: and ENergy © -

"
'

s . Understand the importance of Ohm’s law and how
= to apply it to a variety of situations. )

"« Be able to plot Ohm’s law, and understand how to
"read” a graphical plot of voltage versus current.

. Become aware of the differences between power
and energy levels and how to solve for ear._'h.

_« Understand the power and energy flow ofa
system, including how the flow affects the
' efficiency of operation. i '
. Become aware of the operatiop of a variety. of .
" fuses and circuit breakers and where each is
employed.

-~

4.1 INTRODUCTION

Now that the three important quantities of an electric circuit have been introduced, this chapter
reveals how they are interrelated. The most importan { equation in the study of electric circuits
is introduced, and various other equations that allow us to find power and energy levels are
discussed in detail. It is the first chapter where we tie things together and develop a feeling for
the way an electric circuit behaves and what affects its response. For the first time, the data._§
provided on'the labels of household appliances and the manner in which your electric bill is
calculated will have some meaning. [tis indeed a chapter that should open your eyes to wide
array of past experiences with electrical systems. : o

4.2 OHM’S LAW o e

As mentioned above, the first equation to be described is without question one of the most
important to be learned in this field. It is not particularly difficult mathématically; but it is
very powerful because it can be applied to-any network in any time frame. That is, it is ap-
plicable to de circuits, ac circuits, digital 4nd microwave cireuits, and, in fact, any type of ap-
plied signal. ln addigion, it can be applied over a period of time or for instantaneous
responses. The equation can be derived diregtly from the following basic equation for all
pHysical systems: e R ;

e cause
Effect = — A
, opposition

4.1)

-

B Egery conversion of energy from one form to-another can be related to this equation. In

" electric circuits, the' effecr we are trying to establish is the flow of charge, or current. The

poiential difference, or veltage, berween two points is the cause (“pressure™), and the opposi-
tion is the resistance encountered. ) 8 ¢

- An excellent analogy for the simplest of electrical circuits is the water in a hose connected to

a pressure valve, as discussed in Chapter 2. Think of the ele€trons in the copper wire as the water

Cbteadiurtare. G- 8A
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in the-hose, the pressure valve as the applied voltage, and the size of the

hose as the factor that determines the resistance. If the pressure valve is

closed, the water simply sits in the hose without a general direction, much

like the oscillating electrons in a conductor without an applied voltage.

When we open the pressure valve, water will flow through the hose miich

i like the electrons in a copper wire when the voltage is applied. In other

words, the abSence of the “pressure” irf one case and the voltage in the other

simply results in a system without direction or reaction. The rate at which

the water will flow in the hose is a function of the size of the hose. A hose

- with d very small diameter will limit the rate at which water can flow

througli the hose, just as a copper wire with a sall diameter will have a
high resistance and will limit the current, :

In summary, therefore, the ‘absence of an applied “pressure” such as
voltage in an electric circuit will result in no reaction in the system and
no current in the electric circuit. Current is areaction to the applied volt-
age and not the factor that gets the system in motion. To continue with

.. i George Simon Ol _ the analogy, the greater the press:ure at the sp_igot, th_e greater is .Lhc rate
' Courtedy of the Smithsonian | of water flow through the hose, just as applying a higher voltage to the -
Institation. Photo No, 51,145, | ;

same circuit results in a higher current. £ )
Substituting the terms introdiced above into Eq. (4.1) results in =

(Erlangen, Cologne) .
: tertial difference

Current = p__g______
) ‘resistance

R

E | : w "
and I=— (amperes, A) J (4.2)

~

Eq. (4.2) is known as Ohm’s law in honor of Georg Simon Ohm (Fig. 4.,1).
The law states that for a fixed resistance, the greater the voltage (or pres-
sure) apross a resistor, the greater is the current; and the greater the re-
sistance for the same voltage, the lower is the current. In‘other words, the
current is proportional to the applied voltage and inversely proportional
to the. resistance. . -

By simple mathematicﬁl'manipulations, the voltage and resistance
can be found in terms of the other two quantities: -

| ’ - [E=R] (wisv) Wy

~(ohms, Q) “a -

2

and =

~ | by

All the quantities of Eq. (4.2) appear in the simple electrical circuit in
Fig. 4.2. A resistor has been connected directly across a battery to.estab-
lish a current through the registor and supply. Note that

the symbol E is applied to all sources of voliag

and . .
the symbol V is applied 1o all voltage drops across components of the
network. 3y W

e T . FIG.42 Both are meagured in volts and can be applied interchangeably in
o “wo . Haslevirwir, - Egs, (4.2) through (4.4), ‘
ek Dt e ) | Introductory, .- 88,




A

Since the battery in Fig. 4.2 is connected directly across the resistor, |

the voltage Vy across the resistor must be equal to that.of the supply. Ap-
* plying Ohm’s law, we obtain

VR' E
R R

Note in Fig. 4.2 that the voltage source “pressures’ cutrent (conven- :

tional current) in a direction that l¢aves the po‘sitive terminal of the
supply and returns to the negative tegminal of the battery. This will
always be the case for single-source networks. (The effect of more than
" one source in the same network is investigated in a later chapter.) Note

also that the current enters the positive terminal and leaves the negative

terminal for the load resistor R.

For any resistor, in any network, the direction of current througha
resistor will define the polarity of the voltage drop across the resistor

as shown in Fig. 4.3 for two directions of current. Polarities as estab-
lished by current direction becom¢ increasingly important in the analy-
ses to follow, -

EXAMPLE 4.1 Determine the current resulting from the application of
a 9 V battery across a network with a resistance of 2.2 {). '

St;Iution: Eq. 4.2):

; Ve E Qv - -
v jmB o=l =dWA
e T

EXAMPLE 4.2 Calculate the resistance of a 60 W bulb if a current of
500 mA results from an applied voltage of 120V,

So!uﬁon.: Eq. (4.4):

Vi B 120V - .
R=R %o =240 0

71 S00x107°A
EXAMPLE 4.3 Calculate the current through the 2 k() resistor i
Fig. 4.4 if the voltage drop across itis 16 V. , _,::"‘"
Solution: o
' v 16V

=== = 8 mA

R 2x10°0 -

EXAMPLE 4.4 Caiculate the voltage that must be applied across the
soldering iron in Fig.4.5 to establish a current of 1.5'A through the iron
if its internal resistance is 80 . LT

L]

Solution: _ .
E=Vgp=IR=(15A)800Q) =120V

In a number of the examples in this chapter, such as Example 4.4,

the voltage applied is actually that obtained from an ac outlet in the.

home, office, or laboratory. This approach was used to provide an

iy ”

A i OHM'S LAW 11 103

T v
N = i %
—_— -q--—--—: YV z
o1 R = R
(a) -
FIG. 4.3
Defiring polarities.
]
16V
bl 1 7 Wi .
G VY
I 2kf}
FiG. 4.4
Example 4.3.
+ :
g /\/ ———
I=15A
- e
+ O—
E R 8001
FIG. 45
Example 4.4.
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opportunity for the studert to relate Lo real-world situations as soon as
possible and to demonstrate that a number of the equations derived in
this chapter are applicable to ac networks also. Chapter 13 will pro-
vide a direct relationship between ac and de voltages that permits the
. mathematical substitutions used in this chapter. In other words, don't
: : be concérned that some of the voltages and currents appearing in the

' examples of this chapter are actually ac voltages, because the equa-

; tions for de networks have exactly the same format, and all the solu-

_E tions will be correct.

r

4.3 PLOTTING OHM'’S LAW

Graphs, characteristics, plots, and the like:play an important role in
. every technical field as modes through which the broad picture of the be-
havior or response of a system can bg conveniently displayed. It is there-
fore critical to develop the skills necessary both 1o read data and to plot
_them in such a manner that they can be interpreted easily. =i
Defining polarity For most sets of Characteristics of electronic devices, the current is
( v \ ; ++ represented by the vertical axis (ordinate) and the voltage by the hori-
—A—— zontal axis (abscissa), as shown in Fig. 4.6. First note that the vertical
'T“z R axis is in amperes and the horizontal axis is in volts. For some plots, /
Defining direction : may be in milliamperes (mA), microamperes (A), or whatever is ap-
Fanpien , propriate for the range.of interest. The same is true for the levels of
k- o R voltage on the horizontal axis. Note also that the chosen parameters re,
== quire that the spacing between numerical values of the vertical axis be -
L] S B ot T Lo - different from that of the horizontal axis, The linear (straight-line)
s graph reveals that the resistance is not changing with current or vol tage
level; rather, it is a fixed quantity throughout, The current direction and
* * the voltage polarity appearing at the top of Fig. 4.6 are the defined di-
rection and polarity for the provided plot, If the current direction is op-
posite to the défined direction, the region below the horizontal axis is
the region of interest for the current /, If the voltage polarity is oppo-
site to that defined, the region to the left of the current axis js the re-
15 -20 25 3?‘,0‘{'“) ~ gion of interest. For the:standard fixed resistor, the first quadrant, or
g region, of Fig. 4.6 is the only region of interest., However, you will en- _
FIG.46 - ' counter many devices in your electronics courses that use the other
Plotting Ohm’s law, quadrants of a graph. : ;
Once a graph such as Fig. 4.6 is developed, the current or voltage at,
: any level can be found from the other quantity by simply using the re-
> ) ; -Sulting plot. For instance, at'V = 25 V.if a vertical line is drawn on Fig.
' 4.6 1o the curve as shown, the resiflting current can be found by drawing
v a horizontal line over to the current axis, where a result of 5 A is ob-
& tained. Similarly, ag 'V = 10 V. drawing a vertical line to the plot and a
horizontal line to, the current axis results in a current of 2 A, as deter-
-mined by Ohm’s law, a3 -
If the resistance of a plot is unknown, it can be determined st any
point on the plot since a straight line indicates a fixed tesistance. At any
* Ppointon the plot, find the resulting current and voltage, and simply sub-'
stitute into the following equation:

o SR T E .,

= _
Rio= 7 @.5).



|

_'lb.tést.ﬁq."‘_(d-j).r, consider a point on the plot where V=20V and =

‘4 A, The resulting resistanice is Rge = 20 V/I'=20V/4 A =50 For’

comparison purposes, a 1 © and a 10 { resistor were plotted on the
graph in Fig. 4.7. Note that the lower the resistance, the steeper is the
slope (closer to the vertical axis) of the curve. : '
If we write Ohm's law in the following manner and relate it to the
. basic straight-line equation

we find that the slope is equal to 1 divided by the resistance value, as in-
dicated by the following: ' '

' - Ay Al 1
o AR TR e TR

(4.6)

where A sig;;iﬁes a small, finite change in the variable. :

Eq. (4.6)'reveals that the greater the resistance, the lower is the slope.
{f written in the following form, Eq: (4.6) can be used to determine the
resistance from the linear curve: ;

“.7

(ohms)

_ The equation states that by choosing 2 particular AV (or Al), you
can obtain the corresponding Al (or AV, respectively) from the graph,
as shown in Fig. 4.8, and then determine the resistance. If the plotis a
straight line, Eq. (4.7) will provide the game result no matier where the

~ equation is applied. However, if the plot curves at all, the resistance:

will change.

-

=i 5 1”“"_""““}

6

5

Y P B

Rcsull:nga!:st.&;?i{ o B % 3

Al 1A
: A M
0l. 5 10 15 20 25 30 V(volts):
e
Chosen AV = 20\"—;1‘5\" =5¥

e —=d===q-—,

- 2

I
|
|
|
i

FIG. 4.8
Applying Eq. (4.7).

-~

€
1

_’;;
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1 I (amperes)

R=10 -

0 TR T T 30V
: , (volts)

" FIG. 4.7

_ Demonstrating on an 1-V plot that the lower the

resistance, the steeper is the slope...
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EXAMPLE 4.5 Determine the resistance associated with the curve in
Fig. 49 using Egs. (4.5) and (4.7), and compare results,

Solution: AbV =6V, [ =3 mA, and

&

: FIG. 4.9 5 R=9l/=-2—vn=_zm
Example 4.5, . 4 4 s
" - The results are equivalent, =~ e
a'g (ITI.*\] ? B 2
L Refore leavig the subject, Igt us first investigate the characteristics of
o a very important semiconductor device called the diode, which will be
50 examined in detail in basic electronics courses, This device ideally acts
40 as.a low-resistance path to current in one diréction and a high-resistance :
3 path to current in the reverse direction, mucH'l_ike a switch that passes
current in only one direction, A typical set of characteristics appears in
f.p=-1'sﬂ. 2 Fig. 4.10. Without #ny matheniér,ic_al calculations, the cIusePcss of the
10 v, characteristic to the voltage axis for negative values of applied voltage
i . e indicates that this is the low-conductance (high resistance, switch »
~2 =l I ID? Lo 20 opened) region. Note that this region extends 1o approximately 0.7 V
Very high & positive. However, for values of applied voltage greater than 0.7 V, the
FIG. 4.10 - vertical rise in the characferistics indicates a high-conductivity (low fe-

sistance, switch closed) region. Application of Ohm's law will now ver-
ify the above conclusions. p
At VD =41V . . .’
' Vp . 1V 1v
e T n . S0mA 50x1073A
(a relatively low value for most applications)

Semiconductor diode characteristics,

[}

3 -

AtVp=—1vy '
) Vp: 1V
Rdiod:_]D"lluA—IMﬂ

(which is often represented by an open-circuit equivalent)

44 POWER *

In general, : 2 Y

the term poiver is applied to provide an indication of how much work
(energy conversion) can be accomplished in a specified amount of
time; that is, power is a rate of doing work, ; - ’

o

2 : ’ . - Forinstance, a large motor has more power than a smaller mator because
it has the ability to convert more electrical energy into mechanical en-
ergy in the same period of time, Since energy is measured in joules (J)
. and time in seconds (s), power is measured in joules/second (J/s). The
o e L electrical unit of. measurement for power is the watt (W), defined by

S, l-iwau_(wl_; { joule/second (ffs)l - (48)




"

: T g _
In equation form, power is determined by

(watts, W, or joules/second, J/s} 4.9)

*

with the energy (W) measured in joules and the time ¢ in seconds.

The unit of measurement—the watt—is derived from the surname of
James Watt (Fig. 4.11), who was instrumental in establishing the stan-
dards for power measurements. He intfoduced the horsepower (hp) as.a
measure of the average power of a strong dray horse over a full working
day. It is approximately 50% more than can be expected from the aver-
age horse. The horsepower and watt are related in the following manner:

' morsepowa = 746 watE-l

The power delivered to, or absmﬁed by, an electrical device or system
can be found in terms of the 'current,band voltage by first substituting Eq.
(2.5) into Ea.44.9): iy g B )

I 1 .I
But . .f='?—

S0 that . " (watts, W) : (4.10).

By direct substitution of Ohm’s law, the equation for power can be
obtained in two other forms: e

p=VIE v(z) g
R

7 Fv"l :
and P==~‘-R¢ (watts, W) Y 4.11)

or © p=VI=(RI .

and '- (watis, W) - 4.12)

The result is that the power absorbed by the resistor in Fig, 4.12 can
" be found directly, depending on the information available. In other
words, if the current and resistance are known, it pays to use Eq. (4.12)
directly, and if V and T are known, use of Eq. (4.10) is appropriate. It
saves having to apply Ohm’s law before determining the power.

The power supplied by a battery can be detérmined by simply insert-
ing the supply voltage into Eq. (4.10) 1o produce

[P=fl] (waussW) N

The i;npertance of Eq. (4.13) cannot be overstated. It cleafly states the
following: : . ' '

The power assoiated with any supply is not simply a function of the
supply voliage. Jt'is determined by the product of the supply voltage
and its maximum current rating. ’

The simplest example is the car battery—a battery that is large, diffi- -

cult to handle, and relatively heavy. Tt is only 12 V, a voltage level that

POWER 111 107

FIG. 411
¢4 James Watt.
) Couriesy of the Smithsonian
- institution. Photo No. 30.39L.

i o ¥ 2
________W\,_———-————‘—

R
P/,'

FIG. 4.12
Defining the power to a resistive element.
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- s horsepower
developed

Electrical )
power
. applied ' i
.
FIG. 4.13
- Example 4.6,

e

higher R

8 A& 13 VV)
lower R ey
FIG. 4.14
“The nonlinear 1.V characteristics of @ 75 W light
bulb (Example 4.8), - -«

Mechanical - '

e e ! (volts, V)

A

could be sapplied by a battery slightly larger than the small 9V portable
radio battery. However, to provide the power necessary to start a car, the:

L

" battery must be able to supply the high surge current required at start-

ing—a component that requires size and mass. In total, therefore, it is
not the voltage or current rating of a supply that defermines its power ca-
pabilities; it is the product of the two,

- Throughout the text, the abbreviation for energy (W) cdn be distin-
guished from that for the war (W) because the one for energy'is in ital-

ics while the one for Wwatt is in roman. In fact, all variables in the de

section appear in italics, while the units appear in roman.

A

EXAMPLE 4.6 Find the power delivered to the de motor of Fig. 4.13.
Solution: P = Ef = (120 V)(5 A) = 600 W = 0.6 kW N

EXAMPLE 4.7 What is the power dissipated by a 5 ) resistor if (he
currentis 4 A? : ' 4

So!utian_: ! :
P=FR=(4A)50) = 80 W

EXAMPLE 4.8 The -V characteristics of a light bulb are provided in
Fig. 4.14. Note the nonlinearity of the curve, indicating a wide range in
resistance of the bulb with applied voltage. If the rated voltage is 120V,

find the wattage rating of the bulb, Also calculate the resistance of the

bulb under rated conditions.
Solution: At 120V,

Fl

o I=0625A
and P=vI= (120V)(0.625 A) =75 W
T UALI20V, - " '
: V . 120W
e R 06254 - 12280

"Sometimes the pb_.\rer is given anﬂ’_thc current or voltage must be
determined. Through algebraic manipulalim&s. an equation for each
variable is derived as follows: ) £ 3

3 ¥ P
P =q? 2
P=IR=] R

e
and 4.14)

(4.15)
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EXAMPLE 49- Detcmnne the current thraugh a 5 k() resistor when the
" power d:smpateﬁ by the clcmem is 20 mW. .

Saluﬁon:’ Eq‘ ('4.14):

20 1077w = -
i =V4ax10%=2x102A
d V[_ T5x 1000 b
=2mA . i

5 ENERGY

For power, which is the rate of doing work, fo produce an energy ¢on-
version of any form, it must be used over a period of time. For example,
a motor may have the horsepower to run a heavy load, but unless the
motor is used over a period of time, there will be no energy conversion.
In addition, the longer the motor is used to dnve the load the greater will
Be the energy expended.

. The energy (W) lost or gained by .my systcm is therefore determined by

/
. -
w=p| (wattsecontls, W, or joules) (4.16)

Since power is measured in watts (or joules per second) and time in
seconds, the unit of energy is the watrsecond or joule (note Fig. 4.15).
The wattsecond, however, is too small a quantity for most practical pur-
poses, so the watthour (Wh) and the kilowatthour (kWh) are defined, as
follows:

Energy (Wh) = power (W) X time (h) | & 4 (4.17)

power (W) X time (h)

1000 (4.18)

Energy (k\-?\_’h) =

i

Notc that the energy in kilowatthours is simply the energy in
watthours divided by 1000. To develop some sense -for the kilo-

watthour energy level, consider that I kWh is the mergy dissipated by

a 100 W bulb in 10 h. ¥

The kilowatthour meter is an instrument for measuring the energy
supplied to the residential or commercial user of electricity. It is nor-
mally connected directly to the lines at a point just prior to entering the
power distribution panel of the building. A typical set of dials is shown
in Fig. 4.16, along with a photograph of an analug Kilowatthour meter.
As indicated, each power of ten below a dial isin kilowatthours. The,
more rapidly the aluminum disc rotates, the greater is the energy de-
mand. The dials-are connected through a set of gears to the rotation of
this disc. A solid-state digital meter with an extended range of capabili-
ties also appears in Fig. 4.16. ' .

ENERGY 11] 108 -

FIG. 4,15
James Prescott Joule,
© Hulton-Deutsch Cn]!ecnoniCurbls

’nﬂﬁm (Salford, Manches:a} \
(1818-89) 2 e
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S ' ' FIG. 4.16
Kilowatthour meters: (a) analog; (b) digital.
{Courtesy of ABB Electric Metering Systems.)

-~ EXAMPLE 4.10 For the dial position’ in Fig. 4.16(a), calculate thg
electricity bill if the previous reading was 4650 kWh and the average -
cost in your-area is 11¢ per kllowallhuur

Solution: - : : : ' ,
5360 kWh — 4650 kWh = 710 kWh used
12 :
710 Wﬁ( ) = $78.10
kwhi /

L

EXAMPLE 4.11 How much energy (in kilowatthours) is rc:quﬂ'ed to
light a 60 W bulb continuously for 1 ye.ar (365 days)"

* * So!uﬂan ’ :
s Pt (60 W)(24 h/day)(365 days) 525,600 Wh
~ 1000 1000 1000
= 525.60 kWh

EXAMPLE 4.12 How long cana 340 W plasma TV be on before it’
“uses more than 4 kWI:l of energy?
- Solution: : i

: © (W)(1000) (4 kWh)(1000) _

ag . W= =br(hours)" R 340W 11.76 h

1000

i
.

< ; W EXAMPLE 4.13 What is the cost of using a § hp motor for 2 h 1f the |
- rate is 11¢ per kllowatthour? ; :

Solution: ’, A
: ' (Shp X 746 W/hp)(2 h)
W (kil == .
(ki owstthou;s} 1000 1000

Cost = (7.46 kWh)(11¢/kWh) - 82.06¢

= 7,46 kWh



N

EKAMPLE '4.14 What is the total cost of usiné all of the following at
11¢ per kilowatthour? . '

A 1200 W toaster for 30 min

Six 50 W bulbs for 4 h

A 500 W ‘washing machine for 45 min

A 4300 W electric clothes dryer for 20 min -

An 80 W PC for 6 h )
" Solution: ; " - .
L (200W)41) + ©E0W)AR) + (0 W)(Eh) + (4300 WIEH) + (B0 W)(6h)
n 600 Wh + 1200 Wh + 375 Wh + 1433_‘10ng + 480 Wh _ 4088 Wh
1000 * ' © 1000
W= 409 kWh - : :

Cost = (4.09 kWh)(11g/kWh) = 45¢
- E

The chart in Fig. 4.17 shows the national average cost per kilo-
watthour compared to the kilowatthours used per customer. Note that the
cost today is just above the level of 1926, but the ayerage customer uses
more than 20 times as much electrical energy. in a year. Keep in mind
that the chart in Fig. 4.17 is the average cost across the nation. Some
states have average rates closer to 7¢ per kilowatthour, whereas others
approach 20¢ per kilowatthour. -

KWh per customer ~""
'y ! : P L 11,000

RESIDENTIAL SERVICE L0 ' —

Total electric utility industry ) /1 " 10,000

(including Alaska and Hawaii since 1960) " k

Average use per customer :

and average revenue per k\\fh ! o000

8000

; ) 7000
Cents/kWh " Average yearly use,

12 kWh per ctwmcr I[ = 6000

11 — I-. 7 .

" = Average revenue, \ / . _j, o
9 [ cents per kWh y 3
8 ,' ,/ - : 4000
7 ] / T
6 ' e 3000
; / 7 7T
4 a:l\ P AL — 2000
3 i ] !

e / : : | ¢ ;
2 z 1000
; .

$ - g
1926 1930 1935 1940 1945 1950 1955 1960- 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

FIG. 4,17
Cost per kWh and average kWh per customer versus time.
(Based on data from Edison Electric Institute.)
-~

“
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Table 4.1 lists some common houschold appliances with their typical
wattage ratings. You might find it interesting to calculate the cost of op-
erating some of these appliances over a period of time, using the chart in
Fig. 4.17 to find the cost per kilowatthour,

TABLE 4.1
T)p:r:ai wattage ratings of some common kou.!ebm‘d ftems.

Wattage Rating _ Appliance Wattage Rating

1 I\.hcrawave uven
.'Nmten:anu
-'IRadml -

(sutnma.nc_:defrmt) © 1800

0 B R S e L
| Sunlamp, . 280
| Toaster; "/ 1200
'I‘rashcumpactow L0l 400
o Plagm ™ i L 340
‘ 5, 5000 Dot S e 220.
VCR/DVD ;o %7005
*'| Washing machine © 500
| Water heater . i 4500
.; Xbox 360 - : ' 187
’ EFFICIENCY
- - 7 //A flowchart for the energy levels associated with any system that con-

verts energy from one form to another is provided in Fig. 4.18. Note that
. the output energy level must always be less than the applied energy due
» _ : . tolosses and storage within the system. The best one can hope for is tha,t d
: ; Wou and Wy, are relauve]y close in magnitude.
N Conservation of energy requires that

" Energy input = energy output + m;ergy lost or stored by the system

Smem

wl.cll a: stored
FIG. 4.18
Energy flow through a system. *

S
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Win I Wom'_'_ W tost or stored by the sysiem
—_—
t ' U

Since P = W/1, we have the following: .

Pi= Py + Piosior stored (W) . (4.19)

The efficiency () of the system is then determined by the folloi\'ing
equation:

po'we output
Efﬁcw.ncy = x ot
: power input
Py R ) .
and n= -P— (decimal number) - {4.20)
i

where 7 (the lowercase Greek letter eta) is a demmal number.

Expressed as a percentage.

Py

. ~

®

. In terms of the input and output energy, the. efﬁmncy in pr.rccnt is
given by .

The maximum possible cfﬁcmncy is 100%, which e-::curs whcn Pd =P,
- or when the power lost or stored in the system is Zero, Obvmusly, the
greater the internal losses of the system in generating the necessary out-
put power or energy, the lower is the net effi c:ency

-

-EXAMPLE 4.15 A 2 hp motor operates at an ;.fﬁcic'ncy of 75%. What
is the power input in watts" If the applied voltage is 220 V, what is the in-
put current?

Sol_’uﬁon:-
%= L X 100% ¢
TEER
: 2 hp)(746 W/h
478 = ( p}( P)
P;
' 1492 W e,
d s ‘= 1989, s
an Pt — o = 198933 W o
P; 33 W
Py=El or J-ﬁi—l—?i'g—m—m%m

E 20V.

P, \ : :
% = == X 100% (persent} o 4.21)y

=i iy >
7% =W‘:>¢_IUQ%¢ " (persent) “422)

EFFICIENCY 111 113
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EXAMPLE 4.16 What is the output in horsepower of a motor with an
efficiency of 80% and an input current of 8 A at 120V?

Solution:
e -}-’3 % 100%
i P
080 s
(120 V)(8 A)
and P, = (0.80)(120 V)(BA) = 768 W.
) i 1hp \ i
“Irlﬂ'l ; 768 W (?46 W) = 1.03 hp

EXAMPLE 4.17 If 9 = 0.85, determine the output energy level if the
applied energy is 50 1.

Solution:  ~

& . W, A ;
2 n= W::- W, =nW,; = (085)(50]) = 42.5J
. . W; i ]

- The very basic components of a generating (voltage) system are de-
picted in Fig. 4.19. The source of mechanical power is a structure such
as a paddlewheel that is turned by water rushing over the dam. The gear
train ensures that the rotating member of the generator is turning at rated’
speed. The output voltage must then be fed through a transmission sys<
tem to the load. For each component of the system, an input and.output:
power have been indicated. The.efficiency of each system is given by -

e
' Transmission system

- FAG. 419 .
Bas'i‘c;ompanehfs of a gmemring system, -

If we form the product of these three cfﬁc:cmes

LT . -P_ “é,:}"':*?

and subsurute the fact lhal P, =F, and P & b, we find that the

quam.iues indicated above w111 cancel resultmg in P,;.,/F}, , which is a
+ia 2 \f'!l-m iy T .



& ¥ ot T L CIRCUIT BREAKERS, GFCls, AND FUSES 111 116

»

FIG. 4.20
Cascaded system.

In general, for the representative cascaded system in Fig. 4.20,

| Motal =M1 M2 M3 - - - ‘-'?;.J (4.23) . 5%

EXAMPLE 4.18 Find the overall _e;fﬂciency of the system in Fig. 4119 .
if my = 90%, 15 = 85%, and 73 = 95%. i :
Solution: i . _

nr = My Mo = (0.90)(0:85)(0.95) = 0.727, ot 72.7%

EXAMPLE 4.19 If the efficiency m, drops to 40%, find the new overall
efficiency and compare the result with that obtained in Example 4.18.
Solution: '

Br =M 720 W3 = (0.40)(0.85)(0.95) = 0.323,0r 32.3%
Certainly 32.3% is noticeably less than 72.7%. The total efficiency of 3
a cascaded system is therefore determined primarily by fhe lowest

efficiency (weakest link) and is less than (or equal to if the remaining ,
efficiencies are 100%) the least efficient link of the system.

4.7 CIRCUIT BREAKERS, GFCls, AND FUSES _

The incoming power to any large industrial plant, heavy equipment, sim- .
ple circuit in the home, or meters used in the laboratory must be limited -
Ao ensure that the current through the lines is not above the rated value.
Otherwise, the conductors or the electridal or electronic equipment may o
be:damaged, and dangerous side effects such as fire or smoke may result. '
" To limit the current level, fuses or circuit breakers are installed
where the power enters the installation, such as in the panel in the base-
ment of most homes at the point where the outside feeder lines enter the
dwelling. The fuses in Fig. 4.21 have ap internal metallic conductor

: v . FG. 421
Fuses: (a) CC-TRON® (0-10 A): (b) Semjtron (0-600 A} (c) subminiature surface-mount chip fuses.

fCm A Coerer Russmann )
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FIG. 4.22
. Circuit breakers.
(Reprinted with the permission of Tyco Electronics -
Corporation, Potter and Brumfield Division.)

~ FiG.4.23
Ground fault circuit interrupier (GFCI): 125 V ac,
60 Hz, 15 A outler.
(Reprinted with permission of the Leviton Manufacturing
Company. Leviton SmartLock™ GFCL.)

FIG. 424 -
- A23W 380 mA compac: fliiorescent lamp. {(fFL)

.ﬂ"’m

-through which the current passes; a fuse begins to melt if the current
through the system exceeds the rated value printed on the casing. Of
course; if the fuse melts through, the currept path is broken and the load

_ inits path is protected.

In homes built in recent years, fuses have been replaced by circuit
breakers such as those appearing in Fig. 4.22. When the current exceeds
rated conditions, an electromagnet in the device will have sufficient
strength to draw the connecting metallic link in the breaker out of the
circuit and open the current path. When conditions have been correctcd
the bmk!r can be reset and used again,

The most recent National Elecmc al Code requiges that outlets in the
bathroom and other sensitive areas be of the ground fault circuit inter-
rupt (GFCI) variety; GFCls (often abbreviated GFI) are designed to
trig more quickly than the standard circuit breaker. The commercial
unit in Fig. 4.23 trips in 5 ms. It has been determined that 6 mA is the
maximum level that most individuals can be exposed to for a short pe-
riod of time without the risk of serious injury. A current higher than 11
mA can cause involuntary muscle contractions that could prevent d*
person from letting go of the conductor and possibly cause him or her.
to'enter a state of shock. Higher currents lasting more than a second
can cause the heait to go into fibrillation and possibly cause death in a
few minutes. The GFCI is able to react as quickly as it does by sensing -
the difference between the input and output currents to the outlet; the
currents should be the same if everything is wofKing properly. An er-
 rant path, such as through an individual, establishes a difference in the.
two current levels and causes the brcaker tq trip and disconnect the

' power source, ¢

4.8 APPLICAT!ONS' :
Fluorescent versus Incandescent .

A hot topic in the discussion of energy conservation is the growing pres-
sure to switch from incandescent bulbs to fluorescent bulbs such as in
Fig. 4.24. Countries throughout the world have set goals for the near fu-
ture, with some mandafting a bap of the use of incandescent bulbs by
2012. Japan is currently at an adoption rate of 80%, and the World Her-

" itage sites of Shirakawa-go and Gokayama were completély stripped of

* incandescent lighting in 2007 in a bold effort to reduce carbon dioxide
emissions near the villages. Germany is at a 50% adopnon rate, the
United Kingdom at 20%, and the United States at about 6%. Australia
announced-a compléte ban on incandescent lighting by 2009 and
Canada by 2012,

This enormous shift in usage is primarily due to the higher energy
efficiency ‘of fluorescent bulbs and their longerfifespans. For the same
- number of lumens, (a unit of light measurement) the energy dissipated by
an incandescent light can range from approximately four to six times
greater than that of a fluorescent btllb The range is a function of the lu-
mens leyel. The greater the number of lumens available per bulb, the
lower is the ratio. In other words, the energy saved increases with de-
_crease in'the wallage rating of the fluorescent bulb. Table 4.2 com-
pares thc waftage ratings of fluorescent bulbs and mcandcsccm bulbs for
the same level of lumens generated. For the same period of time the ratio
of the enmgy used requires that we simpl y dmde the wattage ratings at
the same iumans level. ' %

o



’ = * + TABLE 4.2 X
Comparison of the lumens generated by i
incandescen: and fluorescent bulbs.

- Incandescents Lumens - Fluorescenty

100\';__(9501_1)_ ——1 1675 g e

e o 1600 |—— 23 W (12,000 h)
s L 1100 |— 15'W (8000 h)
_75w0500 h) —— 1040

870 |—=— 13 W.(10,000 h)

ﬁuwusou n) "-—_330

660 —— 11W (8000 h)
580 |—— O'W(8000h)
495 s
400
250 250
1157,

As mentioned, the other pns;itive benefif of fluorescent bulbs is the-

longevity of the bulbs. A 60 W incandescent bulb wﬂl have a rated life of

1500 h, whereas a 13 W fluorescent bulb with an eqmvalem lumens level is
rated to last 10,000 h—a life ratio of 6.67. A 25 W incandescent bulb may
have a rated lifetime of 2500 h, but a 4 W fluorescent bulb of similar lu-
mens emission has a rated lifetime of 8000 h—=a life ratio of only 3.2. It is
inferesting to note in Table 4.2 that the lifetime of fluorescent bulbs remains

quite high at all wattage ratings, whereas the, lifetime of fluorescent bulbs '

increases substantially with drop in wattage level. Finally, we have to con-
sider the cost level of purchase and-use. Currently, a 60 W incandescent
bulb can be purchased for about 80¢, whereas a similar lumens rated 13 W,
fluorescent bulb may cost $2.50-—an increase by a factor in excess of 3:L
For most people this is an important factor and has without question had an
éffect on the level of adoption of fluorescent bulbs, However, one must also
consider the cost of using the bulbs just described over a period of 1 year.
Consider that each is used 5 h/day for 365 days at a cost of 11¢/KWh.

~ For the ifcandescent bulb-the cost is determined as follows:

_ (5h)(365 days)(60OW) -
= 1000 = 109.5 kWh

Cost = (109.5 kKWh)(11¢/kWh) = $12.05/year
* For the fluorescent bulb the cost is determined as {ollows:
(5h)(365 days)(13W) ~ * -
kWh = = 2373 kWh
1000 - ‘ T
Cost = (23.73 kWh)(11¢/kWh) = $2.61/year

The cost ratio of fluorescent to incandescent bulbs is about 4.6, which

_is certainly significant, indicating that the cost of fluorescent lighting is

about 22% of that of incandescent lighting. Returning to the initial cost, it

is clear that the bulb would pay for itself almost four times over in 1 year.

The other pusltxva factor in using lower-wattage bulbs is the savings

in carbon dioxide emissions in the process of producing the necessary

electrical power. For the two villages in Japan mentioned earlier, where

some 700 bulbs were replaced, the savings will be some 24 tons in

.1 year. Consider what that number would be if this po]acy were adopled
-all over the world.

b TSP Y O

e

s
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As with every innovative approach to saving erergy, there are some.
concgrns about jts worldwide adoption. They include the mercury that
is inherent in the design of the fluorescent bulb, Each bulb contains about
5 mg of mercury, an element that can be harmful to the nervous system
and brain development. The effects of breaking a bulb are under investi-
gation, and the concern is such that departments of environmental protec-
{dion in most countries are setting up standards for the clean-up process. In
every approach described it is agreed that a room in which breakage oc-
curs should be cleared out and the windows opened for ventilation.
Then the materials should not be vacuumed up but carefully scooped
up and put in a small, sealed contairler. Some agencies go well beyond’
these two simple measures in the clean-up, but clearly it is a process that
must be handled with Care. The other concern is how to. dispose of the
bulbs when they wear out. At the momerit this may not be a big problem
because the adoptmn of fluorescent bulbs has just begun, and the bulbs

~ will last for quite a few years, However, there will become a time when

the proper disposal will have to be defined. Fortunately, most developed
countries are carefully looking at this problem and setting up facilities de-
signed specifically to dispose of this type of appliance. When disposal
does reach a higher level, such as the 350 million per year projected in a
country siich as Japan, it will represent levels that will have to be addressed
efficiently and correctly to remove the mercury levels that will result.
Other concems relate to the light emitted by fluorescent bulbs as com-
pared to that from incandescent bulbs. In general the light emitted by in-
candescent lights (more red and less blue components) is a closer maich
fo natural light than that from fluorescent bulbs, which emit a bluish tint.
However, by applying the proper phosphor to the inside of the bulb, a
white light can be established that is more comfortable to the normal eye.
Another concern is the fact that currently dimmers—a Source of energy
conservation in many instances—can only be used with specially de-
signed fluorescent bulbs. However, again research is now going on that
will probably remove this problem in the near future. One other concern
of sqme impartance is the fact that fluorescent bulbs emit ultraviolet
(UV) rays (as in the light used in tanning salons), which are not a compo-
nent of visible light but are a eoncern to those with skin problems such as
those in individuals with lupus; however, once again, the studies are on-
going. For many years fluorescent llghts were relegated to ceiling fix-
tures, where their distance negated most concerns about UV rays, but

.. now they have been brought closer to the consumer, Recall also that the

" ~growing of plants in a dark interior space can only be accomplished using

fluorescent bulbs because of the UV radiation. Finally, it turns out that, as
with all products, you get what you pay for: Cheaper bilbs seem to fail to
meet their lifespan guarantee and emit a poorer light spectrum.

The debate could go on for numerous pages, balancing benefits
against disadvantages. For-instance, consider that the heat-generated by

. incandescent lamps provides some of the heating in large institutions

and therefore more heat will have to be supplied if the switch is made to
ﬂuurcscants However, m the summer months the cooler fluorescent
bulbs. will require less coohng, affording a savings at the same location. '
In the final analysis, it appears that the decision will come down to indi-
viduals (unless it is government mandated) and what they are most com-

fortable with. Be assured, however, that any strong mcuon to & proposed

“switchaver will be well documented and should not be a real concern,

The exponential growth of interest in ﬂuomscems in recent years has
becn primarily due to the introduction of electronic circuitry that can

“fite" o'r “rgnne" the bulb-in a way that prd-ades a qmclm startup and' g,

e
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Inductor
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A v . R C-onnccted to
Connections to electronic base of bulb
ignition network - s '
: = - - FIGURE 4.25
s P Internal construction of the CFL of Fig. 4.24. .

smaller units. A full description of the older variety of fluorescent bulbs
appears in the Application section of Chapter 22, which describes the P

large size of the ballast transformer and the need for a starter mechanism. .

A glimpse at the relatively small electronic firing mechanism for 4 com- : ..
pact flucrescent lamp (CFL) is provided in Fig. 4.25. The bulb section re-

mains completely isolated, with only four leads’ availabfe to connect to

the circuitry, which redices the possibility of exposure when the bulb is

being constructed. The circuitry has been flipped from its position in the g .

base of the bulb. The black and white lead on the edges is connccted (o .

the base of the bulb, where it is connected to & 120V source. Note that the ]

two largest components are the transformer and electrolytic near the cen-

ter of the printed circuit board (PCB). A number of other elements to be ;

described in the text have been identified. ¥

Mncrowave Oven o ' :

It is probably safe to say that most homes mday have a microwave oven
(see Fig. 4.26). Most users are not concerned with its operating cfficiency.
However, it is interestirig to learn how the units operate and apply some of
the ihaory presented in this cha.pler .

-

-

Cutaway view
Magnetron

ac —=de
power conversion

Microwave energy

FIiG. 4.26
Microwave oven.
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First, some general comments, Most miqfuwave.s are r_awd at 500 W
to 1200 W at a frequency of 2.45 GHz (almost 2.5 billion cycles per
second, compared to the 60 cycles per second for the ac voltage at the

typical home outlet—details in Chapter 13). The heating occurs be- -

cause the water molecules in the food are vibrated at such a high fre-

- quency that the friction with neighboring molecules causes the heating

effect. Since it is the high frequency of vibration that heats the food,
there is no need for the material to be a conductor of electricity. How-
ever, any metal placed in the microwave can act as an antenna (espe-
cially if it'has any points or sharp edges) that will attract the microwave
energy and reach very high temperatures. In fact, a browning skillet is

now made for microwaves that has some metal embedded in the bot- -

tom and sides to attract.the microwave energy and raise the tempera-
ture at the surface between the food and skillet ta give the food a
brown color and a crisp texture. Even if the metal did not act as an an-
tenna, it is a good conductor of heat and could gcr quite hot as it draws
heat from the food. _

Any container with low moisture content can be Bised to heat foods in
a microwave. Because of this requirement, manufacturers have devel-

oped a whole line of microwave cookware that is very low in moisture

content. Theoretically, glass and plastic have very little moisture content,
but even so, when heated in the oven for a minute or so, they do get
warm., It could be the moisture in the air that clings to the surface of each

or perhaps the lead used in good crystal. In any case, microwaves should -

be used only to prepare food. They were not deﬂgned to be dryers or
evaporators..

The instructions with every microwave specify that the oven should

not be turned on when empty. Even though Ihe oven may be empty, mi-.

crowave energy will be generated and will make every effort to find a
channel for absorption. If the.oven is empty, the energy might be at-
tracted to the ovén itself and could do some damage. To demonstrate that

a dry empty glass or plastic container will not attract a significant -

amount of microwave energy; place two glasses in an oven, one with
‘water and the other empty. After 1 min, you will find the glass with the
water quite warm due to the heating effect of the hot water while the
other is close to its original temperature. In other words, the water cre-
ated a heat sink for the majority of the microwave eneigy, leaving the
empty glass as a less attractive path for heat conduction. Dry paper tow-
els and plastic wrap can be used in the oven to cover dishes since they
initially have low water molecule content,”and paper and plastic are npt
good conductors of heat. However, it would be very unsafe to place a
Paper towel.in an ovefi alone beeause, as said above, the microwave en-
ergy will seek an absorbing medium and could set the paper on fire.
The cooking of food by a conventiofal oven is. from the outside in.

. The same is true for microwave ovens, but they have the additional

advantage of being able to penetrate the outside few centimeters of
the food, reducing the cooking time substantially. The cooking time
‘with a microwave oven is related to the amount of food in the oven,
Two cups of water will take longer to heat than one cup, although it is
not a limear relalwnsh:p, so it will not take twice as long—perhaps
75% to 90% longer. Eventually, if you place enough food in the mi-
‘crowave oven and compare the longer cooklng tlme to that wuh acon-

ventional oven, you will reach a crossover peint ‘at which it would be

just as wise to use a conventional oven an the texture in the food
you might prefer ; AL '



'I'he bamc consérucuon of the microwave oven is depicted in Fig, 4.26.
Ttusesa 120\’ ac supply. which is then converted through a high-voltage
transformer to one having peak values approaching 5000 V (at substan-

tial current levéls)—sufficient warning to leave microwave repair to the

local sefvice location- Through the rectifying process briefly described
in Chapter 2, a high dc voltage of a few thousand volts is generated that
appears across a magnetron. The magnetron, through its very special de-
s;gn (;urrcntly the same design as in World War II, when it was invented
by the British for use in high-power radar units), generates the required
2.45 GHz signal for the oven. It should be pointed out also that the mag-
netron has a specific power level of operation that cannot be controlled—
once it's on, it's on at a set power level. One may then wonder how

the cooking temperature and duration can be controlled. This is accom-

plished through a controlling network 1hnt determines the amount of off

* and on time during the mput cycle of the 120V supply. Higher tempera-
tures are achieved by setting a high ratio of on to off time, while low
temperatures are set by the reverse action,

One unfortunate characteristic of the magnetron is that in lhe conver-
sion process, it generates a grcat deal of heat that does not go toward the
heating of the food and that must be absorbed by heat sinks or dispersed
by a cooling fan. Typical conversion efficiencies are between 55% and
75%. Considering other losses inherent in any operating system, it is
reasonable to assume that most microwaves are befween. 50% hnd 60%
efficient. However, the conventional oven with its continually operating
exhaust fan and heating of the oven, cookware, surrounding air, and so
on also has significant losses, even if it is less sensitive to the amount of
food to be cooked. All in all, convenience is probably the other factor

that weighs the heaviest in this discussion. It also leaves the quesuon of

how our time is figured into the efficiency equation.
For specific numbers, let us consider the energy associated w:rh bak-
ing a 5-0z potato in a 1200 W microwave oven for % min if the conver-

sion efficiency is an average value-of 55%. First, it is important to realize
that when a unit is rated as 1200 W, that is the rated power drawn from
the line: during the cooking process. If the microwave is plugged mto a -

120 V outlet, the current drawn is

I=PpP/V= 1200W/120V = IOOA

which is a significant level of current. Next, we can determine the
amount of power dedicated solely to the cooking process by using the ef-
ficiency level. That is, )

B, =nPj = (nss)(lzcmW) = 600 W

The encrgy transferred to the potam over a-perjod of 5 min can then be

determined from
W= Pt = (660 W)(5 min)(60 s/1 min) = 198 kJ
which is about half of the-energy (nutritional value) derived from eating

. a 5-0z potato. The number of kilowatthours drawn by the unit is deter--

- mined from ;
W = P1/1000 = (1200 W)(6/60 h)/1000 = 0.1 KWh

* At a rate of 10¢/kWh we find that we can cook the potato for | penny—
relatively speaking, pretty cheap. A typical 1550 W toaster oven would
%ake an hour to heat the same potato, usmg 1.55 kWh and costing 15.5
cenm—q significant increase in cost. ;

B AP'PLIC-AT-IONS L .121
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5 Household Wiring

A number of facets of household wiring can be discussed without exam-
ining the manner in whicl) they are physically connected. In the follow-
ing chapters, additional coverage is provided to ensure that you develop
a solid fundamental understanding of the overall household wiring sys-
tem. At the very léast you will establish a background that will permit
o . Yyou to answer questmns !hal you should be able loanswe‘r asa sludcm of

this field. - .

- : ’ The one specification that defines the overall rys.'em is the maximum
current that can be drawn from the power lines since the voltage is fixed
at 120V or 240V (sometimes 208 V). For most older homes wi_t'h a heat-
ing system other than electric, a 100 A service is the norm. Today, with

~_ all the electronic systems b:cnming commonplace in the home, many
1 people are opting for the 200 A service even if they do not have eleciric
heat: A 100 A service specifies that the maxifum current that can be
drawn through the power lines into your home is 100 A. Using the line-
_to-line rated voltage and the full-service current (and assuming all
" resistive- type loads), we can determine the maximum power that can be
- ' _ - dehvarcd using the basic power equation: |

P =.El = (240 V)(100 A) = 24,000 W = 24 kW

This rating reveals that the total rating of all the units tmed on in the
home cannot exceed 24 kW at any one time. If it did, we could expect
the main breaker at the top.of the power panel to open. Initially, 24 kW
may seem liKe quite a large rating, but when you consider that a self-
cleaning electric oven thay draw 12.2 kW, a dryer 4.8 kW, a water heater
4.5 kW, and a dishwasher 1.2 kW, we are already at 22.7 kW (if all the
units are operating at pcak demand), and we have not turned the lights or
TV onyet, Obviously, the use of an electric oven alone may strongly
suggest considering a 200 A service. However, seldom are all the bum-
ers of a stove used at once, arfd the oven incorporates a thermostat to
contro} the temperature so that it is not on all the time. The same is true
for the water heater and dishwasher, 5o the chances of all the units in a
home demanding full service at the same time is very slim. Certainly, a
typical home with electric heat that may draw 16 kW just for heating in
cold weather must consider a 200 A service. You must also understand
) : that there is some !ecway in maximum ratmgs for safety purposes. In
s ; i other words, a system designed for a maximum load.of 100 A'can accept
a slightly higher current for short periods of time without significant
» ~ damage. For the long term, however, the limit should not be exceeded.
Changing the service to 200 A is not simply a matter of changing the
panel in the basement—a new, heavier line' must be run from the road to
the house. In some areas feeder cables are aluminum because of the re-
duced cost and weight: In other areas, aluminum is not pennhtad be-
cause of its temperature sensitivity (cxpansxon and comracuon), and
* copper must be used. In any event, when a]ummum isused, the contrac-
tor must be absolutely sure that the connections at both ends are very se-
cure. The National Electric Code specifies that 100'A sgrvice must use a
#4 AWG copper conductor or #2 aluminum conductor. For 200 A ser-
vice, a 2/0 copper wire or a 4/0 aluminum c_onductor must be used, as
. shown in Fig. 4.27(a). A 100 A or 200 A service must have two lines and.
. : ; . - ' aservicemeutral as shown in Fig. 4.27(b). Note in Fig.'4.27(b) that the
. $ A - llncs are coated and ihsulated from each.other, anid the service neutral is
; i spread around the. mstde of the wire coating. At :he terminal poinx, all .
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Aluminum  Copper (3)

) FIG. 4.27 . .
200 A service conductgrs: (@) 4/0 aluminum and 2/0 copper; (b) three-wire 4/0 aluminium service.

o

the strands of the service neutral are gathered together and securely
- attached to the panel. It is fairly obvious that the cables of Fig. 4.27(z)
are stranded for added flexibility. / : .
Within the system, the incoming power is broken down into a number’
of circuits with lower current raiings utilizing 15 A, 20 A, 30 A, and 40
A protective breakers. Since the load on each breaker should not exceed
" 80% of its rating, in a 15 A breaker the maximam current should be lim- ,
ited 10 80% of 15 A, or 12 A, with 16 A for a 20 A breaker, 24 A for a 30 i il
A breaker, and 32 A for a 40 A breaker. The result is that a home with
200 A service can theoretically have a maximum of 12 circuits' (200 A/ . ' ,
16 A = 12.5) utilizing the 16 A maximum cuirent ratings associated '
with 20 A breakers. However, if they are aware of the loads on each eir-
cuit, electricians can install as many circuits as they feel appropriate.
The code further spegifies that a #14 wire should not carry a current in
excess of 15 A, a #12 in excess of 20°A, and a #10 in excess of 30 A.
Thus, #12 wire is now the most common for general home wiring to en- 1
sure that it can handle any excursions beyond 15 A on the 20 A breaker _ -
* (the most common breaker size). The #14 wire is often used in conjunc-
tion with the #12 wire in areas where it is known that the current levels
are limited. The #10 wire is typically used for high-demand appliances.
such as dryers and ovens. . © '
The circuits themselves are wsually broken down into those that pro-
vide lighting, outlets, and so on. Some circuits (such as ovens and
dryers) require a higher voltage of 240 V, obtained by using two power
lines and the neutral. The higher voltage reduces the cusrent requirement
for the same power rating, with the net result that the appliance can usu-
‘ally be smaller. For example, the size of an air conditioner with the same 0 : .
cooling ability is measurably smaller when designed for a 240 V line .
than when designed for 120 V. Most 240 V' lines, however; demand a
current level that requires 30 A or 40 A breakers and special outlets t0
ensure that appliances rated at 120 V are not connected to the same out-
let. Check the panel in your home and note the number of circuits—in
particular, the rating of each breaker and the number of 240 V lines indi-
cated by breakers reguiring two slots of the panel. Determing the total of
the current ratings of all the breakers in your panel, and explain, using
the above information, why the total exceeds your feed level.
For safety sake, grounding is a véry impartant part of the electrical
" system in your home. The National Electric Code requires that the neu- v
tral Wire of a system be grounded to an earth-driven rod, a metallic water
piping systern of 10 ft or more, or a buried metal plate. That ground is
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then passed on through the electrical circuits of the home for further pro-
tection. Tn a later chapter, the details of the connections and grounding
methods are discussed. ¥ . =

4.9 COMPUTER ANALYSIS

Now that a complete circuit has.been introduced and examined in de-
tail, we can begin the application of computer methods, As mentioned
in Chaprer 1, two software packages will be introduced to demonstrate
the options available with each and the differences that exist, Each has
a broad range of support in the educational and industrial communi-
ties. The student version of PSpice (OrCAD Release 16.2 from Ca-
dence Design Systems) has received the most attention, followed by
Multisim, Each approach has its own characteristics with procedures
that must be followed exactly; otherwise, error messages will appear.
Do not assume that you can “force” the system to,respond the way you .
would prefer—every step is well defined, and one error on the input-
side can yield results of a meaningless nature. At times you may be-
lieve that the system is in error because you are absolutely sure you
- followed every step correctly. In such cases, accept the fact that some-
thing was entered incorrectly, and review all your work very carefully.
All it takes is a comma instead of a period or a decimal point to gener-
. ate incorrect results, ' : ’ :
Be patient with the learning process; keep notes of specific maneu-
vers that.you learn; and don’t be afraid to'ask for help when you need it.
Foreach approach, there is always the initial concern about how to Start
and proceed through the first phases of the analysis. Howevet, be as-
sured that with time and exposure you will work through the required
maneuvers at a speed you never would have expected. In time you will
. be absolutely delighted with the results you can obtain using computer

RZ 4K vy methods, :

In this section, Ohni’s law is investigated using the software packages

= PSpice and Multisim to analyze the circuit in Fig. 4.28. Both require that
' the eircuit first be “drawn” on the computer screen and then analyzed
(simulated) to abtain the deskred results. A mentioned aboye, the anal y-

sis program cannot be changed by the user. The most proficient user is

 Circult 1o be analyzed using PSpice and Multisim. . one who can draw the most out of a compuier software package,

e

. Although the author feels that there is sufficient material in the text to
carry a new student of the material through the programs provided, be
- - aware that this is not a computer text, Rather, it is one whose primary
. purpose is simply to introduce the different approaches and how they
can be applied effectively. Excellent texts and manuals are available that
cover the material in a great deal more detail and perhaps at a slower
pace. In fact, the quality of the available literature has improved dramat-
ically in recent years. LT ;

PSpice . e
Readers who were familiar with older versions of PSpice will find that -
the.changes in“Version 16.2 are primarily in the front end and the sim-
ulation process. After executing a few programs, you will find that
most of the procedures you learnéd from older versions will be appli-
.. cable here also—at least the sequential process has a number of strong _
similarities, . . B -
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" The installation process for the OrCAD software requires a computer

._ sy%ﬁem with DVD capability and the minimum system requirements -

appearing in Appendix B. After the disk is installed, the question appear-

ing during the license process can be answered by simply replying

port1@hostl, A Yes response (o the next few ‘questions followed by se-
lecting Finish will install the software—a very simple and direct process.
Once OrCAD Version 16.2 has been installed, you must first open a
Folder in the C: drive for storage of the circuit files that result from the
analysis. Be aware, however, that e '

~ gnce the folder has been defined, it does not have to be defined for
each new project unless you choose to do so. If you are.satisfied with
one location {folder) }hr all your projects, this is a one-time operation
that does not have to be repeated with each network. o (A

“To gstablisli the Fﬁl_der, simply right-click the motise on Start at the
bottom left of the screen to obtain a listing that incjudes Explore. Select
Explore to btain the Start Menu dialog box and then use the sequence

File-New Folder to open a new folder. Type in PSpice (the author’s
choice) and left-click to install. Then exit (using the X at the top right of
the screen). The folder PSpice will be used for all the prajects you plan
to work on in this text. !
Our first project can now be initiated by double-clicking on the
- OrCAD 16.2 Demo icon on (he screen, of you can use the sequence
Start All Programs-CAPTURE CIS DEMO. The resulting screen has
only a few active keys on the top toolbar. The first keypad at the top left
is the Create document key (or you can use the sequence File-New
Project). A New Project dialog box opens in which you must enter the
Name of the project. For our purposes we will choose PSpice 4-1 as
. shown in Fig. 4.29 and select Analog or Mixed A/D (to be used for all
the analyses of this text). Note at the bottom of the dialog box that the
Location appears as PSpice as sct above. Click OK, and another dialog

FIG. 429

Using PSpice to determine the voltage, curvent, and power levels for the circuit

in Fig. 4.28.
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box appears titled Create PSpice Project. Select Create a blank proj-
ect (again, for all the analyses to be performed in this text), Click OK,
and a third toolbar appears at the top of the screen with soine of the keys
enabled, A Project Manager Window appears with PSpice 4-1 next to
an icon and an assaciated + sign ina small square. Clicking on the + sign
will take the listing a step further to SCHEMATIC1. Click + again, and
PAGEL1 appears; clicking on a — sign reverses the process. Double-
clicking .on PAGEL1 creates a working window titled SCHEMATIC1:
PAGE1, revealing that a project can have more than one schematic file
and more than one associated page. The width and height of the window
can be adjusted by grabbing an edge until you see a double-headed
arrow and-dragging the border to the desired location. Either window on
the screen can be moved by clicking on the top heading to make it dark
blue and then dragging it to any location, ' ' :

Now you are ready to build the simple circuit in Fig, 4,28, Select the
Place a part key (the key on the right tool bar with a small plus sign and
IC structure) to obtain the Place Part dialog box. Since this is the first
circuit Lo be constructed, you must ensure that the parts appear in the list
of active libraries. Seleét Add Library-Browse File, and select
analog.olb, and when it appears under the File name heading, select
Open. It will now appear in the Libraries listing at the bottom left of the
dialog box. Repeat for the source.olb and special.olb libraries. All three
files are required to build the networks appearing in this text. However, it
is important 10 realize that :

_ once the library files have been selected, they will appear in the uctive
listing for each new project without your having to add them-each
time—a step, such as the Folder step above, that does not have to be
repeated with each similar project.

You are now teady to place components on the screen. For the de
voltage source, first select the Place a part key and then select SOURCE
_ in the library listing. Under Part List, a list of available sources appears;
select VDC for this project. Once VDC has been selected, its symbol,
label, and value appears on the picture window at the bottom right of the
dialog box, Click the icon with the plus sign and IC structure to the left -
of the Help key in the Place Part dialog box, and the VDC souree fol-
lows the cursor across the screen. Move it to'a convenient location, left-
click the mouse, and it will be set in place as shown in Fig. 4.29. Since
only one source is required, right-clicking results in a list of options, in
which End Mode appears at the top. Choosing this option ends the pro-
cedure, leaving the source in a red dashed box. If it is red, it is an active
mode and can be operdted on. Left-clicking puts the source in place and
removes the red active status. .

- One of the most important steps in the procedure is to ensure that a°
0 V ground potential is defined for the network so that voltages at any
point in the network have a reference point. The result is a requirement
that every network must have a ground defined. For our purposes, the
0/SOURCE option will be our chaice when the GND key is selested. It
ensures that one side of the source is defined as 0 V. It is obtained by se-
lecting the ground symbol from the toolbar at the right édge of the screen.
A Place Ground dialog box appears under which /SOURCE can be se-
Jected followed by an OK to place off the screen. Finally, you need to add
aresistor to the network by selecting the Place a part key-again and then
selecting the ANALOG library. Scrolling the options, note that R ap-
pears and should be selected. Click OK, and the resistor appears next to
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the cursor on the screen. Move it to the desired Jocation and click it in
plage, Then right-click and End Mode, and the resistor has been entered
.into the schematic’s memory. Unfortunately, the resistor ended up in the

horizontal position, and the circuit of Fig. 4.28 has the resistor in the ver- |

- tical position. No problem: Simply select the resistor again to make it red,

and right-click. A listing appears in which Rotate is an option. It turns the

resistor 90° in the connterclockwise direction.

All the required elements are on the screen, but they need to be con-
nected. To accomplish this, select the Place a wire key that looks like a
step in the right toolbar. The result is a crosshair with the center that
should be placed at the point to be connected. Place the crosshair at the
top of the voltage source, and left-click it once to connect it to that point.-

Then draw a line to the end of the next element, and click again when the

crosshair is at the correct point. A red line results with a square at each
end to confirm that the connection has been made. Then move the
crosshair to the other elements, and build the circuit. Once everything 1s

connected, right-clicking provides the End Mode option. Do not forget .

1o connect the sourée to ground as shown in Fig. 4.29.
Now you have all the elements in place, but their labels and values are

wrong. To change any parameter, simply double-click on the parameter '

(the-label or the value}) to obtain the Display Properties dialog. box.
Type in the-correct label or value, click OK, and the quantity is changed

on the screen. Before selecting OK, be sure to ‘check the Display For-

mat to specify what will appear on the sereen. The labels and values can
be moved by simply clicking on the center of the parameter until it is
closely surrounded by the four small squares and then dragging it to the
rew location. Left-clicking again deposits it in its new location.

Finally, you can initiate the analysis process, called Simulation, by
selecting the New simulation profile key in the bottom toolbar of the
heading of the screen that resembles a data page with a varying wave-
formn and yellow star in-the top right comer. A New Simualation dialog.
box opens that first asks for the Name of the simulati®n; The New Sim-_
ulation dialog box can also be obtained by using the sequence PSpice-
New Simulation Profile-Bias Point is entered for a de solution, and
none is left in the Inherit From request. Then select Create, and a
Simulation Seftings dialog box appears in which Analysis-Analysis
Type: Bias Point is sequentiaily selected. Click OK, and select the Run
PSpice key (which looks like a green circular key with an arrowhead) or
choose PSpice-Run from the menu bar. An output window will appear
with the dc voltages of the network: 12 V and 0 V. The de currents and

power levels can be displayed as shown in Fig. 4.29 by simply selecting -

the green circular keys with the Tand Win the bottom tool bar at the top
of the screen. Individual values can be removed by simply selecting the
value and pressing the Delete key or the scissors key in the top menu bar.
Resulting’ values can be moved by simply left-clicking the value and
dragging it to the desired location. .

Note in Fig. 4.29 that the current is 3 mA (as expected) at each point
in the network, and the power delivered by the source and dissipated by
the resistor is the same, or 36 mW. There are also 12V across the resis-
tor as required by the configuration. :

There is no question that this procedure seems long for such a siniple
circuit. However, keep in mind that we needed to introduce many new
facets of using PSpice that are not discussed again. By the time you fin-
ish analyzing your third or fourth network, the procedure will be routine

and easy to do.
¥ L]

-

COMPUTER ANALYSIS 111 127



128 |ii OHM'S LAW, POWECR, AND ENERGY

- | aaﬁ

Multisim

For comparison purposes, Multisim is also used to analyze the circuit in
Fig. 4.28. Although there are differences between PSpice and Multisim,
such as in initiating the process, constructing the networks, making the
measurements, and setting up the simulation procedure, there are suffi-
cient similarities between the two approaches to make it easier to learn
one if you are already familiar with the other. The similarities will be
obvious only if you make an attempt-to learn both, One of the major
differences between the two is the option to use actual instruments in
Multisim to make the measurements—a positive trail in preparation for
the laboratory experienice. However, in Multisim, you may not find the
extensive list of options available with PSpice. In general, however,
both seftware packages are well prepared to take us through the types
of analyses to be encountered in this text. The ins tallation process for

Multisim is not as direct as for the OrCAD demo version because the ..

software package must be purchased to obtain a serial number. In most

 cases, the Multisim package will be available. through the Jocal educa-

tional facility.

When the Multisim icon is selected from the opening window, a
screen appears with the heading Circuit 1-Multisim. A menu bar ap-
pears across the top of the screen, with seven additional toolbars;
‘Standard, View, Main, Components, Simulation Switch, Simula-
tion, and Instruments. By selecting View from the top menu bar fol-
Jowed by Toolbars, You can add or delete toolbars. The heading can be
changed to Multisim 4-1 by selecting File-Save As to open the Save
As dialog box, Enter Multisim 4-1 as the File name to obtain the lisi-
ing of Fig. 4.30. : : ) .

For the placement of components, View-Show Grid was selected so
that a grid would appear on the screen. As you place an element, it will
automatically be placed in a relationship specific to the grid structure,

To build the circuit in Fig. 4.28, first take the cursor and place it on
the battery symhol in the Component toolbar. Left-click, and a
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. Using Multisim to determine the voltage and current levels for the circuit
y of Fig: 4.28. )
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Component dialog box will appear, which provides a list of sources.
'Under Component, select DC-POWER. The symbol appears in the
- adjoining bo# area. Click OK. The batiery symbol appears on the
" . sereen next to the location of the cursor. Move the cursor to the desired
 Jocation, and left-click to set the battery symbol in place. The operation

is complete. If you want 1o delete the source, simply left-click on the

symbol again to create a dashed rectangle around the source. These rec-

tangles indicate that the source is in the active mode and can be oper- -
~

- atéd on. If you want to delete it, click on the Delete key or select the
Scissor keypad in the Standard toolbar. If you want 10 modify the
souree, right-click outside the rectangle, and you get one list. Right-
click within the rectangle, and you have a different set of options. At

any time, if you want to remove the active state, left-click anywhere on,

the screen. If you want to move the source, click on the source symbol
to create the rectangle, but do not release the mouse. Hold it dewn and

drag the source to the preferred location. ‘When the source is in place,”

release the mouse. Click again to remove the active state, From how on,
whenever possible,. thé-word “click” means a left-click. The need for a
right click will continue to be spelled out. AL

_ For the simple circuit in Fig. 4.30, you need to place a resistor
across the source. Select the keypad in the Components toolbar that
Jooks like a resistor symbol. A Select a Component dialog box opens
with a Family listing. Selecting RESISTOR results in a list of stan-

dard values that can be quickly selected for the deposited resistor. |

Howeéver, in this case, you want to use a 4 k() resistor, which is not a
‘standard value but can be changed to 4 k{} by simply changing the
value once it has been placed on the screen. Another approach is to add
the Virtual toolbar (also referred to as the Basic toolbar), which pro-
vides a list of components for which the value can be set. Selecting the
resistor symbol from the Virtual toolbar will result in the placement
of a resistor with a starting value of 1 k2. Once placed on the screen,
the value of the resistor can be changed by simply double-clicking on
the resistor value to obtain a dialog box that permits the change. The
placement of the resistor is exactly the same as that employed for the
source above. )

In Fig. 4.28, the resistor is in the vertical position, so a rotation must
be made. Click on the resistor to obtain the active state, and then right-
click within the rectangle. A number of options appear, including
Flip Horizontal, Flip Vertical, 90° Clockwise, and 99° Counter CW.
To rotate 90° counterclockwise, select that option, and the resistor is au-
tomatically rotated 90°. .

Finally, you néed a ground for all networks. Goirg back to the
Sources parts bin, find GROUND, which is the fourth option down
* under Component. Select GROUND and place it on the screen below
the voltage source as shown in Fig. 4.30. Now, before connecting the
components together, move the labels and the value of each compo-
nent to the relative positions shown in Fig, 4.30. Do this by clicking
on the label or value to create a small set of squares around the ele-
ment and then dragging the element to the desired location.. Release
the mouse, and then click again to set the element in place. To change
the label or value, double-click on the'label (such as V1) to open a
DC_POWER dialog box. Select Label and enter E as the Reference
,Designation (Ref Des). ‘Then? before leaving the dialog box, go to
Value and change the value if necessary. It is very important to realize
that you cannot type in the units where the V now appears to the right

a
i
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of the value, The suffix is controlied by the scroll keys at the left of
the.unit of measure. For practice, try the scroll keys, and you will find
that you can go from pV to TV, For now, leave it as V, Click OK, and
both have been changed on the screen. The same process can be ap-
plied to the resistive eiement to obtain the label and value appearing

" in Fig. 4.30.

Next, you need to tell the system which results should be generated
and how they should be displayed. For this example, we use a multime-

ter to measure both the current and the voltage of the ciréuit. The .

Multimeter is the first option in the list of instruments appearing in the
toolbar to the right of the screen. When selected, it appears on the screen:
and can be placed anywhere, using the same procedure defined for the
components above. Double-click on the meter symbol, and a
Multimeter dialog box opens in which the function of the meter must be
defined. Since the meter XMM1 will be used as an ammeter, select the
letter A and the hotizontal line to indicate dc level. There is no need to
select Set for the default values since they have been chosen for the
broad range of applications. The dialog meters gan be moved to any lo-
cation by clicking on their heading bar to make it dark blue and then
dragging the meter to the preferred position. For the voltmeter, V and the

herizontal bar were selected as shown in Fig. 4.30. The voltmeter was '

turned clockwise 90° using the same procedure as described for the re-
sistor above. :
Finally, the elements need to be connécted. To do this, bring the cur-
sor to one end of an element, say, the top of the voltage source, A small
dot and a crosshair appear at the top end of the element. Click once, fol-
low the path you want, and Place the crosshair over the positive terminal
of the ammeter. Click again, and the wire appears in place.
~ At this point, you should be aware that the software package has its
preferences aboyt how it wants the elements to be conri‘ected’. That is,
you may try to draw it one way, but the computer generation may be a
different path, 'Ev:n:ua!,ly. you will learn these preferences and can set

up the network to your liking. Now continue making the connections

appearing in Fig. 4.30, moving elements or adjusting lines ds nécessary,
Be sure that the small dot appears at any point where you want a con-
nection. Its absence suggests that the connection has not been made and
the software program has not accepted:the entry,

You are now ready to run the program and view the solution, The
analysis can be initiated in a number of ways. One option is to'select
Simulate from the top toolbar, followed by RUN. Another is td select
the Simulate key (the green arrow) in the Simulation toolbar. The
last option, and the one we use the most, utilizes the OFF/ON, 0/1
Simulation switch at the top right of the screen. With this.last option,
the gnalysis (called Simulation) is initiated by clicking the switch into
the 1 position. The analysis is performed, and the current and voltage
appear on the. meter as:shown in Fig. 4.30. Note that both provide the
-expected. results. S R 4 - :

One of the most important things to leatn about applying Multisim:
Always stop or end the simulation (clicking on 0 or choosing OFF)
before making any changes in‘the network. When the simulation is
initiated, it stays in that mode until turned off,

'Ifhere was obvfously;a great deal of material to learn in this first exer-
cise using Multisim, Be ass ured, however, that as we continue with more

- examples, you'will find the procedure quite straightforward and actually

-

enjoyable to apply.

. " s
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PROBLEMS
SECTION 4.2 Ohm's Law

L

10.

1L

53 :

*13.

14.

What is the voltage across a 220 () resistor if the current
through it is 5.6 mA?

. What is the current through a 6.8 {} resistor uf the voltage

drop across itis 24 V?

. How much resistance is required to llmu the current to 1.5 mA
if the potential diop across the resistor is 24 V7

At starting, what is the ctierent drain ona 12 V car bauery if
the resistance of the starting motor is 40 M1 7

If the current through a 0.02 M(Q resistor is 3.6 pA, what is
the voltage drop across the resistor?

If a voltmeter has an internal resistance of 50 kﬂ find the
current through the meter when it reads 120 V.

If a refrigerator draws 2.2 A at 120 V, what is its resistance?

If a clock has an internal resistance of 8 k{2, find the current
through the elock if it is plugged into a 120V outlet.

. A washing machine is rated ar 4.2°A at 120 V. What is its in-

ternal resistance?

A CD player draws 125 mA when 4.5V is apphcd What is
the internal resistance?

The input current 1o a transistor is 20 pA. If the applied
(input) voltage is 24 mV, determine the input resistance of
the transistor.

The internal- resistance of a dc generator is 0.5 {1, Deter-
mine the loss in terminal voltage across this mwmal redis-
tance if the current is 12 A, ; z

a. If an electric heater draws 9.5 A when connected to &
120V supply, what is the internal resistance of the heater?

b. Using the basic relationships of Chapter 2, determine
how much energy in joules (1) is converted if the healer
is used for 2 h during the day.

[na TV camera, & current of 2.4 ;A passes through a resis-
tor of 3.3 M1, What s the voliage drop across the resistor?

SECTION 4.3 Plotting Ohm's Law

15.

16.

17,

*18.

a. Plot the curve of I (vertical axis) versus V (horizontal
axis) for a 120 £ resister. Use @ horizontal scale of 0 to
100 V and a-vertical scale of 0 to | A.

b. Using the graph of part (a), find the current at a“voltage
of 20V and 50 V.

4. Plot the I-V curve for a 5 £ and a 20 () resister on-the .
same graph. Use a horizontal scale of Dto40Vanda

vertical scale of 0 to 2 A,

b. Which is the steeper curve? Can you offer any general
conclusions based on results?

¢. If the horizontal and vertical scales were mterchdnged
which would be the steeper carve?

a. Plot the I-V characteristics of a 1 £, 106 (1, and 1000 ©
resistor on the same graph. Use a horizontal axis of O to
100 V and a vertical axis of 0 to 100 A.

b. Comment on the steepness of a curve witlt increasing
levels of resistance.

Sketch the internal resistance characteristics of a device that

has an internal resistance of 20 ) from 0 to 10V, an internal

*19. a.

N
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resistance of 4 () from 10V to 15 V, and an internal resis-
tance of 1 2 for any voltage greater than 15 V. Use a hori-
zontal scale that extends from 0 to 20V and a vertical scale
that permits plotting the current for all values of voliage
from 0 1020V,

Plot the J-V characteristics of a 2 k(Y, 1 M1, and a 100 Q

resistor on the same gragh Use a horizontal axis of 0 to

20V and a vertical axis of 0 to 10 mA.

b. Comment on the steepness of the curve with decreasmg
levels of resistance.

¢ Are the curves linear or nonlinear? Why?

SECTION 4.4 Power

20, 1f 540 ] of energy are absorbed by a resistor in 4 min, what

21,

22.

23.

24.

25

26.

7

is the power delivered to the resistor in wats?

The power to a device is 40 joules per second (J/s). How
long will it take to deliver 640 17 }

a. How many joules of energy does a2 W nightlight dissi-
pate in 8 h? -
b. How many kilowatthours does it dissipale?

How long must a sieady current of 1.4 A exist in a resistor
that has 3 V across it to dissipate 12 J of energy?

What is the power delivered by a 6 V battery if the current
drain is 750 mA?

The current through a 4 k() resistor is-7.2 mA. What is the
power delivered to the resistor?.

The power consumed by a 2.2 k() resistor is 240 rnW Wrrm_
is the cyrrent level through the resistor? .
What is the maximum peqmssl.ble currentina 120 03,2 W
resistor? What is the maximum voltage that can be apphed

- across the resistor?
28..

29.
30.

31

32.

35,

The voltage drop across a transistor network is 22 V., If the
total resistance is 16.8 k(}, what is the current level? What
is the power delivered? How much energy is dissipated in -
1h?

If the power applied to & system is 324 W, what is the volt-
age across the line if the current is 2, 7A?

A 1 W resistor has a resistance of 4.7 M{1. What is the max-
imum current level for the resistor? If the wattage rating is
increased to 2 W, will the current rating double?

A 2.2 k{1 resistor in a stereo system dissipates 42 mW of
power. What is the voltage across the resistor"

What are the. “het” resistance level and current ralmg of a
120 V, 100 W bulb?

What are the internal resistance and voltage rating of a
450 W automatic washer that draws 3,75 A?

. A calculator with an internal 3 V battery draws 0.4 mW

when fully functional.

a. What is the current demand from the supply?

b. If the calculator is rated to operate 500 h on the same
battery, what is the ampere-hour rating of the battery?

A 20 K€D resistor has a rating of 100 W. What are the maxi-

mum current and the maximum voliage that can be applied

to the resistor?

. What is the total horsepower rating of a series of commer-

cial ceiling fans that draw 30 A at 220V?

=
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SECTION 4.5 Energy

37,

38.

39.

40.

41.

42,

44,

45,

46.

*47,.

- %48,

Eelppos

A 10 2 resistor is connected acrossa 12 V battery.

a. How many joules of energy will it dissipate in | min?

b. If the resistor is left connected for 2 min instead of
1 min, will the energy used increase? Wil the power
dissipation level increase?

How much energy in .ki[cwalthours is required to keep a
230 W oil-burner molor running 12 h a week for 5 months?
(Use 4 weeks = | mon_lh.)

How long can a 1500 W heater be on before using more
than 12 kWh of energy?

A 60'W bulb is on for 10 h.

. What is the energy used in wattseconds?

. What Is the energy dissipated in joules?

What is the energy transferred in watthours?

How many kilowatthours of energy were dissi pated?
- At 11¢/kWh, what was the total cost?

In 10 h an electrical system converts 1200 kWh of elec-
trical energy into heat. What is the: power level of the
system? i

If the applied voltage is 208 V, what is the current drawn
from-the supply? ;

c. Ifthe efficiency of the systemis 82%, how much energy
is lost or stored in 10 h?

At 1g/kWh, how long can you play a 250 W color televi-
sion for $17 :

The electric bill for a fantily for a month is §74.

a. Assuming 31 days in the month, what is the cost per day?

b. Based on 15-h days, what is the cost per hour?

¢ How many kilowatthours are used per hour if the cost is
11¢/kWh?

d. How many 60 W lightbulbs (approzimate number)
could you have on to use up that much energy per howr?

€. Do you believe the cost of electricity is excessive?

How long can you use an Xbox 360 for $1 if it uses 187
and the cost is 11¢/kWh?

Thd average plasma screen TV draws 339 W of power,
whereas the average LCD TV draws 213 W, If edch set was
used 5 h/day for 365 days, what would be the cost savings
for.the LCD unit over the year if the cost is 11¢/kKWh? -

The average PC draws 78 W. What is the cost of using the

PC for 4 h/day for a month of 31 days if the cost is

11¢/kWh? ¢

a. Ifahouse is supplied with 120 V. 100 A service, find the
maximum power capability, A

=

b. Can the homeowrter safely operate the following loads

at the same time?
5 hp motor -
3000 W clothes dryer
2400 W electric range
1000 W steam iron i
c. Ifall the appliances are used for 2 hours, how much en-
\ergy is converted in kWh?
What is the total cost of using the following at 11¢/kKWh?
a. 1600 W air conditioner for 6 h - '
b. 1200 W hair dryerfor 15 min

*49,

c. 4800 W clothes dryer for 30 min
d. 900 W coffee maker for 10 min
e. 200 W Play Station 3 for 2 h

f. 50 W stereo for 3.5 h

What is the total cost of using the following at 11¢/kWh?
a. 200 W fan for 4 h

b, Six 60 W bulbs for 6 h

e. 1200 W dryer for 20 min

d. 175 W desktop computer for 3.5 h

e. 250 W color television set for 2 h 10 min

£. 30 W satellite dish fof 8 h

SECTION 4.6 Efficiency »

50.

51.

T

‘53

56.

57.

59.

60,

*$51.

What is the efficiency of a motor that has an output of 0.5 hp
with an input of 340'W?

The motor of a power saw is ratép 68.5% efficient. If 1.8 hp
are required to cut a particular piece of lumber, what is the
cutrent drawn from.a 120 V supply? "

What is the efficiency of a dryer motor that delivers 1.2 hp
when the input current and voltage are 4 A and 220V,
respectively? 3 Y

A stereo system draws 1.8 A at 120 V. The audio oulput
power is’50 W.

a. How much power is lost in the form of heat in the systerm?
b. What is the efficency of the system? |

- If an electric motor having an efficiency of 76% and o perat-

ing off a 220 V line delivers 3.6 hp, whatinput current doges
the motor draw? '

A motor is rated to defiver 2 hp.

a. Ifitruns on 110 V and is 90% cfficient, how many watts .

does it draw from the power line?
b. What is the input current?
¢. What is the input current if the motor is only 70%
efficient?
An electric motof used in an clevator system has an effi-
ciency.of 90%. If the input voltage is 220 V, what is the
input current when the motor is delivering 15 hp?

The motor used on a conveyor belt is 85% efficient. If the
overall efficiency is 75%, what is the efficiency of the con-
veyor belt assembly?

A 2 hp motor drives a sanding beit. If the efficiency of the
motor is 87% and that of the sanding belt is 75% due to slip-
page, what is the overall efficiency of the system?

The overall efficiency. of two systens in eascade is 78%. If
the efficiency of one is 0.9, what is the efficiency, in per-
cent, of the other? .

8. What is the total efficiency of three systems in cas-
cade with respective efficiencies of 93%, 87%, and
21%7. - : ;

b. If the system with the least.efficiency (21%) were re-
moved and replaced by one with an efficiency of 0%,
what would be the percentage increase in lotal cfficiency?

IT the total input and output pn\.vcr of two systems in cas-
cade arc 400 W and 128 W, respectively, what is the effi-
ciency of each system if one has twice the efficiency of
the other? 1
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SECTION 4.8 Computer Analysis

62, Using Pslice or Multisim, repeat the analysis of the circuit
in Fig. 4.28 with E = 400 mV and R = 0.04 Mf).

63. Using 'PSpice' or Multisim, repeat the analysis of the circuit

" in Fig. 4.28, but reverse the polarity of the battery and use
E=8VandR=2201). -

GLOSSARY

Clrcuit breaker A two-terminal device designed to ensure that
current levels do not exceed safe levels. If “tripped,” it can be
réset with a switch or a reset button, '

Diode A semiconductor device whose behavior is much like that

of a'simple switch; that is, it will pass current ideally in only .

one direction when operating within specified limits.

>
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Efficiency (7) A ratio of output 1o input power that provides imi-
mediate information about the energy-converting characteris-
tics of a system.

Energy (W) A quantity whose change in state is determined bv
the product of the rate of conversion () and the perlad in-

‘volved (f). It is measured in joules (1) or watiseconds (Ws).

Fuse A two-terminal device whose sole purpose is 19 ensure that
current levels in a circuit do not exceed safe levels.

Horsepower (hp) Equivalent to 746 watts in the clectrical systen,

Kilowatthour meter An instrument .for measuring kilo-
watthours of energy supplied to a redidential or commercial
user of electricity. i ' ‘

Ohm’s law An equation that eslab!zhl‘u.s a relationship among

. the current, voltage, and resistance of an electrical system.

I’ower An iridication of how much work can be done in a speci-
fied amount of time; a raie of doing work. 1t is measured in
joules/second (1/s) or watts (W).



Series dc Circuits

4

. Become familiar with the characteristics of a series

Ob,l ECT“.’ES circuit and how to solve for the voltage, current,

“and power to each of the elements.

. Develop. a clear understanding of Kirchhoff's
_ voltage law and how important n‘ is to the analys!s g

X : ' of electric circuits. . !
Mi/ " . Become aware of how an applied voltage will

divide among series components and how to
_properly apply the voltage divider rule.

_» Understand the use of single- and double- '
‘subscript notation ta define the voftage levels of
a network.

« Learn how to use a voltmeter, ammeter, and
ohmmeter to measure the important quantities of
a network.

5.1 INTRODUCTION :

Two types of current are readﬂy available to the consumer today. One is direct current {dc] in
which ideally the flow of charge (current) does not ch:mge in magnitude (or directiqn) with
time. The other is sinusoidal alternating current (ac), in which the flow of charge is continu-
ally changing in maghitude (and direction) with time. The next few chapters are an introduc-
tion to circuit analysis purely from a dc approach. The methods and concepts are discussed in
* detail for direct current; when possible, a short discussion suffices to cover any variations we
may encounter when we consider ac in the later.chapters. x

The battery'in Fig. 5.1, by virtue of the potential difference between its terminals, has
the ability to cause (or "prcssure“) charge to flow through the simple circuit. The positive
terminal attracts the electrons through the wire at the, same rate at which electrons are sup-
plied by the negative teiminal. As long as the battery is connected in the circuit and main-
tains its terminal charactensncs. the curtent (dc) through the cireunit will not change m
magnitude or direction. :

If we consider the wire to be an ideal conductor (that is, having no opposition to flow). Lhe
potential difference V across the resistor equals the applied voltage of the battery: V (volts) =
E (volts). 1 :

-

Balier}’h "
o }.L.E .
@ fl.'DI'I'-h'n[lll-fliﬂ i . i' "R
v - =
E (vols) R :: L [
Q Fewen i
1
=
"3 FIG, 51

Introducing the basic components of anelectric circuit.
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For all one-voltage-
source de circuits
FIG, 5.2
Defining the direction of conventional flow for
single-source de circuits,

— W .
B
! R
For any combination of voltage
sources in the same de circuit

FIG. 5.3

De, mmn!":e olarity resulting from a conventional
P ry &

current [ through a resistive element,

Ry R R,
o AWy A —
4 wa 30§ 100 £2
Ry
b = =il
FIG. 5.4

Series connection of resisiors.

Ry R 2
o ‘v“ ! *Nf S
100N : 300
R, =200
FIG. 55 -

Configuranion in whict nene of the resisiors
are i series.

TR g e s TR

g -S=-

The current is limited only by the resistor R. The higher the resistance,
the less is the current, and conversely, as determined by Ohm'’s law.

By convention (as discussed in Chapter 2), the direction of conventional
current flow (/convemionat) s shown in Fig. 3.) is opposite to that of
electron flow (Jyjecyan). Also, the uniform flow of charge dictates that the
direct current / be the same everywhere in the circuit, By following the di-
rection of conventional flow, we notice that there is a rise in potential

~across the battery (— to +) and a drop in potential across the resistor (+ to

—). For single-voltage-source dc circuits, conventional flow always passes
from a low potential to a high potential When passing through a voltage
source, as shown in Fig. 5.2. However, conventional flow always passes,

_from a high to a low potential When passing through a resistor for any

number of voltage sources in the same circuit, as shown in Fig. 5.3,

The circyit in Fig. 5.1 is the sampiest possible configuration. This
chapter and the fo]]owmg chapters-add efements to the system in a very
specific manner to introduce a range of concepts that will form a major
part of the foundation required to analyze the most complex system, Be
aware that the laws, rules, and so on introduced in Chapters § and 6 will
be used throughout your studies of electrical, electronic, or computer
systems. They are not feplaced by a more advanced set as you progress
to more-sophisticated material. 1t is therefore critical that you understand
the concepts thoroughly and are ab]e to app] y the various procedures and
methods with confidence.

ERIES RESISTORS VK-

cfore the series connection is described, first recognize that every fixed
resistor has only two terminals to connect in a configuration—it is there-
fore referred to as a two-terminal device. In Fig. 5.4, one terminal of re-
sistor R, is connected to resistor R, on one side,and the remaining
terminal is connected to resistor Ry on the other side, resulting in one,
and only one, connection between adjoining resistors. When connected
in this mann'er. the resistors have established a series connection, If three
elements were connected to the same point, as shown in Fig. 5.5, there
would not be a series connection between resistors Rl-and R,.
For resistors in series, . "

-

the total resistance of a seriés rouf iguration is the sum of the
resistance levels, { .

In equation form for iln);’ number (N)of resistors,

¥ RN" (5.1)

Ry =Ry +Ry+ Ry + Ry+ -+~

A result of Eq. (5.1) is that ¥

the mare Fesistors we add in series, the greater is the. remmnce, no
matter what their value. )

_ Funther,

the largest resistor in a series cumbmanou will have the maost impact
on the totul resistance.

. "For the cunﬁg,uralion in Fig, 5.4, the total resistance is

Rl":-:Rl + Ry + Ry
=100 +300 + (0002
and _ _Rr=1400
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EXAMPI_E 5.1 'Determine the total resistancé of the series connection - Ry &
* W WA
in:Fig. 5.6. Note that all me resistors appparmg in this network are stan- i ‘|
dard values. ' . 200 2200 .
Solution: Note in Fig. 5.6 that even thiough resistor Ry is on the ver- Ry BisgiAnh
tical and resistor Ry returns at the bottom. to terminal b5, all the resis- R,
tors are in series since there are only two resistor leads at each S —AM-
connection point. =, ) L 5.6k
Applying Eq. (5.1) gwea-.
FIG. 5.6
Rr=R +Rp+ Ry + Ry : i Series cannection of resistors for Example 5./.
RT=2OQ+2200+12k0..+56kQ - : $
and Ry = 7040 0 = 7.04 k) - j : :
- = . 2
For the special case where resistors are the same value, Eq. (5.1) can -
be modified as follows: .
: e =
e ,
. _ i ; ' Ry ‘:: 3.3k
where N js the number of resistors in series of value R. e & -
; i 1 ¢ .
TV Y b R Zaak0
_ : . 33 k0 NI P
EXAMPLE 5.2 Find the total resistance of the series resistors fn  « .~
Fig. 5.7. Again, recognize 3.3 k(] as a standard value. Br. . 9
L 4
Solution: Again, don’t be concerned about the change in cenfigura b_ . M
tion. Neighboring resistors arg connected only at one point, sausfymg 3.3kN
the definition of series elements. . . o e
Eq(sz) 'RT':NR 3 L 2 FIG. 57 '
i A = (4)(33kQ) = 132kQ eries connection of four resistors of the sante Pm’ue
> B 4 _ = {."xumpb- 5.2).
It is important to realize that since the parameters of Eq. (5.1) can be
put in any order, i
the total resistance of resistors in series is unaffected by the order in
which they are connected.
. The result is that the total resistance in Fig. 5.8(a) is the'same as in Fig.
5.8(b). Again, note that all the resistors are standard values.
Ry R
g a——
100 300 )
— ' R, =820 = »
T
b b ‘
(] . W
(a) I (b)

FIG. 5.8
Two series combinations of the same elements with the same total resistance,”
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R R Ry
A AW
4.7 kf) 1k = 22k
— Ry 21k
R, "
A\:‘YLV
1k02

FIG. 5.9
Series combination of resistors for Example 5.3,

: R, Ry B
— AW WA— AW~
CoagKn  22kQ 1k
RI" 2 . R-i ]ma
b el
1k
FIG. 5.10 Y

. Series clrcuit aj Fig. 5. Qredrawn 1o permit the use af
Eq. (5.2): Ry = NR:

-5~

EXAMPLE 5.3 Determine the total resistance for the serics resistors
(standard values) in Fig. 5.9.

Solution; First, the order of the resistors is changed 4s shown in
Fig. 5,10 to permit the use of Eq. (5.2). The total resistance is then

-r\'r:Rl'FR_:;‘f'NRg
= 4.7k() + 22k + (3)(1 kN) = 9.9 kL

Analogies"

Throughout the text, analogies are used to help explain some of the im-
portant fundamental relationships in electrical circuits. An analogy is
simply a combination of clements of a-different type that are helpful in
explaining a particular concept, relationship, or equation.

One analogy that works well for the series combination of ele-
ments is connecting different lengths of rope together to make the
rope longer. Adjoining pieces of rope are connected at only one point,
satisfving the definition of series elements. Connecting a third rope to
the common point would mean that the sections of rope are o longer
in a series. | P

Another analogy is connecting hoses Logether to form a longer hose.
Again, there is still onl;,' one connection point between adjoining sec-
tions, resulting in a series connection.

Instrumentation

The total resistance of arly configuration can be measured by simply

1 . P
_connecting an ohmmeter across the access terminals as shown in '~

Fig. 5.11 for the cireuit in Fig. 5.4. Since there is no polarity associated
with resistance, either lead can be connected to point a, with the other
lead connected to point . Choose a scale that will exceed the total re-
sistance of the circuit, and remember when you read the response on the
meter, if a kilohm scale was selected, the result'will be in kilohms. For
Fig. 5.11, the 200 £} scale of our chosen multimeter was used because
the total resistance is 140 €. If the 2 k() scale of our meter were se-
lected, the digital display would-read 0.140, and ycm must recognize
that the result is in kilohms.
In the next section, anothermethod for detemnntng the total resis-

tance of a circuil is introduced using - Ohm’s law. '

Ry

100

FIG. 5.1
Usmg an ochmmeter to measure the tolal m.sl.ifwir:e of a series circuit.




“we now take an 8.4’V dc supply and conneet it in-series with the serics
 resistors in Fig. 5.4, we have the series circuit in Fig. 5.12.

A circuit is any combination of elements that will result in a
continuous flow of charge, or eurrent, through the configuration.

&4 4 SRV - +Vy - o

-FIG. 5.12 d 17
Schematic representation for a de'series circuit.

First, recognize that the dc supply is also a two-terminal device with
two points to be connected. If we simply ensure that there is only one
connection made at each end of the-supply to the series combination of
resistors, we can be suré that-we have established a series circuit.

The manner in which the supply is connected determines the direc-
tion of the resulting conventional current. For series dc circuits:

the direction of conventional current in a series dc circuit is such that
it leaves the positive terminal of the supply and returns to the negative
terminal, as shown in Fig. 5.12. '

One of the most important congepts to remember when analyzing
series circuits and defining clements that are in series is:
¥ 1] s

-

The current is the same at every pointin a series circuit,

For the circuit in Fig. 5.12, the above statement dictates that the current

is the same through the three resistors and the voltage source. In addi--

tion, if you are ever concerned about whether two elements are in series,
simply check whether the current is the same through each element.

In any configuration, if two elements are in series, the current must
be the same. However, if the current is the same for two adjoining
elements, the elements may or may not be in series.

The need for this constraint in the last sentence will be demonstrated in
the chapters to follow. -

Now that we have a complete circuit and current has been estab-
lished, the level of current and the voltage across gach resistor should be
determined. To do this, return 1o Ohm's law and replace the resistance in
the equation by the total resistance of the circuit. That is,

(53)

with the subscript 5 used to indicate source current.
It is important to realize that when a de supply is connected, it does

not“see” the individual connection of elements but simply the total

SERIES CIRCUITS 11! 438

>




140 |1} SERIES dc CIRCUITS

AA
Y¥y
S
=

o " . ®
FIG. 5.13 '

Resistance “seen” at the terminals of a series circuit.

resistance “seen” at the connection terminals, as shown in Fig. 5.13(a).
In other words, it reduces the entire configuration'to one such as in Fig.-
5.13(b) to-which Ohm’s law can easily be applied. &%

For the configuration in Fig. 5.12, with the total resistance calculated
in the last section, the resulting current is

E B84V
!,=Rr- 100 = 0.06 A = 60 mA

Note that the current f, at every point or comer of the network is the
same. Furthermore, note that the current is also indicated on the current
display of the power supply. ? N

Now. that we have the current level, we can calculate the voltage
across each resistor. First recognize that '

the polarity of the voltage across a resistor is determined by the direction
of the current. -

Current entering a resistor creates a drop in voltage with the polarity
indicated in Fig. 5.14(a). Reverse the direction of the current, and the
polarity will reverse as shown in Fig. 5.14(b). Change the orientation of
the resistor, and the same rules apply as shown in Fig. 5.14(c). Applying
the above to the circuit in Fig. 5.12 will result in the polarities appearing
in that figure, ' -

* e -v s+ T vZwg .
Wy ‘_‘\‘V\'—‘—‘ +
T“ {1k} 1on "T" : r.f
) {c)

(a) - (b}
~ FIG.5.14 '
Inserting the polarities across a resistor as determined by the direction
/ of the current,

The magnitude of the voltage drop across each m;istpr can then be
found by applying Ohm's:law using only the resistance of each resistor.

* Thatiis,




N o O ;

‘which for Fig, 5.12 results in
Vi = [1R1 =LR = '{60 I'JA)(IO ﬂ} =06V
Vz L fzﬁz - f,R; = (60 ﬂlﬁ)(m ﬂ) - 18V
'V, = IRy = LRy = (60 mA)(100Q2) = 6.0V
Note that in all the numerical calculations appearing in the text thus
far, a unit of measurement has been applied to each calculated quantity.
Always remember that a quantity without a unit of measurement is often
meaningless. :

EXAMPLE 5.4 For the series circuit in Fig. 5.15:

a. Find the total tesistance Ry
b. Calculate the resulting source current /,.
c. Detérmine the voltage across each resistor.

Solutions:
a. R1‘='R;+ Rz '_+'R‘j
=20 +10+50
Rp=80
E 20V
o iy e S 2
b ,==R_r 50 25A

c. Vy=LR =1LR =(25A)20)=5Y .
Vz = 12R2_= I,Rz = (2.5 A)(l ﬂ) = 2.5\’
Vs = Ry = [[Ry = (25 AXS ) = 125V

EXAMPLE 5.5 For the series circuit in Fig. 5.16:

a. Find the total resistance Rp: _ !
b. Determine the source current /; and indicate its direction on the circuit.
c. Find the voltage across resistor Ry and indicate its polarity on the

circuit,
Solutions:
a. The elements of the circuit are rearranged as shown in Fig. 5,17.
Rr=Ry + NR, ;
=40+ (3)(70Q)
=40+210Q v
Rr=250"
-¥+ i \
Ry R, Ry Ry
AAA AAA l'W—"_'M_"'_'
Yy Yy L)
fT. a0 T i 70

FIG: 5.17 % .
Circuit in Fig. 5.16 redrawn to permit the use of Eq. (5.2).
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- -+
R, 'i::n vy

-—‘;"_3-1-

FIG.5.156

Series circuit to be investigated in Example 5.4.

AAM
VVv V
J_.', Ri=100  Rp=40 -
2 'L
EE==50V RRZID
+ — 3 -
Ry
R
L )
= 10
FIG. 5.16

Series circuit 1o be analyzed in Example 5.5.
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b. Note that because of the manner in which the dc supply wis con-
nected, the current now has a counterclockwise direction as shown

.inFig. 5.17; ]
E S0V
=—=——=24
I’ R;r < 25 ﬂ
J ‘ ¢. The direction of the current will define the polarity for V; appearing
4 in Fig. 5.17:

Vi*= LR, = LR, = (2A)4Q) = 8V

- Examples 5.4 and 5.5 are straightforward, substitution-type problems
that are relatively easy to solve with some practice. Example 5.6, how-
ever, is another type of problem that requires both a firm grasp of the
fundamental laws and equations and an ability to identify which quantity

 should be determined first, oreparation for this type of exercise -

is to work through as meffy problems of this kind as possible, i
4 ) - \EXAMPLE 5.6 Given Ry and I3, calculate R and E for the circuit in
- ig. 18, ; 1 = :

Iy=6mA ' ; 4
I j Solution: Since we are given the total resistance, it seems natural to
first write the equation for the total resistance and then insert what we
L™ * . .

s
R} :,. 6 kﬂ

E= know: S
T Rr =R, + Ry + Ry
= ; . : We find that there is only one unknown, and it can be determined with
; FIG. 5.18 , some simple mathematical manipulations. That is,
Series cireuit to be analyzed in Exam_pie 5.6. 12kQ) = Rl +4Kk0 + 6k = R, + 10kQ
" and 12k0 - 10kQ =R, '
so that Ry =2k . -
The de voltage can be determined directly from Ohm's law:
N . “ E= IRy = IRy = (6 mA)(12kQ) = 72V
Analogies

" The analogies used earlier to define the series connection are also excel-
lent for the current of a series ciremit. For instance, for the series-
connected ropes, the stress on each rope is the same as they try to hold

) the heavy weight. For the water analogy, the flow of water is the same
# ; . through each section of hose as the water is carried to its destination.

Instrumentation . 3
Another impbrtam concept 10 remombp;is

The insertion of any meter ina cire ru!f affect the éﬁ-cui!. _
You must use meters that minimize the dmpact on the response of the cir-
cuit. The loading effects of metdrs are'discussed in detail in a later sec-
tion of this chapter. For now! we will #ssume that the meters are ideal

and do not affect the networks (o which they are applied so that we can
‘concentrate.on thieir proper usage.* | ;
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Furthermiore, ft.is particulacly helpful in the laboratory to realize that
the bé!:ages ofa circuit can be measured without disturbing

¢ b_rcak:‘ng'the connections in) the circuit,

In Fig. 5.19, all the voltages of the circuit in Fig. 5.12 are being meas- -
ureg by voltmeters that were connected without disturbing the original _
configuration. Note that all the voltmeters are placed across the resis-
tive elements. In addition, note that the positive (normally red) lead of
the-voltmeter is connected to the point of higher potential (positive

..sign), with the negative (normally black) lead of the volimeter con-

nected to the point of lower potential (negative sign) for Vy and V5. The
result is a positive reading on the display. If the leads were reversed, the
magnitude would remain the same, but a pegative sign would appear as
shown for Vs.

¢, S FIG. 5.19

Using voltmeters 1o measure the voltages across the resistors in Fig. 5.12.
L

" Take special note that the 20 V scale of our meter was used to mea-
sure the —6 V level, while the 2 V scale of our meter was used to mea-
sure the 0.6 V and 1.8V levels. The maximum value of the chosen scale
must always exceed the maximum value to be measured. In general,

when using a voltmeter, start with a scale that will ensure that the

reading is less than the maximum value of the scale. Then work your

way down in scales until the reading with the highest level of

precision is obtained. : z .
Turning our attention to the current of the circuit, we find that

using an ammeter fo measure the eurrent of a circuit requires that

the circuit be broken at some point and the meter inserted in series
with the branch in which the current is to be a{erern:iuced.

For instance, to measure the current leaving the positive terminal of the
supply, the connection to the positive terminal must be rernoved to cre-
ate an open circuit between the supply and resistor R;. The ammeter is

then inserted between these Iwo points to form a bridge between the

supply and the first resistor, as shown in Fig. 5.20. The ammeter is now
in series with the supply and the other elements of the circuit. If each

s
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FIG, 5.20
Measuring the current throughout the series circuit in Fig. 5,12,

\

meter is to provide a positive reading, the connection must be made
such that conventional current enters the positive terminal of the meter
and leaves the negative terminal. This was done for three of the amme.
. ters, with the ammeter to the right of Ry connected in the reverse man-
= - ¢ mer. The result is a negative sign for the current. However, also note ymt
the current has the correct magnitude. Since the current is 60 mA, the
200 mA scale of our meter was used for each meter, " ;
As expected, the current at each point in the series circuit is the same

using our ideal ammeters.

OWER DISTRIBUTION IN A
IES CIRCUIT =

In any electrical system, the power applied will equal the pdwer d'issi-
pated or absorbed. For any series cireuil, such as that in Fig. 5.21,

the power applied by the de m}qp!y mugt equ! that dissipated by the
resistive elements, :

FIG. 5.21

Power distribution in a series circuit,




o

In eqlna'tion form,

FE ='=. F;n. + PR!-+ ngl

(5.5)

The power delivered by the supply can be determined using

.4 s, W)

r dissipated by the resistive elements can be determined by

(watts, W)

(5.6)

The powe
any of the following forms (shown for resistor R only):
V?
Py=Vily =13k =+
al Ry

(5.7

Since the current is the same through series elements, you will find in

‘the following examples that

-

in a series configuration, maximum power is delivered to the largest
resistor. e

EXAMPLE 5.7 For the series circuit in Fig. 5.22 (all standard values):
e ¢ %

8 < =
Determine the total resistance Rr.

ied equals ‘the td,lal'

a.
b. Calculate the current [,.
¢. Determine the voltage across each resistor.
d. Find the power supplied by the battery.
¢. Determine the power dissipated by each resistor.
f. Comment on whether the total power suppl
. power dissipated.
Solutions:
a Ry=R+Ry+ Ry
=1kQ +3kQ + 2k
Rr=6kQ
- E 36V .
b !;—eré—kﬁ—ﬂ,m_
¢ Y= h.R]’-= f,‘.Rl = (ﬁm}(l kﬂ] =6V
Vy = bRy = LRy = (6 mAY3 k() = 18V
Vy=DhRy=ILRy=(6 mA)2 k() =12V
d. Pp=El = (36 V)(6mA) = 216 mW
. fi=hT (6 V)(6 mA) = 36 mW
P, = I3R, = (6 mA)*(3k(2) = 108 mW
v (12v)? _ i
R, T 2k T
f. PE"_"PR|+PRJ+PR5

oltage sources can be conne

216 mW = 36 mW + 108 mW + 72 mW = 216 mW (checks)

\ {

OLTAGE SOURCES IN SERIES

cted in series, as shown in Fig. 5.23, win-

crease or decrease the total voltage applied to a system. The net.voltage
is determined by summing the sources with the same polarity and sub-
tracting the total of the sources with the opposite polarity. The net polar-
ity is the polarity of the larger sum.

1
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FIG. 5.22
Series circuit to be investigated in Examgle 5.7.
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1nov

6V

E, =9V
+*
[ 5
EyS==3V - ;

o

@ o' ®

. FIG. 5.23
Reducing series de voltage sources to a single source.

In Fig. 5.23(a), for example, the sources are all “pressuring?' current -
to follow a clockwise path, so the net voltage is .

ET—E]+Ez+E3 10V+6V+2V—I$V

as shuwn in the figure. In Fig. 5.23(b), however, the 4 V source is “pres-
suring” current in the clockwise direction while the other two are trying
to establish current in the counterclockwise direction. In this case, the
applied voltage for a counterclockwise direction is greater than that for -
the clockwise direction. The result is the counterclockwise direction for the

‘current as shown in Fig. 5.23(b). The net effect can be detérmined by

finding the difference in applied voltage between thase supplies “pres-
suring” current in one direction and the total in the other direction. In
this case, .

'ET:'EI +E2+Eg,=9V+3V-4V=3V
with the polarity shown in the figure.

Instrumentation \

The connection of batteries in series to obtain a higher voltage is com-
mon in much of today's portable electronic equipment. For example, in
Fig. 5.24(a), four 1.5V AAA batteries have been connected in series to
obtain a source voltage of 6 V. Although the voltage has increased,
keep in mind ‘that the maxlmum current for each AAA battery and for
the 6 V supply is still the same. However, the power available has in-

"creased b}%factor of 4 due to the increase in terminal voltage. Note

also, as mentioned in.Chapter 2, that the negative end of each battery is

* gonnected to the spring and the positive end to the solid contact. In ad-

dition, note how the connection is made between batteries using the
horizontal connetting tabs,

In general, supplies with only two temmals (+ and =) can be con-
nected as shown for the batteries. A problem arises, however, if the sup-

_ply has an opnonal or fixed internal ground connection. In Fig. 5.24(b),

two laboratory supplies have been connected in series with both grounds
connected. The result is a shorting out of the lower source Ey (which -
may damage the supply if the protective fuse does not activate quickly
enough) because-both gfounds are at-zero po:enual In such cases, the *
supply E; must be left ungrounded (floating), as shown'in Fig. 5.24(c),
to prowde the 60 V terminal ‘voltage. If the laboratory supplies have an

; 'mtemal connectmn from the nega.twe terminal to ground as a pmtectwe

"



Shairt across supply E;

i n FIG, 5.24 ‘
Series connection of de supplies: (a) four 1.5 V batteries in series
1o esiablish a terminal voltage af 6 Vi (b) incorrect connections for two
series dc supplies; (c) correct connection of two series Suppliestto establish
x 60 V at the owtput terminals.

.

feature for the users, a series connection of supplies cannot be made. Be
aware of this fact, because some educational institutions add an internal

ground to the supplies as a projective feature even though the panel still -

displays the ground connection as an optional feature.

(IRCHHOFF'S VOLTAGE LAW

2 Jaw to be described in this section is one of the most important in
this field, It has application not only to de circuits but also to any type of
signal—whether it be ac, digital, and so on. This law is far-reaching and

can be very helpful in wor ing out solutions t0 networks that sometimes_

~ leave us lost for a direction of investigation. * :

The law, called Kirchhoff’s voltage law (KVL), was developed by
Gustav Kirchhoff (Fig. 5.25) in the mid-1800s. It is a cornerstone of the
entire field and, in fact, will never be outdated or replaced. ©

The application of the law requires-that we define a closed path of inves-
ligation, permitting us to start at ene poinf in the network, travel through the
network, and find our way back to'the original starting point. The ‘path does
ot have to be circular, square, or any other defined shape; it must simply
provide'a way:to leave a point and get back to it without leaving the

KIRCHHOFF'S VOLTAGE LAW (11 147 "

FIG.5.25
-Gustav Robert Kirchhoff.
Courtesy of the Smithsonian
Institution, Photo No, 58,283.

German (Konigsberg, Berlin)

"-.JUM. j ; :
Professor.of Physics, University of Heidelberg

Al

Sorir B 2
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. FIG. 5.26
Applying Kirchhoff's voltags law 1o a series
dc circuit,

-5-

network.-In Fig, 5.26, if we leave point a and follow the current, we will
end up at point b. Continuing, we can pass through points ¢ and d and even-
tually return through the voltage source to point a, our starting point. The

path abeda is therefore a closed path, or closed loop. The law specifies that

the algebraic sum of the potential rises and drops around a closed
paih (or closed loop) is zero. '

In symbolic form it can be written ‘as

(Kirchhc:ff ’s voltage law in symhc;lic form) (5.8)

where X represents‘summation, (C the closed loop, and V the potential
drops and rises. The term algebraic simply means paying attention to the
signs that result in the equations as we add and subtract terms,

The first question that often arises is,-Which way should 1 go around
the closed pat}y? Should I always follow the direction of the current? To
simplify matters, this text will always try to move in a clockwise cirec-
tion. By selecting a direction, you eliminate the need to think about
whiich way would be more appropriate. Any directiyn will work as long
as you get back to the starting point.

Another question is, How do I apply a sign to the various voltages
as I proceed in a clockwise direction? For a particular voltage, we will
assign a positive sign when proceeding from the negative to positive
potential—a positive experience such as moving from a negative
checking balance to a positive one. The opposite change in potential
level results in a negative sign. In Fig. 5.26, as we proceed from point
d to point a across the voltage source, we move from a negative poten-
tial (the negative sigh) to a positive potential (the positive sign), so a
positive sign is given to the source voltage E. As we proceed from
point @ to point b, we encounter a positive sign followed by a negative
sign, so-a drop in potential has occurred, and a negative sign is applied.
Continuing from b to ¢, we encounter atiother drop in potential, so an-

- other negative sign is applied. We then arrive back at the starting point

d, and the resulting sum is set equal to zero as defined by Eq. (5.8).
Writing out the sequence with the voltages and the signs results in the
following: :

i HE-V, - V=0

which can be rewritten as E=V, +V,

The result is particularly inieresting because it tells us that \'

the applied voltage of a series de circuit will equal the sum of the
voltage drops of the circuit, '

Kirchhofl's voltage law can also be written in the following form: -

zc Viises = EC Vdmps (5.9

»

revealing that

the sum of the voltage rises around a closed path will always equal )
the sum of the voliage drops.

To demunsu-_ktb that the direction that you take around the loop has no

 effect on the results, let’s take the counterclockwise pdth and compare
results. The resulting sequence appears as

“E+Va+V, =0 i3

;_ri_&ldins the sme.:i-.sult of E=Vi+V
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E MFLE_E.S Use Ksrchhoﬁ 's voltage law to determine the unknown
ltage for the circuit in Fig, 5.27. & : :

Solution: When applying Kirchhoff’s voltage law, be sure to concen-
trate on the polarities of the vltage rise or drop rather than on.the type
of element. In other-words, do not treat a voltage drop across a resistive
element differently from a voltage rise (or drop) across a source. If the

polarity dictates that a drop has occurred, that is the important fact, not
whether it is a resistive element or source.

Application of Kirchhoff's yoltage law to the circuit in Fig. 52Tl 7 . FIG.5.27 _
the clp(;kwise direction results in . -  Series circuit to be examined in Ezampfa 5.8.
' + B~ Vy~Vy— E=0
and Vy = E = Vp - Es ; _ - .
: =16V - 42V -9V ey
S0 .o V=28V

The result clearly indieates that you do not need to know the values
of the resistors or the current to determine the unknown voltage. Suffi- .
cient information was carried by the other voltage levels to determine
the unknown. * '

AMPLE 5.9 Determine the unknown voltage for the circuit iﬁ
Fig. 5.28. - S o 4

' Solution: Inthis case, the unknown voltage is ot across a single resis-
live element but between two arbitrary points in the circuit. Simply
apply Kirchhoff's voltage law around a path, including thie source of re-

. sistor Ry. For the clockwise path, including the source, the resulting
equation is the following: . ) :

+E =V, =¥, =0

FIG.5.28

o LT E 7 Vel 3 WY~ Y e Séries de circuit to be analyzed in Example 5.9.
~ For the clockwise path, including resistor Ry, the following results: - _ . S
* ) : - " '}-‘V,"‘Vz.— V3=0._ d 2
and ; Vi=Vo+ Vs Eeat ]
: ; 1 eV )

with V=20V
providing exactly the same solution. " . _ gt : »

: : ez : ey 4l

There is no re:juiremen't that lhe-fo]]m;;qd path have charge flow or + iﬁ, -
current. In Example 5.10, the current is zero everywhere, bt Kirch- ) j_ ' .
hoff's voltage law can still be applied to determine the voltage between + ST e
the points of interest. Also, there will be situations where the actual po- BV T4 T %Y
Tarity will not be provided. In such cases, simply assume a polarity. If the % l i
answer is negative, the magnitude of the result is correct, but the polarity ap—— 2
shouid be reversed. | : . XN

: . 4 1 4.l\' b ? J} VE
EXAMPLE 5.10 Using Kirchhoff’s voltage law, determine voltages V; : ; y I o
and V;, for the netﬁrk in Fig. 5.29. > = l‘v*' 3
. 20 :
Solution: For path L, starting at point a in a clockwise direction, , GI S
FIG. 5.
 and A +25Y -V, + 15V =0 ; Combination of voltage sources to be examined in’
1ﬂtr°duﬂt°w, {_:-' 1 V, = a0v y - y Example 5.10.
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+40V -

= +30V -
FIG. 5.30 i
Series configuration to be examined
in Example 5.11.

FIG. 5.31 _
Applying Kirchhoff's voltage law to a circuit in
which the polarities have nat been provided for one
of the voltages (Example 5.12), :

Vy=15V
. AR
L
-,- Ry 'a
EZ=—54V : RRZ70 v,
+* \ +
Ry
* .l'e'l'
= > V=18 VJ
FIG. 5.32 )
Series configuration to be examined in
Example 5.13. X

For path 2, starting at point a in a clockwise dfrection,
' -V, =20V=0
and Vz = =20V

The minus sign in the solution simply indicates that the actual polari-
ties are different from those assumed.

The next example demonstrates that you do not need to know what
elements are inside a container when applying Kirchhoff's voltage law.

-They could all be voltage sources or a mix of sources and resistors, It

doesn’t matter—simply pay strict attention to the polarities encountered.
~ Try to find the unknown quantities in the next examples without
looking at the solutions. It will help define Wwhere you may be having
trouble. ,
Example 5.11 emphasizes the fact that when you are applying Kirch-
hoff’s voltage law, the polarities of the voltage rise or drop are the im-
portant parameters, not the type of element involved. "

£

EXAMPLE 5.1 Using Kirchhoff’s voltage law, determine the un-
known voltage for the circuit in Fig. 5.30, 7 ' e

Solution: Note that in this circuit, there are various polarities across
the unknown elements since they can contain any mixture of compo-
nents. Applying Kirchhvoff's voltage law in the clockwise direction
results in . - ,

60V ~40V -V, +30V =0
and Vi=60V +30V-40V =00V ~-40V
with Vi=50V

v

EXAMPLE 5.12 Determine the voltage V, for the circuit in Fig, 5.31,
Note that the polarity of V, was not provided.

Solution: For cases where the polarity is not included, simply make an
assumption about the polarity, and apply Kirchhoff's voltage law as be-
fore. If the result has a positive sign, the assumed polarity was correct. If
the result has a minus sign, the magnitude is correct, but the assumed
polarity must be reversed. In this case, if we agsume point a to be posi-
tive and point b to be negative, an application of Kirchhoff’s voltage law
in the clockwise direction results in - /

a —6V—!4V—V,+2VI=0'
and Vy=-20V +2V
so that Ve==18V

Since the result is negative, we know that point a should be negative and
point b should be positive, but the magnitude of 18 V is correct.

EXAMPLE 5.13 For the series circuit in Fig. 5.32.

- Determine V, using K__irchﬁoff»‘s voltage law,
b. Determine current .

c. Find R, and R,. Introductory, C.- 118
7 : : 2
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* Solutions: _ .
a. Applying Kirchhoff’s voltage law in the cléckwise direction start-
ing at the negative terminal of the supply results in
-E + V3+V2+ Vl =0

and E = Vi + V3 + V3 (as expected)
so that Vg'=E—‘V1_—V3=S4V-lSV—liV
and V=21V |
ey, ) i .
Rl I
I=3A '
Vi 18 .
Ri=t=Z=
¢ K 2 3A Q
sz o AL
withli'3=~1=135—v=5!l
3

"EXAMPLE 5,14 ‘Using Kirchhoff's voltage law and Fig. 5.12, verify
Eq.(5.1). ;
Solution: Applying Kirchhoff's voltage law around the closed path:

O E=Vit+tVa+v,

Substituting Ohm's law: -

LRy = LR, + LRy + LR,

but L=h=h=&
'~ sothat LRy = I{Ry + Ry + R3)

and RT=R1+R2+R/
which is Eq. (5.1). woE . ; /

Fa

5.7 VOLTAGE DIVISION IN A SERIES CIRCUIT

The previous section demonstrated that the sum of the voltages

actoss the resistors of a series circuit will always equal the -applied
voltage. It cannot be more or less than that value. The next question is, How
will a resistor’s value affect the voltage across the resistor? It turns out that

the vak&ge across series resistive elements will divide as the magnitude
of the resistance lgvefs. ;

In other words,

in a series resistive circuit, the larger the resistance, the more of the
applied voltage it will capture.
In addition,

the ratio of the voltages across series resistofs will be the same as the
ratio of their resistance levels.

All of the above statements can best be described by a few simple ex-
amples. In Fig. 5.33, all the voltages across the resistive elements are pro-
vided. The largest resistor of 6 {) captures the bulk of the applied voltage,
while the smallest resistor, R4, has the least. In addition, note that since the
resistance level of R, is six times that of R+ the voltage across Ry is six

4

VOLTAGE DIVISION IN A SERIES CIRCUIT (1| 181

L)
L1
\x
L
2 il +
RZ60 12v
| > +
£ =20V RZ230 6v
o -
-+
.
R0 2v
=
FIG. 5.33
Revealing how the voltage will divide across series
resistive elemenis.



-

152 |11 SERIES dc CIRCUITS

FIG. 5.34
The ratio of the resistive values determines the volt-
age division of a series de circuit,

~
S 3 :
LMQ vV, 5> VoV,
*
Lk Vz = mi’_‘ »
e
o
1000} v,
T

Ry >> F;’: orRj

FIG, 5.35
The largest of the serics resistive elements will cap-
ture the major share of the applied voliage.

-5~

times that of Ry, The fact that the resistance level of R; is three times that -
of R, results in three times the voltage across Ry Finally, since R is twice Ry,
the voltage across R, is twice that of R,. In general, therefore, the voltage
across series resistors will have the same ratio as their resistance levels.

Note that if the resistance levels of all the resistors in Fig. 5.33 are in-
creased by the same amount, as shown in Fi g..5.34, the voltage levels all
remain the same.In other words, even though the resistance levels were
increased by a factor of 1 million, the voltage ratios remained the same.
Clearly, therefore, it is the ratio of resistor values that counts when it
comes to voltage division, not the magmtude of the resistors. The current
level of the network will be severely affected by this change in resistance
level, but the voltage levels remain unaffected.

Based on the aboveit should now be-clear that when you first encounter

4 circuit such as that in Fig. §.35, you will expectdhat the voltage across the

1 M) resistor will be much greater than that across the 1 kL2 or the 100

" tesistor. In addition, based on a statement above, the voltage across thel k(}

resistor will'be 10 times as great as that across the 100 {2 resistor since the
resistance level is 10 times as much. Certainly, you would expect that very
little voltage will be left for the 100 {2 resistor. Note that the current was
never mentioned in the above analysis: The distribution of the applicd volt- |

age is determined solely by the ratio of the resistance levels. Of course, the

.magnitude of the resistors will determine the resulting current level.

To continue with the above, since 1 M{}.is 1000 times larger than I k2,
voltage V,-will be 1000 times larger than V,. In addition, voltage V; will

* be 10 times larger than V5. Finally, the voltage across the largest res:slor

of 1 M{) will be (10)(1000) = 10,000 times larger than Vs,
Now. for some details. The total resistance is
‘ Rr=R, +Ry+ Ry
e = 1MQ + 1kO + 1009
Ry = 1,001,100 Q

Thé current is =~
. “E 100V

e Rr 1 001 lOCrD. =99, 89 A I(&boul 100 .u.A)

" with

Vi = LRy = LRy = (99.89 wA)(1 M) = 9989V (almost the full 100V)
Vy'= LRy = rRz (99.89 pA)(1 kQ) = 99.89 mV  (about 100 mV)~
Vy = LRy = IRy = (99.89 5A)100 Q) = 9.989 mV  (about 10 mv)

As illustrated above, lhc major parl of the apphccl vollage is across
the 1 M) resistor. The current is in the microampere range due primarily
to the large 1 MQ) resistor. Voltage V; isabout 0.1V, comparecl to almost
100V for V|. The voltage across Ry is-only about 10 mV, or 0,010 V.

Before making any detailed, lengthy calculations, you should first ex-
amingc the resistance levels of the serigs resistors to develop some idea of
how the applied voltage will be divided through the circuit. It will reveal,
with a minumum amount of effort, what you should expect when per-
forming the calculations (a checking mechanism). It also allows you to
speak intelligent ly about the response of the circuit without-having to re-
sorl o any calculations.

Voltaga Divider Rula WDRJ

The voltage divider rule (VDR) perrmte the determination of the volt-
40e acToss-a series resistor without first having to determiae the current
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of the circuit, The rule itself can be derived by analyzing the simple se-

ries circuit in Fig: 5.36. - : :

- 'First, detegmine the tol resistance as follows:

Rr=R + R T : a
] b ; : E‘. £ :
-Thﬂ!'l i . "s':" === y ¥ . T
: ; 17 Ry _ : Vs
Apply Ohm’s law to each resistor: T
& E E :
Vi = IR = | — )Ry = Ry~ = .
/i = Iy (Rr) 1 Ry _ = 6
\ "EN\ . E ' B FIG.5.36
Vo = IRy = R—T Ry = Rg‘k'; ' - Developing the voltage divider rule.
The resulting fi ormat for V; and V, is © - ) ' . '
V= R,,E-' © (voltage divider rule) (5.10) .
; T )

P

where V, is tli¢ voltage across the resistor R,, E is the impressed vollage
across the sefies elements, and Ry is the total resistance of the series
circuit.

The voltage divider rule states that

the voltage across a resistor in a series circuit is equal to the value of
that resistor times the fotal app lied voltage divided by the total
resistance of the series configuration. 1
: e -4 .
Although Eq. (5:10) was derived using a series cicuit of only fwo
elements, it can be used for series circuits with any number of series

#resistors. . it
[’ w L

EXAMPLE 5.15 For the series cifcuit in Fig. 337 " - A

a. Without making any calculations, how much larger would you ex-
pect the voltage across R to be compared to that across R,?

b. Find the voltage V; using only the voltage divider rule. -

c. Using the conclusion of part (a), determine the voltage across R;.

d. Use the voltage divider rule to determine the voltage across Ry, and
compare your answer to your-conclusion in part ().

e. How does the sum of V, and V compare to the applied voltage? -

; FIG. 5.37
Series circuit to be examined using the voltage

Solutions:
divider rule in Example 5.13.

F

a. Since resistor Ry is three times Ry, itis cxpeéteﬂ that'V, = 3Vy.

E 64V 64V b
3 = —_—= — e = — = 16
b. Vi Rer .2011_('20(14-600) 20&(80!’1) 16V
¢, V2:3V1=3{16V)=48V_

. B 64V '
= e - 60“ et W
vz RERT ( ](300> 48V

The results are an exact match.
e, E= Vl & Vg = . A
64V =16V +48V = 64V (checks) G gt

&

==
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FIG. 5.38
- Series circuit to be investigated in
Examples 5.16 and 5.17.

FIG. 5.39
Voltage divider action for Exampie 5,18,

FIG. 5.40
Designing a voltage divider circuit (Example 5.19).

r

= &

EXAMPLE 5.16 Using the voltage divider rule, determine voltages v,

- and V; for the series circuit in Fig. 5.38.

a

Solution:
Ry = R + R + Ry 5
=2kﬂ+5kﬂ+8kﬂ_
Rr = 15k _
E 45V
; Vi I—ngﬁzkﬂ(m)—ﬁv
E 45V
Vi=Ry— =8k ——}= v
and 3 R;RT 8 (15!.’2 24

The voltage divider rule can be extended to the voltage across two or
more series elements if the resistance in the numerator of Eq. (5.10) is

expanded to include the total resistance of the series Tesistors across
which the-voltage is to be found (R"). Tha(is,

(5.11)

EXAMPLE 5.17 Determine the voltage (denoted V') across the series
combination of resistors R, and R, in Fig. 5.38. .

Solution: Since,the voltage desired is across both R, and R;, the sum
of Ry and R, wilMbe substituted as R’ in Eq. (5.11). The result is

R'=R + Ry =2kQ +5k0 = 7kQ

wlf VY
and W= RRT = 7k0(.15 kfl) = 21\_/

In the next example you are presented with a problem of the other
kind: Given thé voltage.division, you must determine the required resis-
tor values. In most cases, problems of this kind simply require that you

are able to use the basic equations introduced thus far in the text.

-

EXAMPLE 5.18 Given the voltmeter reading in Fig. 5.39, find voltage V.

Solution: Even though the rest of the network is not shown and the
“current level has not been determined, the voltage divider rule can be ap-
plied by using the voltmeter reading as the full voltage across the series
combination of resistors. That is, o o
' o (Vmeer) . 3KO(5.6V)
A _R3R3-+ R, 3kQF 12k0
V]. =4V

EXAMPLE 5.19 Design the voltage divider circuit in Fig. 5,40 suct
that the voltage across Ry will be four times the voltage across Rj; that is
Vi, = 4V, :




'

Solution: The total resistance is defined by .

Rp=R, +R; 1
However, if Vg, = 4Vp,
then ' Ri=4R;
so that Rr=R; + Ry =4Ry + Ry = 5R;

Applying Ohm’s law, we can determine the total resistance of the
circuit: .

E 20V
| T T g
S0 RT=SR2=5kQ oo
and Rz='§l;—=1m
Then R, = 4R, = 4(1kQ) = 4k

5.8 INTERCHANGING SERIES ELEMENTS

The elements of a series circuit can be-interchanged without affecting
the total resistance, current, or power to each element. For instance, the
network in Fig. 5.41 can be redrawn as shown in Fig. 5.42 without af-
fecting { or V5. The total resistance Ry is 35Q in'both eases, and I = 70
V/35 (1 = 2 A. The voltage V3 = IR, = (2 A)(S ) = 10-V for both
configurations. _ -

EXAMPLE 5.20 Determine / and the voltage across the 7 ) resistor

for the network in Fig. 5.43. 2

Solution: The network is redrawn in Fig. 5.44. "
Rr=(2)aQ)+70 = 150

E _315V o

Rr 158

40 41

10 v —» =15V

|

o

FIG. 5.44
Redrawing the circuit in Fig. 5.43.

5.9 NOTATION

Notation plays an increasingly important role in the analysis to follow. It
is important, therefore, that we begin to examine the notation used
throughout the industry.

NOTATION (1 158"

+ Vy =
1041 50
—AAA AAA
vYYy YvYy
I Ry R,
+
E—70V Ry =200
= s
FIG. 5.41

Series de circuit with elements to be interchanged.

‘o - 200

: . FIG. 5.42
Circuit in Fig. 5.41 with Ry and R;3 interchanged.

40

A
LA S

FIG. 5.43
Example 5.20.
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i

FIG. 5.45
: Ground porential.

=5-

Voltage Sources and Ground

Except for a few special cases, electrical and cléctrcnic systems are
grounded for reference and safety purposes. The symbol for the ground
connection apﬁcars in Fig. 5.45 with its defined potential level—zero
volts. A grounded circuit may appear as shown in Fig. 5.46(a), (b), or
(). In any case, it is understood that the negative terminal of the battery
and the bottom of the resistor R, are at ground poteéntial. Although Fig.
5.46(c) shows no connection between the two grounds, it is recognized
that such a connection exists for the continuous flow of charge. If £ =
12V, then point a is 12 V positive with respect to ground potential, and
* 12V exist across the series combination of resistors Ry and Ry Ifavolt-
meter placed from point & to ground reads 4 V, then the voltage across R -
is 4 V, with the higher potential at point b.

] -

S22V

i
1
1

(@) ‘ (b) i
FIG.5.47
Replacing the special nalation for a dc volrage
7 source with the standard symbol,

.

¥

L FIG. 5.49 - ;
The expected yoltage level at a particular point in a
network if the system is functioning.properly.

FIG. 5.46

Three ways 1o sketch the same series dc cireudt,

On large schematics where space is at a ﬁrcmj_um and clarity is im-
portant, voltage sources may be indicated as shown in Figs. 5.47(a) and
5.48(a) rather than as illustrated in Figs. 5.47(b) and 5.48(b). In addition,

" potential levels may be indicated gs in Fig.,5.49, to permit a rapid check

of the potential levels at various points in a network with respect to

- ground to ensure that the system is operating properly.

@, . : ' L®

i .
© FIG.5.48 p
Replacing the notation for a negative de supply with the standard notation,

Double-Subscript Notation e

The fact that voltage is an across variable and exists between two points
has resulted in u double-subscript notation that defines the first Subscript
asahie higher potential. In Fig. 5.50(a), the two. points that define the
oltage:across he resistor R are denoted by a and b. Since a_is the first’
subsetiptfor ¥, point a must have a higher potential than point b if Vi
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v =W wr . Va .
(Vs = #) : Wap =9
@ MEEN _
FIG. 5.50 i - -

Defining the sign for double-subscript notation.

, istohavea pﬁos_ilive value. If, in fact, point b is at a higher potential than
point a, V,,; will have a negative value, as indicated in Fig: 5.50(b). o
In summary: : "e ¥ - .

L

The doubBle-subscript notation Vg specifies point a as the higher 5 )
- potential. If this is not the case, a negative sign must be associated 1 2
with the magnitude of Vo - : % '
In ather words, o TP % : -

the voltage Vyy, is the voltage at point a with respect to (w.r.t.) point b,

Single-Subscript Notation

If point & of the notation V. is specified as ground potential (zero volts),
theri a single-subscript notation can be used that provides the voltage at
a point with respecto ground.

In Fig. 5.51, V, is the voltage from point a to ground. In this case, it is-
obviously 10 V since it is right across the source voltage E. The voltage
V,, is the voltage from point b to ground. Because it is directly across the
4 ) resistor, Vy =4 V. -

' Insummary: -

i

The single-subscript notation V, specifies the voltage at point a with " FIG.551 !
respect to ground (zero volts). If the voltage is less than zero volts, a Defining the use of single-subscript notation for ...
negative sign musi be associated with the magnitude of Vo. ~ voltage levels. SR
General Comments P Wt

A particularly useful rclaﬁonship can now be established that has exten- \ S

sive applications in the analysis of electronic circuits. For the above no-
tational standards, the following relationship exists:

em L

In other words, if the voltage at points a and b is known with respect
to ground, then the voltage V. can be determined using Eq. (5.12). In
Fig..5.51, for example, : .

Vy=V,— V=10V -4V

=6V
1 .
EXAMPLE 5.21 Find the voltage V,y for the conditions in Fig. 5.52.. Vo416V Ve e 420V
Solution: Applying Eq.(5.12) gives va ;—
. a
) iy V=V, — V=16V =20V _
_ - A i _ FIG. 5.52

Example5.21.



158 |11 SERIES de CIRCUITS X ‘ -

Va Vap =45V V) =4V Note the negative sign to reflect the fact that puiht b is at a higher po-
' tential than point a. ‘ «
a R b =
FIG. 5.53 Sy Fea e
Example 522, EXAMPLE 5:22 Find the voltage V, for the configuration in Fig. 5.53.
Solution: Applying Eq. (5.12) gives '
Vab = Va = Vb
p . and Va=Vap+ V=5V +4V"
V, = +20V . =9y
§ g 5
R S10kT v, EXAMPLE 5.23 Find the voltage V., for the configuration in Fig. 5.54.
N Solution: Applying Eq. (5.12) gives
Xa=Iay Vi = ¥ — V, =20V = (~15V) =20V + 15V
- : =35V A
FIG. 5.54 :
Example 5.23. & Note in Example 5.23 you must be careful with the signs when
applying the equation. The voltage is dropping from a high level of
_ +20V to a negative voltage of —15 V. As shown in Fig. 5.55, this rep-
v resents a drop in voltage of 35 V. In some ways it’s like going from a
positive checking balance of $20 to owing $15; the total expenditure
Va=20V [, S0 I - is $35. : v
V=35V ; ; :
EXAMPLE 5.24 Find the voltages V,, V., and V,. for the network in
L I 7 ... Fig, 556, Wk X
V, = ~15V[- : '
FIG. 5.55

* The impact of positive and negative voltages on the
total voltage drop,

FIG. 5.56
Example 5.24.

_Solution: Starting at ground potential (zero volts), we proceed through
a rise of 10V to reach point @ and then pass through a drop in potential
of 4V to point &, The result is that the meter reads '

Vo= +10V—-4V =6V

: 1 * . L. B
LG OV 7 as clearly demonstrated by Fig. 5.57.

If we then proceed to point c, there is an additional drop of 20 V, re-
sulting in ) - '

10VE

-

Iw
4 L8V

L3

oy . Ve=V,=20V=6V-20V=-14V
Determining V,, using the defined voltage levels. as shown in Fig. 5.58:

R B o L R R L. ¥
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Ey=435V
-+

+10V

I 50V,

. ; - Vy R 2200
V2 TN Ly, = +24V -
iy : ; i i

. |20v  {Ve= -1V B2y
: ’ FIG. 5.59
g Exgmple 5.25.
R T i .
FIG 558 ¥
Review af}he potential levels for the circuit in Flg 5.56. a5vE
The voltage V‘,,_. can be ohtamted usmg Eq. {5 12) or by s:mply refer-
ring to Fig. 5.58: _ .
~v_,c=v,,-vc-=mv—(—14V) N s
=2U¥ : T777F777777787 Gad @V
v -9V |
EXAMPLE 5.25- Determine V3, V4, and V. for the network in Fig. 5.59. -
' Solution: There are two ways to approach this problem. The first is to Y FIG. 5.60
sketch the diagram in Fig. 5.60 and note that there is a 54 V drop across Determining the total voltage drop across the
the series resistors R} and Ry, The current can then be determined using aemvstive olements in Fig 5.59.
Ohm’s law and the voltage levels as follows:
PE .1 s : d
450
V,meR1-(12A){25ﬂ)—30V ,1:
Vg ==IR = —(1 ZA}(ZO ﬂ) ==24V 52535\!
T V.=E =—-19V" -
The other approach is to redraw the network as shown in Fig. 5. 61 to
. clcarly establish the aiding effect of El and Ej and then solve the result- i
ing series circuit: . I
=
___EI+EI=19Y+35V=54V21_2A . FIG.5.61.
: Ry 450 450 . J . Redmwmg the circuit in Fig. 5.59 using standard
and V=30V V= -2V V,=-19V de voltage supp!y symbols.
! 2 E=+24V
EXAMPLE 5.26 Using the voltage divider rule, determine the voltages 4+ +
y RZ40V
V and V; of Fig. 5.62. . v, R, 240 b it
Solution; Redrawing the network with the standard battery symbolre- o E_—-_:%_ 4yv i
sults in the network in Fig. 5.63. Applying the voltage divider rule gives ~ + 4 RS0V,

b RE__(@@eV) o I '
"R #R 40 +20
] =

RyE (2Q)(24 V) il o
L R e T A FIG. 5.62 FIG. 5.63
, z f Example 5.26. Circuit of Fig. 5.62 redrawn,
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EXAMPLE 5.27 For the network in Fig. 5.64.

a._ Calculate V.
b. Determine V.
‘c. Calculate V..

¢ Solutions:

a. Voltage divider rule

= R\E 20)(10V
FIG.5.64 - . . R BIE Emaoy)  _ .
Example 5.27. _ R;-‘ ﬂ +30+350
b. Voltage divider r}:lc: .
(Ry + Ry)E _ (3 O+ 50)10V)
L Wt~ TR . 100
i ; or v,,_V—tab—.a—v,,_.,-mv—zv-sv

¢. V.= ground potenim] =0V

w

=8V

: ' 5. 10 VOLTAGE REGULATION
L . AND THE INTERNAL RESISTANCE :
' OF VOLTAGE SOURCES

-When you use a dc supply such as the generator, battery, or supply in
Fig. 5.65, you initially assyme. that it will provide the desired voltage
for any resistive load you may hook up to the supply. In other words, if
the battery is labeled 1.5 V or the supply is set at 20'V, you assume that
they will-provide that voltage no matter what load you may apply. Un-
° . fortunately, this is not always the case. For instance,if we apply a [ kQ
~ resistor to a de laboratory supply,.it is fairly easy to set the voltage
across the resistor to 20 V. However, if we remove the 1 k{ resistor and

replace it with a 100 € resistor and don't touch the controls on the sup-

.'l : ~'ply at all, we may find that the voltage has dropped to 19.14 V. Change
4 - : the load to a 68 { resistor, and the terminal voltage drops to 18.72 28
We discover that the load applied affects the terminal voltage of the

- . i '_supply In fact, this example points out that

mpply voltage is set.

a network should always be cauuectad to.a supply befare the Tevel of

The reason-the terminal voltage dwps with changes in load (current‘

demand) is that

with .rhe_ idealized voltage source

2 : : (@)

; FIG.5.66
ta) Sources of dc voltage, (b) equivalent circuit.

(b)

y every practical (real-world) supply has an internal resistance in series
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as shown in Fig. 5.65(b). The resistance level depends on the type of sup-
ply, but it is always present. Every year new s plies come out that are less
sensitive to the load applied, but even so, some sensitivity still remains.

" The supply in Fig. 5.66 helps explain the action that occurred above:
as we changed the load resistor. Due to the internal resistance of the
supply, the ideal internal supply must be set to 20.1 ¥ in Fig. 5.66(a) if
20 V are to appear across the 1 k() resistor. The internal resistance will

“capture 0.1 V of the applied voltage. The current in the circuit is deter-
mined by simply looking at the Toad and using Ohm’s law; thatis, [y =

“VyRg = 20 VK = 20 mA, which is a relatively low current. 2

+0.1}: - ! + 086V -
!_'j_w 19143 mA

I =20 mA Ri

n

.50

)

: V;:,ZO'J' E:IQ.?.V Ry=10011

i oy : : (©
5 : FIG. 5.86 )
* Demonstrating the effect of changing a load on the terminal voltage of a supply.

In Fig. 5.66(b), all the settings of the supply are left untoyched, but- - .
the 1 k{1 load is replaced by 2 100 Q resistor. The resulting current is ' e
now I, = E/Ry = 20.1 V/105 (1 = 191.43 mA, and the ouiput voltage is ' '
v, = LR = (19143 mA)(100 ()= 19.14 V. a drop of 0.86 V. In Fig.
.5.66(c), 1 68 Q2 load is applied, and the current increases substantially to :
75.34 mA with a terminal voltage of only 18.72 V. This is a drop of : *
1.28 V from the expected level. Quite obvieusly, therefore, as the current
~ drawn fronrthe supply increases, the terminal voltage continues to drop.
If we'plot the terminal voltage versus current demand from 0 A to
©275.34 mA, we obtain the plot inFig. 5.67. Interestingly enough, it turns S 2
out to be a straight line that continues to drop with an increase in current i
 demand. Note, in particular, that the curve begins at a current level of O A.

- 200Y
R W e g
IR B8 N —— ST e:s?zv
¢ I" ANTITA R .
i - !
L4 < R,
T T * > :
I 1 !
1 1 |
I I 1
I ) ! -
— L ! |
0| 20mA 191.43 mA 21534 mA I
: o i
- s
1
FIG. 5.67

b e e T for the supply in Fig. 5.66.
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Vi
_ih_ﬂuﬁg ;
L ey Ver
f E
]
' |
|
] |
0 T B |
vl i
NL al, ____H;q )

-S=-

Under no-load conditions; where the output terminals of the supply are
not connected to any load, the current will be 0 A due to the absence of a
complete circuit. The output voltage will be the internal ideal supply
level of 20.1 V. - = .

The slope of the line is defined by the infernal resistance of the sup-
ply. That is,

R wE hms, 0 5.13)
=5y (ohms, (1) .

which for the plot in Fig. 5.67 results in

" ro=AVL_ 200V-1872v  ja3gy s g
" AL 27534mA - OmA* 27533 mA =

For supplies of any kind, the plot of particular importance is the out-
put voltage versus current drawn from the supply, as shown in Fig,
5.68(a). Note that the maximum value is achieved under no-load (NL)
conditions as defined by Fig. 5.68(b) and the description above. Full-
load (FL) copditions are defined by the maxithum current the supply can |

o provide on a continuous basis, as shown in Fig. 5.68(c).
Jien
: Ri
: +
+||&=0A
) Vi =E *
(b) ' 3 ©
FIG. 5.68

Defining the praperties of importance for a ;rmver supply.

As a basis for comparison, an ideal power supply and its response
curve are provided in Fig. 5.69. Note the absence of the internal resis-
tance and the fact that the plot is A horizontal line (no variation at all with
load demandy—an impossible response curve. When we compare the

@ Vi
Ve =E
F —E--—-——_._._.; VFL =F

. |
i
V,=E ;
1
|
i

0fdpy _ It i

FIG. 5.69

Ideal supply and its rmm':‘:at characteristics,
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curve in Flg 5,69 with Lhat in Fig. 5.68(a), however, we now realize that
- the steeper the slope, the more sensitive is the supply to the change in
" load and therefore the less desarable it is for many laboratory proce-

dures In fact, - b
o

the larger the internal rs:fstm!ce, the stéeper is the drOp in voltage
with an increase in load demand (current). . : ) t o

“To help us anticipate the expected response of a supply, a defining
quantity called voltage regulation (abbrevigted VR; often called load
regulation on spemﬁcauun sheets) was established. The basic equation
in terms of the quantities in Fig. 5. 68(a) is the following: - "

- VL =V, o '
VR =t X 100% (5.14)
Ve ;

“The examples to follow demonstrgte that '

the smaller thevoltage or load regulauau of a supply, Ika less will
the terminal volfage changs with increasing levels of current
- demand,

_ For the supply above with a no-load \'oi.tage of 20.1 V and a full-load
voltage of 18.72 V, at 275.34 mA the voltage regulation is
- Ve = Vre 201 ¥=- 1872V -
—_—=X G =———2X =737
VR = Vit 100 872V 100% = 7.37% | %

which is quite high, revealing that we have a very sensitive supply. Most _
modern commercial supplies have regulation factors less than 1%, with

0.01% being very typical. :

EXAMPLE 5.28

a. Given the characteristics in Fig. 5.70, determine the voltage regula-

tion of the supply. ST
b. Determine the internal resistance of the supply. ' . d
" ¢. Sketch the equivalent circuit for the supply. '

v,
LY
L)
(V) 120V
= 18V (Vg) -
|
|
I
~ &
\.- ‘T"
= I
I -
I
1
0 . 10A (Igp) "l

FIG.5.70
Terminal characteristics for the supply of Example 5.28.
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0
; AAA B
020
2 i
E=10V
s e
FIG.5.71
de suppfy with the terminal characteristics of
Fig. 5.70.
r 5
v
@

Solutions: -
; Ve = V,
a. VR = _"FL o 100%
Ve
_l20v - mw
>< lﬂﬂ%
RV 1%*
VR = 1.7%
AV, 120V— IIEV - 2V
s Ry = —= = = =020
b_"“ A, "10A-0A  10A :
c. SeeFig.5.71.

EXAMPLE 5.29 Given a 60 V supply with a voltage rcgulation of'2%:

a. Determine the r.ermmal voltage of the supp]y under full-load”

conditieng.
b. If the half-load current is 5 A, detern-une the internal rcs:stance of

the supply.
¢. Sketch the curve of the terrmnal voltage versus load demand and the

+ equivalent circuit for the supply.”

Solutions:
g
a VR = M FL ¢ 100%
VrL
60V —
2% = FL % 100%
: Vri, :
a 2% . 60V = Vep
100% Vi
{}.02Vn_ =60V - VFL.
]'02VFL =60V :
60 vV . .
Vi = Tg = 5882V
b. !F.L =10A X
AVp 60V —-5882V 118V s ;
Rt = - =3 =40,
" AL 10A-0A aa T oan ’
c. See Fig. 5.72. St
v, ;
,R]m
Vi =60V Vi =S882V : MW i
m— e o 0.120
A 'I 1.
: E=—60v ~
) . -
0 fm-ﬂ..l; I =10A o -
FIG 572

Cimmc:em’rm and equivalent circuit for the supply of Example 5.29.

e - r -



In'lhe previpsu sectmn. we ieamed :h:i: power supphes are not the ideal in-

‘we may have thought they were, The applied load can have an ef-
fe:ct on the-ieﬂmnﬂl voltage. Fortunately, since today’s supplies have such

small load regulation factors, the change in terminal voltage with load can
usually be ignored for most applications. If we now twm our attention to the
various meters we use in the lab, we again find that they are not totally ideal:

Whenever yoit apply a meter to a circuit, you change the circuit and the .

~ response.of the system. Fortunately, lrowever, for most applications,
considering the meters to be ideal is a mhd appmxzma.fmu aslong as
ceﬂain facmrs are consed;sred

" Forinstance, - . e

any ammeter connec!ed-m a series éfrcr’:ft will introduce resistance fo
tie series combination thar will affect the current and wlmges of the
configuratian. ; ;

The resistance between the terminals.of an ammeter is dctcrmmcd by
the chosen scale of the ammeter. In general, . -

Jor amineters, the higher the maximum va!ue of the curreat for a
" particular scale, the smaller will the internal resistance be.

“ For example, it is not uncomuion for the resistance between the termipals
of an ammeter to'be 250 {1 for a 2 mA scale but only 1.5 X for the 2. A
scalg, as shown in Fig. 5.73(a) and (b). If you are analyzing a circuit in
detail, you can include the internal resistance as shown in Fig.5.73 as a
resistor between the two terminals of the meter.

= At first reading, such resistanice levels at low currents give the impressicn
that ammeters are far from ideal, and that they should be used only 1o obtain

a genetal idea of the current and should not be expected toprovide a true

readiffg. Forwnately, however, when you.are reading currents below.the 2 mA

range, the resistors in series with the amineter dre 1yp|cally in the kilohm

range. For example, in hg 5.74(a), for an ideal ammeter, the current

- Y . -

FIG. 5.73
Including the effects of the internal resistance of an
“ammeter: (a) 2 mA scale; (b) 2 A scale.

+ J + L .
12V == Rp=2ki}+ 18 k{I's20 L0} o 18 kil 12V = R?-:"ﬁl! 0+ 2k « IRKL) 18 kML

L _ : = ik

[ i 'l' 2025 k(1

{ i : J

l = | i

£ : £

(a) o il o (b

by ; : FIG. 5.74

- Ih!vnd-mk\r‘r { i 1'2A

-

] (mim:'rer set on the 2 mA scale to a circuit with resistors in the-kilohm #ngr {a) ideal: (b)Fraciical.
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* displayed is 0.6 mA as deterthined from f; = E/Ry = 12 V/20 k(2 = 0.6
mA., If we now insert a meter with an internal resistance of 250 () as shown
in Fig. 5.74(b), the additional resistance in the circuit will drop the current o
0.593 mA as determined from I, = E/Rr = 12 V/20.25 k1 = 0.593 mA,
Now, certainly the current has dropped from the ideal level, but the differ-
- ence in results is only about 1%—nothing major, and the measurement can
be used for most purposes. If the series resistors were in the same range as
« the 250 () resistors, we would have a different problem, and we would have
to look at the results very carefully. .

Let us go back to Fig. 5.20 and determine the acwal current- 1f each
meter on the 2 A scale has an internal-resistance of 1.5 {2, The fact that
there are four meters will result in an additional resistance of (4)(1L.5 1) = |
6 ) in the circuit, and the current will be I, = E/Ry = 84 V/146 (1 =
58 mA, rather than the 60 mA under ideal-conditions, This value is still

- close enough to be considered a helpful reading. However, keep in mind
that if we were measuring the current in the circuit, we would use only one
ammeter, and the current would be I, = E/R; = 8.4 V/141.5 () = 59 mA,
which can certainly be approximated as 60 mA.

In general, therefore, be aware that this internal resistance must be
factored in, but for the reasons just described, most readings can be uscd
as an excellent first approximation.to the actual current, "

It should be added that because of this insertion problem with arhme-

- ters, and because of the very important fact that the circuir must be dis-
turbed to measure a current, ammeters are hot used as much as you
might initially expect. Rather than break a circuit to insert a meter, the
voltage atross a resistor is often measured and the current then calcu-
lated using Ohm's law. This eliminates the need to worry about the level
of the meter resistance and hiving to disturb the circuit. Another option
is to use the clamp-type ammeters introduced in Chapter 2, removing the
concerns about insertion loss and disturbing the circuit. Of course, for
miany practical applications (such as on power supplies), it is convenient
to have an ammeter permanently installed so that the current can quickly
be read from the display: In such cases, however, the design is such as to

- compensate for the insertion loss. b
» In summary, therefore, keep in mind that the insertion of an ammeter
will add resistance to the branch agd will affect the current and voltage
-~ .levels. However, in most cases the effect is minimal, and the reading will
' provide a good first gpproximation to the actual level.

The loading effect of voltmeters is discussed in detail in the mext
chapter hecause loading is not a series effect. In general, however, the
results will be similar in many ways to those of the ammeter, but the

» J major difference is that the cu'cult does not have to be disturbed to
apply the meter.

-

5.12 PROTOBOARDS (BREADBOARDS)

Al some point in the design of any electrical/electronic sysfem, a proto-
2 type must be built and tested, One of the most effective ways to build a
L - festing model is to use the protoboard (in the past most commonly
% 3 3 _ called a hmdhoard) in Fig. 5.75. It permits a direct eonnection of the
power supply and provides a convenient method for holding and con-
necting the components. Thete isn't a great deal fo learn about the proto-
board, but it is important to point out some of its characteristics,

. : . including the way the elemenis are typically connected.
L . g 'tisdedaet 4R
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i 0 llli||”NHJ”HIrll”u””fl[i“l;pr‘?”; S oy, 3.

T ”WWMIMJW“M __"“"'“"’“““ -

¥
FIG. 5.75
Protoboard with areas of conductivity defined using two different approaches.

The red terminal V, is connected directly to the positive terminal of
the dc power supply, with the black lead V), connected to' the negative
terminal and the green terminal used for the ground connection. Under
the hole pattern, there are continuous horizontal copper strips under the
tup and bottom rows, as shown by the copper bands in Fig. 5.75. In the
center region, the conductivé strips are, vertical but do not extend beyond
tHe deep notch running the horizontal length of the board. That's"all
there is 1o it, although it will take some practice to make the most effec-
. tive use of the conductive patterns. ' '

As examples, the network in Fig. 5.12 is' connected on the proto- } .
board in the photo in Fig. 5.76 using rwo different approaches. Afterthe '
dc power supply has been hooked up, a lead is brought down from the
positive red terminal to the top conductive strip marked “+.” Keep in
mind that now the entire strip is connected to the positive terminal of
the supply. The negative terminal is connected to the bottom strip
marked with a minus sign (—), so that 8.4 V' can be read -at any point be- o >
tween the top positive strip and the bottom negative strip. A ground < e
connection to the negative terminal of the battery was made at the site .
of the three terminals. For the user’s convenience, Kits are available in

Source connections .

Meter
connections

10 301 1000
84V

L

j

+

* Meter connections

= [G.5.76
'Ihm setups for the network in Fig. 5.12 on a protoboard with yellow leads added to'each
mnﬁgumnan 1o measure voltage Vi with a voltmeter.
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‘ which the ]ungth of the wires is color coded. Othciwm. a spool of 24
' : gage wire is cut to length and the ends are stripped. In Bcucral feel free
Yo use the extra lengih—everything doesn't have to be at right angles.
% _For most protoboards, 1/4 tbrough'l Wiresistors will insert nicely in the
' board. For clarity, 1/2 W resistors are used in Fig.5.76. The voliage
- . : adross any component can be easily read by inserting additional leads
- as shown in the figure (yellow leads) fof the voltage V; of each config-
. . uration (the yellow wires) and attaching the meter. For any network, the
- components can be wired in a variety of ways. Note in the configuration
' - on the right that the horizontal break through the center of the board "
was used to isolate the two terminals of each resistor. Even though there
are no set standards, it is important that the arrangement can easily be
undérstpod by someone clse.
» _ _ Additional setups using the protoboard are,m the ch.xpters to follow
3 so that you can become accustomed to the manner in which it is used
: _ most effectively. You will prgbably see the protoboard guite frequcnﬂv
m your larboraww sessions or in an mdusmal setting. :

5.13 APPLICATIONS

; & g * - Before looking ata few appligations, we need to consider a few geh-

b ; eral characteristics of the séries configuration that you should always

" keep in mind when dc.ugnmg a system First, and probably the most
¥ Eiiy _ ¥ important, is that .

" ~ if one element of a series combination of elements should Sfail, it will
disrupt the response of all the series elements. If an open circuit -
occurs, the current will be zero, If a short circuit results, the voltage

% ' will increase across the other elements, and the current will increase
' in magnitude. 52 o

' : Skcond, and a thought you should a]ways keep in mind, is that

: Jfor :he same source wmage, tihe more elemerlrs Yyou place in series,
t the less is the current and the less is the voltage across all the

: elements of the series combination. “ e i
Last, and a result dlSLUSSEd in detail in thls chap!sr is that

rhe current is the same for each element of a series combmau'an, but e
; : ; the voltage across em:h Hemem is a function af its terminal. - *
» : e o : resistance. '

» . There are other characteristics of_impur'tarme that you w,i]l_ learn as you
investigate possible areas of application, but the above are the most im- {
portant, - i

f . ‘Series Control ¢
“One common use of the series configuration is.in setting up d system -
that ensures that everything is it place before full power is applied. In
*Fig. 5.77, various sensing mechanisms ean’be tied to sertes-switches,
preventing ppwer to the load until ail the swnches are. m the closed or
on position. For instance, as shown in Fig. 5.77, onc compnm.nt may
S : - test the enviromment for dangers such as gases, high temperatures, and
a . * .. . _soon. The next component may be sensitive tothe properties of the sys
: : * v e tohe encrgized to be sure all contponents are working. Security is

%
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———/o-———/ : o/’c "-t'r‘r e System
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FIG.5.77

S eries control uver an operm‘mg svstem.

“another factor in the series sequence, and finally a timing’ ‘mechanism
‘'may be present:to ensure limited hours of operation or to restrict oper-
ating periods. The list is endless, but the fact remains that “all svstcms .
must be go” hcfm'e pow:r reachcs the operating system. o A o SE F

Holiday nghts ' : =

. Inrecent years, the small blinking huhday'hghts with 50 to 100 bulbs on ; o
a string have become very popular [see Fig. 5.78(a)]. Although holiday R ;
. lights can be ccmnected in series or parallel (to be described in the next
chapter), the snialler blinking light sets are normally connected in scncs.
" It i relatively easy to determine if the hghta are connected in series. If
one wire enters and leaves the bulb casing, they are in series, If two
wires enter and leave, they are probably. in,parallel. Normally, when
bulbs are connected in series, if one burns out (ihe filament breaks and
the circuit opens), all the bulbs go out since the current path has been-in-
terrupted. However, the bulbs in Fig. 5.78(a) are specially desxgned as
~ shown in Fzg 5.78(b), to permit current to continue td flow to the other
bulbs when the filament burns out. At the base of each bulb, there is a
fuse link wrapped around the two posts holding the. filament, The ﬁ!ae
- link of a soft conducting metal appears to be touching the two vertical .
posts, but in fact a coating on the posts or fuse link prevents conduction -

Bulb \_ L’anla.c: pmm

Molmn
when
heated
Current path

¢ /¢ 'Bimetal
Fuse link truchiure
{few wraps

of thin coated

- conductive
i . wire)
: \ Bulb
e Standard bulb , Pl Flashier Unit
« it {b)
FiG. 5.78 g

Haliday lights: (a) 50-unit set; (b) bulb construction.
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from one to the other under normal operating conditions. If a filament
should burn out and create an open circuit between the posts, the current
through the bulb and other bulbs would be interrupted if it were not for
the fuse link. At the instant a bulb opens up, current through the circuit is
zero, and the full 120 V from the outlet appears across the bad bulb. This
high voltage from post to post of a single bulb is of sufficient potential
difference to establish’ current thrcugh the insulating coatings and spot-
weld the fuse link to the two posts, The circuit fs again complete, and all
the bulbs light except the one with the activated fuse link, Keep in mind, |
however, that each time a bulb burns out, there is more voltage across the
other bulbs of the circuit, making them burn brighter. Eventually, if too
many bulbs burn out, the voltage reaches a point where the other bulbs
burn out in rapid succcssmn To prevent this, you must replace burned-
out bulbs at the earliest opportunity.
- _— The bulbs in Fig. 5.78(b) are rated 2.5 V at 0.2 A or 200 mA. Since
¥ there are 50 bulbs in series, the total voltage across the bulbs will be
50 X 2.5 V or 125 V, which matches the voltage available at the-typical
home outlet. Since the bulbs are in series, the current through each bulb
will be 200 mA., The power rating 6f each bulb is therefore P = VI = (2.5
.V) 02A)= OSWmlhamtai wanagcdcma.ndofSO KOSW =25W..

Flasher

e GO QN Qe -

25 V=425V 125 Ve +25V= 425V 425V

~ I=200mA '
|200mA ’ zmmaf

¥ Establish parallel . -
' Three wi connection of ;
gt s " 4 bl % 50-bulb strings !
pr=—" a 1 g . X
125V ac f_L b ""E Ibs | / Lil.h_u_ . ; B
1 o
i 1

A e l
L o Sl | R
Plug Bulbs in series  Connector  Plug
{b) . i . : . o
Luppiy = L2ZA 1A 08 ki 0sA R
x =
+ a a
b -
¥ i l{!,ZA ! JO.ZA
125Vac ! . : !
6 sets
H ! I
. |
c c 5 =
(c)
' \ " b - - -
FIG.5.79 . ° i - -l

" Ta) Smgu'e set wmng diagram; (b} special wiring arrangement; (c) redrawn schematic;
(d) special plug and ﬂm&er L.
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. A schematic representation for the set of Fig. 5.78(a) is provided in
Fig. 5.79(a). Note that only one flasher unit is required. Since the bulbs
are in'series, when the flasher unit inferrupts the current flow, it turns off A -
all the bulbs. As shown in Fig. 5.78(b), the flasher unit incorporates & o
- bimetal therrhal switch that opens when heated by the current to a preset | - -
level. As soon as it opens, it begins to cool down and closes again so that
current can returd to the bulbs, It then heats up again, opens up, and re-
peats the entire process. The result is an on-dnd-off action that creates
the flashing pattern we are so familiar with. Naturflly, in a colder cli-
mate (for example, outside in the snow and ice), it initially takes longer
to heat up, so the flashing pattern is slow at first, byt as the bulbs warm
up, the frequency increases.- : ; _ . . x
The manufacturer specifies that no more than six sets should be con- . i

. nected together. How can you connect the sets together, end to end, with- %

out reducing: the voltage across each bulb and making all the lights

dimmer? If you look closely at the wiring, you will find that since the

bulbs are connected in series, there is one wire to each bulb with addi-
tional wires from plug to plug. Why would they need two additional =

~ wires if the bulbs are connected in series? Because when each setiscon- *  w y

nected together, they are actually in a parallel arrangement (to be dis-

cussed in the next chapter). This unique wiring arrangement is shown in

Fig. 5.79(b) and redrawn in Fig. 5.79(c). Note that the t0p line is the hot .
line to all the connected sets, and the bottom line is the return, neutral, or . '
ground line for all the sets. Inside the plug inFig, 5.79(d), the hot line and 5. <

return are connected tp each set, with the connections to the metal spades . e uF
of the plug as shown in Fig. 5.79(b). We will find in the next chapter that '
the current drawn from the wall outlet for paralle] loads is the sum of the
currént to each branch. The result, as shown in Fig. 5.79(c), is that the
current drawn from the supply is 6 X 200 mA = 1.2 A, and the total
wattage for alksix sets is the product of the applied voltage and the source
current of (120 V)(1.2 A) = 144 W with 144 W/6 = 24 W per set.

4

Microwave Oven ' R
Series circuits can be very effective in the desigh of safety equipment, -
Although we all recognize the usefulness of the microwave ovet, it can - , ;
“be quite dangerous if the door is not closed or sealéd properly. It is not ;
enough to test the closure at only one point around the door because the
door may be bent or distorted from continual use, and leakage can res ult E
at some point disjant from the test point. One common safety arfange- ”
ment appears in Fig. 5.80. Note that magnetic switches are located all -
around the door, with the fnagnet in the door itself and the magnetic door
switch in the main frame. Magnetic switches are simply switches where
the magnet draws a magnetic conducting bar between two contacts to .
complete the circuit—somewhat revealed by the symbol for the device
in the circuit diagram in Fig. 5.80. Sinceé the magnetic switches are all in
series, they must all be closed to complete the circuit and turn on the
power unit. If the door is sufficiently out of shape to prevent a single x ) - -
magnet from getting close enough to the switching mechanism, the cir- A
cuit will not be complete, and the power cannot be turned on. Within the
control unit of the power supply, either the series.circuit completes a cir-
cuit for operation or a sensing current is established and monitored that
_ controls the system operation. - ' '

* .
- =
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Series i;ufﬂy switches

]

» Magnetic
door
switches

[

by g ol (o

5

| Microwave

power
unit

Magnets

0—0 o—0 0—0 o0—o

@

FIG. 5.80

Series safety switches in a microwave ovén,

Series Alarm Cir_cuit ' i

Ta
bell . . '
Boor | L The cireuit in Fig. 5.81 is a simple alarm circuit. Note that every ele-
. Seasing Z\o—_: ment of the design is in a series configuration. The power supply is a
Window 4 Jj Ve ?lmﬁ 5.V de supply that can be provided through a desigh similar to that in

: Sensors
T : ; Fig. 2.33, a dc battery, or a combination of an ac and a'de supply that
M ensures that the battery will always be ‘at full charge. If all the sensors
E5mA - o are closed, a current of 5 mA results because of the terminal load of the
= T . relay of about [ kf). That current energizes the relay and maintains an
' FIG. 5.81 . s off position for the alarm. However, if any of the sensors is opened, the
Seriex aluim dreuit 7 - cursent will be interrupted, the relay will let go, and the alarm circuit.
; : will be energized. With relutively short wires and a few sensors, the
system should work well since the voltage drop across each is mini-
mal. However, since the alarm wire is usuall y relatively thin, resulting
in a measurable resistance level, if the wire to the sensors is too long, a
. “sufficient ikolt_age drpp culd occur across the line, reducing the volt-
! g age across the relay to a point where the alarm fails to operate prop-
' . "erly. Thus, wire length is a.factor that must be considered if a series
e configuration is used. Proper sensitivity to the length of the line should
-« Fegiove any concerns about its operation. An improved design is de+
f - scribed in Chapter 8. ; '

Magnetic 7
switch

5.14 COMPUTER ANALYSIS
PSpice ' ; 1S
In Section 4.9, the basic procedure for setting up the PSpice folder and

running the program were preserited. Because of the detail provided in
that section, you should review it before proceeding with this example.
: ' ; 1



Because this is only the second example using PSpice, some detail is
provided, but not at the level of Section 4.9. ,
" Thé circuit to be investigated appears in Fig. 5.82. You will use the
PSpice foldér established in Section 4.9. Double-clicking on the
" OrCAD 10,0 DEMO/CAPTURE CIS icon opens the window. A new
project is initiated by selecting the Create document key at the top left
of the screen (it looks like a page with a star in the upper left corner).
The result is the New Projeet dialog box in which PSpice 5-1 is entered
as the Name. The Analog or Mixed A/D is already selected, and PSpice
appears as the Locatiof. Click OK, and the Create PSpice Project dia-
log box appears. Select Create a blank project, click OK, and the
working windows appear, Grab the left edge of the SCHEMATICI:
PAGEI window to move itto the right so that you can see both screens.’

Clicking the + sign in the Project Manager window allows you [0 set.

the' sequence down to PAGEL. You can change the name of the
SCHEMATIC1 by selecting it and right-clicking. Choose Rename
from the list: Enter PSpice 5-1in the Rename Schematic dialog box. In
Fig. 5.83 it was left as SCHEMATICL. riw

laaa=is sy
{frowdiciree " of B O @

épTiBEIE

28400

-

FIG.5.83
Applying PSpice to a series de circuil. s

_ “This next step is important. If the toolbar on the right does not appear,
left-click anywhere on the SCHEMATIC1:PAGE1 screep. To start
building the circuit, select the Place part key to open the Place Part
dialog box. Note that the SOURCE library is already in place in the
Library list (from the efforts of Chapter 4). Selecting SOURCE results
in the list of sources under Part List, and VDC can be-selected. Click
OK, and the cursor can put it in place with a single left click. Right-
click and select End Mode to end the process since the network has
only one source. One more left click, and the source s in place. Select
the Place a Part key again, followed by ANALOG library to find the
resistor R. Once the resistor has been selected, click OK 1o place it next
to the cursor on the screen. This time, since three resistors need to be

e — e
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FIG.5.82 .
Series de network to be analyzed using PSpice.

-

+
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placed, there is no need to go to End Mode between depositing each.
Simply click one in place, then the next, and finally the third. Then
right-click to end the process with End Mode. Finally, add a GND by
selecting the ground key from the right toolbar and selecting
0/SOURCE in the Place Ground dialog box. Click OK, and place the.
ground as shown in Fig. 5.83. . :

Connect the.elements by using the Place a wire key to obtain the
crosshair on the screen, Start at the top of the voltage source with a left
click, and draw the wire, left-clicking it gt every 90° turn, When a wire is
connected from one element to another, move on to the next connection
to be made—there is no need to go End Mode between connections.
Now set the labels and values by double-clicking on éach parameter to
obtain a Display Properties dialog box. Since the dialog box appears
‘with the quantity of interest in a blue background, type in the desired
label or value, followed by OK. The network is now complete and ready
to'be analyzed. S _

Before simulation, select the V, I, and'W in the toolbar at the top of
the window to ensure that the voltages, currents, arid power are dis-
played on'the screen. To simulate, sélect the New Simulation Profile
key (which appears as a data shet on the second toolbar down with a
star in the top left corner) to obtain the New Simulation dialog box.
Enter Bias Point for a dc solution under Name, and hit the Create key.
A Simulation Settings-Bias Point dialog box. appears in which
Analysis is selected ang Bias Point is found under the Analysis type
heading. Click OK, and then select the Run PSpice key (the blue arrow)
to initiate the simulation. Exit the resulting screen. The resulting display
(Fig. 5.83) shows the current is 3 A for the circuit with 15 V across R;,
and 36 V from a point between Ry and R to ground. The voltage across
Ryis36 V — 15V = 21V, and the voltage across Ry is 54V — 36V =
18 V. The power suppl ied or dissipated by each element is also listed.

Multisim _

The construction of the network in Fig: 5.84 using Multisim is simplyan
- extension of the procedure outlined in Chapter 4. For each resistive ele-

ment-or meter, the process is repeated. The labe! for each increases by

one as additional resistors or meters are added. Remember from the dis-
- cussion of Chapter 4 that you should add the meters before connecting
.-the elements together because the meters take space and must be prop-

erly oriented, The current is determined by the XMM1 ammeter and the

voltages by XMM2 through XMMS, Of particular importance, note that

in Multisini the meters are connected in exactly the same way they
would be placed in an active circuit in the laboratory, Ammeters are
in series with the branch in which the current is to be determined,
and voltmeters are connected between the two points of interest
{across resistors). In addition, for positive readings, ammeters are
connected so that conventional current enters the positive ferminal,
and voltmeters are connected so that the point of higher potential is
connected to the positive terminal. :

The meter settings are made by doub]e-.clii:king on the meter symbol
on the schematic. In each case, V or I had to be chosen, but the horizontal
line for dc analysis is the same for each. Again, you can select the Set key

" to see what it controls, but the default values of meter input resistance

’



; L
. % .
T e 7 ¢ ot P el
Tone Joo Qotoes [ndew e :
nee9an 1 wmac) [o ule s @riras o w]
-
i B
* _L
*: |2
. ii’.
> s
-3 e
= |ql=
= 1|=
- . -
m ¥ | -
e : ™
- " ll -
- 1T
¥ | ™
bt =
LR e
] |4l
s
] o
e L] e i
[ T
D £ i I s s Ll |
FIG.8.84

Applying Multisim to a series dc circuit.

levels are fine for all the analyses described in this text. Leave the meters
on the screen so that the various yoltages and the current level will be
displayed after the simulation. '

Recall from Chapter 4 that elements can be moved by simply clicking
on each schematic symbol and dragging it to the desired location. The
same is true for labels and values. Labels and values are set by double-
clicking on the label or value and entering your preference. Click OK,

Y

special key to connect the elements. Simply bring the cursor to the start-
ing point to generate the small circle and crosshair. Click on the starting
point, and fellow the desired path to the next connection path. When in
the correct location, click again, and the line appears. All connecting
lines can make 90° turns. However, you cannot follow a diagonal path
from one point to another. To remove any element, label, or line, click on
the quantity to -obtain the fpur-;.iquare active status, and select the Delete

key or the scissors key on the top menu bar.

Recall from Chapter 4 that you can initiate simulation tﬁmugh the se-

quence Simulate-Run by selecting the green Run key or switching the
Simulate Switch to the 1 position.

Note from the results that the sum of the voltages measured by
XMM?2 and XMM4 equals the applied voltage. All the meters are con-
sidered ideal, so there is o voltage drop across the XMM1 ammeter. In

addition, they do not affeét the value of the current measured by XMM1..
All the voltmeters have essentially infinite internal resistance, while the '

ammeters all have zero internal resistance. Of course, the meters can be
entered as anything but ideal using the Set option. Note also that the sum
of the voltages measured by XMM3 and XMMS equals that measured
by XMM4 as required by Kirchhoff’s voltage law. ’

4

and they are changed on. the schematic. You do not have to fitst select a’

f-¢ o3
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PROBLEMS
SECTION 5.2 Series Resistors

1. For each configuration in Fig, 5.85, find the individual
(not combinations of) elements (voltage sources and/or
resistors). that are in series, If necessary, use the fact that

t =

clements in series have the same current. Simply list those
that satisfy the conditions for a series relationship. We will
learn more about other combinations later.

FIG. 5.85
Problem 1.

2. Find the total resistance Ry for each configuration in
+ Fig. 5.86. Note that only standard resistor values were used.

2. FIG. 5.86

Problem 2,

Tk . sin
)
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3. Far each circuit board it Fig. 5.87, find the tdtal resistance ) ek Py
" between connection tabs 1-and 2. Tl - :

4

(a) .
E4 i e ' FIG.587 | A .
‘ 3 3% Moo Problem3. -~
For the circuit in Fig. 5.88, composed of standard values: , R Ry
a. Which resistor will have the most impact on the total re- ©e A —Ay
sistance? . ) i 100 0 1k0
b. On an approximate basis, which resistors can be ig- ; :
. nored when determining the total resistance? Ry : Ry < 1M
¢. Find the total resistance, and comment on your results . ' ; ; e
for parts (a) and (b). _ : vy Ry -
. i j,ﬁl- L
For each configuration in Fig. 5.89, determine the ohmme- L s Y.
ter reading.. I ) 200k0)
Find the resistance. R, given the ohmmeter reading for each - : FIG. 5.88
configuration of Fig. 5.90. - ' Problem 4. . T
60 =470
FIG. 5.89 :
Problem 5.
A -
"
q
nKN ' a3k
AWy -0 a
= 18k0 : Ry = 2Ry
s ™ i
' FIG. 5.90 -
b Problem 6.

-
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7. What is the ohmmeter rgding for each configuration in 2 =
Fig. 5.917

‘v‘r‘r . ‘M_' 3
120 I§ l
10k ‘ 2040
9.1 k) ; 20
(b) g ) ;
FIG. 5.91 -
Problem 7.
SECTION 5.3 Series Circuits ' ' - b Which resistor will have the most impact on the total re-

sistance and the resulting current? Findl the total res_is_—

8. For the series configuration in Fig, 5.92, constructed of tance and the current.

. o ||' i

sland.ard Values: : i c. Find the voltage across each element and review your
a. Find the total resistance. ; . response to part (a)

b. Calculate the current. W :

¢. Find the voltage across each resistive element.
d. Caloulate the power delivered by the source. .
" e, Find the power delivered to the 18 ) resistor,

+ Vv = + V-
i R, !
e Wy *
Ry 100 120
.2 +
E2m T2V R, 1801 W, .
" - : : FIG. 5.93
Problem 9. 2
- ; :
'FiG.5.92 ' 10. Find the applied voltage necessary to develop the current
Problem 8, . specified in‘Bach circuit in Fig. 5.94. o
" 11. For each network in Fig. 5.95; constructed of standard val-
: . ues, determine:
_ .- . & Thecurrent] - “
9. For the serigs configuration in Fig, 5.93, constructed using B. The source voltage E,
standard value resistors: 2 C. The unknown resistance. ~
a, Withou making a single calculation, whick resistive el- d. The voltage across each element. ; ;
ement will have the most voltage across jt? Which will * 12. For each configuration in Fig. 5.56, what are the readings of

have the least?

the ammeter and the voltmeter?
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100 P

-
{a) (b)
FIG. 5.94
Problem 10.
, 4710 - 4 o3
LW g i
TR ; ¥ B . '
o %1.‘3 l 52V 33k0 22kl 66V
P R‘r us n = d 3 =5
0 = _A' | lvlv-l‘_ = .
- R -9V +
(a) (b)
" FIG. 5.95 4
Problem 11,

FIG. 5.96
Problem 12.

(e)

SECTION 5.4 Power Distribution in a Series Circult

13. For the circuit in Fig. §.67, constructed of standard value

5

Tesistorns:
a. Find the total resistance, current,.and voltage across

b.
.

d.
€.

f.

each element,

_Find the power delivered to each resistor.
Calculate the total power delivered to all the

resistors.

Find the power delivered by the source.

How does the power delivered by the source compare to
that delivered to all the resistors?

Which resistor received the most power? Why?

. What happened to-all the power delivered to the

resistors?

£

h.

If the resistors are available with wattage ratings of 112
W, 1 W, 2'W, and 5 W, what minimum wattage rating
can be used for each resistor? .

=

FIG. 5.97
Problem 13.
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14, Find the unknown quantities for the circuit of Fig. 5.98 . b. Determine th&power delivered to cach bulb,
using the infornfation provided, c. Caleulate the voltage drop across each bulb,

15. Find the unknown quantities for the circuits in Fig. 5.99 d. .Ift':ne bulb buris out {l.h.s:. is, the ﬁ!nmcnt. opens), what
using the information provided, is the effect on the remaining bulbs? Why?

16. Eight holiday IightH?:e connected in serics as shown in " *17. Forthe conditions specified in Fig. 5.101, determine the
Fig. 5.100, i unknown resistance. .

4, Ifthe set is connected 10 a 120 V source, what is the cur-
rent through the bulbs if each bulb has an internal résis-
tance of 284 {17 - 5

&

L P=16W
+ ¥y -
MW P=21W

“10 /

-

RV,
% : e : ) “3 -
FIG.5.98 : FIG. 5.99 _
" Problem 14. ; Problem 15. .

R Ry

FIG. 5.100 : . S - FIG, 5.101 -
B - Problem I6. : ; . : : Problem 17, : ‘L
» e iy . a ) E M b . " .
SECTION 5.5 Voltage Sources in Series © 13. Determine the current L £ and its direction for each network in
23 ; ; by S - Fig. 5.103. Bef Iving for 1, red h network with
18. Combine the series voltage sources in Fig. 5.102 into a ::ns gli vollag: ::,Tr?;_‘mg P e nelrork with ¢

single voltage source between points g and b,
" g 3
2 |_ : _ % ' =12V+ 43V - ~8V+
E 4V LI a H,I;——{I’I—T‘]ll—d
e I
-8V 4GV :
o o bo—rfif—

- 12V +

el
-4V + —_24\.!4» +12V -
B
@ 475 .. S m 8 Y ol - B e o3

- 5  FIG.5.102
: Problem 18.
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o R T e - 18V + ' ¥,
. i - 1
7 _ i - iif ,
. e T 470 ¥
! e a2 . k. a i .
! 8V = - ""+20'\". AV = L3 : 120
. 470 560

(a)

FIG. 5.103
Problem 19,

]

sources into a s:ngle source. mdicate the direction of the re-

20. Find the unknown voltage source and resistor fnr the net-
sulting cyrrent.

works in Fig. 5. 104 First combine thé& series voltage

=10V + =12V +

I——wW—
P=8mW i o
t s -
16V 2 2k0 B T4V
e o rs
- il
= of T
d (a) (b)
i i FIG. 5.104
\ Problem 20.
- ¥ ) .\
SECTION 5.6 Kirchhoff's Voltage Law . 22. a. Find the current / for the network of Fig. 5. ‘106
) A ; " b. Find the voltage V;.
M ?;‘:‘:é 2‘:{:‘::& ;i":i;afgslaw' B Dok untuoss vloha.ges e. Find the voltage V) using Kirchhoff's volwgc law.
-4V + -20V+ +22V - + ¥ -
.+ + + + -l *
10v 12V 30V el §V =
- - o - +
R
L = - _ -
= ¥ e +36V -
: (a) . (b ~ ©
. ‘ ) FIG. 5.105
Problem 21.

Introductory, C.- 13A
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FIG. 5.106 i
Problem22,
t -y
23, Using Kirchhoff’s voltage law, determine. the unknown 24 Using Kirchhoff’s voltage law, find the unknown voltages
' voltages for the series circuits in Fig. 5.107. . _ for the configurations in Fig. 5.108.

3 -
(@) )
P e FIG. 5.107 .
Problem 23,
~
+ V- ' B e
——W—o—W—) 34 : ||
Y8 Y an o R
rics I s -
24V = 10V ny = v, 2V
5 L Ry ~
i W —— W — ' 82 W
T OIRO e = SO -3V +
‘ ) () -
; FIG. 5.108 '
- Problem 24.
= ) : , Find the voltage across-the largest resistor u the
SECTION 5.7 Volta:ga.Div{sion in a Series Circuit % ) mlllm;eh l:i.w: dergr:le ¢ i o smg
25, Determine the values of the unknown resistors in Fig. 5.109 -d. Find the voltage across the scries mmbmnuon of resis-
using only the. prov:ded voltage levels. Do not calc.ulatc the tors-R; and R3.
1 ' .
yielicaiel SECTION5.8 Voltage Divider Rule
26, For the cdnﬁgurauon in Fig. 5 K17, with standard resistor
values: 1 Usmg the voltage divider rule, find the indicated whngcs in
4, By inspection, which resmmr w:ll receive the largcst Fig. 5. 1“
share of the applied voltage? Why? 28. I—Js,mgihe voltage divider rule or Klrchhqﬁ s voltage law,
b. How much ]argcr will vu]tagc Vi be compan-,d tn Vz and : determine the unknown voltages for the cnnﬁgurauous in
Y2 s ; i T Rl Fg 5.112. Do not calculate the current!

" . Introductory, C 138
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T W = 4 W ' . - 2 y g e e V!__. +"?J -
+ 1V = + 50V- 4+ 100V- R, R, Ry
100 0 1k 10 k0
% i
- E -—T 60V 4+ W .
-
= FIG. 5.109 FIG.5.110
: Problem 25. : Problen'26.
200
e A A A AAA
- YYY YYy ""_W—'O"—’VW————
4kn 1k0 ¥ MR, T 150
+ ;_ + y 2 2 + < .
0V :-_'-—- wagv + 072V = v <060
- pvE= ) v =
- : 3k I W—o—W
- 2 ' = 050 090
. - ]
@ = (b) ()
% FIG. 5.111
 Problem 27,
ey - +20V - .
3
120 20
+ ; +
— <
E-= 680 <V,
=
(a)
() '

. FG.5.112 .
Problem 28, .
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29. Using the information provided, find the unknown quanti- *33. Find the voltage across each resistor in Fig. 5116if R, =
ties of Fig. 5.113. i 2Ry and Ry = TR,
+ 2V = ¥y - ¥ RV -

B

FIG. 5.113 . :
“Problem 29. -

*30. Usiug'tl}e- voltage c{ividcr.mlc, find the unknuwn- resistance
for the configurations in Fig. 5.114. ) FIG. 5.116
: _ Problem 33. -

- 22k0 18 k0

4 = I .

#3d.-a. Design the.circuit in Fig. 5.117 such that Vg,=
3V};l and VRJ = 4'/‘:;!

b. [f the current is reduced to 10 A, what are the new val-.

ues of Ry, Ry, and R+? How do they compare to the re-

. sults of part (a)?

-
Ja) 4
10 mA
+ ERVINn . E
4 l Ny /.l 5
140V = wov S 6M0 { E==6v .
e + ] _ T
_.h. -
— L] - "
= R ’ . :
(b) & ' 5’3 'FIG.5.117
Problem 34.
FiG. 5.114
Problem 30.

31. a. Design a voltage divider circuit that will permit the use SECTION 5.10 Notation

of an 8.V, 50 mA bulb in an automobile with a 12V = 35, Determine the voltages Vi, Vi and v,., for the mlwork;s in
electrical systert. 3 Fig. 5.118.

" b. What is the minimum wattage rating of the chosen re-
36. ‘a. Determine the current [ (with direction) and Lhe \rolmge
sist 1/4 W, 1/2W, and 1 W th ? x
istor if ‘ feaistbes, are-apaiiable] V (with polarity) for the ne,lworks in Fig. 5.119.

%32, Design the voltage divider ip Fig. 5.115 such that b P e voltage Ve
Vg, = 1/5Vg,. Thati .
Sl e find 8, andiy 37.. For the network in Fig. 5. 120 delermms the voltages:

. _ R G A T
i s el e e h Vabs Vae: Vb ;
: E iy iRy, 3 Voo Var -
AAA i ! Yy 3 ' . -
:mT A Lox y ‘3& Gwl:n themfonnauonnppemng in Fig. 5. 121 ﬁnd the level
; i : i of resistance for R and Rj.
F1G. 5,115 . : : . " '$9. Determine the values of Ry, Ry, Ra, and R, for the voltage

Problem 32. - R . divider of Fig. 5.122if the source current is 16 mA.
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% . . . +12V

; By -- 16
- S |—T—{ I—ov
e ' ) II - +. ll ’ Rl
R —_—Y .
- ; I— +4V
w . R; 8O
Sy
- =4V
-
Ry
£ -8V
g r
+ W=t FIG.5.121
14V — Problem 38.
+48V
+12V
S av CEE=
L+ OV lll |!| .
| | 0 i
=L >
" = -v?.{]\' .
= G -
- . O FIG. 5.122 :
FIG.5.118 . : Problem 39. *
P;ob!ezp'ﬂ, o P ' :
; - * 40, For the network in Fig. 5,123, dctermmc the-voltages:
160V : . ' " B Va. Vb, V Vd .
’ ' ] ; 3 b, Vap Ve Vea
180 C. VM Vw
a
i . . . '
20 : 2k _T_ - .
j : =8V .
20V +100V T3
(a) . y
FIG. 5.119 P

Problem 36.

FIG. 5.123
Problem 40. °

*41. For the integrated circuit in Flg 5.124, determine Vj, V;.
. Vi, Vig, Vas, Vag, Ve, Ve, and [ (magnitude and direction.)
FIG.5.120 : - _*®43, For the integrated circuit in F'lg 5.125, determine Vo, Voa
Problem 37. ] Vg. Vi, Vu.-and I
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2V, =
i FIG. 5.124
Problem41.
E __30\" iy : ! \'llk.ﬂ.
- l;na B
FIG. 5.125
Problem 42,

SECTION 5.9 Voltage 'chumion and.the Internal
Resistance of Voltage Sources

43. a. Find the internal resistance of a battery ‘that has a no-

load output of 60 V and that supplies a full-load current
. of2Atoaload of 28 1),

b. Find the voltage regulation of the supply.

44. a. Find the voltage to the load (full-load conditions) for

the supply in Fig. 5.126.
b. Find the voltage regulation of the supply,
e. How much power is supplied by the source and lost to
the internal resistance under full-load conditions?

#

_Rhl- 43 m0),

it

FIG. 5.126
Problem 44,

-S=-

SECTION 5.10 Loading Effects of Instruments

45. a. Determine the current through the circuit in Fig, 5.127.
b. If an ammeter with an internal resistance of 250 £} is in-
serted into the circuit in Fig. 5.127, what effect will it
have on the current level? .
¢. Is the difference in current level a major concern for
most applications?

[}
I
fory
<
AAA
YYy-
o
o0
E

FIG. 5.127
Probiem 45,

SECTION5.11 Computer Analysis

46. Use the computer to verify the résults of Example 5.4,
47. Use the computer to verify the results of Example 5.5.
48. Use the computer to verify the results of Example 5.15.

GLOSSARY

Circuit A combination of a number of elements joined at termi-
nal points providing at least one closed path through which
charge can flow. ;

Closed loop Any continuous connection of branches that allows
tracing of a path that leaves a point in one direction and re-

* tums to that same point from another direction without leay-
ing the circuit. _— £

Internal resistance The inherent resistance found internal to
any source of energy. :

Kirchhofts voltage law (KVL) The algebraic sum of the po-
tential rises and drops around a closed Ioop (or path) is zero, -

Protoboard (breadboard) A flat board with a set pattern of
conductively connected holes designed to accept 24-gage wire
and components with leads of about the same diameter,

Series circuit” A circuit configoration in which the elements
have only one point in common and each terminal is not con-
nected to a third, current-carrying element. |

Two-terminal device Any element or component with two ex-
ternal terminals for connection to a network configuration,

‘Voltage divider rule (VDR) A method by which a voltage in a

series circuit can be determined without first calculating the
current in the circuit,

Voltage regulation (VR) A value, given as a percent, that pro-
vides an indication of the change in terminal voltage of a sup-
ply with a change in load demand. '

=
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6.1 INTRODUCTION -

PARA'_.[El dc Circuits

s

. Become familiar with the characteristics of a

-

parallel network and how to solve for the voltage,
current, and power to each element. '

« Develop a clear understanding of Kirchhoff's
current law and its importance to the analysis of
electric circuits.

. Become aware of how the source current will split
between parallel elements and how to properly
apply the-current divider rule.

« Clearly understand the impact of open and short
circuits on the behavior of a network.

« Lgarn how to use an ohmmeter, voitmeter, and
ammeter to measure the important parameters of
a parailel network.

'

-

Two network configurations, series and parallel, form the framework for some of the most
complex network structures. A clear understanding of each will pay enormous dividends as
more complex methods and networks are examnined. The series connection was discussed in
detail in the lastchapter. We will now examine the parallel circuit and all the methods and

laws associated with this important configuration.
) 7 o

6.2 PARALLEL RESISTORS

The term parallel is used so often to describe a physical arrangement between two elements

that most individuals are aware of its general characteristics.

In general,

two eleménts, branches, or circuits are in parallel i they have two points in common.

For ins'tancé, in Fig. 6.1(a), the two resistors are in paralle] because they are connected at
points a and b. If both ends were no? connected as shown, the resistors would not be in paral-
lel. In Fig. 6.1(b), resistors R, and R; are in parallel because they again have points a and b in
common. R, is not in parallel with R; because they are connected at only one point (b). Fur-
ther, Ry and R; are notin »ries because a third connection appears at point b. The same can
be said for resistors R, and Rs. In Fig. 6.1(c), resistors R, and R; are in series because they
have only one point in common that is not connected elsewhere in the network. Resistors Ry
and R; are not in parallel because they have only point a in common. In addition, they are not
in series because of the third connection to point a. The same can be said for resistors R, and
R;. In a broader context, it can be said that the series combination of resistors Ry and R; is in
parallel with resistor Ry (more will be said about this option in Chapter 7). Furthermore, even
_though the discussion above was only for resistors, it can be applied to any two-terminal ele-
ments such as voltage sources and meters.
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1PI

a
=
R =
Akk ks
r
> > ! R
/RS RS al 1t Mi _ b Ry
' R s
N LS
b
c
@ 0} oo ©
: FIG. 6.1

(a) Pa-m.l'!s! resistors; (b) Ry and Ry are in parallel; (c) Ry is in parallel with
‘ : * the series combination of R) and R,

On schematics, the parallel combination can appear in a number of

ways, as shown in Fig. 6.2. In each case, the three resistors are in paral-
lel. They all have points a and  in common.

2t
a a et
B EE B EE R EE Ry EE Ry E: Ry EE TR
: - -
b
(a) (b) (c)
' FIG. 6.2
& Schematic representations of three parallel resistors.
. For .rcsislors in parallel as Qhown in Fig. 6.3, the total resistance is de-
‘termined from the following equation:
T BT 1 ;
S e — o — »
-Rr Ry, Ry, Ry - Ry ke
Since G = 1/R, the equation can also be written in terms of conductance
levels as follows;
[ET =G +G,+ G+ + GN] (siemens, S)  (62) -
Rl i MZ :
" - ; §
FIG. 6.3

5 s - Paraliel combinarion of resistors.



ST, . - : Ry Y, =
o e e A

which is an exact match in format with the equation for the total resis-
tarice of resistors in series: Ry = Ry + Ry + Ry + -+ + Ry. The result
of this duality is that youcan go from one equation to the other simply
by interchanging R and G. - S

in general, however, when the total resistance is desired, the follow-
ing format is applied: : '

' 1
Ry =
T _1—+q1- .1—++_l-.. (63)
Ri R, Ry - Ry

Quite obviously, Eq. (6.3) is not as “clean” as the equation for the total
resistance of series resistors.You must be careful when dealing with all
the divisions into 1, The great feature about the equation, however, is
that it can be appliéd to any number of resistors in parallel.

EXAMPLE 6.1

a. Find the total conductance of the parallel network in Fig. 6.4.
‘b. Find the total resistance of the same network using the results of

part (a) and using Eq. (6.3).

Solutions: ;
{20 B : B T
i = —— = —= ), 'S' = e = — = (),167
o Giy T 03338, G5 *5H 0.1678
and Gy = G, + Gy = 03338 + 01678 =058
: 1 TRapee : _
b. RT.—E;—MS»zn
Applying Eq. (6.3) gives . »
@ i 1
BB 5 T TP
Ry Ry 300 60 -
1 1
= 03338 +0.167S 05 e
EXAMPLE 6.2

a B.y inspection, which parallel element in Fig. 6.5 has the least con-
ductance? Determine the total conductance of the network and note
whether your conclusion was verified. & .

O

=

r A P
— R /=20 R, 22000 3,5,,

FIG. 6.5
" Parallel resistors for Example 6.2.

” PARALLEL RESISTORS 11/ 189

FIG. 6.4
Parallel resistors for Example 6.1.

* ¢
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b. Determine the total resistance from the results of part (a) and by ap-
plying Eq. (6.3). 4
- Solutions:

& Since.the 1 ki) resistor has the largest resistance and therefore. the
largest opposition to the flow of charge (level of conductivity), it
will have the lowest level of conductance:

v 1 1 S
=—=—=(, = = o e — % =5
G, RET; _oss G‘-R; 0010 0.005 S mS

=0001$ = 1 m§

Gr =G, +G2.+G3='0.SS+5.mS + 1 m8§

Note the difference in conductance level between the 2 £ (500 mS)
and the 1 k£ (1 mS) resistor.

Applying Eq. (6 3) gives
1 1

B S T 1 1

—_+—

R "R R, 20 2000 Tx0

i, 1 iz 1 =3 : )
T 055 +00055 +0001S 05065 - 80

EXAMPLE 6.3 Find the total resistance of the configuration in Fig. 6.6,

Y
- Ry
o AWy
50
i RS 40
™ Ry >
» 'k

ok

- FIG. 6.6
Network 1o be investigated in Example 6.3.

Solution: First the network is redrawn as shown in Fig. 6.7 ta clearly -
" demonstrate that all the resistors are in paralle], '

¥ . Applying Eq. (6,3) gives
1 1
. 1  CTRE BT I | 1 il
; —F = Ly}
v T R B m~Ta iatsn
om ! . =0.69 0

C18¥0258+025 1458
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O
- -
= R=10 R, 240 R, =50
T
"
=,
FIG. 6.7

Network in Fig. 6.6 redrawn.

If you review the examples above, you will find that the total resis-

* tance is less than the smallest parallel resistor. That is, in Example 6.1,

" 2 is less than 3 0 or 6 . In Example 6.2, 1.976 (1 is less than 2 £,

100 0, or 1 kf); and in Example 6.3, 0.69 ) is less than'1 (1, 4 (), or
5' (). In general, therefore,

the total resistance of parallel resistors is always less than rhe mlue
of the smallest resistor.

This is particylarly important when you want a quick estimate of the
total resistance of a.parallel combination, Simply find the smallest
value, and you know that the total resistance will be less than that
value. It is also a great check on your calculations. In addition, you
will find that -

if the smallest resistance of a pam!lel combination is much smaller
than that of the other parallel resistors, the total resistance will be
very close to the smailest resistance value. i

This fact is obvious in Example 6.2, where the total resistance of
1.976 () is very close to the smallest resistance of 2 .

Another interesting characteristic of parallel resistors is demonst.rawd
in Example 6.4.

EXAMPLE 6.4

a. What is the effect of adding another resistor of 100 !'l in parallel
with the parallel resistors of Example 6.1 as shown in Fig. 6.87

b. What is the effect of adding a parallel 1 {} resistor to the configura-

" " tion in Fig. 6.8?

(o

— =30 R, S60 R SI1000
Rr 1‘ 2 _3:,.
O

_ FIG. 6.8
Adding a paraliel 100 () resistor to the nefwork in Fig. 6.4.

PARALLEL RESISTORS |11 191
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Solutions:
a. Applying Eq. (6.3) gives
1, I

RTINS Y W g
Rl R, Ry 30 60 1000
1

= { = 1.96 )
0.333S +0.167S + 0.010S _ 0.510S

The parallel combination of the 3 £ and 6 () resistors fesulted
in a total resistance of 2 { in Example 6.1, The effect of adding a
resistor in parallel of 100 £ had little effect on the total resistance
because its resistance level is significantly higher (and conductance
level significantly less) than that of the other two resistors. The total
change in resistance was less than 2%. However, note that the.total
resistance dropped with the addition of the 100 Q resistor, -

b. Applying Eq. (6.3) gives : :

PR P M OB e N BN
Ry -By By 'Re 3860 1008.°10
1 ] 0.66 )

T 0333S +0.167S + 00108 + 1S 0518
The introduction of the 1.0 resistor reducéd the total resistance

from 2 £ to only 0.66 2—a decrease of almost 67%. The fact that

the added resistor has a resistance less than that of the other parallel -
elements and one-third that of the smallest contributed to the signif--
icant drop in resistance level.

In part (a) of Example 6.4, the total resistance dro.pped from 2 () to
1.96 . In part (b), it dropped to 0.66 (). The results clearly reveal that

the total resistance of parallel resistors will alwa ys drap as new
resistors are added in parallel, irrespective of their value.

Recall that this is the opposite of what occurs for series resistors, where
additional resistors of any value increase the total resistance.

For equal resistors in parallel, the equation for the total resistance
becomes significantly-easier to apply. For N equal resistars in parallel,
Eq. (6.3) becomes : - '

¥

1z 15 1
o LR &
R RTR Ry
sy
' WIS T
Ha)
d Ry & 64
an , o, I S -

In other words, - -~ . _
the total resistance of N parallel resistors of equal value is the resisiance

of one resistor diyided by the number (N) of parallel resistors: .
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F 3 d '

—

- EXAMPLE 65 Find the ota rsistance of the parallel resistors in Fig. 6.9

o—
j - ._ : , o >
= nER0  RZT 1O . n;i;:?n
O
FIG.6.9 )
. Three equal parallel resistors 10 be investigated in Example 6.5.
: i ; y ; X . o = :
Solution: Applying Eq. (6.4) gives . ; ; ' ALl _ ‘ ;
B B0 R oy P ' :
ey Rp=—=-—=40
g4 L e L <5 .
“ EXAMPLE 6.6 Find the total resistance for the configuration in Fig, 6.10.
R 220
o— g
T - Ry g
1 ; 2 F ¥
g : L. mZi0 mF0 AZ0 RZ20 -
Ry - . > y
L ;
»Oo——
FIG. 6.10 : . FIG. 6.11
Parallel configuration for Example 6.6. Network in Fig. 6.10 redrawn.

" Solution; Redrawing the network results in the 'pafallcl network in !
‘Fig.6.11. : A T ;
.Applying Eq. (6.4) gives ' :

R;r=

20) . -
'-4———0.5In

zl=

Special Case: Two Parallel Resistors

In the vast majority of cases, only two of three parallel resistors will

have to.be combined. With this in mind, an equation has been derived for N
two parallel resistors that is easy to apply and removes the need to con-

tinually worry about dividing into 1 and possibly misplacing 2 decimal

point. For three parallel resistors, the equation to be dérived here can be
- applied twice, or Eq. (6.3) can be 0sed.
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; For two parallel resistors, the total resistance is determined by
. Eq. (6.1):

Rr R R,

Multiplying the top and bottom of each term of the right side of the
cquation by the other resistance results in

;A (Rg)l (R.)l. R, . R
Aol et )+ —
Rr \Ry/Ry " \R/ /R, R, RR,
_1_"_R2 + Ry
Rr  RR,

RiRy | ; g

= . Inwords, the equation states that

: the total resistance of two parallel resistors is simply the product of
their values divided by d_wir sum,

EXAMPLE 6.7 Repeat Example 6.1 using Eq. (6.5).
So!ut!on: Eq. (6.5) gives .
RiRy  (3O)(60) 18 ﬂ

"R +R, 30460 gi=20

which matches the earlier solution.

EXAMPLE 6.8 Determine the total resistance for the pa'rallel combina-

tion in Fig. 6.7 using two applications of Eq. (6.5). -
kgin Solution: Firstthe 1 Qand 4 ) resistors are combined using Eq. (6.5), °
. resulting in the reduced network in Fig. 6.12; © =~ -

i Bl - SISOl v
Eq’(s"*)'RT_R,-mf10.+4n'=5ﬂ*0'm

'~ FG.6.12
Reduced equivalent in Fig. 6.7. : Then Eq. (6,5) is applied again using the equivalent value:

RrR _(080)(50) 4 s
RT+R; 080 +50 s.an ~ o8

The result matches that obtained in Example 6.3.

Rr=

Recall that series elements can be interchanged without affecting the
magnitude of the total resistance, In pa_fajlel networks,

parallel resistors can be interchanged without affecting the total
Thejnex: example demonstrates this and revea]s'hcfwradmwing. a

‘network can oftenr define which operations or equations should be
applied. =~ . 5, i . '
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EXAM 6.9 Determine: the total resistance of the parallel elements
in Fig. 6.13. ; '

_ ! PARALLEL RESISTORS [11 185

Substituting values gives

(OkR)(12kA) 108, .
B - 5 ek

=
o ;
— o < < <
Ry e o7 L. Ry Rl::ﬁﬂ Ry =60 Rs::ﬁﬂ Rg::gﬂ Ry=720)
RZ60 /ZTIO R,E:ﬁﬂ RINORZTEN : ' '
; . .
— e——
o= A " Ry o R’z ;
FIG. 6.13 . : FIG.6.14 -
Parallel network for Example 6.9. Redrawn nelwork in Fig. 6. 13 (Example 6.9).
Solution; The network is redrawn in Fig. 6.14.
R 64 *
(6.4): Rpy=—=—=2
- RoR 90)(720Q) 648 2
Eq. (6.5): R} = —— BCLUIUILEE B e S
Ro+Rs 90 +72Q 81 - =
Lot e @ONEQ) 15
.(6.5): Rr= = =—00=1L
Eq.(65) Rr= o pr = 70480 10 168
The preceding examples involve direct substitution; that is, once
the proper équation has been defined, it is only a matter of plugging'in
the numbers and performing the required algebraic manipulations.
The next two examples have a design orientation, in which specific,
network parameters are defined and the circuit elements must be 2
dctcrmindd._ ' %
EXAMPLE 6.10° Determine the value of R, in Fig. 6.15 to establish a °
total resistance of 9 k(). ° *
_ Solution: mosw A EE 12k0 Ry .
RR
Rp= o L
Ry + Ry o-
Rr(Ry + Ry) = RiRy .
R7Ry + RrRy = RiRy FIG. 6.15
RrR, = RiRy — RrRy Parallel nerwork for Example 4.10.
RrR, = (R = R)R;
RrRy
d Ry=——
= 2 Ry — Ry



1;6 I1] PARALLEL de CIRCUITS | ' ) I . 2 i ' Pl

EXAMPLE 6.11 Determine the values of R, Ry, and Ry in Fig. 6.16 if
. . Ry = 2Ry, Ry = 2R;, and the total resistance is 16 k(. '
Re=l6k) 2R R, IR Solution: Eq.(6.1) states _ '
' I W T
5 . . . R R R R;
FIG. 6.16 However, Ry =2R, and Ry =2R;= 22R,) = 4R,
Parallel network for Example 6.11, e 1 1 1 1
- 3 fo G - sothat 3 *I-G-m=a+2—m+zR—l
e =k ALY L)
16k R, 2\R, /" #\R
or 16_1:"6 = 1.75(‘%)
resulting in 'Ry = 1.75(16 kQ2) = 28 k)
50 that ; Ry = 2R) = 2028 k() = 56 k()
and Ry = 2R, = 2(56 k) =112 kQ
Analogies

- ~ Analogies were effectively used to introduce the concept of series ele-
ments. They can also be used to help dafine a parallel configuration. On
a ladder, the rungs of the ladder form a parallel configuration. When
ropes are tied between a grappling hook and a load, they effectively ab-
sorb the stress in a parallel configuration. The cables of a suspended
mac'l'way form a parallel configuration. There are numerous other analo-
gies- that demonstrate how connections between the same two points
permit a distribution of stress between the parallel elements.

Instrumentation

As-shown in Fig. 6.17, the"total resistance of a parallel combination of
resistive elements can be found by simply applying an ohmmeter, There
is no polarity to resistance, so either lead of the ohmmeter can be con-
nected to either side of the network. Although there are no supplies in
Fig. 6.17, always keep in mind that chmmeters can never be applied to a
“live” circuit. It is not enough to set the supply to 0V or to turn if off. It
may still load down (change the network configuration of) the circuit
and change the reading. It is best to remove the supply and apply the

e ——— -

"Rr=4370 RIEIKN R W22k0 Ry E12K0

& -FIG. 6.17 :
Using an ohmmeter to measure the iotal resistunce of a parallel network,
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ohmmeter to the two resulting terminals. Since all the resistors are in the ; "‘*‘“ :
kilohm range, the 20k{) scale was chosen first. We then moved down to :
the 2 k(1 scale for increased precision. Moving down to the 200 () scale
resulted in an “OL” indication since we were below the measured resis-
tance value.

6.3 PARALLEL CIRCUITS

_A paralfel circuit can now be established by cormecting a supply across
a set ofparallel resistors as shown in Fig. 6.18. The positive terminal of
the supply is directly connected to the top of each resistor, while the neg-
ative terminal is connected to the bottom of each resistor. Therefore, it
should be quite clear that the applied voltage is the same across each re- ' FIG. 6.18
sistor, In general, - . Parallel network.

the valtage is always the same across parallel elements.

Therefore, remember that '

if two elements are in parallel, the voltage across them must be the
same. However, if the voltage across two neighboring elements is the
same, the two elements may or may riot be in parallel.

The reason for this qualifying comment in the above statement is dis-
cussed in detail in Chapter 7. ; )
For the voltages of the circuit in Fig. 6.18, the result is that

o

Once the supply has been connected, a source current is established «
through the supply that passes through the parallel resistors. The current S g, o LEDCHD 4550
that results is a direct function of the total resistance of the parallel cir- L Tkl +3k0l
cuit. The smaller the total resistance, the greater'is the current, as oc- Equivalent resistance
curred for series circuits also. _, -

Recall from series circuits that the source does not “see” the parallel
combination of elements. It reacts only to-the total resistance of the cir- FIG.8.19
cuit, as shown in Fig. 6.19. The source curreat can then be determined  Replacing the parallel resistors in Fig. 6.18 with the
using Ohm'’s law: - P Lk : _ equivalent total resistance.

5 ¥
Is Ry (6.7)

Since the voltage is ihé same across parallel elements, the current
through each resistor can also be determined using Ohm's law. That is,

Vi E Vz E
h=—t=Z  ad IL=—=— 6.8
1= R R 2R, R (6.8)

The direction for the currents is dictated by the polarity of the voltage
across the resistors. Recall that for a resistor, current enters the positive
side of a potential drop and leaves the negative side. The result, as shown
in Fig. 6.18, is that the source current enters point a, and currents [} and
1, leave the same point. An excellent analogy for describing the flow of
charge through the network of Fig. 6.18 is the flow of water through the FIG. 8.20
paraliel pipes of Fig. 6.20. The larger pipe, with less “resistance” to the Mechanical analogy for Fig, 6.18.

Aatroductory, C.. A




198 || PARALEEde CIRCUITS

f

! . | 1Pl

flow of water, will have a larger flow of water, through it. The thinnef
pipe, with its increased “resistance” level, will have less water flowing

‘through it. In any case, the total water entefing the pipes at the top Jr

must equal that leaving at the bottom, with @r = @ + Qa.

‘The relationship between the source current and the parallel resistor
currents can be derived by simply takmg the equation for the total resis-
tance in Eq. (6.1);

Y. & .

— —

Rr Ry R,
Multiplying both sides by the applied voltage gives .

1 Lot
Bl =] w2
(Rr)_ E(Rl Rz)

resulting in

R,
Then note that E/R, = I, and E/R, = I, to obtain

The result reveals a very important property of parallel circuits: -

For smgfe-source parallel networks, the source current (1) is always
equal to the sum of the individual branch currents.

The duality that exists between series and parallel circuits continues to

- surface as we proceed through the basic equations for electric circuits.

This is fortunate because it provides a way of nemémbermg the-charac-
teristics of one using the results of another. For instance, in Fig. 6.21(a),

- we have a parallel circuit where it is clear that Iy = I} *+ I. By simply

replacing the currents of the equation in-Fig, 6.21(a) by a voltage level,

* as shown in Fig. 6.21(b), we have Kirchhoff’s voltage law for a series

circuit: £ = V; + V5. In other words, .

Jor a parallel circuit, the source current eg'ruafs the sum of the branch
currents, while for a series circuit, the applied voltage equals the sum

g af the vqkage drops. : .

V- i

R "R

Duality

I

E=V1¢'Vz

-

{T=,11’12
@ AR T

FIG. 6.21
Deman.rrm:mg the duality :fmr exists be:ween series and pamifel cfmuus

Introductnrv, C.- 14B
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EXAHPLEG 12 For the pa.railcl ne:wor_k in an 6 7 i T li o™ l-': ®
‘A Find the to:al«remtance ' -+ \
b - < <
EE2V  gITOV R8OV,

b. Calculate the source cyrrent. .
¢. Determine the current through each parallel branch. &

d. "Show that Eq. (6.9) is satisfied, . . g e , -
%) . p ¥ _ Ry = -
Solutions: _
a. Using Eq. (6.5) gives : d FIG. 6.22
. e RiR, (9 Q)08 ﬂ.) 162 6 Gd famllei nerwark for Example tf.JZ.
T R+ Ry “en+isn 27
b. Applying Ohm'’s law gives
E 21V §
= e —— =,
: .!’. Rr 60 5 A
¢. Applying Ohm’s law gives
% V, E. 27N .
L=t == =34
AR Ry S0
V,» E _2IV " 5
k=%, Rz."mn"_l'“ y
d. Substituting values from parts (b) and (¢) gives o
I =45A=h+L=3A+15A=45A  (checks) Mty .
EXAMPLE 6.13 For the parallel network in Fig. 6.23. . | i . 3
: : e I 15 A
a. Find the total resistance. | - L 5 l I 1 : : ’ l'i
b. Calculate the source current. : : put e e <
‘. Determine the current through each branch. . EZMV RZ 100 Ry =200 Ry 312k
Solutions: : E
a. ApplyingEq. (6.3) gives ‘_ < ' = :
' i e y  FIG.6.23
Ry = i : - W q = - * Parallel network for Example 6.13,~

—t + -
R Ry Ry 100 2200 12k
’ 3 ' 1 1
~ 100 % 107 +4545x10“3+0833><10‘3 105.38 X 107*
Rr=949Q
Note that the total resistance is leis than that of the smallest parallel s ' ' &

resistor, and its magmtude is very close to the resistance of the
smallest resistor because the other remstors are larger by a factor

greater than 10: L.

b. Using Ohm's law gives
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¢. Applying Ohm's law gives

Vi E 24V
- A ARV
h= e =% "% A
V, E _ 24V
Em=—= 11 A
f R R 200 ™
Vi E 24V ;
=2== — = 0.02
o R A

IPI

_A careful examination of the results of Ex ample 6.13 reveals that the

larger the parallel resistor, the lower is the branch current. In general,

therefore, i

Jor parallel resistors, the greatest current will exist in the branch with

the least resistance.
A more powerful statement is that

current always seeks the path of least resistance.

L "'.1 {_. 3 ‘
'R?‘:‘_ﬂ' lf|=4}\ If}
+
E J—_ SRS100 R, ZT00 g

% 4

FIG, 6.24°
Farallel network for Example 6.14.

. Determine, R;.

. Find the applied voltage E.
. Find the source current 1.
. Find I,

an orp

Solutions:

a. Applying Eq. (6.1) gives

Lk g b oL
Ry B B B
Substituting gives L—v—1—+ ! +i
BBV e wa T naty
5 1
sothat 025§ =018+ 0058 + =
: 3
and 0258 =015+ =
: R
1
. with — ={.1
wi RS S
1
.and Rg—-F—IUQ

EXAMPLE 614 Given the information provided in Fig. 6.24:

: E 40V
c. . ===
L T 10A
d. -Applying Ohm's law gives
g Vs E 40
h=—"="=—"_29
*T B R0l A
Instrumentation

In Fig. 6.25, voltmeters have been connected to verify that the voltage
across parallel elements is the same. Note that the positive or red lead of
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each voltm&r is connected 10-the high (positive) side of the voltage
across each resistor to obtain a positive reading, The 20V scale was used
because the applied voltage exceeded the range of the 2 V scale.

: =

FIG. 6.25
Measuring thé veltages of a parallel dc network.

In Fig. 6.26, an ammeter has been hooked up to measure the source
current. First, the connection to the supply had to be broken at the posi-
live terminal and the meter inserted as shown. Be sure to use ammeter .
terminals on your meter for such measurements. The red or positive lead " ; % d
of the meter is connected so that the source current enters that lead and : j
leaves the negative or black lead to ensure a positive reading. The 200
mA scale was used because the source cuprent exceeded the maximum *
value of the 2 mA scale. For the moment, we assume that the internal re-
sistance of the meter can be ignored. Since the internal resistance ofan - ¢ ¢ - _ -
ammeter on the 200 mA scale is typically only a few ohms, compared to -
the parallel resistors in the kilohm range, it is an excellent assumption. . ' *

&,

R 8 1x0 R R 3K0

. FIG.626 . . -
Measuring the source current of a parallel network.

v

A more difficult measurement is for the current through resistor R;.
This measurement often gives trouble in the laboratory session. First, as
- shown’in Fig. 6.27(a), resistor Ry must be disconnected from the upper
cormection point to eftablish an open circuit. The ammeter is then in-
serted between the resulting terminals so that the current enters the pos- .
itive or red termindl, as shown in Fig. 6.27(b). Always remember: When R
using an ammeter, first establish an open circuit in the branch in which :
the current is to be measured, and then insert the meter.
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(®) . b -
. FIG. 6.27
Measuring the current through resistor R).

The easiest measurement is for the,current through resistor Ry. Break

the connection to R; above or below the resistor, and insert the ammeter

- . with the current entering the positive or red lead to obtain a positive
reading.

6.4 POWER DISTRIBUTION
IN A PARALLEL CIRCUIT -

Recall from the discussion of series circuits that the power applied to a
series resistive circuit equals the power dissipated by the resistive ele-
ments. The same is true for parallel resistive networks. In fact,

for any network composed of resistive elements, the power applied by
- L the battery will equal that dissipated by the resistive elements.

For the parallel circuit in Fig. 6.28:

Pg = Pp, + P, + Pp, (6.10)

. which is exactly the same as obtained for the series combination,
" £
, o #
i
- 3 g 4
fT"_' l-" 1 ,zfz - l":
5 . 2 ”
_.l_ >
E = ¥ E:Rl Va :-Rz " Vi S8y
i g .
< FIG. 6.28

- . Power flow in a dc parallel network, .
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, The power delivered by the source in the same: o s “p
FE] twsw G 3

as is the equation for the power (0 each resistor (shown for Ry only): _ =

PI. o Vlfl x o f],Rl

R (watts, W) (6.12)

Jel circuit will be the same., . The only factor- _that changes is the resistance’

In the equation P = V"/R the voltage across each resistor ina parai- ' ” QL g[_ L8
i

‘in the denomznator of the equation. The result is that 5

ina pm!!el resistive network, the larger the res;sror, the less is the \ _'_

power absorbed. - : N Q-
N :

EXAMPLE 6,15 For the parallel network in Fig. 6.29 (all standard ‘ S

values): - : s

Determine the total resistance Ry

_ Find the source current and the current 1hroush each resistor.
Calculate the power delivered by the source. :
Determine the power absorbed by each-pa.ranel rcnstor

Verify Eq. (6.10).

o oo g

L o R T

e S R

=13 R, Z 1.6k Ry EE 20k0 © Ry 236k
Pg” .l- :
e o
'FIG. 6.28
Pa'rail'e! network for Exangule 6. }5
Soluﬁans'

a. Without making a single calculation, it should now be apparent
from previous examples that the total resistance is less than 1.6 kQ
and very close to this value because of the magnitude of the other
resistance levels:

1 T _
& AN by 2 ik et i
Ry Ry R; 1.6kQ 20kQ 56k '
: 1 ill)

T 625 x 1076 + 50 X 1078 + 17.867 X 107¢ = $92.867 X 107

- andRr= 1.44 k) : . )
b. Applying Ohm's law gives ‘
* E 28V

I'H’E-ﬂ..w- 19.44 mA
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1 - 4A S)rslr.:u.
complex ‘.;, 10A
network,
Junction s
3 -

"\
i -ﬁ&-u S

R 32'2/7"‘
: f\

FIG. 6.30

Introducing Kirchhaff's current law,

543.2 mW = 490 mW + 39.2 mW + 14 mW = §43.2 mW (checks) .

1Pl

Recalling that current always seeks the path of least resistance
immediately tells us that the current through the 1.6 k) resistor
will be the largest and the current through the 56 k{) resistor the
smallest. ,

Applying Ohm's law again gives

h_£g_ 2v

haﬁl H-WIIZSMA
Va E 28V

fg'};‘iz- 20%0 14 mA :
Vi E 28V

h= &~ ™6 = 05mA

c. Applying Eq. (6.11) gives :
Pg = El, = (28 V)(19.4 mA) = 5432 mW

d. Applying each form of the power equation gives «
Py =Vily = El, = (28V)(17.5 mA) = 490 mW .
Py = 3R, = (1.4 mA)? (20 kQ2) = 39.2 mW
Vi E? (V)

= =14
Ry Ry, S6k0 adid

Py

A review of the results clearly substantiates the fact that the larger
the resistor, the less is the power absorbed. '

e’ Pp = PR; + PR! 4R PR;

4 -

=

KIRCHHOFF’S CURRENT LAW s
In\the previous chapter, Kirchhoff's voltage law was introduced, provid-
ingha very important relationship among the voltages of a closed path,
Kirchhoff is also credited with developing the following equally impor-
tant relationship between the currents of a network, called Kirchhoff's
current law (KCL); : '

The algébraic sum of the currents entering and leaving a Junction (or
region) of a network:is zero.

The law can also be stated in the following way:

The sum of the currents entering a junction (or region) of a network
mustequal the sum of the currents leaving the same junction (or

region), o A
In equatigq form, the above statement can be written as follows:, -

with J; representing the current entering, or “in" and I, representing the -
current leaving, or “out.”’

In Fig. 6.30, for example, the shaded area can enclose an entire sys-
tem or a complex network, or it can simply provide a connection point
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(Juncuonj for the displayed currents In each case, the current entering
must equal that leaving, as required by Eq. (6.13):
I =21,
I 1+ Iy = L+ 15
4A+BA=2A+10A
12A =12 A (checks)

The most common application of the law will be at a junction of
two or more current paths; as shown in Fig. 6.31(a). Some students
have difficulty initially determining whether a current is entering or
lcavmg a junction, One approach that may help is to use the water ana-

log in Fig. 6.31(b), where the junction in Fig. 6.31(a) is the small
bridge across the stream. Simply relate the current of /) to the fluid

~

flow of @), the smaller branch current /5 to ‘?-. water flow Q,, and the

larger branch current /3 to the flow Q3. The Water arriving at the bridge
must equal the sum of that leaving the bridge, so that 0; = 0, + Os.

Since the current /; is pointing at the junction and the fluid flow Q, is

toward the person on the bridge, both quantities are seen as approach-
ing the junction, and can be considered enrering the junction. The cur-
rents I, and I3 are both leaving the junction, just as Q; and Qj are
leaving the fork in the river. The quanuucs L1 13, O3, and O are there-
fore all leaving the junction,

lmlctlcm\f; = y

h=6A

(8)

FiG.6.31
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1

(a) Demonstrating Kirchhoff's current law; (b) the water analogy for the junction in (a).

In the next few examples, unknown currents can be determined by
applying Kirchhoff’s current law. Remember to place all current levels
entering the junction to the left of the equals sign and the sum of all cur-
rents leaving the junction to the right of the equals sign.

In technology, the term nogde is commonly used to refer to & junction -

of two or more branches, Therefore, this term is used frequently in me
analyses to-follow,

EXAMPLE 6.16 Determine currents /3 and 14 in Fig. 6.32 using Kirch-

hoff"'s current law.
&

Solution: There are two junctions or nodes in Fig. 6.32. Node a has
only one unknown, while node b has two unknowns, Since a single
equation can be used to solve for anly one unknown. we must apply
Kirchhoff’s current law to node a first.

FIG. 6.32
Two-node configuration for Example 6. 16.
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Atnode a

2= 2ZI,
h+h=1h
2A+3A=f3‘5A

At node b, using the result just obtained,

Il = %I,
J;+Is=f4
5A+1A—!4—6A #

" Note that in Fig. 6.32, the width of the blue-shaded regions matches
the magnitude of the current in that region. :

FIG. 633
Four-node configuration for Example 6.17.

Solution: Tn this configuration, four nodes are defined. Nodes a and ¢
have only one unknown current at the junction, so Kirchhoff's current
law can be applied at-either junction.

_ Atnodea :
E!}=—2fo
l= 11 + J';
. | SA=I +4A
and ¢ L=5A-4A=1A
| Atnode :
2 =21, -
fr=1
and i g » )"ufzn‘dA

Usmg the above results at the other junctions results in the fol[owing
_ Atnode b

EI; - En'a
3 L=
and =L =1A
At node d :
' . ZI;'i Ef, "
B+ Iy =1

JA+4A=L=5K
If we enclose the entire network, we find that the enrrent entmng

' :-'fmm the far leftis /=5 A, wh:ie the current leaving from the far right is
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1'5 =5 A The two must be cqual since the net current cntmx’:g any sys-
tem must equal the net curunt lemng

EXAMPLE 6.18 Determine currents /3 and /s in Fig. 6.34 through
applications of Kmhhoff ’s current law.

' ' Solution: Note first that since node b has two unknown quanutles (I

and Is), and-node a has only one, Kirchhoff’s current law must first be
applied to node a, The result is then applied to node b,

Atnode a
4 EI[=2I0
htdy=ly. iy
; 4A+3A=5L=TA
3 ; :
- Atnodedb : . 4
" =3, N e
f3=f4+fs
- j -I1A.=1A+"Ij
, "7 s I=TA-1A=6A £

EXAMPLE 6.19 For the parallel dc network in Fig, 6.35:

a. Determine the source current 1
b. Find the source voltage E.
¢, Determine Rj.

d. Calculate Ry.
fi' { . & ...
; s {8mA fioma . |{2mA
+ Ry = _ -
E -_T— ) R=2K0 Ry : Ry
v
FIG. 6.3

Parallel network for Example 6.19.

" Solutions:

a. First apply Eq. (6. 13) at nodc a. Althaugh node a in Fig. 6.35 may
not initjally appear as a smglc junction, it can be redrawn as
shown in Fig. 6,36, where it is clearly a common point for all the

" branches.

The result is

-

E!;NEI,,
I, -Il +Ig +I3

Substituting values: /, = 8 mA + 10 mA + 2mA =20 mA

Note in this solution that you do not need to know the resistor '
values or the voltage applied. The solution is determined solely by
the current levels, 2 : "

KIRCHHOFF'S CURRENT LAW_ 111 207

I;=3A
-—
Iy ¢V S—"

§
f‘-lﬁ.

. —— SeE,

Iy

pre=r—m b -"I"'.

; Is
. N
FIG. 6.34
Nerwork for Example 6.18.
L 4
L. )
g A
| fr
EZ  RZ RS
FIG. €36

Redrawn network in Fig. 6.35.
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FIG. 6.37
Integrated civcuit for Example 6.20.

~ dropped for a more sophisticated appmch

Pl

b. Applying Ohm's law gives
E=V, =R, = (8 mA)2kQ) = 16 V
c. Applying Ohm's law in a different form gives

V; E 16V
; By = L Iy 2mA 8k0
d. Applying Ohm’s law again gives .
E" 16V
' Ry = 7 = 20mA = 0.8k

The application of Kirchhoff’s current law is not limited to networks
where all the internal connections are known or visible, For instance, all
the currents of the integrated circuit in Fig. 6.37 are known except /;, By
treating the entire system (which could contain over a million elements)
as a single node, we can apply K:rchhoff‘s current law as shown in Ex- *
ample 6.20.

Before looking 4 Example 6,20 in detail, note that the direction of
the unknown current [y is not provided in Fig. 6.37. On many occasions,
this will be true. With so many currents entering or leaving the system, it
is difficult to know by inspection which direction should be assigned to
1. In such cases, simply make an assumption about the direcfion and
then check out the result. If the result is negative, the wrong direction
was assumed. If the result is positive, the correct direction was assumed,

* In either case, the magnitude of the current will be correct. -

EXAMPLE 6.20 Determine I for the integrated circuit in Fig. 6.37.
Solution: A.s.summg that the current /; entering the chip results in the

,fo]lowmg when Kzrchhoff‘s ¢urrent law is applied, we find

I = 31,
Iy +10mA +4mA + 8mA = SmA +4mA +2mA + 6 mA
II+22m.A 17mA -
=17mA - 22mA = -5mA

We find that the direction for [ is ieaving the IC, although the magm

, tude of 5 mA is correct,

As'we leave this important section, be aware that Kirchhoff's current
law will be applied in one form or another throughout the text.
Kirchhoff's laws are unquestionably two of the most important in this -
field because they are applicable to the most complex configurations in
existence today. Thay will not be replaced by a more important law or -

6.6 CURRENT mvmsa;nut;d‘
For series circuits we have the pdwﬂfui tage dmdar ryle for fmdmg

the voltage across a resistor in a series circuit. We now introduce the-

equally: powerful current divider rule (CDR) for ﬁndjnz the current
through a resistor in a parallel circuit,
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In Sectiun 6. 4 it-was pmnted out tl‘lal current will always seek the: : 100
path of least resistance. In Fig. 6.38, for example, the current of 9Ais Pt ANy e
faced with splitting between the three parallel resistors. Based on the ; [ Ch
previous sections, it should now be clear without a single calculation . I=9A S 1000
that the majority of the current will pass through the smallest resistor of E— L Y Y ey
10 £, and the least current will pass through the 1 k() resistor. In fact,
the current through the 100 €1 resistor will also exceed that through the - L} -
1 k{2 resistor. We can take it one step further by recognizing that the re- P
silstance of the 100 () resistor is 10 times that of the 10 §} resistor, The re- ~
sult is a current through the 10 ) resistor that is 10 times that of the 100 . FIG.g.38
 resistor. Similarly, the current through-the 100 ﬂ resistor is 10 times Discussing the manner in which the current
that through the 1 k() resistor. will split berween three parallel branches *
In general : - _ of different resistive value. -

For two parallel elements of equal value, the cun'en! mH divide equally.

For parallel elements with different values, :he smaﬂer the resistance,
the greater is the share of input current.

For parallel elements of different values, the current will split witha . . :
ratio equal to the inverse of their resistance values.

LE 6.21 , s"‘:ﬁ"m
; = .
:. gﬁmeﬂ g::;ﬁnﬁd I; for the network in Fig. 6 39. ; T, I l hmdak l‘ I l
Solutions: . RE60 KT RZI0
a, Since R is twice Ry, the current /; must be one-half I, and .
5 L= % 2& =1mA
) ) FIG. 6.39
Since Ry is three times Ry, the currerit /3 must be three times T, and R P R SaEas
S L=3L=32mA)=6mA . - %' =
~' b. Applﬁng Kirchhoff's currenit law gives
< 3L = 3, '

]3I=I1+fé+f3
=1mA + 2mA + 6 mA'=9mA

Although the above discussions and examples allowed us to deter-
mine the relative magnitude of a current based on a known level, they
do not provide the magnitude of a current through a branch of a parallel
network if only the total entering current is known. The result is a need
for the current divider rule, which will be derived using the parallel
_configuration in Fig. 6.40(a). The current - (using the subscript T'to in-
"dicate the total entering current) splits between the N parallel resistors
and then gathers itself together again at the bottom of the configuration.
In Fig. 6.40(b), the parallel combination of resistors has been replaced
by a single resistor equal to the total resistance of the parallel combina-
tion as determined in the previous sections. ' . .

The current I~ can then be determined using Ohm's law:

14

lT:R_'r
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\'/ . T
= e

(b)
' FIG. 6.40 ’
Deriving the current divider rule: (a) parallel network of N parallel resistors;
(b) reduced equivalen: of part (a). :
. Since the voltage V is the same across parallel elements, the following .
is true: ;
' V=R = bRy = iRy = = LRy

where the product IR, refers to any combination in the series. .
Substituting for V in.the above equation for /7, we have

\(\ ; ! ; . - ) Ry :

R (6.14)

\( : which states that

-+ ' " the current through any branch of a parallel resistive network is equal
o ._L ) to the total resistance of the parallel network divided by the resistance
Y : ' Jof the resistor of interest and mub‘:phed by the total cumm entering

by \2\ & ! the parallel confi; gumfwn
"L Since Ry and /1 are constants, for a particular configuration the larger
7 ' _ the value of R, (in the denominator), the smaller is the value of I, for that
' branch, confirming the fact that current always seeks lhe path of least

resmta.ncc

EXAMPLE 6.22 For the parallel network in Fig. 6.41, determine cur- E
rent /) using Eq. (6.14).

R,
AAA
Yy

(I 1xa s
« r=12maA R 12mA
i S AAA . ..ol
. Yy 4
= ; 10k0

Ry
AAA :
Yy . ®

27 k0 aed *

: - FIG. 6.41
. _ Using the current divider ryle to calculate current I} in Example 6.22.




P e
Solution: Eg. (5.3]:
ot A T
ek i

1

E G T
1k0 10k 22k0
i 1

1% 1073 + 100 X 1076 + 45.46 X 18575

= "1—_,3 = 871010
1 145 X 10

Eq. (6.14): & = ‘k"fr
_(813.010)

1 k()
and the smallest parallel resistor receives the majority of the current,

Note also that .

for a parallel network, the current through the smallest resistor will
be very close to the total entering current if the other pdrallel
elements of the configuration are much larger in magnitude.

In Example 6.2, the current through Ry is very close to the total current
because R is 10 times less than the next smallest resistance.

Special Case; Two Parallel Resistors

For the case of two parallel resistors as shown in Fig. 6.42, the total
resistance is determined by j .
A ' “RiRy

s Ri+ Ry

~ Substituting Rri into Eq. (5 14) for current /, resulr.s in

) '(Rlﬁg )
‘ Rr ik R, + Ry

L == Iy
R T AR
d = ( R . )t‘ 6.15

an ki R + R /)T . (6.15a)
Similarly, for 1,

I -( ki )r 6.15b

2 R + R T (6.15b)
Eq. (6.15) states that '

JSor two_parallel resistors, the current through one’is equal 1o the
resistance of the othér times the total entering current divided by the
sum of the two resistances.

(12 mA] = (0.873)(12 mA) = 10.48 mA

CURRENT DIVIDER RULE |11 211

*

' FIG. 6.42 _
Deriving the current divider rule for the special
case of only two parallel resistors.
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ety
L=6A
— —1’2
RyZ4KD R T8N
4,=6A
. FiG. 6.43
Using the current divider rule to determine current
{3 in Example 6.23.
]
&
Ll
Ry
r—W—
‘=21 mA
— —
I=27mA i
AAA
YYy
74
FIG. 6.44
A desr&mrype problem for two parallel resistors
(Example 6.24). ;

IPI

Since the combination of two parallel resistors is probably the most
common parallel configuration, the simplicity of the format for
Eq. (6.15) suggests that it is worth memorizing. Take particular note, *
however, that the denominator of the equation is simply the sum, not the
total resistance, of the combination.

EXAMPLE 6.23 Determine current [, for the network in Fig. 6.43

- using the current divider rule.

Solution: fsing Eq. (6.15b) gives

. '
e (RI._+ Rz)h’ e 7

- 4k0
= (m) A=(0333)(6A) =2A

'Using Eq. (6.14) gives

5 R X
h:ﬁ;ﬁ"
. e S )
wﬂ.rh RT—4kfl||8_kﬂ—4m S = 2667k} -
2.667 kil
and 13=( ) )6A—(U333)(6A) 2A

matching the above solution,

It would appear that the solution with Eq, 6.15(b) is more direct in Ex-
ample 6.23. However, keep in'mind that Eq. (6.14) is applicable to any par-
alle] configuration, removing the necess:ty to remember two equations.

Now we present a dcsmn type problem. :

ExAMPLE 6.24 Determine resistor R, in Fig. 6.44 to implement the

division of current shown,

Solution: There are essentially two approaches to this type of prob-
lem. One involves the direct substitution of known values into the -
current divider rule equation followed by a mathematical analysis.
The other is the sequential application of the basic laws of electric
circuits. First we will use.the latter approach.

-Applying Kirchhoff’s current law gives

b l,‘ =3 L :
I=h+h
. 2ITmA=2lmA+1],
and IL=27mA — 21 mA = 6 mA
The voltage Va: - Vy = IRy = (6 mA)7 Q) = 42 mV
so that Vi=V,=42mV
N _2mv
Final - R =
_ L A &
Now for the other approach using the current divider rule:
Ry
L] - . [
R :
70
21 =|5—==]27TmA
oA (R] = ?ﬂ)
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LR+ 70)(21 mA) = (7.0)(27 mA)
oo 2rmA)R, 14TV = 189 mV
. S (21'mA)R; = 189mV — 14T mV = 42mV .
iy i 42 mV s v
= . Rf= =2
wnd ;. - |

In summary, therefore, remember that current always seeks the path of -
least resistance, and the ratio of the resistance values is'the inverse of the re-
sultinig current levels, as shown in Fig 6.45. The thickness of the blue bands

 inFig. 645 reflects the relative magnitude of the current in each branch.

®
-+

- FIG.6.45° = ; -
Demonstrating how ciirrent divides through equal and unequal parallel resistors.

6.7 VOLTAGE SOURCES IN PARALLEL -
Because the voltage is the same across parallel elements,

voltage sources can be placed in parallel anly if they have :h"e same
voltage. ) "

The primary reason for placing {wo.0r more batteries or supplies in par-
4llel is to increase the current rating above thatof a single supply. For ' -
- example, in Fig. 6.46, two ideal batteries of 12 V have been placed in '

(i, - 1:2 i ¥ _ rT.:tft""z
- = E ===12V

'I.‘T_ﬂ _ .

S * FIG. 6.46 - P
Demonsirating the effect of placing two ideal supplies of the same
W A A voltage in paraliei.
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parallel. The total source current using Kirchhoff’s current law is now
¢ the sum of the rated currents of each supply. The resulting power avail-
able will be twice that of a single supply if the rated supply current of
each is the same. That is, :
> : . with L1 =hL=1I, _
then Pr=E +I;)= E[l + 1) = EQ21) = 2(El) = 2P(one supply)

If for some reason two batteries of different voltages are placed in
parallel, both will become ineffective or damaged because the battery -
with the larger voltage will rapidly discharge through the battery with
the smaller terminal voltage. For example, consider two lead-acid batter-

ies of different terminal voltages placed in parallel as shown in Fig'6.47.
It makes no sense to talk about placing an ideal 12 V battery in parallel

FIG. 6.47 with a 6 V battery because Kirchhoff's voltage 1aw would be violated.
‘Exarnining the impact of placing two lead-acid ~ However, we can examine the effects if we include the internal resis-
‘barteries of different terminal voltages in parallel, tance levels as shown in Fig, 6.47,

The only current-limiting resistors in the network are the mta;mal re-
sistances, rcsulhng in a very high discharge current for the battery with
the larger supply vo!lagc The resulting current for the case in Fig. 6.47

v would be, )
' E - E, 12V-6V 6V
I = = =120A
y ) ] « Ripy + Ry, 0.03 ﬂ + 00200 0050
& _ f ! This value far exceeds the rated drain current of the 12 V t.;azxery, result-

ing in rapid discharge of E; and a destructive impact on the smaller sup-
ply due to the excessive E.urrenls This"type of situation did arise on
occasion when some cars still had 6 V batteries, Some people thought, “If
Thave a 6 V battery, a 12 V battery wall work twice as well"—not true!
In general, 5

it is always recommended that when you are replacing b&trencs in
series or parallel, replace all the batteries.

A fresh bauery placed in parallel with an aldcr battery probably has a

™ S h higher terminal voltage and muned:ately starts discharging through the
older battery. In addition, the available current is less for the older bat-

tery, resulting in a higher-than-rated current drain from the newer battery

v when a load is applied. ik £
i=04 : a5 4| et
Li1 V°/°f°"° . 6.8 OPEN AND SHORT CIRCUITS

5y - ‘Open circuits and short circuits can often cause more confusion and dif-
ficulty in the analysis of a system than standard series or parallel config-
urations. This will become more obvious in the chaptcr*: to follow #hen
we apply sdme of the methods and theorems.

M_ﬂ:_\ . An open circuit is_two iselated terminals-not connected by an ele-
~a _ - ment of any kind, as shown in Fig. 6.48(a). Since a path for conduction
& l , ; * ] does not exist, the current associated with an open circuit must always
E= ' Vopen circuis = E volis be zero. The voltage across the open circuit, however, can be any value,
A : R as determined by the system it is connected to. In summary, therefore,
) an open circuit can have a po!enml dl_ﬂ’erence (voltagg) across. its

terminals, but the current is.always zero amperes.

(b}

] L8 In Fig, 6. 48(b), an open circuit exists between terrmnais a and b. The
FIG. 6.48 voltage across the open-circuit terminals is the supply m]tagc ‘but the
Defining an open circuit. current is zero due to the absence of a complete cn'cun

lnbwadisnta. . ~

=
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| Some.:pt;acﬁcal'ein’mples of open circuits and their impact are pro-
vided in Fig. 6.49. In Fig. 6:49(a), the excessive current demanded by
“the eircuit cansed a fuse to fail; creating an open circuit that reduced the
cufrent to zero amperes. However, it is important to note that the full ap-
plied voltage is now across the open circuit, so you must be careful when
.changing the fuse, If there is a main breaker ahead of the fuse, throw it
first to remove e possibility of getting a shock. This situation clearly
reveals the benefit of circuit breakers: You can reset the breaker without
having to get near the hot wires. 5 -

l!
% ; * Internal connection
Fuse i in system i

Contact

3 Open cireuit

C #1207~

_ Dw-,ﬂ.— Filamient in bulb
i

M—gt__:ﬂ

' _ [=0A
—

+
2ov =)

Open circuit ;
{c). .

e FIG. 6.49
¥ Examples of open circuits.

"

In Fig. 6.49(b), the pressure plate at the bottom of the bulb cavity in a
flashlight was bent when the flashlight was dropped. An open circuit
now exists between the contact point of the bulb and the plate connected -

" to the batteries. The current has dropped to zero amperes, put the 3 V
provided by the series batteries appears across the open circuit. The situ-

* ation ‘can be corrected by placing a flat-edge screwdriver under the plate
and bending it toward the bulb. ’ ;

Finally, in Fig. 6.49(c), the filament in 2 bulb in a series connection
has opened due to excessive current or old age, creating an open circuit
that knoeks out all the bulbs in the series configuration. Again, the cur-
rent has dropped to zero amperes, but the full 120 V will appear across

OPEN AND SHORT CIRCUITS 111’ 218
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" Short circui‘l

- FIG. 6.50
Defining a short circuit.

1Pl

the.contact points of the bad bulb. For situations such as this, you should
remove the plug from the wall before changing the bulb. .

A short circuit is a very low resistance, direct connection between
two terminals of a network, as shown in Fig. 6.50. The current through
the short circuit can be any value, as determined by the system it is con-

" nected to, but the voltage across the short circuit is always zero volts be-

cause the resistance of the shem cu-cmt is assum:d to be essentially zero
ohmsand V = IR = [(0 () =
‘In summary, therefore, =

a short circuit can mr}y'a current of a level determined by the
éxterrial circuit, butithe patcntwldﬂ‘ereuce (voltage) across its
terminals is always zero volts.

" In Fig. 6.51(a), the current through lhe 2 fkresistor is 5 A_ If a short
circuit should develop across the 2 () resistor, the total resistance of the
parallel combination of the 2 Il resistor and the shnrt (of essenually zero
ohms) will be

‘(2&'1)(0.[1]
20 + 00

as indicated'in Fig. 6.51(b), and the current will rise to very high levels,
as determined by Ohm's law } ,

) zn‘uon-:

E= IDV_._* A : 3
et ey [+
R 00
o, . -
s = Wil open due to
ecxcessmmmt .

10 A fuse
AT=3A . Ig=

10V R0

_I

I

(@) i : (b)

FIG. 6.51 _
Demonstrating the effect of a short circuit on current levels.

7 2
“S horted out™ Short circuit

" The effect of Lhe 2 () residtor has effecfwc]y been “shorted out” by’

“the low- resistance ccnnccuon The-maximum current is now limited

- only by the circuit breaker or fuse in series with the source.

Some practical examples of short circuits and their impact are pro-,

vided in Fig. 6.52: In Fig, 6.52(a), a hot (the fqad) wite wrapped around
a screw became loose and is- touching the return connection, A short-

:0“ s il \\.

circuit connection between the two terminals has been ‘established that -

could result in a very heavy current and a possible fire hazard. One

- hopes that the breaker will “pop,” and the circuit will be dedctivated.:
‘Problems such as this are among the reasons aluminum wires (cheaper

L ;and Ilghter than. copper) are‘not permitted in residential or industrial
. wiring, Aluminum is more sensitive to temperature than copper and will

expand and contract ‘due to the heat dm]npcd by the current passing



Contact—sliort circuit

FIG. 6.52
.- Examples of short circuits:

1 o

* through the wire. Eventually, this expansion and conu-ami,oﬁ:l can loosen
the screw, and a wire under some torsional stress from the installation
¢an move and make contact as shown in Fig. 6.52(2).'Aluminum is stll
used in large panels as a bus-bar conneotion, but itis balted down.

In Fig. 6.52(b), the wires of an iron have started to twist and crack
due to excessive currents or long-1erm use of the iron. Once the insula-

' tion breaks down, the twisting can cause the two wires to touch and
_ establish a short circuit. One can hope that a circuit breaker or fuse will

quickly disconnect the circuit. Often, it is not the wire of the iron that
causes the p‘rgblém. but a cheap extension cord with the wrong gage
wire. Be aware that you cannot tell the capacity of an extension cord by
its outside jacket. It may have a thick orange covering but have-a very
thin wire inside. Check the gage on the‘wire the next time you byy an ex-
tension cord, and be sure-that it is at least #14 gages with #12 being the
better choice for high-current appliances. 7 -
Finally, in Fig. 6.52(¢), the windings in a transformer or motor for resi-
dential or industrial use are illustrated. The windings are wound so tightly
together with such a very thin coating of insulation that it is possible with
age and use for the insulation to break down and short out the windings. In
mény cases, shorts can develop, but a short will simply reduce the rumber
of effiective windings in the unit. The tool or appliance may still work but
with less strength or rotational speed. If you natice such a change in the re-
sponse, you should check the windings because 4 short can lead to a danger-
ous situation. In mary cases, the state of the windings can be checked with

a simple ohmmeter reading. If a short has occurred, the length of usable

wire in the winding has been reduced, and the resistance drops. If you know -

what the resistance normally s, you can compare and make a judgment.
For the layperson, the terminology short circuit or open circuir is

. usually associated with dire situations such as power loss, smoke, or fire.

However, in network analysis, both can play an integral role in determining

~ specific parameters of a system. Most often, however, if a short-circuit

condition is 1o be established, it is accomplished with a jumper—a lead
of negligible resistance to be connected between the points of interest,
Establishing an open circuit just réquires making sure that the terminals
of interest are isolated from each other. :

EXAMPLE 6.25 Determine voltage Vyy for the network in Fig. 6.53.

- Solution: The open circuit requires that / be zero amperes. The

voltage drop across both resistors is therefore zero volts since

E
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A

Ferrofmdgnelic core

Tight
'winding

Short circuit

(e}
i
.
. &
7 _ i
‘.
L
¥
- Ry R, 2
— - a-
2k} 4k0 +
+ .
=22V : Van
L : ; . ab
FIG. 6.53 - o

Network for Example 6.25.

L !
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Ry

. .E;‘ i
5 a + - Ly
L 100 - + 0V *
+
Ei /=" 10V Vea

Vb

W

o .i'A'iv_ o

¥ b 500 d
FIG. 6.54

Network for Example 6,26,

FIG. 6.55
Circuit in Fig. 6.54 redrawn,

¥ e IPI

V =1IR = (0)R = 0 V. Applying Kirchhoff's voltage law around the
closed loop gives

Vo = E=20V

EXAMPLE 6.26 Determine voltages V,
Fig. 6.54.

Solution: The current through the system is zero amperes due to the
open circuit, resulting in*a 0 V drop across each resistor. Both resistors
can therefore be replaced by short circuits, as shown in Fig. 6.55. Volt-

» and V., for the network in

‘age Vyp is then directly across'the 10V battery, and

ng Lo EI =10V
Voltage Ve requires an application of Kirchhoff’s voltage law:
+E1 - Ez T Vcd =0

Vea =Ei -~ £y =10V - 30V = ~20v

The negative sign in the solution indicates that the actual 'vo]lage

or -
Vea has

the opposite polarity of that appeating in Fig. 6.54.

EXAMPLE 6.27 Determine the unknown voltage and current for each
network in Fig. 6.56, '

Ir=12mA
—
- g s [!
« V. EBEZe0 BT2n |
* 3 Al
e
{a) = (b)
FIG. 6.56
Nenworks for Example 6,27, v

Solution: For the network in Fig. 6.56(a), the current Iy will take the
path of least resistance, and since the short-circuit condition at the end of
the network is the least-resistance path, all the clurent will pass through
the short circuit. This conclusion can be verified using the current di-
vider rule. The vollage across the fetwork is-the same as'that across the
short cireyit and will be zero volts, as shown in Fig. 6.57(a).

12mA
.+

Jh-OA lh?tm 1

ol

: 'Rl 610 R: 120 V=0V E="nyv
@ e - , '# (b ey W
. FG.657 - .-

_ Salutions 16 Example 6,27,
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¥
20 3N i

~ For the network in Fig. 6.56(b), the open—circuit'conclition requires
‘that the current be zero amperes. The voltage drops across the resistors
must therefore be zero volts, as determined by Ohm’s law [Vg = IR =
(O)R = 0V], with the resistors acting as a connection from the supply to E
the open circuit. The result is that the open-circuit voltage is E=22V,as
shown in Fig. 6:57(b). g

6\" -RZ lﬂﬂ. | L

"hA‘I‘Ni__ l__

EXAMPLE 6.28 Determinc V and J for the network in Fig. &.58 if " ¢ FIG. 6.58
resistor R is shorted out. : : * Network for Example 6.28. .

Selution: The redrawn network appears inFig. 6.59. The current
through the 3 {1 resistor is zero duc (0 the open circuit, causing all the
current I to pass through the jumper. Since Vag=IR= (R =0V, the AMA a
voltage V is directly across the short, and ; 20 in ., °

3 . o . + .
V=0V E=6v v
6V ) - —T ;
: S

. E
ith = —= =3A
wit 1 R -2l 3

&

e FIG. 6.59
6.9 VOLTMETER LOADING EFFECTS ; ~ Network in Fig. 6.58 with Ry replaced by a jumper.

In previous chapters, we learned that ammeters are not ideal instru-

ments. When you insert an ammeter, you actually iniroduce an addi-

tional resistance in series with the branch in which you are measuring

the current, Generally, this is not a serious problem, but it can have a

woubling effect on your readings, so'it is important to be aware of it. DMM
Voltmeters also have an internal resistance that appears between the

two terminals of interest when a measurement is being made. While an _ _“1} “M&ﬂ 2]

_ ammeter places an additional resistance in series with the branch of in- 1

terest, a voltmeter places an additional resistance across the element, as

shown in Fig. 6.60. Since it appears in parallel with the element of inter- R

est, the ideal level for the internal resistance ofa volimeter would be in- . MWy

finite ohms, just as zero ohrits would be ideal for an ammeter. ' ! uie

Unfortunately, the internal resistance of any voltmeter is not infinite and FIG. 6.60

changes from one type of meter to another. - Voltmeter loading. -
Most digital meters have a fixed internal resistance level in the

megohm range that remains the same for ail its scales. For example, the

meter in Fig. 6.60 has the typical level of 11 MQ for its internal resis-

tance, no mattef which voltage scale is used. When the meter is placed

across the 10 k{l resistor, the total resistance of the combination is ’

(10* Q)11 x 10°Q)
1040+ (11 % 108)

I
e — = —— =

Rp=10kQ |11 MQ = = 9.99 k{2

and the behavior of the network is not seriously affected. The result,
therefore, is that =
most digital voltmeters can be used in circuits with resistances up 1o
the high-kilohm range without concern for the effect of the internal
resistance on the reading.

However, if the resistances are in the megohm range, you should
investigate the effect of the internal resistance. .

An analog VOM is a different matter, however, because the internal
resistance levels are much lower and the internal resistance levels are a
function of the scale used. If a VOM on the 2.5 V scale were placed
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R
A ‘\" - ¥
LM +
" 3
£ 5wy Voo
*L o5

{b)

FIG, 6.61
(@) Measuring an open-circuit voltage with
a voltmeter; (b) determining the effect of using a
. digital voktmeter with an internal resistance of
g 11 M%) oni megsiiring an open-circuir
voltage (Example 6. 20). ~

-
W

| : ¥y
‘ R -

across ;he 10 k€ resistor in Fig. 6.60, the internal rssistar]ce_rnighr. be
50 kQ, resulting in a combined resistance of

' (10*Q)(50 x 10°0)
10°Q + (50 X 10°Q) :
and the behavior of the nietwork would be affected because the 10 k() re-

sistor would appear as an 8.33 k() resistor, = %
To detérmine the resistance R,, of any scale of a VOM, simply mul-

=833k

Rr = 10k ||50kQ =

tiply the maximum voltage of the chosen scale by the ohm/volt

(£2/V) rating normally appearing at the bottom of the face of the
meter. That is, <

Ry (VOM) = (scale)(Q/5 rating)

For a typical ()/V rating of 20,000, the 2.5 V scale would have an internal
resistance of - .

= (2.5 V)(20,000 Q/V) = 50 kQ
whereas for the 100 V scale, thie internal resistance of the VOM would be

(100 V}(20,000 Q/V) = 2MQ -
. 0 5

- and for the 250 V scale,

(250 V)(20,00000/V) = 5§ MQ

EXAMPL_E 6.29 Forthe rclari\-rely simple circuit in Fig. 6.61(a):

. 2. What is the open-ciicuit voltage Vis? i 5

b." What will a DMM indicate if it has dn internal resistance of 1] M£)?
‘Compare your answer to that of part (a). '

¢. Repeat part (b) for a VOM with an WV rating of 20,000 on the 100V

scale.

Safutioﬁs:

: . o .
. a. Dueto thé open circuit, the current is zero, and the voltage drop

across the 1 M2 resistor is zero volts. The result is that the entire
source voltage. appears between points a and b, and

-

Vab = 2“ V\ ; ‘.s

b. When the meter is connected as shown in Fig. 6.61(b), a complete.

" circuit has been established, and current can p'ass-t,hrough- the .
circuit. The voltmeter reading can be determined using the voltage di-
vider rule<as follows: - SR i i

TR v (11 MQJ(_?O V)
. “ T IMa + 1ma)
’an_d_'the reading is affected somewhat.
c: Fof the _V()M.‘the internal resistance (:f the ﬁwter.is
Ry = (100V)20,000 V) = 2 M0

(zmajov) - A e
o 10 MR o Ay

= 1833V,

; A AT TS
B T L MA T IMG)

¥ .

-

i v R w T ¢ 5 = W ARG
which is considetbly below the desired level of 20 V.

i

-
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6.10 SUMMARY TABLE

Now that the series and parallel configurations have been covered in de-

tail, we will feview the salient equations and characteristics of each. The

equations for the two configurations have a number of similarities. In
fact, the equations for one can often be obtained directly from the other
by simply applying the duality principle. Duality between equations
means that the format for an equation can be applied to two different

situations by just changing the variable of interest. For instance, the ~

equation for the total resistance of a series circuit is the sum of the re-
sistances. By changing the resistance parameters to conductance
paratnelers, you can obtain the equation for the total conductance ofa

parallel network—an easy way 10 remember the two equations. Simi- .

larly, by starting with the total conductanée ‘equation, you can easily
write the total resistance equation for series circuits by replacing the
conductance parameters by resistance parameters. Series and parallel
networks share two important dual relationships: (1) between rcs_iﬁ'iancc
of series circuits and conductance of parallel circuits and (2) between the

voltage or current of a series circuit and the current or voltage; respec- -

tively, of g parallel circuit. Table 6.1 summarizes this duality.
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p TABLE 6.1
Summary table.
- I,._-' ; - - " . S—
. Series and Parallel Circuits i ;
 Parallel -

: S . Duality -
Rpincreases (Gr decreases) if additional -
, resistors are added in series - 2

; GT=Gl+g,'-;c;3+_---+G~

Grincteases (Ry decreases) if additional
resistors are added in parallel

L

Gr=Gi+Ga_

v :he_sa;;;é across parallel elements -
Ty bl By s
_Gi-éatcst I Lh'uugh,largosi G (smallest R)

fx : G.lr

wie Gr
P=IfE -
P=VG
P =16

The format for the total resistance for a series circuit has the same for-
mat as the total conductance of a parallel network, as shown in Table 6.1.
All that is required to move back and forth between the series and paral-
lel headings is to interchange the letters R and G. For4he special case of
two elements, the equations have the same format, but the equation ap-
* plied for the total resistance of the parallel configuration has changed. In
thé series configuration, the total resistance increases with each added re-
sistor. For parallel networks, the total conductance increases with each
additional conductance, The result is that the total conductance of a series

»
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circuit drops with added.resistive elements, while the total resistance of
parallel networks decreases with added elements. s

In a series circuit, the current is the same everywhere. In a parallel net-
work, the voltage is thé same ‘across each element. The result is a duality
between voltage and current for the two configurations. What is true for
one in one configuration is true forthe other in the other configuration. In
a séries circuit, the applied voltage divides between the serjes elements.
In a parallel network, the current divides between parallel clements. For
series circuits, the largest resistor captures the largest share of the applied
voltage. For parallel networks, the branch with the highest conductance
~captures the greater share of the incoming current. In addition, for series
circuits, the applied voltage equals the sum of the voltage drops across
the series elemerits of the circuit, while. the source current for parallel”
branches equals the sum of the currents through all the parallel branches,

The total power delivered to a series or parallel network is determined -
by the product of the applied voltage and resulting source current. The
power delivered to each element is also the same for each configuration.
Duality can be-applied again, but the equation P = EJ results in the same
resultas P = IE. Also, P = IR can be replaced by P = VG for parallel
elements, but essentially each can be used for each configuration. The
duality principle can be very helpful in the learning process. Remember
this as you progress through the next few chapters. You will find in the
later chapters that this duality can also be applied between two important
alements—-inducto;s and capacitors, '

6.11 TROUBLESHOOTING TECHNIQUES

The art of troubleshooring is not limited solely to electrical or electronic
systems. In the broad sense, ;

rmubleshaoﬁné is a process by which acquired knowlédge and
experience are used to localize a problem and offer or implement
a solution.' a

There are many reasons \‘;rhy the simplest e]emctripal circuit might not
be operating correctly. A connection may be open; the measuring instru-
ments may need calibration; the power supply may not be on or-may
have been connected incorrectly to the circuit; an element may not be

performing correctly due to earlier-damage or poor manufacturing; a
fuse may have blown; and $o on. Unfortundtely, a defined sequence of
" steps does not exist for identifying the wide range of problems that can
surface in an electrical system. It is only through experience and a clear
understanding of the basic laws of electric circuits that you can become
L proficient at quickly locating the' cause of an erroneous output. |
It should be. fairly obvious, however, that the first step in checking a
network or identifying a problem area i to have some idea of the ex-
pected voltage and current levels. Fér instance, the circuit in Fig. 6.62
should have a.current in the low milliampere range, with the majority of
the supply voltage across the 8 kf} tésistor. However, as indicated in Fig,
662, Vg, = Vg, = 0'Vand V, = 20'V. Since V = IR, the results imme-
diately suggest that / = 0 A and an open circuit exists in the circuit. THe fact
that V,, = 20 V immediately tells us that the connections are true from the
ground of the supply to pojnt . The open circuit must therefore exist
- FIG.6.62. : betwean R; and R; or at the ground eonnection of Ry An open circuit at -
-A-malfunctioning network, either point results in / = 0 A and the readings obtained previously. Keep

w
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"in mind that, even though / = 0 A, R, does form a connection between
the ‘supply-and point.a. That is, if I = 0 A, Vg, ='[Ry = {0)R; =0V,
as obtained for a short circuit. '

In Fig. 6.62, if Vg, =20V and Vg, is quite small (== 0.08 V), it first
suggésts that the circhit is complete, 3 current does exist, and a problem
surrounds the resistor Ry, Ry is not shorted out since such a condition
would result in Vg, = OV. A careful check of the inserted resistor reveals
that an & {) resistor was used rather than the 8 k{ resistdr specified—an
incorrect reading of the color code. To avoid this, an chmmeter should
be used to check a resistor to validate the color-code reading or to ensure
that its vdlue is still in the prescribed range set by the color code. '

Occasionally,” the problem may be difficult 19 diagnose. You've
checked all the element§; and all the connections appear tight. The supply
is on and set at the proper level; the'meters appear. to be functioning cor-

rectly. In situations such as this, experience becomes a key factor. Perhaps.

you can recall when a recent check of 2 resistor revealed that the internal
connection (not externally visible) was a “make or break” situation or that
the resistor was damaged earlier by excessive current levels, so its actual
resistance was much lower than called for by the color code. Recheck the
supply! Perhaps the terminal voltage was set correctly, but the current con-
trol knob was left i the zero or minimum positien. Is the ground.connes-
tion stable?“The questions that arise may seem endless. However, as you
gain experience, you will-be able to localize problems more rapidly, Of
course, the more Tomplicated the system, the longer is the list of possibil-

ities, but it is often possible to identify a particular area of the system that

is behaving improperly before checking individual elements.

6.12 PROTOBOARDS (BREADBOARDS)

In Section 5.12, the protoboard was :_.i__ntt-oduced- with the connections
for a simple series circuit. To continue the development, the network in
_Fig. 6.17 was set up on the board in Fig. 6.63(a) using two different

techniques. The possibilities arc endless, but these two solutions use a

fairly straightforward approach,

Meter connections

FIG. 6:63

PROTOBOARDS (BREADBOARDS) |11 223 -

R=1K0 Ry S22k Ry S12kA

(b)

_ Using a protoboard to Set up the circuit in Fig. 6.17.
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First, note that the supply lines and ground are established across the
length of the board using the horizontal conduction zones at the top and
bottom of the board through the cohnections to the termihals. The net-

work to the left on the board was used to

set up the circuit in much the

Same manner as it appears in the schematic of Fig. 6.63(b). This ap-

. proach required that the resistors be connected between two vertical

conducting strips. If placed perfectly vertical in a single conducting

strip, the resistors would have shorted out.

Often, setting the network up

in a manner that best copies the original can make it easier to theck and
make measurements. The network (o the right in part (a) used the verti-
cal conducting strips to connect the resistors together at each end. Since
there wasn't enough room for all three, 4 connection had 1o be added *

from the upper vertical set to the lower set

. The resistors are in order Ry,

Ry, and Ry from the top down. For both configuraticns, the ohmmeter
can be connected to the positive lead of the supply terminal and the neg-

ative or ground terminal,

- Take a moment to review the connections and_think of other possibil-
ities. Improvements can often be made, and it can be satisfying to find
the most effective setup with the Iez_lst number-of connecting Wires.

613 APPLICATIONS

One of the most important advantages of the parallel configuration s that

if one branch of the configuration should fail (open circuit), the
remaining branches will still have full operating power.

In‘a home, the parallel connection is used throughout to ensure that if
‘one circuit has a problem and opens the circuit breaker, the renraining
circuits still have the full 120 V. The samie is true in automobiles, com-
puter systems, industrial plants, and wherever it would be disastrous for
one circuit to control the total power distribution. )

Anop!}cr important advantage is that

branches can be added'at any time without affecting the behavior of

those already in place.

. In other words, unlike the series connecti
ponent.reduces the current level and perhaps affects the response of

some of the existing components, an addi

on, where an-additional com-

tional parallel branch will not

affect the current leveFin the other branches. Of ‘course, the current de-
" mand from the supply increases as determined by Kirchhoff's current
law, so you.must be aware of the limjtations of the supply.

The following are some of the most common applications of the par-

allel configuration.

- Car System

‘As you begin to examine the electrical system of an aulémobilr‘:. the

“Most important thing to understand is that

the entire electrical systesfi:of

a gar is Tun as a dc system. Although the generator produces a varying ac
Signal, rectification converts it to one havirig an average dc levél for
charging the battery. In particular, note the use of a filter capacitor in the *
altermator branch in Fig. 6,64 to smooth out the rectified ac waveform
and to provide an improved dc supply. The charged battery must there-

2k fote provide the required direct current, for
© +; the car. Thus, the power demand on the battery at any instant is the product

the entire electrical system of

=
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Headlights Parking lights, ~ Stop : Windshield

C 0 mailhights - lights wiper blades
FIG.8.64 . : =
Expanded view of an automobile’s electrical system.

of the terminal voltage and the current drain of the total Joad of every op- s

erating system of the car. This certainly places an enormous burden on =
" the battery and its internal chemical reaction-and warrants all the battery

. care we can provide. _ =

Since the electrical system of a car is essentially a parallel systern, the

total current drain on the battéry is the sum of the currents to all the par-
allel branches of the car connected directly to the battery. In Fig. 6.64, 2 .
few branches of the wiring diagram for a car have ‘been sketched to pro- : & i
vide some background information on basic wiring, current levels, and :
fuse configurations. Every automobile has fuse links and fuses, and TR T .
some also have circuit breakers, to protect the various componentsof the - ' o
car and.to ensure that a dangerous fire situation does not develop. Except -
for a few branches that r?ay have series elements, the operating voltage - .
for most components of @ caf is the terminal voltage of the battery, _ ] :
which we will designate as 12°V even though it will typically vary be- =~ »
tween 12 V and the charging level of 14.6 V. In other words, each com-
ponent is connected to the battery atone end and 1o the ground ot chassis
of the car at the other end. . ”

Referring to Fig; 6.64, note that the alternator or charging ‘branch of
the system is connected directly across the battery to provide the charg-
ing current as indicated. Once the car is started, the rotor of the alterna- _
tor turns, generating an.ac varying voltage that then passes through a _ -
rectifier network and filter to provide-the de charging voltage for the bat- g
tery. Charging occurs only when the sensor connected directly to the bat-

, tery signals that theterminal voltage of the battery is 100 Jow. Just to the
right of the batery the ‘starter branch was included to demonstrate that’
there is no fusing action between the battery and starter when the igni-
tion switch is activated. The lack of fusing action is provided because *
enormous starting currents (hundreds of amperes) flow through the
starter to start a car that has not been used for days and/or has been sit-
tisig in a cold climaie—and high friction occurs between components
until the oil starts flowing. The starting Tevel can vary so much that it
would be difficult to find the right fuse level, and frequent high currents
may damage the fuse link and cause a failure at expected levels of current.

]
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When the ignition switch is activated, the starting relay completes the
circuit between the battery and starter, and, it is hoped, the ear starts. If a
car fails to start, the first thing to check is the connections at the battery,
starting relay, and starter to be sure that they are not providing an unex-
pected open,circuit due 1o vibration, corrosion, o moisture.

Once the car has started, the starting relay opens, and the battery be-
gins to activate the operating components of the car. Although the dia-
gram in Fig. 6.64 does not display the switching mechanism, the entire
electrical network of the car, except for the important external lights, is
usually disengaged so that the full strength of the battery can be dedi-
cated to the starting process. The lights are included for situations where

" turning the lights off, even for short periads of time, could create a dan-
gerous situation. If the car is in a safe environment, it is best to leave the'
lights off when starting, to save the battery an additional 30 A of drain. If
the lights are on, they dim because of the starter drain, which may ex-
ceed 500 A. Today, batteries are typically rated in cranking (starting)
current rather than ampere-hours. Batteries rated with cold cranking am-
pere ratings between 700 A and 1000 A are typical today. '

‘Separating the alternator from the battery and the battery from the nu- -
merous networks of the car are fuse links su¢h as shown in Fig. 6.65,
Fuse links are actually wires of a specific gage designed to open at fairly
high current levels of 100 A or more, They are included to protect
against those situations where there is‘an unexpected current drawn from

- the many circuits to which they are connected, That heavy drain can, of.
course, be from a short circuit in one of the branches, but in such cases
the fuse in that branch will prgbably release. The fuse-link is an addi-
tional protection for the line if the total current deawn by the parallel-
connected branches begins to exceed safe levels, The fuses following the
fuse link have the appearance shown in Fig. 6:65(b); . where a gap be-
tween the Jegs of the fuse indicates a blown fuse. As shown in Fig. 6.64,

. the 60 A fuse (often called a power distribution fuse) for thie lights is a
second-tier fuse sensitive to the total drain from the three light circuits,
Finally, the third fuse level is for the individual units of a car sith as the
lights, ait conditioner, and power locks. In each case, the fuse rating ex-
ceeds the normal load (current level) of the operating component, but the
level of each fuse does give some indication of the demand to be ex-
pected under nopmal dperating conditions. For instance, headlights typi-
cally draw more than 10 A, tail lights more than 5 A, air conditioner

. -about 10 A (when the clutch engages), and power windows 10 A to 20 A,

depending on how many are operated at once.

()
g FIG.665 ", . . ¥
‘Car fuses: (a) fuse link; (b) plug-in.. i
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Some details for only one section of the total car network are pro-
vided in Fig. 6.64. In the same figure, additional paralle] paths with their

. respactive fuses have béen provided to further reveal the parallel

House Wiring

arrangement of all the circuits. '

In most vehicles the return path to the battery through the ground
connection is through the chassis of the car. That is, there is only one
wire to each electrical load, with the other end simply grounded to the
chassis. The return to the battery (chassis to negative terminal) is
therefore a heavy-gage wire matching that connected to the positive
terminal. In some cars constructed of a mixture of mraterials such as
metal, plastic, and rubber, the return pith through the metallic chassis
may be lost, and two wires must be connected 110 each electrical load
of the car. e "y

»

In Chapter 4, the basic power levels of importance were discussed for

various services to the home. W are now ready to take the next step and
exarhine the actual connection of elements'in the honge. :
First, it is important to realize that except for some very pecial cir-
ciimstances, the basic wiring is done in a parallel configuration. Each
parallel branch, however, can have a combination of parallel and series
clements. Every full branch of the circuit receives the full 120V or 208V,
with the current determined by the applied load. Figure 6.66(a),provides
the detailed wiring of  single circuit having a light bulb and two outlets.
Figure 6.66(b) shows the schematic representation. Note that dlthough
each load is in parallel with the supply, switches are always connected in
series with the load. The power is.transmitted to the lamp only when the
switch is closed and the.full 120 V appears across the bulb. The connec-
tion point for the two outlets is in the ceiling box hoiding the light bulb.
Since a switch is not present, both outlets are always "“hot” unless the
circuit breaker in the main panel is opened: This is important to under-
stand in case you are tempted to change the light fixture by simply tum-
ing off the wall $witch. True, ifyou’re very careful;-you can work with
one line at a time (being sure that you don't touch the other line at any
time), but it is much safer to throw the circuit breaker on the panel when-

ever working on a circuit. Note in Fig. 6.66(a) that the feed wire (black)

into the fixture from the panel is connected to the switch and both outlets
at one point. It is not connected directly to the light fixture because the
lamp would be or' all the time. Powet to the light fixture is made avail-
able through the switch. The continuous connection to the outlets from
the panel ensures that the outlets are “hot” whenever the circuit breaker
in the panel is on. Note also how the return Wire (white) is connected di-

rectly to the light switch and outlets to provide a return for each compo- .

nent. There is no need for the white wire to go through the switch since
an applied voltage is.a two-point conncction and the black wire is con-
trolled by the switch. y
Proper grounding of the system in total and of the individual loads is
one of the most important facets in the installation of any system. There
is a tendency at times to be satisfied that the system is working and to
pay less attention to proper grounding technique. Always keep in mind

that a properly grounded system has a direct path to ground if an unde- ’

sirable situation should develop. The absence of a direct ground causes
the system to determine its own path to ground, and you conid be that
path if you happened to touch the wrong wire, metal box, metal pipe,

APPLICATIONS 111 227
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RESIDENTIAL SERVICE
Liné 1 Line 2

Neutral

Circuit breaker

MAIN PANEL o o e ijlglt-poie switch

: 5 A + 20A £ _ -
o . Box 3‘ i ® S X
rounding - ded -wire
electrode X T ‘ ‘romex cable 120V
© - {|(8 frcopper bar . ke~ ) ; .
in ground) 2 0| . | \
o e i

* ground |
) =  Ceiling Duplex

lamp. convenience

(Using standard receptacles
queE;im electrical
symbols) :
; ()]
: (I FBlack (OT-FEED : oy g 8
[} White (NEUTRAL- - -
{ | ReTury) ; :
u Bare or green (GROUND)|
ot ] 4
fkﬁ. -iOyltl:t box i
-

@ ’ ! AN
_ : . FIG.6:66
» Single phase of house wirings (a) phy:n'cai details; (b) schematic representation,

and so on, In Fig. 6.66(a), the connections for the ground wires have
been included, For the romex (plastic-coated wire) used in Fig, 6.66(a),
: - the ground wire is provided as a bare copper wire. Note that it is con-
; 2 . ' nected to the patiel, which in tum is directly connected to the grounded
' 8 ft copper rod. dn addition, note that the ground connection is carried
. through the entire circuit, including the switch, light fixture, and outlets.

»

f ” It is one continuous connection. If the outlet box, switch box, and hous-
: \ ing for the light fixture are made of a conductive material such as metal,
Wit foa ! $: the ground will be connected to each. If each is plastic, there is no need

for the groind connection. However, the switch, both outlets, and the

fixture itself are conneeted to ground. For the switch and outlets, there is

' ;. e _ - usuallya green screw for the ground wire, whicK is connected to the en-
s ' 3 tire framework of the switch or outlet as shown in Fig. 6,67, including

the ground connetion of the outlet. For both the switeh and the outlet,
‘even the screw or serews used to hold the outside plare in nlace are
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grounded since they are screwed into the metal housing of the switch or
outlet. When screwed into a metal box, the ground connection can be
made by the screws that hold the switch or outlet in the box as shown in
Fig. 6.67.-Always pay strict attention fo the grounding process whenever
installing any electrical equipment.* " . :
On the practical side, whenever hooking up a wire to & screw-type
terminal, always wrap'the wire around the screw in the clockwise man- -
ner so that when you tighten the screw, it grabs the wire and turns it in
the same direction. An expanded view of a typical house-wiring arrange-

ment appears in Chapter 135.

cied to g_rou:':d -

. erminal connection

plug

%

Parallel Computer Bus Connections.

The internal construction (hardware) of large mainframe computers and
personal computers is set up to accept a variety of adapter cards in the e N N siosshion
slots appearing in Fig. 6.68(a). The primary board (usually the largest), . -~ ' for ground of plug
commonly called the motherboard, contais most of the functions - Ground-wire %
cennection *  Connected to ground

FIG. 6.67
Continuous ground connection
in a duplex ouilet.

= Socket for CPU
{central processing unit)

Dashed kine shows parallel
A connection between bus

SRAT
ks Tor
-.iln;_mr.s

.' ,iuwhumr

. ; FIG. 6.68 y .
\ Mreharhannd §ar n desktap enmnuter: (b] the printed cimuit board connections for the regio

&
n indicated in part (a).
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required for full computer operation. Adapter cards are normally added to
expand the miemory; set up a network, add peripheral equipment, and so
on. For instance, if you decide to add another hard drive to your computer,
you can simply insert the card into the proper channel of Fig. 6.68(a). The
bus connectors are connected in parallel with common connections to the

© power supply, address and data buses, control signals, ground, and so on.

For instance, if the bottom connection of each bus connector is a ground
connection, that ground connection carries through éach bus connector
and is immediately connected to any adapter card installed. Each card has
a slot connector that fits directly into the bus.connector without the need

~ for any soldering or construction. The pins of the adapter card are then

designed to provide a path between the motherboard and its components
to support the desired function. Note in Fig. 6.68(b), which is a back view
of the region identified in Fig. 6.68(a), that if you follow the path of the
second pin from the top on the far left, you will see that it is connected to
the same pin on the-other three bus connectors.

" Most small laptop computers today have all the options already in-
stalled, thereby bypassing the need for bus cormectors. Additional mem-
ory and other upgrades are added as direct inserts into the motherboard.

6.14 COMPUTER ANALYSIS
PSpice .

Parallel dc Network The computer analysis coverage for parallel

de circuits is very similar to that for series dc circuits. However, in this -
case the voltage is the same across all the parallel elements, and the
current through each branch changes with the resistance value, The

parallel network to be analyzed will have a wide range of resistor values

to demonstrate the effect on the resulting current. The following is a list
of abbreviations for any parameter of a network when using PSpice:

f=10""5

4 - 1nt+12 s ;
‘ T _10 . P |
In particular, note that m (or M) is used for *milli"-and MEG for

- “megohms.” Also, PSpice does not distinguish between upper- and

lower-case abbreviation as shown above.

Since the details of setting up a network and going through the simu-
lation process were covered in detail in Sections 4.9 and 5.14 for d¢ cir-
cuits, the coverage here is limited solely to the various steps required.
These steps will help you learn how to “draw” a circuit and then run a
simulation fairly quickly and casily, j

After selectinig the Create document key (the top left of the screen),
the following sequence opens the Schematic window: PSpice 6-1-0K-
Create a blank project-OK-PAGE1 (if necessary).. -

Add the voltage source and resistors as described in detail in earlier
sections, but now you aeed to turn the resistors 90°. You do this by

lower-case units, but certain parameters typically use either the upper- or
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right-clicking before setting a resistor in place. Choose Rotate from the
list of options, which turns the resistor counterclockwise 90°, It can also
be rotated.by simultaneously selecting Ctrl-R. The resistor can then be
placed in position by a feft click. An additional benefit of this maneuver
_is that the remaining resistors to be placed will already be in the vertical
position. The values selected for the voltage source and resistors appear
in Fig. 6.69. i

4 FIG.669 -
Applying PSpice 10 a parallel network.

Once the network is complete, you can obtain the simulation and the :

results through the following sequencesSelect New Simulation Profile
key-Bias Point-Create-Analysis-Bias Point-OK-Run PSpice key-
Exit(X). : ' o
The result, shown in Fig. 6.69, reveals that the voltage is the same
across all the parallel elements, and the cutrent increases significantly
" with decrease in resistance. The range'in resistor values suggests, by in-
spection, that the total resistance is just less than the smallest resistance
of 22 ). Usihg Ohm’§ law and the source current of 2.204 A results in a
total resistance of Ry = E/I, = 48 V/2.204 A = 21.78 {1, confirming the
above conclusion. ; ey

Multisim " E
Parallel dc Network For comparison purposes with the PSpice ap-
~ proach, the same parallel network in Fig. 6.69 is now analyzed using
Multisim. The source and ground are selected and placed as shown in
Fig. 6.70 using the procedure defined in previous chapters. For the resis-
tors, choose the resistor symbol in the BASIC toolbar listing. However,
you must rotate it 90° to match the configuration of Fig. 6.69. You do this
by first clicking on the resistor symbol to place it in the active state. (Be
sure that the resulting small black squares surround the symbol, label,
" and value; otherwise, you may have activated only the label or value.)
‘Then right-click inside the rectangle. Select 90° Clockwise, and the
resistor is turned automatically. Unfortunately, there is no continuum
‘here, so the next resistor has to be turned using the same procedure. The

A
a
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Using the indicators of Multisim to display the currenis
" 'of a parallel dc netwerk.
\ values of each resistor are set by dduble-clicking on the resistor symbol,

to obtain the dialog box. Remember that the unit of measurement is

controlled by the scrolls at the right of the unit of measurement. For

Multisim, unlike PSpice, megohm uses capital M and milliochm uses
' ' lowercase m, ;

This time, rather than use the full meter employed in earlier meas-
urements, let us use the measurement options available in the Virtual
(alsq called BASIC) toolbar, If it is not already available, the toolbar
can be obtained through the sequence View-Toolbars-Virtuai, If the
key in the toolbar that looks like a small meter (Show Measurement
Family) is chosen, it will present four options for the use of an ammeter,
four for a voltmeter, and five probes. The four choices for-an ammeter

- » simply set the position and the location of the positive and negative

¢ . connectors. The option Place Ammeter (Horizontal) sets the ammeter
in the horizontal position as shown in Fig. 6.70 in the top left of the di-
agram with the plus sign on the left and the minus'sign on the nght—
the same polan ty that would result if the current through a resistor in
the same position were from left to right. Choosing Place Ammeter
(Vertical) will resuli in the ammeters in the vertical sections of the net-
work with the positive connection al the top and negative connection at
the bottom, as shown in Fig. 6.70 for the four branches. If you chose

. Place Ammeter (Horizontally rotated) for the source current, it
would smply reverse the positions of the positive and negative signs
and provide a negative answer for the reading. If Place Ammeter (Ver-
tically rotated) was chosen for the vemcﬁ branches, the readings
would all be correct:but with negative signs. Once all the elements are
in place and their values set, initiate simulation with the sequence
Simulate-Run. The results shown in Fig. 6.70 appear.

Note that all the results appéar with the meter boxes. All are positive
results because the ammeters were all entered with a configuration that
would result in conventional cutrent entering the positive current. Also
note-that, as was true for inserting the meters, the meters are placed in
series with the branch in which the current is to be measured.  ~ .
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PROBLEMS
SECTION 6.2 Parntj_sll Resistors

1. For cach configuration in Fig. 6.71, find the volage sources
and/or resistors elements (individual elements, not combi-
nations of elements) that are in paraliel. Remember that ele-
ments in parallgl have the same voltage. i

FIG. 6.71
' Problem I.

2. For the network in Fig. 6.72;

a. Find the elements (voltage sources and/or resistors) that
aré in parallel.

b. Find the elements (voltage sources and/or resistors) that
are in series, ' ;

3. Find the total resistance foreach configuration in Fig. 6.73.
Note that only standard valug resistors were used.

4. For each circuit board i Fig. 6.74, find the total resistance’
between connection tabs 1and 2.

. The total resistance of each of the configurations in Fig. 6.75 FIG. 6.72
is specified. Find the unknown standard value resistance. Problem 2.

R,
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e- b - . ..c - - . * 3 .
{a) iCF S (b) ; (©) ' .
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6. Forthe pmu]cl network in Fig 6.76, compmcd@»f standard - & Calculate the-total resistarice, and comment on your re-
values ’ sponse 1o part (b).
. Which resistor hasythe most impact.on the total resis- d On an approximate basis, which resistors can be ig-
tance? - nored when detefmining the total reistance? .
b. Without making a single calculation, wh.at is an approx- - e If we add another parallel resistor of any value to the
“  jmate value for the total resistance? ' - network, what is the impact on the total resistance?
(e,
—_— %
Ry
] >
Ry = 12kR Ry S 22K0 . Ry T 220k} Ry 5; 22M0
c_ -
. ot X ’ ;
_FIG. 6.76
5 ) Problem 6. = - - S
'. ' " . . 4 iF
7. What is :he ohmmetcr rcadmg for each cunﬁguranon in - #§, Determine R, for the network in Fig. 6.78.
Fig. 6,777 - :
>
C- . "
3 Ry=1000 R 120
40 = 100 -
: x 'FIG. 6.78 .. - "
s ) Problem 8.
“ R i R
& X SECTION 6.3 Parallel Circuits
: . ;o 9. For the parallel network in Fig. 6.79:
Al . a. Find the total resistance.
100, 900 < * bh. What is the voltage across each branch?
¢ c. Determine the sourde current and the current through
" . . each branch.
) 2 _ d. Verify that the source current uqua}s the sum of the
branch currents.
v - 4
» I
=
Ry lfl ) li»,
+ oy
FT="36V R =80 - R T 20
_T ) ; 3
- z pra ‘
() -
FIG:6.77 ) FIG. 6.79
Problem 7. “Problem 9.

R P e e

4
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10. For the network of Fig. 6.80: ) e. Find the source current and test whether it equals the
a, Find the current through each branch. sum of the branch currents.
b. Find the total resistance. . i [. How does the magnitude of the source current compare
¢. Calculate J; using the result of part (b), to that of the branch currents?
d. Find the source current using the result of part (a), “_ 13. Given the information provided in Fig 5 83, find:
» €. Compare the results of parts (c) and (d). .8, Thg resistance R,.

b. The supply voltage E.

£ I l! l—--
* 1" lz 3 Ry=610 ;:-BIW

' *Ff—_—lll 'F_‘le -

\
+ .
EZIBVRSIN R SQ RS | = CRSBaSg :
*
: : ' FIG. 6.83
FIG. .80 i - Problem 13,
Problem 10. ..
11. chcat the analysas of Problem 10 for the network in 14. Use the information in Fig. 6.84 to calculate:
Fig. 6.81, constructed of standard value resistors. i a. ‘The source voltage E.
y b. The resistance Ry,
I ¢. The curremt /.
- " d. The source current /.
E“" l 1, {1, l K e. The power supplied by the source.
+ FhE : f. The power supplied to the resistors Ry and &s.
E = uv Rr , 0k B, S 12 ;cﬂ. RS 68kQ . g. Compare the power calculated El‘} part (e) to the sum of
-‘[‘ - : the power delivered to all the resistors.
- | , !
=
o . _ Z
" FIG. 6.81 V' 424 |P=T00wW
Problem 11. E SR R340 4
12. For the parallel network in Fig. 6.82:
a. Without making a single calculation, make a guess on . >
the total resistance, * : ol
b. Calculate the total resistance, and compa.re it to your ' FIG. 6.84
guess in part (a). - 8 Problem 14,
¢. Without making a single’ caIculauoﬂ. which branch will - :
have the most current? Which will have the least? )
d. "Calculate the current mmu;h each branch, and compare 15, Given the information prowdcd in Fig. 6.85, find th un-
your results to the assumptions df part (c). - known quantitiés: E, Ry, and 5.
b ‘ 'f
I, ' 123A
r:ﬁ"' / I I I 1 7‘3
JFo o e
| E==60V R, 20k S 10kL R, S 150 R 291k E__—T R R0 /ZT40
= o oy
= ' S 10.8A .
FIG. 6.82, - . FIG. 6.85
: : = Problem-i2. g ’ - : ; , Problem: 15.

- L T oot S : . f LR




16. For the network of Fig: 6.86, find:
a. The voliage V.
b. The cucrent /5.
¢._ The current {. ’
d. The power to the 12 kil resistor.

L

’ ! = o+, ¢
3 12k0
48V 18k0
B =
Iy L
-3
230 \
I v
= .
FIG. 6.86
Problem 16.

17. "Using the information provided in Fig. 6.87, find:
a. The resistance Kj.
b. The resistance Rs.
c. Thecurrentl,,

-12v 4 A 1 A
.‘-_

=

4

o]

' P
AMA
YYy

&

FIG. 6.87
Problem 17.

18. Forlhcnuworkm Fig. 6.81;

a. Rédraw the network and insert ammeters to measure the
source current and the current through each branch.

b. Connect a voltmeter to measure the source voltage and
the voltage across resistor R, [s there any difference in

+  the connections? Why?
L9

SECTION 6.4 Power Distribution in a Parallel Circuit

19. For the configuration in Fig. 6.88:

a. Find the total resistance and the current through each,

branch.
b. Find the power delivered to each resistor. -
. ',J'
i C. = '
Ry l*’ 1 l*'z \ l-’s
+
E.'_=._60\" R=1kl Ry a7k Ry 10k
“
FIG. 6.88
Problem 19,

-

€
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Calculate the power delivered by the source.

ds Compare the power delivered by the source to the sum

e,

of the powers delivered to the resistors.
‘Which resistor received the most power? Why?

Eight holiday lights are connected in parallel as shown in
Fig. 6.89.

4.

b.
(A

d.

f.

If the set is connected to a 120 V source, what is the cur-
rent through each bulb if each bulb has an internal resis-
tance of 1.8 k{1?

Determine the total resistance of the network. - .
Find the current diain from the supply.

What is the power delivered to each bulb?

Using the results of part (d), f'md the power delivered by
the source,

If one bulb.burns out (that is, the filament opens up),
what is the effect on the remaining bulbs? What is the
effect on the source current? Why?

v

FIG. 6.89
i Pmb!em 20.

21. Determine the power de]werad by the dc bawery in
Fig. 6.90. I

FIG. 6,90 ;
Problem 21.

22. A portion of a residential service 10 a homc is dcpu:tcd in

Fig.
a.

b.

6.91.

Determine the current through each parallel branch of
the system.

Calculate the current drawn from the 120 V source. Will
the 20 A breaker trip?

What is the total resistance of the network?

Determine the power delivered by the source. How does

it compare to the sum of the wauage ratings appearing

in Fig. 6.917

el
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N ~|PI

Circuit
(20 A) _ A,
e ey
breaker - :
: _ :
S T =
¥ 5 Five 60 W ‘Microwave DVD . =
bulbs in parallel 1200 W W
L] » =
FIG. 6.91 .
- Problem 22.

*23. For the network in Flg 6.92:
a. Find the current /.
b. Calculate the power dlssapﬁted by the 4 ﬂ resistor.
¢, Find Lhc current /3.

r

Fé

FIG. 6.92
Problem 23.

SECTION 65 Kirchhoff's Current Law

24. Using Kirchhoff's current law, determine the unknown cur-
rents for the parallel network in Fig. 6.93.

25. Using Kirchoff's current law, find the unknown currents for™ .
the complex configurations in Fig. 6.94,

/’

.

FIG. 6.94
Problem 25.

- 26. Using Kirchhoff's current law, determine the unknuwn cur-

rents for the networks in Fig. 6.95.

27. Using the information provided in Fig, 6.96, find the branch

2mA
—pp—
&
i AIE A S & -
EL- . RAZ Raﬁ: B
l 8 mA : :
b i . 6mA
FIG. 6,93
Prablem 24 ’
s ) “...“. " #4

resistances R, ‘and Ry, the total remtauce Ry, and the volt-

. age source E
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7ol - ey - - .' ¥
+. - . T
; I, .
N\ :
i6 m.;\/ lﬁ"l Rz
| I mA 5mA 2 mA
||| i e e
L | =
Iy E T 20mA —
1 7
R :: » R :"—'— - < <
'3 4 E= R, R4kl Ry g
Iy % ; -
(b) ‘ =
FIG. 6.95 -
A : Problem 26.
» ‘.‘) "
28. Find the unknown guantities for the networks in Fig. 6:97
using the information provided. .
'] . =
4 -
— g PR S 2 H r T E
3 2A .
| =34 A _ & 7 *-1 _J:; };3
—— r——e - - i -
107 - R, ® Ry £z RZ6OR SN Sk
—
v, OF Lp=12w 3
() " (b) v
mG.89 " L
Pmb}em 28

29, Find the unknown quantities for the networks of Flg 6.98 !
using the information provided. - .

+[ i ll]OmA lfl lfa " _l g 30W\\ _T"‘i TI ' T'F.'l # T :
My = k0 R 4 k0 P T 00 Ra Ry= R,
T * 2A. P,“/_.
= = . _ ' ’
(a) z (b} *
] FIG. 6.98 # 5
Probiem 29
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SECTION 6.6 Current Divider Rule

3. Based solely on the resistor values, determine all the cur-
rents for the configuration in Fig. 6.99. Do not use

1PI

33, Parts (a) through (e) of this problem should be done by
inspection—that is, mentally. The intent is to obtain.an

approximate solution without a lengthy, series of calcula-
tions. For the network in Fig. 6.102:

What is the approximate value of Iy, considering the

magpnitude of the parallel elements?

What is the ratio [1/f;? Based on the result of part (a),
whal is an approximate value of /37

What is the ratio /y/;? Based on the result, what is an
approximate value of 137

What is the ratio /1/74? Based on the result, what is an
approximate value of [,?

"What is the effect of the parallel 100 kﬂ resistor on the

" above calculations? How much smaller-will the current

Ohm's law. 5 a
b.
L=9A .
c
60 _
AMA d
Ir —=  VYY 1. N
_—r*- L ho1za | L
: AMA ; &
Lo oaq
A ¢
Iy 180 '
FIG.6.99 "
Problem 30. g
_ : h.
31, a. Determine one of the unknown currents of Fig. 6.100 . L

using the cl_Jfrenl divider rule.- *
b. Determine the other current using Kirchhoff's current
law. :

h

1k}

25

FIG. 6.100
Problem 31.

—

A

AAA
¥yy

24 k)

%

(b

-

32, For =ach network of Fig. 6.101, dcu:rmme thc unknewn
currents.

=

a

40
A

[’_"'1- A

« FIG. 6.101"
Problem 32.

Iy bethan the current /{?
Calculate the current through the 1 0 resistor using the
current divider rule. How does it cumpm to r.he muit

' of part (a)?

Calculate the current through the 10 ﬂ resistor. How
does it compare to the result of part (b)?

Calculate the current through the 1 kQ resfstor. How
does it compare to the result of part (c)? i
Calculate the current through the 100 k1 resistor. How
does it compare to the solutions to part (¢)?

FIG. 6.102
Problem 33. "I

.
. -

»
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34, Find the unJ{niza:wn qqanﬁties'ﬁfor the networks in Fig. 6.103

using the information provided.
& 30 |
!- =24 mA
..LL __.‘Il—-.
36 0
@

FiG. 6.103

: Problem 34.

35. a. Find resistance R for the network in Fig. 6.104 that will

ensure that [ = 313,
b. Find I, and Is.

:.';Z‘I‘m\ 2‘ Vi
- ]

)
——= A

vy
R

FIG. 6.104
Problem 335.

-

36, Design the network in Fig. 6.105 such that I, = 2[; and

Iy = 2l
84 mA
E pu——
lfl lfz
L—-—
E=24V R R
- 1 2

FIG. 6.105
Problem 36.

SECTION 6.7 Voltage Source in Parallel

37. . Assuming identical supplies-in Fig. 6 106:

a. Find the indicated currents.

-

_b. Find the power delivered by each source.
¢. Find the total power delivered by both sources, and
compare it to the power delivered to the 1oad R;, 1

d. If only source current were available, what would the

current drain be 10 supply the same power to the load?

* How does the current level compare to the calculated

level of part (a)?

-

L]
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1

P =T2W

Ry

Yy

-
-
-

FIG. 6.106
Problem 37.

38." Assurning identital supplies, determine currents Iy, I, and
I for the conﬁgl.ilra!ion in Fig. 6.107.

5640

.LT-’ N3
—l12V ..1{_1\.’_ 0
= :

FIG. 6,107 *

Problem 38. .

39, Assuming ideatical supplies, determine the current / and
resistance R for the parallel network in Fig. 6.108.

EA

—_—leV-

-.-f—
—T 16V 2k EE 80
tAT -
'FIG. 6.108
Problem 39

SECTION 6.8 Open and Short Circuits

40. .For the network in Fig. 6.109:
a. Determine [, and Vp.
b. Determine [, if Ry is shorted oul.

¢. Determine V,_ if R, is replaced by an open cireuit.

If—' Al'.l'_ o+
100
i 3
—_— -
E—=—11V R,_q:lﬂkﬂ Ve
T AR
w

FIG. 6.109
Problem 40.
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41. For the network in Fig. 6.110:
a. Determine the open-circuit  voltage Vi,

b. If the 2.2 kf} resistor is sh{m c:rcune.d what is the new

value of V,?
¢. Determine Vy if the 4.7 k(2 remtor is replaced by an
open circuit.

zzm 3.3k0

"T Yy

Tgv > 4.7k B e
G o s

FIG.6.110°
Problem 41.

.+ 0

AAN
LJ

*42. For the network in Fig, 6.111, determine: ~ *
a. Theshort-circuit currents /; and /5, :
b. The voltages V) and V.
¢. The source current I,

l
s ] £
40
—Wy MW——0
T_, lon '+
+ oo [ RS
I 602V, —T-_-zﬂv. v
AW “_3
g
FIG. 6.111
. Problem 42

SECTION 6.9 Voltmeter Loading Effects

43. For the simple serjes configuration in Fig. 6.112:

-a. Determine voltage V5.

b. Determine the reading of a DMM havmg an internal re-
sistance of 11 MQ when used to measure Va. :

c. Repeat part (b) with a VOM having.an (M/V rating of
20,000 using’the 20 V scale. Compare the results of
parts (b) and (c). Explain any differences. ;

“d. Repeat parts (a) through (c) with R, = 100 k02 and
Ry=200k0). .
e. Based on the above, what general conclusions can you

meter mode? :
”

make about the use ofa DMM or a VOM in the volt- _'

IPI

FIG. 6.112
Problem 43,

. [ 3

44. Given the configuration in Fig. 6.113: %

a. What is the voltage between points a and b?

b,. What will the reading of a DMM be when placed across
terminals a and & lf the internal resistance of the meter
is 11 M{1?

c. Repeat part (b) if a VOM having an {Y/V rating of
20,000 wsing the 200 V scale 15 used. What is the read-
ing using the 20 V scale? Is there a difference? Why?

5" -

-
R
- a- ¥
T IMQ =
a6
E=-2V .
© FIG.6.113 '
Problem 44.
" L 4

éE(;'ﬂON 6.10 Troubleshooting Tochnique#

45, Based on the measurements of Fig. 6.114, determine
wﬁelher the network is operat:ng correctly. If not, dctcr-
“'mine why,

6V

Yy

ok i
ikl 4=
-
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46. Refurringm F!g _G.HS. ﬁnd Lhc voltaga V, without the.

. meter in place, When the meter is applied to the active net-

work, umu V. 1f the measured value does not equal .

~ the theoretical- value, which element or elements may have
L been em:bded mmmclly"' s

10 ax0

FIG.6.115¢ . ’
Problem 46.

47, 2. The voltage V, for the network in Fig. 6.116 is =1 V.1f

it suddenly jumped to 20 V, what could have bappened
to the circuit structure? Localize the problem area.

b. If the voltage V, i 6 V rather than —1 V, explain what is
wrong about the network construction.

+2{?V

4V

PN Y
' Problem 47,
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SECT ION 6.14 Computer Analysis

48. Using PSp;c- or Multisim; venfy the results of Exmp}e
6.13. -

49 Usmg PSpice or Multisim, determine the solution to Prob:
lem 9, and compare your answer to the longhand solution.

50. Using PSpice or Multisim, determine the solution ta Prob- .
lem 11, and compare your answer to the longhand solution.

GLOSSARY 3 o S

Current divider rule (CDR) A method by which the current
through parallel glements can be determmed without first
finding the voltage across those parallel elements.

Kirchhoff’s current law (KCL) The algebraic sum of the cur-
rents entering and leaving a.node is zero. )

Node A junction of 1wo or more branches,

Ohm/volt ({2/V) rating A rating used to determinie both the cur-
rent sehsitivity of the movement and th:mtcmal resistance of
the meter:

_ Open circuit The absence uf a direct connecnon between two
points in a network.

Parallel circult A circuit configuration in wh:ch the ulements
have two points in common, :

Short circuit A direct connection of low resistive value that can
significantly alter the behavior of an element or system.

¢ A



