areinpardlel and R3 = Rs [| R, =30Q || 20Q) = 12 Q. The
paralel combination R, = (R, + R3) || R, = (2000 + 12Q) || 20 Q
=32Q || 20 O = 12.31 Q. Applying the voltage divider rule gives

_ (12.310)(120V) _
Vo= “para+ 100 - 02tV
versus 100 V under no-load conditions.
The voltage V. is
_ (120)(66.21V) _
Ve="ha+ 200 2483V

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 al be relatively close to the no-load values. The anaysis is
similar 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 of Fig. 7.35 that

Vi, 6621V
=—2== = 3.31A
27 R, 200
and for the 1-kQ) level,
I, =288V _ 9g88ma<0.1A

1kQ
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As noted above in the highlighted statement, the more the current
drain, the greater the change in terminal voltage with the application of
theload. Thisis certainly verified by the fact that I _, is about 33.5 times
larger with the 20-() loads.

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

EXAMPLE 7.11 Determine Ry, Ry, and R; for the voltage divider sup-
ply of Fig. 7.36. Can 2-W resistors be used in the design?

Rl
b 10mA *
1, R, 60V
ls = 50mAT
E==T72V R, R, 20V -
.
Rs
® —12V
FIG. 7.36
Example 7.11.
Solution: Rs:
V V 12V
Ry=—2=—S5= =240 Q

ey, s

Pr, = (Ir,)°Rs = (50MA)?240 ) = 0.6 W <2W
R:: Applying Kirchhoff's current law to node a:

IS_IR]__ILl:O

and I =Ilc— I =50mA — 20mA

=30 mA
oo Ve Vi~V 60V-20V _ 40V
" lgg gy 30mMA  30mA
= 1.33kQ

Pr, = (Ir)?Ry = (30MA)? 1.33kQ = 1.197 W <2W
R,: Applying Kirchhoff’s current law at node b:

g, — lr, — I, =0
and Ir, = Ig, = I, = 30MA — 10mA
=20mA
VR, 20V
RZ:EZ OmA = 1kQ

Pr, = (Ir)°Re = (20mA)? 1kQ = 0.4W <2W

Since Pg, Pr,, and Pg, are less than 2 W, 2-W resistors can be used for
the design.
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75 POTENTIOMETER LOADING

For the unloaded potentiometer of Fig. 7.37, the output voltage is deter-
mined by the voltage divider rule, with Ry in the figure representing the
total resistance of the potentiometer. Too often it is assumed that the
voltage 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 in the next few paragraphs.

When aload is applied as shown in Fig. 7.38, the output voltage V, is
now a function of the magnitude of the load applied since R, is not as
shown in Fig. 7.37 but isinstead the parallel combination of R; and R, .

The output voltage is now

V= R’RTERZ withR' = R || R (7.1)

If it is desired to have good control of the output voltage V, through
the controlling dial, knob, screw, or whatever, it is advisable to choose
aload or potentiometer that satisfies the following relationship:

o2

For example, if we 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. 7.39, then

R = 100kQ || 100 Q = 99.9 Q

_99.90(10V)
and Vi=30.90 + 900 k2

which is extremely small compared to the expected level of 1 V.
In fact, if we move the wiper arm to the midpoint,

R' = 500 kQ || 100 Q = 99.98 Q
_(99.980)(10V)
and V= 30980 + 500 kQ

which is negligible compared to the expected level of 5 V. Even at
R; = 900 kQ, V, issimply 0.01V, or /1000 of the available voltage.

Using the reverse situation of Ry = 100 2 and R, = 1 M) and the
wiper arm at the 1/10 position, asin Fig. 7.40, we find

R=100[1MQ =100

_100(10V) _
L Ton+o0 Y

=0.001V =1mV

=0.002V =2mV

and

as desired.
For the lower limit (worst-case design) of R = Ry = 100 (), as de-
fined by Eqg. (7.2) and the halfway position of Fig. 7.38,

R =500 || 100Q = 33.33Q

_ 33330(10V) _
and Vi= 3330 +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 Q and Ry = 1 M{).

In general, therefore, try to establish a situation for potentiometer
control in which Equation (7.2) is satisfied to the highest degree possible.

4V
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-

E—F R -0—o0
+
Ry

\4

-ﬁT _

FIG. 7.37

_ RE
R, + R

Unloaded potentiometer.

-

ROV

R = Ryl

FIG. 7.38
Loaded potentiometer.

900 kQ
EY= 10V
100 k)

R

1MQ Pot.

+
Z1000y,

FIG. 7.39
Rr>R.

FIG. 740
R >Ry.
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E™= 120V

||I>

FIG. 741
Example 7.12.

FIG. 7.42
d’ Arsonval analog movement. (Courtesy of
Weston Instruments, Inc.)

1mA, 50 Q

—
U

FIG. 743
Movement notation.

)

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. 7.40, Ppax = E?/Ry = (10 V)7100 Q = 1 W. If Ry isre-
duced to 10 Q, P = (10 V)#10 O = 10 W, which would require a
much larger unit.

EXAMPLE 7.12 Find the voltages V,; and V, for the loaded poten-
tiometer of Fig. 7.41.

Solution:
4 kO (120V)
| | DV =———"7—"——>=48V
deal (no load) 1 10kQ 8
_ 6kQ(120V) _
V, 10KQ 2V
Loaded: R =4kQ || 12kQ = 3kQ
R" = 6kQ || 30k = 5kQ
_ 3k0(120V) _
Vi 78 Q) 45V
5 kQ(120V)
Vo= —">——% =75V
2 8k >

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
position of the wiper arm will establish the ideal voltage levels across
the two loads.

7.6 AMMETER, VOLTMETER, AND
OHMMETER DESIGN

Now that the fundamentals of series, parallel, and series-parallel net-
works have been introduced, we are prepared to investigate the funda-
mental design of an ammeter, voltmeter, and ohmmeter. Our design of
each will employ the d’ Arsonval analog movement of Fig. 7.42. The
movement consists basically of an iron-core coil mounted on bearings
between a permanent 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 will interact to develop a torque on the coil
that will 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 will then deter-
mine whether the pointer will display an up-scale or bel ow-zero indica-
tion. For this reason, ammeters and voltmeters have an assigned polar-
ity 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 might be 1 mA, 50 Q. The
1 mA isthe current sensitivity (CS) of the movement, which is the cur-
rent required for a full-scale deflection. It will be denoted by the sym-
bol s The 50 ) represents the internal resistance (R,) of the move-
ment. A common notation for the movement and its specifications is
provided in Fig. 7.43.
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The Ammeter

The maximum current that the d’ Arsonval movement can read indepen-
dently 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. 7.44, results in the basic con-
struction of an ammeter.

1

= O
Wy

3

A, 50 Q Ammeter
L

o

i

s
—

lmax = 1A Repunt

FIG. 744
Basic ammeter.

The resistance Ry, is chosen for the ammeter of Fig. 7.44 to allow
1 mA to flow through the movement when a maximum current of 1 A
enters the ammeter. If less than 1 A should flow 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 paralel elements must be the same, the
potential drop across a-b in Fig. 7.44 must equal that across c-d; that is,

(L mA)(50 Q) = Rywntls
Also, Igmust equal 1A — 1 mA = 999 mA if the current isto be limited
to 1 mA through the movement (Kirchhoff’s current law). Therefore,
(1 mA)(50 Q) = Rgyni(999 mA)

_ (1mA)(50 0)
unt 999 mA

=0.05Q

In generd,

Rilcs

Imax - ICS

Repunt = (7.3)

One method of constructing a multirange ammeter is shown in Fig.
7.45, where the rotary switch determines the Ry, to be used for the

1mA, 50 Q

Imax = LA 0.05Q D_F'
N

0.005 {1 External terminal

Imax = 10A

Rotary switch  Ima = 100A 0.00050Q

External terminal

FIG. 7.45
Multirange ammeter.
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1mA, 50 Q)
//7\\
e
Im = 1 mA
+ 50mvV. —

+
Oo«——V =10 V (maximum) —o

FIG. 746
Basic voltmeter.

0oV

Rotary

switch 50V 40 kQ)

50 kQ)

External termi nals/'@

FIG. 7.47
Multirange voltmeter.

100 vV

)

maximum current indicated on the face of the meter. Most meters
employ 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

A variation in the additional circuitry will permit the use of the d’ Ar-
sonval movement in the design of a voltmeter. The 1-mA, 50-Q) move-
ment can also be rated as a 50-mV (1 mA X 50 ), 50-Q) 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 sensitivity (VS). The basic construction of the voltmeter is
shown in Fig. 7.46.

The Ryies 1S adjusted to limit the current through the movement to
1 mA when the maximum voltage is applied across the voltmeter. A
lesser voltage would simply reduce the current in the circuit and
thereby the deflection of the movement.

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

[10V — (1 MA)(Reied] — 50mV = 0

10V — (50 mV)
In generd,
Vinax — WA
Regries = maxl - (7.4)
CS

One method of constructing a multirange voltmeter is shown in
Fig. 7.47. If the rotary switch is a 10 V, Ryies = 9.950 k(2; at 50 V,
Regries = 40 kQ + 9.950 k) = 49.950 kQ); and at 100 V, Ryies =
50 kQ) + 40 kQ + 9.950 kQ) = 99.950 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, de-
signed to read resistance levels in the midrange. It employs the series
configuration of Fig. 7.48. The design is quite different from that of the

Zero-adjust
A

QA

Runknown

FIG. 748
Series onmmeter.
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ammeter or voltmeter because it will show 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 smulate
zero ohms, and the zero-adjust is set to half its maximum value. The
resistance R; is then adjusted to alow a current equal to the current sen-
sitivity 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 sensitiv-
ity can be compensated for. The current 1, is

E
Im (full scale) = Ics = — (7.5
W R+ R, + zero;\djust
and R — E R, — zero-adjust (7.6)

If an unknown resistance is then placed between the external terminals,
the current will be reduced, causing a deflection less than full scale. If
the terminals are left open, simulating infinite resistance, the pointer
will not deflect since the current through the circuit is zero.

An instrument designed to read very low values of resistance appears
in Fig. 7.49. Because of its low-range capability, the network design
must be a great deal more sophisticated than described above. It
employs electronic components that eliminate the inaccuracies intro-
duced by lead and contact resistances. It is similar to the above system
in the sense that it is completely portable and does require a dc battery
to establish measurement conditions. Specia leads are employed to
limit any introduced resistance levels. The maximum scale setting can
be set as low as 0.00352 (3.52 m(}).

FIG. 7.49
Milliohmmeter. (Courtesy of Keithley Instruments, Inc.)

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, 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 will be fixed
at one selectable voltage, typically 250 V, 500 V, or 1000 V. A photo-
graph of a commercially available tester is shown in Fig. 7.50. For this FIG. 7.50
instrument, the range is zero to 5000 M (). Megohmmeter. (Courtesy of AEMC Corp.)
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7.7 GROUNDING

Although usually treated too lightly in most introductory electrical or
electronics texts, the impact of the ground connection and how it can
provide a measure of safety to a design are very important topics.
Ground potential is0V at every point in a network that has a ground
symbol. Since they are all at the same potential, they can all be con-
nected together, but for purposes of clarity most are left isolated on a
large schematic. On a schematic the voltage levels provided are always
with respect to ground. A system can therefore be checked quite rapidly
by simply connecting the black lead of the voltmeter to the ground con-
nection and placing the red lead at the various points where the typical
operating voltage is provided. A close match normally implies that that
portion of the system is operating properly. Even though a major part of
the discussion to follow includes ac systems, which will not be intro-
duced until Chapter 13, the content is such that the background estab-
lished thus far will be sufficient to understand the material to be pre-
sented. The concept of grounding is one that should be introduced at the
earliest opportunity for safety and theoretical reasons.

There are various types of grounds depending on the application. An
earth ground is one that is connected directly to the earth by a low-
impedance connection. The entire surface of the earth is defined to have
a potential of O V. It is the same at every point because there are suffi-
cient conductive agents in the soil such as water and electrolytes to
ensure that any difference in voltage on the surface is equalized by a
flow of charge between the two points. Every home has an earth
ground, usually established by a long conductive rod driven into the
ground and connected to the power panel. The electrical code requires
adirect connection from earth ground to the cold-water pipes of a home
for safety reasons. A “hot” wire touching a cold-water pipe draws suf-
ficient current because of the low-impedance ground connection to
throw the breaker. Otherwise, people in the bathroom could pick up the
voltage when they touch the cold-water faucet, thereby risking bodily
harm. Because water is a conductive agent, any area of the home with
water such as the bathroom or kitchen is of particular concern. Most
electrical systems are connected to earth ground primarily for safety
reasons. All the power linesin alaboratory, at industrial locations, or in
the home are connected to earth ground.

A second type isreferred to as a chassis ground, which may be float-
ing or connected directly to an earth ground. A chassis ground simply
stipulates that the chassis has a reference potential for all points of the
network. If the chassis is not connected to earth potential (0 V), it is
said to be floating and can have any other reference voltage for the
other voltages to be compared to. For instance, if the chassis is sitting
at 120V, all measured voltages of the network will be referenced to this
level. A reading of 32V between a point in the network and the chassis
ground will therefore actually be at 152 V with respect to earth poten-
tial. Most high-voltage systems are not left floating, however, because
of loss of the safety factor. For instance, if someone should touch the
chassis and be standing on a suitable ground, the full 120 V would fall
across that individual.

Grounding can be particularly important when working with numer-
ous pieces of measuring equipment in the laboratory. For instance, the
supply and oscilloscope in Fig. 7.51(a) are each connected directly to
an earth ground through the negative terminal of each. If the oscillo-
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W ]

100 O Oscilloscope
+
120V
’ \\ Short introduced by
ground connection I
@ (b)
FIG. 751

Demonstrating the effect of the oscilloscope ground on the measurement of the
voltage across the resistor R;.

scope is connected as shown in Fig. 7.51(a) to measure the voltage Vg,
a dangerous situation will develop. The grounds of each piece of equip-
ment are connected together through the earth ground, and they effec-
tively short out the resistor. Since the resistor is the primary current-
controlling element in the network, the current will rise to a very high
level and possibly damage the instruments or cause dangerous side
effects. In this case the supply or scope should be used in the floating
mode, or the resistors interchanged as shown in Fig. 7.51(b). In Fig.
7.51(b) the grounds have a common point and do not affect the struc-
ture of the network.

The National Electrical Code requires that the “hot” (or feeder) line
that carries current to a load be black, and the line (called the neutral)
that carries the current back to the supply be white. Three-wire conduc-
tors have a ground wire that must be green or bare, which will ensure a
common ground but which is not designed to carry current. The com-
ponents of athree-prong extension cord and wall outlet are shownin Fig.
7.52. Note that on both fixtures the connection to the hot lead is smaller
than the return leg and that the ground connection is partially circular.

The complete wiring diagram for a household outlet is shown in Fig.
7.53. Note that the current through the ground wire is zero and that both
the return wire and the ground wire are connected to an earth ground.
The full current to the loads flows through the feeder and return lines.

Ground (green) or bare
- Black
White —
Ground —|
Whit (green)
ite
Black Q

Ground (green)

@ (b)

FIG. 7.52
Three-wire conductors: (a) extension cord; (b) home outlet.



236 m SERIES-PARALLEL NETWORKS

20A

I=12A
—

Black

—+
120V

N
Breaker

1=12A

“Feed”

-— White /

“Return” (

Green or bare

|=0A Ground

FIG. 753

Complete wiring diagram for a household outlet with a 10-(2 load.

The importance of the ground wire in a three-wire system can be
demonstrated by the toaster in Fig. 7.54 rated 1200 W at 120 V. From the
power eguation P = El, the current drawn under normal operating con-
ditionsis| = P/E = 1200 W/120V = 10 A. If atwo-wire line were
employed as shown in Fig. 7.54(a), the 20-A breaker would be quite
comfortable with the 10-A current, and the system would perform nor-
mally. However, if abuseto thefeeder (or return line) caused it to become
frayed and to touch the metal housing of the toaster, the situation
depicted in Fig. 7.54(b) would result. The housing would become “ hot,”
yet the breaker would not “pop” because the current would still be the
rated 10 A. A dangerous condition would exist because anyone touching
the toaster would feel the full 120V to ground. If the ground wire were
attached to the chassis as shown in Fig. 7.54(c), a low-resistance path

“Contact” “Hot”

“Contact”

—

Ry 000

Toaster Short

X

FIG. 7.54

Demonstrating the importance of a properly grounded appliance:

(a) ungrounded; (b) ungrounded and undesirable contact;

(c) grounded appliance with undesirable contact.
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would be created between the short-circuit point and ground, and the cur-
rent would jump to very high levels. The breaker would “pop,” and the
user would be warned that a problem exists.

Although the above discussion does not cover all possible areas of
concern with proper grounding or introduce all the nuances associated
with the effect of grounds on a system'’s performance, it should provide
an awareness of the importance of understanding its impact. Additional
comment on the effects of grounding will be made in the chapters to
follow as the need arises.

7.8 APPLICATIONS

Boosting a Car Battery

Although boosting a car battery may initially appear to be a simple
application of parallel networks, it is realy a series-parallel operation
that is worthy of some investigation. Asindicated 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 internal resistance will ensure 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
three hours during a movie. Fortunately, a friend who made sure his
own lights were out 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 gage 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 wire is too high a gage number.

The proper sequence of events in boosting a car is often a function
of whom you speak to 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 will immediately drain it to the point
that neither car will start. With thisin 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 hap-
pen, it is strongly recommended that the person making the connections

20 Booster cable + A

I charging l

12V ] T11.7Vv

—o
Booster battery Down battery
(#1) (#2)

FIG. 7.55
Boosting a car battery.
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wear some type of protective eye equipment even if it isjust a pair of
glasses. 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 usually con-
nected 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 pos-
itive 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 termina of the fully charged
battery. Next, connect one end of the black cable of the booster cables
to the negative 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 cable connected to the engine block.
Always be careful to ensure that clamps don’t touch the battery or chas-
sis 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 10 to 15 min-
utes before starting the disabled car so the disabled car will be essen-
tially using its own battery in the starting process. Keep in mind that the
instant the booster cables are connected, the booster car will be making
a concerted effort to charge both its own battery and the drained battery.
At starting it will then be 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 of Fig. 7.55, 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 resistors of the batteries, but the voltage differenceis so
small that the starting current will be in safe range for the cables
involved. The initial charging current will be | = (12V — 11.7 V)/
(20 mQ + 10 mQ) = 0.3V/30 m() = 10 A. At starting, the current lev-
els will be as shown in Fig. 7.56 for the resistance levels and battery
voltages assumed. At starting, an internal resistance for the starting cir-
cuit of 0.1 O = 100 mQ is assumed. Note that the battery of the dis-
abled 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.

I, =43.75A I,=67.5A

20 mQ

12V]

FIG. 7.56
Current levels at starting.
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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. But, in total, it is the
battery of the disabled car that is the primary source of the starting cur-
rent. For this very reason, it is advised to let the charging action con-
tinue for 10 or 15 minutes before starting the car. If the disabled car is
in really bad shape with a voltage level of only 11V, the resulting lev-
els of current will reverse, with the good battery providing 68.75 A and
the bad battery only 37.5 A. Quite obviously, 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 down car without
starting, and thus 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 al rather straightforward, but let's inves-
tigate what might happen if it is a dark and rainy night, you get rushed,
and you hook up the cablesincorrectly as shown in 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 [I = (12V +
11.7 V)/30 mQ = 23.7 V/30 mQ = 790 A], perhaps permanently dam-
aging the electrical system of both cars and, worst of al, causing an
explosion that might seriously 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 a tow truck results in a somewhat different situation: The connec-
tions to the battery in the truck are very secure; the cable from the truck
isaheavy 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 a heavier current from the truck bat-
tery. In this case, the truck isreally starting the disabled car, which sim-
ply reacts to the provided surge of power.

20 mO Booster cable o
+ p—
12V Ta1w7v
- | emage = 790 A +
10 mzi
FIG. 7.57

Current levelsif the booster battery isimproperly connected.
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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 isrequired (sinceit 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 of Fig. 7.58 employing 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 = Blg = 50Ig (8 will
vary from transistor to transistor). Using these facts will enable us to
determine all the dc currents and voltages of the network using simply
the laws introduced in this chapter. In general, therefore, be encouraged
by the fact that the content of this chapter will find numerous applica-
tions in the courses to follow.

V,
Re _
* Rg
{ Io 220 kQ
+
vBBI 12V
FIG. 7.58

dc bias levels of a transistor amplifier.

+
. 12V

For the network of Fig. 7.58, we can begin our analysis by applying
Kirchhoff’s voltage law to the base circuit:

+VBB - VRB - VBE = 0 or VBB = VRB + VBE
sothat Vg, = IgRs = 11.3V
~ Vgg 113V 514 A
"Ry 220kn H
Then Ilc = Blg = 50lg = 50(51.4 pA) = 2.57 mA
and +VCE + VRC - VCC = 0 or VCC = VRC + VCE
=12V - 514V = 6.86V
For atypical dc analysis of atransistor, all the currents and voltages
of interest are now known: Ig, Vgg, I, and Vee. 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 exampleistypical of the type of exercise you will be asked
to perform in your first electronics course. It is now necessary for you

only to be exposed to the device and to understand the reason for the rel a-
tionships between the various currents and voltages of the device.

and Ig
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PSpice
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Voltage Divider Supply PSpice will now be used to verify the
results of Example 7.11. The calculated resistor values will be substi-
tuted and the voltage and current levels checked to see if they match the
handwritten solution. The network is drawn as described in earlier
chapters using only the tools described thus far (see Fig. 7.59)—in one
way, a practice exercise for everything learned about the Capture Lite
Edition. Note in this case how 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 O/SOURCE is used. Note also that resistor R, of Fig. 7.59 was
entered as 1.333 k() rather than 1.33 k() as in the example. When run-
ning the program, we found that the computer solutions were not a per-
fect match to the longhand solution to the level of accuracy desired

unless this change was made.

Thend Lawhyen

Litw Ll | (MO MARICY  PARGE A

O D& e Pacs Hum Fipcs foosnss Qo giedes g

Zlesla & | je) =) o w J'I-|ﬂ-|°~I!~J"i|[IlI_J.'.':IIJ
e R = = 5 0 P 0 e TR

L : oo s

' A

(L4} 1.333K il

4 0.0V - W ;

AL U F=

E.‘N s .ﬁskmq 2. Ik E

- 2 ool ! 4 -

1o m -

R3 ~. 240 Z

i

12 00 E‘

ol g

it J Ragr
Nasis iy el Sople= A WaZ ] VeI E]

S amen

Mo O w A Y[R Or Coprrn o

WS ewme

FIG. 7.59

Using PSpice to verify the results of Example 7.11.

Since dl 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 excel-

lent match with the hand solution with Ig = 50 mA, Iz = 30 mA,

lr, = 20 MA, Ip, = 50 MA, Ig,

= 10mA, and Ig

= 20 mA. For the

dlsplay of Fig. 7. 59 the W optlon was disabled to permlt concentrating

on the voltage and current levels.

There is again an exact match with the longhand solution.
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C++

Ladder Network The C++ program to be introduced will perform
a detailed analysis of the network of Fig. 7.60 (appearing as Fig. 7.27
earlier in the text). Once all the parameters are introduced, the program
will print out Ry, I, I3, and lg. The order of the program is exactly the
same as that of alonghand solution. In Fig. 7.60, R, = R + Rgisfirst
determined, followed by R, = Ry || Ryand R, = Ry + R, with Ry =
R, || R.and Ry = R; + Ry. Then I = E/R; with I3 and | as determined
by the current divider rule.

FIG. 7.60
Ladder network to be analyzed using C++.

The program begins with a heading and preprocessor directive. The
<iostream.h> header file sets up the input-output path between the pro-
gram and the disk operating system. Themain () part of the program,
defined by the braces { }, includes all the remaining commands and
statements. First, the network parameters and quantitiesto be determined
are defined as floating-point variables. Next, the cout and cin commands
are used to obtain the resistor values and source voltage from the user.
The total resistance is then determined in the order described above, fol-
lowed by acarriage return “\n” and a printout of the value. Then the cur-
rents are determined and printed out by the last three lines.

The program (Fig. 7.61) is quite straightforward and with experience
not difficult to write. In addition, consider the benefits of having a pro-
gram on file that can solve any ladder network having the configuration
of Fig. 7.60. For the parameter values of Fig. 7.27, the printout will
appear as shown in Fig. 7.62, confirming the results of Section 7.3. If
an element is missing, simply insert a short-circuit or an open-circuit
equivalent, whichever is appropriate. For instance, if Rs and Ry are
absent, leaving atwo-loop network, simply plug in very large values for
Rs and R compared to the other elements of the network, and they will
appear as open-circuit equivalents in the analysis. This is demonstrated
in the run of Fig. 7.63 with a negative supply of 60 V. The results have
negative signs for the currents because the defined direction in the pro-
gram has the opposite direction. The current lg is essentially zero
amperes, as it should be if Ry and Rg do not exist. If Ry, Rs, Rs, or Ry
were the only resistive element to be missing, a short-circuit equivalent
would be inserted. If R, or R, were the only missing element, the open-
circuit equivalent would be substituted.



Heading [ //C++ Series-Parallel Circuit Analysis

Preprocessor

directive [ #include <iostream.h> //needed for input/output
main () //execution begins here
Define ’{ . . .
variables float R1, R2, R3, R4, R5, R6; //declare circuit resistors
float Ra, Rb, Rc, Rd, Rt; //declare equivalent resistances
CIE ) float E; //declare voltage source
Ll float Is, I3, I6; //declare circuit currents
r cout << "Enter R1: "; //get all circuit values
Request cin >> R1;
and cout << "Enter R2: ";
obtain cin >> R2;
network cout << "Enter R3: ";
parameters cin >> R3;
cout << "Enter R4: ";
cin >> R4;
cout << "Enter R5: ";
cin >> R5;
cout << "Enter R6: ";
cin >> R6;
cout << "Enter E: ";
L cin >> E;
r Ra = R5 + R6; //calculate the total resistance
Find Rb = R4 * Ra / (R4 + Ra);
R Rc = R3 + Rb;
v Rd = R2 * Re / (R2 + RcC);
Rt = R1 + Rd;

Izand lg

|
Calculate {
s

Body
of
program

cout << "\n";
cout << "The total resistance is " << Rt << " ohms.\n";

Is = E / Rt; //calculate circuit currents
= Is * R2 / (R2 + RC);

I6 = I3 * R4 / (R4 + Ra);

cout << "The source current is " << IS << " Amperes.\n";

cout << "I3 equals " << I3 << " Amperes.\n";

cout << "I6 equals " << I6 << " Amperes.\n";

FIG. 7.61
C++ programto analyze the ladder network of Fig. 7.60.

Enter R1: 5
Enter R2: 6
Enter R3: 4
Enter R4: 6
Enter R5: 1
Enter R6: 2
Enter E: 240

The total resistance is 8 ohms.
The source current is 30 Amperes.
I3 equals 15 Amperes.

I6 equals 10 Amperes.

FIG. 7.62
C++ response to an analysis of the ladder network of Fig. 7.60 with the
parameter values of Fig. 7.27.

243
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FIG. 7.63
C++ response to an analysis of the ladder network of Fig. 7.60 without the
elements R; and R;.

PROBLEMS

SECTION 7.2 Descriptive Examples

1. Which elements of the networksin Fig. 7.64 are in series
or parallel? In other words, which elements of the given
networks have the same current (series) or voltage (paral-
lel)? Restrict your decision to single elements, and do not
include combined elements.

FIG. 7.64
Problem 1.
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2. Determine Ry for the networks of Fig. 7.65.

40 40 40
Ry 40 R 40
O
4Q 40 4Q

@ (b)

o—AN—
40 40
ET’ 40
e,
(d)
FIG. 7.65
Problem 2.

3. For the network of Fig. 7.66: + Vv, — +V,—
a. Does| = I3 = Ig? Explain. R R
b. If | =5A and |, = 2A, find I. V\}v V\;v
c. Doesly + 1, = I, + |s? Explain. Tl’ TA’

d. IfV, =6V and E = 10V, find V..
e fR=3QR=20R =40 adR, =10, *—] — —
f. If the resistors have the values given in part (e) and L 'L
E = 10V, what is the value of | in amperes? E — '\{:\{\’ '\{:\{\’
g. Using values given in parts (e) and (f), find the power Rr 2 4
delivered by the battery E and dissipated by the resis-
tors R; and Ry. FIG. 766
4. For the network of Fig. 7.67: Prob-lerln 3.
a. Calculate Ry.
b. Determine| and I;.
c. Find Vs

5. For the network of Fig. 7.68:
a. Determine Ry.
b. Find g I4, and I,.

c. Caculate V,.
I I
(" " It
Rl
W\{—»h Ry <100
120
E—=— R 100 R 150 V,
? R 36V l§ 2§ a
I — ’
E—==64V 60 R3§129 Vs R Ry =20
FIG. 7.67 FIG. 7.68

Problem 4. Problem 5.



246 m SERIES-PARALLEL NETWORKS %

6. Determine the currents |, and |, for the network of Fig.

7.69.
16 O
Wy
+20v 50 -7V
o Wy 1 —0
| = l2
' MWy
250)
FIG. 7.69
Problem 6.

7. a. Find the magnitude and direction of the currents |, 1,
I, and |5 for the network of Fig. 7.70.
b. Indicate their direction on Fig. 7.70.

*8. For the network of Fig. 7.71:
a. Determine the currents |, |4, 13, and 1,.
b. Calculate V, and V.

24V A
' Ry 60
2 ly, ) 140 Re
R §29 c 200 b
MWy
R $4Q L o-8V Ry i'a
1
Iy g R, 2100 20V R, 250
R, =100
ill IST
I3 i
FIG. 7.70 FIG. 7.71
Problem 7. Problem 8.
Eo20V 9. For the network of Fig. 7.72:
{h a. Determine the current |.
RS30 b. Calculate the currents |, and .
1 c. Determine the voltage levels V, and V.
oV,
vl
R2§3Q
>
A s R4§3Q
R =60 Rsfiiﬂ
FIG. 7.72

Problem 9.
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10.

For the network of Fig. 7.73:

a. Find the currents | and lg.

*11.

*12.

b. Find the voltages V, and Vs.
c. Find the power delivered to the 6-k() resistor.

PROBLEMS m 247

Ry

Wy

9kQ

T' i |\
6 kQ)
+ Vg — >
E=28V—=— V; R R Ry 3k 10.4kQ
Sk 2§12 kQ RZ
FIG. 7.73
Problem 10.
For the series-parallel network of Fig. 7.74: R, Rs
a. F! nd the current I. AN AN b
b. Find the currents I3 and |. 5Q T|3 6Q /
c. Find the current I, 2 T|
. R3§80 °
d. Find the voltage V. R, I
R1§1on =80V *\/y‘\,‘;514 Ry= 40
6Q s
l Ry =40 &%80 Re<20)
|
FIG. 7.74
Problem 11.

Determine the dc levels for the transistor network of Fig.
7.75 using the fact that Vge = 0.7V, Ve = 2V, and I =
le. That is:

a. Determine Ig and Ic.

b. Calculate Ig.

c. Determine Vg and V.
d. Find Ve and Vge.

FIG. 7.75
Problem 12.
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Vpp = 16V *13. The network of Fig. 7.76 is the basic biasing arrangement
for the field-effect transistor (FET), a device of increas-
ing importance in electronic design. (Biasing simply
means the application of dc levels to establish a particu-
Ry § oMo Fo ’ lar set of operating conditions.) Even though you may be
unfamiliar with the FET, you can perform the following
analysis using only the basic laws introduced in this

VG

| chapter and the information provided on the diagram.
YGS_ :0 ;1~75V 4 a. Determine the voltages Vg and Vs,
G — .
o = I R, §270 KO b. Find the currents |4, I,, I, and I

c. Determine Vps
d. Caculate Vpg.

FIG. 7.76
Problem 13.

*14. For the network of Fig. 7.77:
a. Determine Ry.
b. Calculate V..
c. Find V;.
d. Calculate V..
e. Determine | (with direction).

15. For the network of Fig. 7.78:
a. Determine the current |.

b. Find V.
V; = 49V
O
¢|
. R, =70
V R § 50
- R, =80
- [}
V, = 19V
FIG. 7.77
Problem 14. FIG. 7.78
Problem 15.
R = Ry *16. Determine the current | and the voltages V,, V,, and Vg,
AN—TF—AMA—"b for the network of Fig. 7.79.

4KkQ 4' 1kQ

>
E—24V Rzgzkn R4§o.5kn

Rs
A MWy

1.5kQ

FIG. 7.79
Problem 16.
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17. For the configuration of Fig. 7.80:
a. Find the currents I, lg, and Ig.
b. Find the voltages V, and Vg.

PROBLEMS m 249

+V,
Ry Rs Ry i» Rs
MWy MWy MWy MWy
00 ||l 100 60 60 IE .
E==100V R,=300 R Ry R 100 Vg
A M S0 v
6Q 30
L
FIG. 7.80
Problem 17.
18. Determine the voltage V and the current | for the network -
of Fig. 7.81. 8 Q)
AW W—y
- 30V 8Q) 8o \VJ
W
= 60
FIG. 781
Problem 18.
*19. For the network of Fig. 7.82: + Vv, —

a. Determine Ry by combining resistive elements. R,

b. Find V; and V,. AMA

c. Cadculate I3 (with direction). 16 Q +V,—

d. Determine I by finding the current through each ele- R R Ri
ment and then applying Kirchhoff’s current law. Then ,\Nz\{ I3 "Ng‘/ M
calculate Ry from Ry = E/l, and compare the answer 80 40 20
with the solution of part (a).

Rs
MWy
16 Q
E
Rr T Ii
I - L
2V ls =
FIG. 7.82
Problem 19.

20. For the network of Fig. 7.83:

a. Determine the voltage V. (Hint: Just use Kirchhoff’s <
voltage law.) -

b. Calculate the current I.

w
=
|y
II
N
=}
<

FIG. 7.83
Problem 20.
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+0—

240V —

20V
80
S
v II
= 18V
17 30 60
FIG. 7.84
Problem 21.
o M
e
Ry §
MY
O
FIG. 7.86
Problem 23.
Ry Ry Re
Wy M MY
I 30 20 10
+ + +
— Vs RgZ40 Vg R5§69 2 R7§ZQ
R, - B i|7
WA
= 50

FIG. 7.88
Problem 25.

)

*21. For the network of Fig. 7.84:
a. Determine the current |.
b. Calculate the open-circuit voltage V.

*22. For the network of Fig. 7.85, find the resistance R; if the
current through it is2 A.

R120
120V —=—" |2A
R, <200 Ry
FIG. 7.85
Problem 22.

*23. If dl the resistors of the cubein Fig. 7.86 are 10 ), what
is the total resistance? (Hint: Make some basic assump-
tions about current division through the cube.)

*24. Given the voltmeter reading V = 27V in Fig. 7.87:
a. |sthe network operating properly?
b. If not, what could be the cause of the incorrect read-

ing?
" MA—
6 k) 12 kO
MWy
A
6 k()
E—=/ 45V §36 kQ
_
FIG. 7.87
Problem 24.

SECTION 7.3 Ladder Networks

25. For the ladder network of Fig. 7.88:
a. Find the current I.
b. Find the current I.
c. Determine the voltages V3, Vs, and V5.
d. Calculate the power delivered to R;, and compare it to
the power delivered by the 240-V supply.
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26. For the ladder network of Fig. 7.89: | Ry Rs Rs
a. Determine Ry. (—; AN M AN
b. Caculatel. Rr 40 40 40
c. Findlg.
® 2V — R, 220 R 220 R, 220
Rs Rg
MWy MWV—
- 10 10 g
FIG. 7.89
Problem 26.
*27. Determine the power delivered to the 10-Q) load of Fig. 70 20 20
7.90. AN MV A
P
E—=—24V §4Q §24Q §,/
100
120 12Q
MWy MWy
FIG. 7.90
Problem 27.

*28. For the multiple ladder configuration of Fig. 7.91:
a. Determinel.
b. Caculate l,.
c. Find lg.
d. Find I.
10 120

SECTION 7.4 Voltage Divider Supply R =120
(Unloaded and Loaded)

29. Given the voltage divider supply of Fig. 7.92:
a. Determine the supply voltage E.
b. Find the load resstors R, and R .
c. Determine the voltage divider resistors Ry, R,, and Ra.

I .= 72mA
—
EO 40 mA

Ry

8Y ]12 A FIG. 791
Problem 28.

24y js mA RL2§

Ro R,

|||—

FIG. 7.92
Problem 29.
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40 mAT
180V ==

o +120V
ng

10 mA
—>
R
20 mA +
—
RL1§ 100V
+ —
R3§ RLZ§ 40V

o —60V

FIG. 7.93
Problem 30.

l 1kQ Pot.

o

E—12V
R2
T R,
-
FIG. 794
Problem 31.
4)100 Q Pot.

E—40V

200 {§<—

T

FIG. 7.95
Problem 32.

+
10kQ 3V

a

+
1KQ Vy,

)

*30. Determine the voltage divider supply resistors for the
configuration of Fig. 7.93. Also determine the required
wattage rating for each resistor, and compare their levels.

SECTION 7.5 Potentiometer Loading
*31. For the system of Fig. 7.94:

*32.

a.

b.

At first exposure, does the design appear to be a good
one?

In the absence of the 10-k() load, what are the values
of R; and R, to establish 3V across R,?

Determine the values of R; and R, when the load is
applied, and compare them to the results of part (b).

For the potentiometer of Fig. 7.95:

a.

b.

What are the voltages Vg, and Vi with no load
applied?

What are the voltages V,, and V. with the indicated
loads applied?

What is the power dissipated by the potentiometer
under the loaded conditions of Fig. 7.95?

. What isthe power dissipated by the potentiometer with

no loads applied? Compare it to the results of part (c).

SECTION 7.6 Ammeter, Voltmeter, and
Ohmmeter Design

33. A d'Arsonval movement is rated 1 mA, 100 Q).

b.

a. What is the current sensitivity?

Design a 20-A ammeter using the above movement.
Show the circuit and component values.
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35.

36.

37.

*38.

39.

*40.

. Using a 50-yA, 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 uA, 1000 ().

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

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

Using a 1-mA, 100-Q d’Arsonval movement, design a
multirange voltmeter having scales of 5V, 50V, 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 ad’Ar-
sonval movement, what current sensitivity would you
need if the meter were to have the same internal resis-
tance on the same voltage scale?

a. Design a series ohmmeter using a 100-uA, 1000-Q)
movement; a zero-adjust with a maximum value of
2 kQ; a battery of 3 V; and a series resistor whose
value is to be determined.

b. Find the resistance required for full-scale, 3/4-scale,
1/2-scale, and 1/4-scale deflection.

¢. Using the results of part (b), draw the scale to be used
with the ohmmeter.

Describe the basic construction and operation of the
megohmmeter.

Determine the reading of the ohmmeter for the configu-
ration of Fig. 7.96.

° Wy

FIG. 7.96
Problem 40.

SECTION 7.9 Computer Analysis

PSpice or Electronics Workbench

41.

42.

Using schematics, determine Vy, Vi, Va4, and | for the
network of Fig. 7.16.

Using schematics, determine I, |s, and V; for the net-
work of Fig. 7.22.
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(b)

180 180 180
—Wv MWy MWN—
Rl RZ R3
Lo
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Programming Language (C++, QBASIC, Pascal, etc.)

43. Write a program that will find the complete solution for
the network of Fig. 7.6. That is, given all the parameters
of the network, calculate the current, voltage, and power
to each element.

GLOSSARY

d’Arsonval movement An iron-core coil mounted on bear-
ings between a permanent magnet. A pointer connected to
the movable core indicates the strength of the current pass-
ing 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.

)

44. Write aprogram to find all the quantities of Example 7.8
given the network parameters.

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 combina-
tion of both series and parallel branches.

Transistor A three-terminal semiconductor electronic device
that can be used for amplification and switching purposes.



