ELECTRICAL & ELECTRONICS ENGINEERING

Fundamentals of Electric Circuits:
DC Circuits:

1.1 Introduction

Technology has dramatically changed the way we do things; we now have hstatnetted
computers and sophisticated electronic entertainment systenosirirhomes, electronic
control systems in our cars, cell phones that can be used just about anywhere, robots that
assemble products on production lines, and so on. A first step to understanding these
technologies is electric circuit theory.

Circuit theoryprovides youthe knowledge of basic principles that yoeed to understand the
behavior of electric elements include controlled and uncontrolled source of energy, resistors,
capacitors, inductors, etc. Analysis of electric circuits refers to computatopsred to
determine the unknown quantities such as voltage, current and power associated with one or
more elements in the circuit.

To contribute to the solution of engineering problems one must acquire the basic knowledge
of electric circuit analysis arldws. To learn how to analytiee systems and its modefisst

one needs to learn the techniques of circuit anallysithis chapterWe shall discuss briefly

some of the basic circuit elements and the laws that will help us to develop the backdround o
subject.

The SI System of Units

The solution of technical problems .
requires theuse of units. At present, two TABLE1-1 Common Quantities

major  system$ the  English  (US
Customary) and the metécare in
everydayuse. For scientific and technical
purposes, howevethe English system has ' :
been almost totally superseded. In its place = ! inch = 2.54 centimeters

1 meter = 100 centimeters
= 39.37 inches
1 millimeter = 39.37 mils

the S| systemis used. Tableill shows a 1 foot = 0.3048 meter

few frequently encountered quantities with | yard = 0.9144 meter
units expressed in bo#ystems. 1 mile = 1.609 kilometers
The Sl system combines the MKS metric 1 kilogram = 1000 grams
units and the electrical unitsntd one = 2.2 pounds

unified system: See Tablé 2 and Table 1 gallon (US) = 3.785 liters

1i 3. (Do not worry about the electrical
units yet. We define them in later
chapters.) Note that somgymbols and
abbreviations use capital letters while
others use lowercase letters.




TABLE 1-2 Some S| Base Units

Quantity Symbaol Unit Abbreviation
Length [ meter m

Mass m kilogram kg
Time t second s
Electric current Li ampere A
Temperature T kelvin K

Quantity Symbuol Unit Abbreviation
Force F newton N
Energy W joule )
Power P.p watt W
Voltage V.vE, e volt A"
Charge O.q coulomb C
Resistance R ohm Q
Capacitance C farad F
Inductance L henry H
Frequency b hertz Hz
Magnetic flux b weber Wb
Magnetic flux density B tesla T

TABLE 1-4 Conversions

When You Know Multiply By To Find

Length inches (in.) 0.0254 meters (m)

feet (ft) 0.3048 meters (m)

miles (mi) 1.609 kilometers (km)
Force pounds (Ib) 4. 448 newtons (N)
Power horsepower (hp) 746 watts (W)
Energy kilowatthour (kWh) 3.6 % 106 joules' (I)

foot-pound (ft-1b) 1.356 j-::ull.?.sJr (I




Power of Ten Notation

Electrical values vary tremendously in size. In electronic systems, for exaoldges may
range from a few millionths of a volt to several thousand volts, whilpower systems,
voltages of up to several hundrédtbusand are common. Treandle this large range, the
power of ten notation(Table 15) is used see Note.

To express a number in the power of ten notation, move the decimatguihére you want

it, then multiply the result by the power of ten neededegiore the number to its original
value. Thus247000 = 2.47x10(The number 10 is called thiease,and its power is called
theexponent) An easyway to determine the exponent is to count the number of places (right
or left) that you moved the decimal i Thus,

247000=247000 =247 x 10°
oA _a

54321
Similarly, the number 0.003 69 may be expressed as<A.69as illustratecbelow.

0.00369 =0.00369 =3.69 X 10
(Y

123
Multiplication and Division Using Powers of Ten
To multiply numbers in power of ten notation, multiply their base numliiiees, add their
exponents. Thus,
(1.2x 10%(1.5x 10%) = (1.2)(1.5)x 103" = 1.8 x 10’
For division, subtract the exponents in the denominator from those mutherator. Thus,
4.5 X10° _ 45

_ = x 10077 P =15 x 10¢
3IX102 3

TABLE 1-5 Common Power of Ten Multipliers

1 000 000 = 10° 0.000001 = 1075
100 000 = 10° 0.00001 = 1072

10 000 = 10* 0.0001 = 107*
1000 = 10° 0.001 = 1073
100 = 10? 0.01 = 1072

10 = 10! 0.1=10"
1=10° 1=10°

NOTE: The complete range of powers of ten defined in the S| system includes twenty members. However, only
those powers of common interest to us in circuit theory are shown in Table 1i 5.

PROBLEM
Convert the following numbers to power of ten notation, then perform the operation
indicated:

a. 276 x 0.009,

b. 98 200/20.

Solution

aACX P MIMTW CEG pmMT w P W pT g8 y

b.oy Mg w¢ pnnf ¢ p1m TP pTI



Addition and Subtraction Using Powers of Ten
To add or subtract, first adjust all numbers to the same power of ten. It doeattestwhat
exponent/ou choose, as long as all are the same.

PROBLEM

Add 3.25x 107 and 5x 10°

a. using 18representation,

b. using 18representation.

Solution

a.5x 10%=50x 10 Thus, 3.25¢ 10° + 50 x 10% = 53.25% 10~

b. 3.25x 107 = 0.325% 10°. Thus, 0.325 10® + 5x 10° = 5.325«< 10°,
which is the same as 53.23.07

Powers

Raising a number to a power is a form of multiplication (or division if the exponent
is negative). For example,

(2x103F =(2x 10°(2 x 10°) =4 x 10°

In general, I x 10M™ = N"™x 10™. In this notation, (X 10*?= 22 x10>?=4x 10(° as
before.

Integer fractional powers represent roots. THU$= & =2 and

273=g x ©

Prefixes, Engineering Notation, and Numerical Results

In scientific work, it is common to find very large amdry small numbergxpressed in
power of ten notation. However, in engineering, certain elementtytd and standard
practices have evolved, giving rise to what is referrecadangineering notation. In
engineering notation, it is more common to ysefixes than powers of ten. The most
common prefixes (along with their symbotgke listed in Tablei®. (Note: In this notation,
powers of ten must be multipled three.) As an example, while a current of 0.0045 A
(amperes) may bexpressed as 45610° A, it is preferable to express it as 4.5 mA or as 4.5
milliamps.Note also that there are often several equally acceptable choices. For

example, a time interval of 610°s may be expressed as 1) or as 15@nicroseconds, or
as 0.15 ms, or as 0.15 millgmnds. Note also that it is not wrotmexpress the number as 15
x 10 it is simply not common engineering practid&om here onward, we will use
engineering notation almost exclusively.

TABLE 1-6 Engineering Prefixes

Power of 10 Prefix Symbaol
102 tera T
10° giga G
10° mega M
107 kilo k
1077 milli m
10°° micro n
10°° nano n
101 pico p




Circuit Diagrams

Electrical and electronic circuits areonstructed using components such as batteries,
switches, resistors, capacitors, transistors, and interconnecting wiresepi@sent these
circuits on paper, diagrams are used. In this book, we use tifpes: block diagrams,
schematic diagrams, and mao#ls.

Block Diagrams

Block diagrams describe a circuit or system in simplified form. The ovepadblem is
broken into blocks, each representing a portion of the system or dBlagks are labelled to
indicate what they do or what they contain, tirerconnected to show their relationship to
each other. General signal flowusually from left to right and top to bottom. Figuiigs1for
example, represens audio amplifier. Although you have not covered any of its circuits yet,
you should be ablgo follow the general idea quite easilpound is picked up byhe
microphone, converted to an electrical signal, amplified by a pair of ampltfiers output to

the speaker, where it is converted back to sound. A pswaply energizes the system. The
advantage of a block diagram is that it giwesi the overall picture and helps you understand
the general nature of a probleRowever, it does not provide detail.

Sound Amplifi Power Sound
Waves mpither "| Amplifier " Waves
Microphone *—*

Power
Supply

A

Speaker

Amplification System

FIGURE 115 An example block diagram. Pictured is a simplified representation of an audio amplification system.

Pictorial Diagrams

Pictorial diagrams provide detail. They help you visualize circuits and tlogieration by
showing components as they actually look physically. For exartt@egircuit of Figure 16
consists of a battery, a switchnd an electritamp, all interconnected by wire. Operation is
easy to visualiz& when theswitch is closed, the battery causes current in the circuit, which
lights the lamp.The battery is referred to as the source and the lamp as the load.
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Lamp
(load)
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(source)



FIGURE 116 A pictorial diagram. The battery is referred to as a sourcewhile the lamp is referred to as aload.(The

+ and - on the battery are discussed later.)

Schematic Diagrams

While pictorial diagrams help you visualize circuits, they are cumbersomdraw.
Schematic diagramsget around this by using simplified, standard symlolsepresent
components; see Tabld 7L (The meaning of these symbols will beade clear as you
progress through the book.) In Figuré7{a), for example, wdave used some of these
symbols to create a schematic for the circuit of Figliré. Each component has been
replaced by its corresponding circuit symbBMhen choosing symbols, choose those that are
appropriate to the occasion.

Consider the lamp of Figure 7(a). As we will showlater, the lamp possessasproperty
called resistance. When you wish to emphasize this property, tise resistance symbol
rather than the lamp symbol, as in Figuig(b). When we draw schematic diagrams, we
usually draw them with horizontalnd verticallines joined at right angles as in Figurierl
This is standardoractice. (At this point you should glance through some later chapters,
e.g.,Chapter 7, and study additional examples.)

Switch Switch
—c//oi
+
attery == : - -
Battery =7 _ Lamp GED Battery = _ Resistance g

(b)

(@) Schematic using lamp symbol Schematic using resistance symbol

FIGURE 117 Schematic representation of Figure 1 6. The lamp has a circuitproperty called resistance (discussed

later).



TABLE 1-7 Schematic Circuit Symbols

1oL L |3
1T ) :
— 11
Single Multicell AC Current | Fixed Variable | Fixed  Variable Air Iron  Ferrite
Cell Voltage Source Core  Core Core
Source
Batteries Resistors Capacitors Inductors
SPST I Earth
" ) 1
— ——| A |-
SPDT Chassis
Wires Wires
Lamp Switches Microphone Speaker Joining Crossing | Grounds Fuses
—— o
Voltmeter || n
1" JAY,
n—|—0 :
Ammeter Air Core Iron Core Ferrite Core
Circuit O Dependent
Breakers Ammeter Transformers Source

2.1VOLTAGE & CURRENT

A basiclectric circuit consisting of a source of electrical energy, a switch, a load, and
interconnecting wire is shown in Figure 2i 1. When the switch is closed, current in the circuit causes
the light to come on. This circuit is representative of many common circuits found in practice, including
those of flashlights and automobile headlight systems. We will use it to helpdevelop an understanding

of voltage and current.

Lijl Current
. !
Switch \I i /

L _d___:{; Lamp
G, /o S Ny (load) -4 @)

1

Interconnecting wire

Battery
(source)

{a) Pictorial representation (b} Schematic representation

FIGURE 21 1 A basic electric circuit.



Elementary atomic theory shows that the current in Figure 21 1 is actually a flow of charges. The

cause of their movement i s the 0vVbthigsaugceis ahbatferytinhhe sour
practice it may be any one of a number of practical sources, including generators, power supplies,

solar cells, and so on.

In this chapter we look at the basic ideas of voltage and current. We begin with a discussion of atomic

theory. This leads us to free electrons and the idea of current as a movement of charge. The

fundamental definitions of voltage and current are then developed. Following this, we look at a

number of common voltage sources. The chapter concludes with a discussion of voltmeters and

ammeters and the measurement of voltage and current in practice

2.2 Electrical Charge

Electrical chargeis an intrinsic property of electrons and protons that manifests its#ié in
form of force® electrons repel other electrons but attract protons, wihidons repel each
other but attract electrons. It was through studying tf@ses that scientists determined that
the charge on the electron is negatigle that on the proton is positive.

Achar geod can r eanhadvidaabeledtroner tatheachagge associated with a
whole group of electrons.

In either case, th charge is denoted by the lett@r and its unit of measuremeint the Sl
system is the coulomb. (The definition of the coulomirassidered in Section 2.2.) In
general, the charg® associated with a group @lectrons is equal to the product of the
number of electrons times the charge on each individual electron. Since charge manifests
itself in the form of forcessharge is defined in terms of these forces. This is discussed next.

Coul ombdés Law

The force between charges was studied by the FreretitistiCharles

Coulomb (17361806). Coulomb determined experimentally that the fdretveen two
chargesQl andQ2 (Figure 25) is directly proportional to thproduct of their charges and
inversely proportional to the square of the distafmdween them. Mathematically,
Coul ombdhates | aw

"0 'Q— [Newtons, N]------------------- (2.1)

whereQ1l andQ2 are the charges in coulombs (to be defined in Section 2.2),

r is the centeto-center spacing between  sufficient energy, escape from their parent
them in meters, ankl= 9 x10. atoms.

Coul ombdéds | aw applies to aggregates of
charges as in Figurd 2(a) and (b), as

well as to individual electrons within the

atom as in (c).

As Coul ombods Il aw Il ndicates, force
decreases irersely as the square of

distancethus, if the distance between two

charges is doubled, the force decredases

(1/2¢ = 1/4 (i.e., one quarter) of its

original value. Because of this

relationship,electrons in outer orbits are

less strongly attracted todhmucleus than

those in inner orbits; that is, they are less

tightly bound to the nucleus than those

close by. Valence electrons are the least

tightly bound and will, if they acquire
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(c) The force of attraction
keeps electrons in orbit

2.3 Voltage

When charges are detached from one body

and transferred to anotherpatential
differenceor voltageresults between them.
A familiar example is the voltag¢hat
develops when you walkcross a carpet.
Voltages in excess of ten thousawaolts
can be created in this way. (We will define
the volt rigorously veryshortly.) This
voltage is due entirely to the separation of
positive and negativecharges, that is,
charges that have been pulbgshrt.

Figure 27 illustrates another example.
During electrical storms, electronn
thunderclouds are stripped from their
parent atoms by the forces of turbulence
and carried to the bottom of the cloud,
leaving a deficiency of electrons (positive
charge at the top and an excess (negative
charge) at the bottom. The forcef
repulsion then drives electrons away
beneath the cloud, leaving the ground

FIGURE 21 5 Coulomb law forces

positively charged. Hundreds of millions
of volts are created in this way. (This

is what causes the air todak down and a
lightning discharge to occur.)
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FIGURE 217 Voltages created by separation
of charges in a thundercloud. The force

of repulsion drives electrons away beneath

the cloud, creating a voltage between the
cloud and earth as well. If voltapecomes

large enough, the air breaks down and a

lightning discharge occurs



Practical Voltage Sources

As the preceding examples show, voltage is created solely by the separgtasitioé and
negative charges. However, statischarges and lightning strikase not practical sources of
electricity. We now look at practical sourcescédmmon example is tHmattery. In a battery,
charges are separated by chemaxdion. An ordinary alkaline flashlight battery, Figuiie82
illustrates theconcept. The alkaline material (a mixture of manganese dioxide, graphite, and
electrolytic) and a gelled zinc powder mixture, separated by a paper b=vaked in
electrolyte, are placed in a steel can. The can is connected to ttegptép brm the cathode
or positive terminal, while the zinc mixture, by meafighe brass pin, is connected to the
bottom to form the anode or negative termiif&he bottom is insulated from the rest of the
can.) Chemical reactionesult in an excess of eleafrs in the zinc mix and a deficiency in
the manganesgioxide mix. This separation of charges creates a voltage of approxirhdiely
V, with the top end cap and the bottom of the can. The batterys useful as a source since
its chemical action creas a continuous supply ehergy that is able to do useful work, such
as light a lampr run a motor.

End cap (positive __
electrode)

Separator —__

Anode (-)
Zinc powder mix

Cathode (+) IS g I
Manganese dioxide
mix

Brass anode [
collector pin

Insulating jacket —

Gaskets and —_
sealant, etc.

Case end (negative
electrode)

ngage Loaming 2013

Q|

(a) Basic construction o (b) A typical D cell
FIGURE 21 8 Alkaline cell. Voltage is created by the separation of charges due to cheastioal Nominal cell voltage is
15V

Potential Energy

The concept of voltage is tied into the concept of potential energy. We thdoefkreriefly

at energyln mechanics, potential energy is the energy that a body possesses bédtmuse
position. For example, a bag of sand hoisted by a rope over a palié¢lye potential to do
work when it is released. The amount of work that wentgnting it this potential energy is
equal to the product of force times the distaticeugh which the bag was lifted (i.e., work
equals force times distance). In tBesytem, force is measured in newtons and distance in
meters. Thus, work hdke unit newtormeters (which we call joules, Section 1.2, Chapter 1).
In a similar fashion, work is required to move positive and negaligeges apart. This gives
them potential eergy. To understand why, considgagain the cloud of Figurei Z, redrawn



in Figure 29. Assume the cloud isitially uncharged. Now assume a chargeoélectrons

is moved from theop of the cloud to the bottom. The positive charge left at the topeof
cloud exerts a force on the electrons that tries to pull them back as they arentmiad
away. Since the electrons are being moved against this force,(foor& times distance) is
required. Since the separated charges experiefaceeato returnd the top of the cloud, they
have the potential to do worknéleased, that is, they possess potential energy. Similarly for
the battery ofFigure 2 8, the charges, which have been separated by chemical action, also
possess potential energy.

Definition of Voltage: The Volt

In electrical terms, a difference in potential energy is definedo#age. In general, the
amount of energy required to separate charges depends on the deiaimped and the
amount of charge moved. By definitiothe voltagebetween two points is one volt if it
requires one joule of energy to move @oelomb of charge from one point to the otHar.
equation form,

T o
T T T° =y 8
whereWis energy in joulesQ is charge in coulombs, andlis the resultingoltage in volts.

+
: Force of attraction
Electrons being
moved against ‘r
force .

-

FIGURE 21 9 Work (force _ distance) is required to move the charges apart.

Cloud

Note carefully that voltage is defined between points. For the caselmdttbey, for example,
voltage appears between its terminals. Thiakage doesot exist at a point by itself; it is
always determined with respect to some ofj@nt. (For this reason, voltage is also called
potential difference We often uséhe terms interchangeably.) Note also that this argument
applies regardlessf how you separate the charges, whether it be by chemical means as in a
battery,by mechanical means as in a generator, by photoelectric means as ircaels@ad

SO on.

Alternate arrangements of Equatidi?2are useful:

T by Lo oy :
L i Fo O mo Ry v 8
T

Problem



If it takes 35 J of energy to move a charge of 5 C from one point to anoetiadris the
voltage between the two points?
Solution

Practice problems

1. Thevoltage between two points is 19 V. How much energy is requirett@ 67 _x1E
electrons from one point to the other?

2. The potential difference bet avereguiredtavo poi n
move a charg® from one point to the othgwhat isQ?
Answers

1.204 J;2.2mC

Symbol for dc Voltage Sources

Consider again Figurei 2. The battery is the source of electrical energy rinates charges

around the circuit. This movement of charges, as we will sms® is called an electric
current. Because o0ne abnays pokiteve anchthet other ysGabvays e r mi
negative, current is always in teame direction. Such a unidirectional current is calledr

direct current, and the battery is calleddc source.Symbols for @ sources are shown in

Figure 210. The long bar denotes the positive terminal. On actual battdreegositive

terminal is usually marked POS)(and the negative termindEG (). We refer to this
designation apolarity d thus, the + terminal hgsositive polarity and the- terminal has

negative polarity.
; :TI 1.‘..' é

1 .
E_ -|- E .|. L. .|.
(a) Symbol for a cell (b} Symbaol for a battery (c) A 1.5 volt battery

FIGURE 21 10 Battery symbol. The long bar denotes the positive terminal and thebsindhte negative
terminab thus it is not necessary to put + andigns on the diagraalthough we often doJror simplicity, we
use the symbol shown in (a) throughout thi®k for batteries as well as for cells.

2.4 Current

Earlier, you learned that there are large numbers of free electrons in metatplilez. These
electrons move randomly throughout thaterial (Figure 26), but their net movement in any
given direction is zero.

Assume now that a battery is connected as in Figuté.ZSince electronare attracted by the
positive pole of the battery and repelled by the negatole, they move aroundhé circuit,
passing through the wire, the lamp, and lla¢tery. This movement of charge is called an
electric current. The more electronper second that pass through the circuit, the greater is
the current. Thussurrent is theate of flow(or rate ofmovementof charge.

The Ampere

Since charge is measured in coulombs, its rate of flow is coulombs per second.

In the Sl system, 1 coulomb per second is definedaasdere (commonlyabbreviated A).
From this, we get thdt ampere is the current in@rcuit whenl coulomb of charge passes a
given point in 1 secon@drigure 2 11). Thesymbol for current i$. Expressed mathematically,



L
|= |—: =|=D — ﬁ-_- v 8
whereQ is the charge (in coulombs) ahid the time interval (iseconds) ovewhich it is

measuredin Equation 25, it is important to note that t does not represent a discrete point in
time but is the interval of time during which tin@ensfer of charge occurdlternate forms of

Equation 25 are 3
Fobape ome g :

< b fmge Ay 8

And

Although Equation ©5 is the theoretical definition of current, we nesetually use it to
measure current. In practice, we use an instrument callachareter (SectioB.6). However,
it is an extremely important theoretical relationsthat we will soon use to develop other
more practical relationships.

Problem
If 840 coulombs of charge pass through the imaginary plane of Figliied@ring a time
interval of 2 minute, what is the current?

Solution Convertt to seconds. Thus

2

Y 14t

R

o] <

Practice problems

1. Betweert =1 ms and = 14 ms, 8 uC of charge pass through a wivbat is the current?

2. After the switch of Figurei is closed, currerit= 4 A. How muchcharge passes through
the lamp between the time the switch is closedthadime that it is opened 3 minutes later?
Answers

1.0.615mA; 2. 720 C

Current Direction

In the early days of electricity, it was believed that current was a moverhgusitive
charge and that these charges moved around the circuit from the ptesitiweal of the
battery to the negative as depicted in Figur&2fa). Basean this, all the laws, formulas,
and symbols of circuit theory were developé&/e now refer to this direction as the
conventional current direction.) After thediscovery of the atomic nature of matter, it was
learned that what actually movés metallic conductors are electrons and that they move
through the circuit as ifigure 2 12(b). This direction is called the electron flow direction.
We thus havéwo possiblerepresentations for current direction and a choice has to be made.
In this book, we use the conventional direction (see Notes).

Alternating Current (ac)

So far, we haveconsidered only dc. Before we move on, we will briefly mentanor
alternating current. Alternating current is current that chaxgestion cyclically that is,
charges alternately flow in one direction, thertha other in a circuit. The most commaa
source is the commercial ac povesistem that supplies energy to your home. We mention it
here because you wiincounter it briefly in Section 2.5. It is covered in detail in Chapter 15.



(a) Conventional current direction b Electron flow direction

FIGURE 21 12 Conventional current versus electron flow. In this book, we use conventional

current.

Constant-Current Sources

Unlike a voltage source,@irrent source maintains the same current in its branch of the circuit
regardless of how componemte connected externally to the source. The symbol donatant
current sourceis shown in Figurei&.

The direction of the current source arrow indicates the direction of conventiamaht in the
branch. In previous chapters you learned that the magrandi¢he direction of current through a
voltage sowe vary according tthe size of the circuit resistances and how other voltage sources
are connecteth the circuit. For current sources, the voltage across the current source dapends
how the other components are connected.

I

FIGURE 871 2 Ideal constant-current source.
2.5 Practical dc Voltage Sources

Batteries

Batteries are the most common dc source. They are made in a variety of shapes, sizes, and

ratings, from miniaturized button batteries capable of delivering only a few microamps to

large automotivebatteries capable of delivering hundreds of amps. Common sizes are the

AAA, AA, C, and D. All batteries use unlike conductive electrodes immersed in an

electrolyte. Chemical interaction between the electrodes and the electrolyte creates the

voltage of thébattery. We now look at some of the more common types.

Primary and Secondary Batteries

Batteries eventually become Adi scharged. 0

befirecharged. 0 S usedondaralatteres.Otleeistypesy callegeiraaryl e d

batteries, cannot be recharged. A familiar example of a secondary battery is the automobile

battery. It can be recharged by passing current through it opposite to its discharge direction.

A familiar example of a primary cell is the flashlight battery.

Types of Batteries and Their Applications

The voltage of a battery, its service life, and other characteristics depend on the material from

which it is made.

Alkaline These are popular, genemirpose
batteries that are used in flashlights,
portable radios, TV remote controllers,



cameras, toys, and so on. With a nominal
cell voltage of 1.5 V, they come in various
sizes as depicted in Figuré 3. While

some alkalinebatteries are designed to be

recharged, most are not

Lithium

Lithium batteries (Figure i24) feature
small size and long life (e.g., sonmave
shelf lives of 10 to 20 years). Applications
include watches, pacemakersameras,
and battery backup of computer memories.
Several types of lithiurgells are available,
with voltages from of 2 V to 3.5 V and
current ratings fromthe microampere to
the ampere range.

Nickel-Cadmium (Ni-Cad)

132ovanNa

)
c
e
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m :
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FIGURE 2i 13 Alkaline batteries. From letb right, a
9V rectangular battery, an AA&ell, a D cell, an AA
cell, and a C cell.

-

FIGURE 21 14 An assortment of lithium
batteries. The battery on the computer
motherboard is for memory backup.

Ni-Cads are generplurpose, rechargeablbatteries that, although once populare
gradually being superseded by NiMH and lithium ion batteries, wihake better
performance characteristics and higher energy densities. Uses icolatess power tools

and home entertainment systems.
Nickel-Metal Hydride (NiMH)

NiMH batteries are rechargeable batteries that can have two to three tincapdbiy of an
equivalentsized NiCad battery. They are used for powergigctric vehicles, as well as in

consumer electronics, such as cameras.
Lead-Acid

This is the familiar automotive battery. Its basic cell voltage is about 2 voltgdically, six
cells are connected internally to provide 12 volts at its termih&adacid batteries are
capable of delivering large current (in excess of 100fok)shat periods as required, for

example, to start an automobile.
Battery Capacity

Batteries run down under use. However, an estimate of their useful life cetdsmined

from their capacity, that is, theampere-hour rating. (Theamperehour rating of a battery is
equal to the product of its current drain tintles length of time that you can expect to draw
the specified current before tihattery becomes unusable.) For example, a battery rated at
200 Ah can theoreticallgupply 20A for 10 h, or 5 A for 40 h, and so on. The relationship

between capacity, life, and curreJrct drain is

L s

The capacity of batteries is not a fixed
value as suggested above bufiected by
discharge rates, operating

T
A Y L

schedules,

8

temperature, and other factorgFor
example, a battery discharged at a high
rate will have a lower capacitthan the



same battery discharged at a lower rate.)
At best, therefore, capacity & estimate 100
of expected life under certain conditions.
To illustrate, considerFigure 215. It g%
shows a typical variation of capacity of a 2 %0
Ni-Cad battery with changes in ;j‘ 70
temperature. g
~ 60
50

—15 -5 5 15 25
Temperature (C)
FIGURE 21 15 Typical variation of capacity versus
temperature for a Ni-Cad battery.

Cells in Series and Parallel

Cells may be connected as in Figuiiel@ and Figure 217 to increase theivoltage and
current capabilities. This is discussed in later chapters.

—0

L5V = n

v

L3V =/ -
(a) Total voltage is the @

sum of the cell voltages {b) Schematic representation
FIGURE 21 16 Cells connected in series toincrease the available voltage.
J
153V 13V 1.5V

{a) Terminal voltage remains
unchanged {b) Schematic representation



FIGURE 21 17 Cells connected inparallel to increase the available current. (Both must have the same voltage.) Do

not do this for extended periods of time.

3. RESISTANCE

You have been introduced to the concepts of voltage and current in previous chapters and have
found that current involves the movement of charge. In a conductor, the charge carriers are the free
electrons that are moved due to the voltage of an externally applied source. As these electrons move
through the material, they constantly collide with atoms and other electrons within the conductor. In a
process similar to friction, the moving electrons give up some of their energy in the form of heat.
These collisions represent an opposition to charge movement that is called resistance. The greater
the opposition (i.e., the greater the resistance), the smaller will be the current for a given applied
voltage.

Circuit components (called resistors) are specifically designed to possess resistance and are used in
almost all electronic and electrical circuits. Although the resistor is the simplest component in any
circuit, its effect is very important in determining the operation of a circuit. Resistance is represented
by the symbol R (Figure 3i 1) and is measured in units of ohms (after Georg Simon Ohm). The symbol

for ohms is the capital Greek letter omega ().

In this chapter, we examine resistance in its various forms. Beginning with metallic conductors, we
study the factors that affect resistance in conductors. Following this, we look at commercial resistors,
including both fixed and variable types. We then discuss important nonlinear resistance devices and
conclude with an overview of superconductivity and its potential impact and use.

oL S

h
Y
'Resistor

FIGURE 3i 1 Basic resistive circuit.

3.1 Resistance of Conductors

As mentioned in the chapter preview, conductors are materials that permit the flow of
charge. However, conductors do not all behave the same way. Rather, wbatintie
resistance of a material is dependent upon several factors:

A Type of materi al

A Length of the conductor

A Cisextiosal area

A Temperature

If a certain length of wire is subjected to a current, the moving elecividnsollide with
other eleatons within the material. Differences at the atotewel| of various materials cause
variation in how the collisions affect resistanEer example, silver has more free electrons
than copper, and so the resistanta silver wire will be less than thesistance of a copper
wire having the identicalimensions. We may therefore conclude the following:

The resistance of a conductor is dependent upon the type of material.

If we were to double the length of the wire, we can expect that the nawinbeltisions over
the length of the wire would double, thereby causingéisestance to also double. This effect
may be summarized as follows:

The resistance of a metallic conductor is directly proportional to the lesfgtie conductor.

A somewhat less intuitivproperty of a conductor is the effect of crosssectian@h on the
resistance. As the crosectional area is increased, tm@ving electrons are able to move
more freely through the conductor, justveater moves more freely through a ladjameter



pipethan a smaitliameterpipe. If the crossectional area is doubled, the electrons would be
involved inhalf as many collisions over the length of the wire. We may summarizeffiscs

as follows:

The resistance of a metallic conductor is inversely priopoal to thecrosssectional area of

the conductor.

The factors governing the resistance of a conductor at a given tempenzsyrebe

summarized mathematically as follows:

[ .

1 2% . Johe 8
where

Z  _ resistivity, in ohrameters (-m)

m length, in meters (m)

= crosssectional area, in square meters
(m?).

In the previous equation the lowercase
Greek letter rhoZ) is the constant of
proportionality and is called thresistivity

of the materialResistivity is gohysical
property of a material and is measured in
ohmmeters ( - m) in the Sksystem.

Table 3 1 lists the resistivities of various
materials at a temperature2f C. The
effects on resistance due to changes in
temperature will be examedin Section
3.4.Since most conductors are circular, as
shown in Figure 32, we may

determine the crossectional area from
either the radius or the diameter as

follows:

A

\ _ J_T..'rf:
A=mar =—1

Problem

=Z>

Z-

TABLE 3-1 Resistivity of Materials, p

Resistivity, p,
Material at 20° C (£2-m)
Silver 1.645 x 1078
Copper 1.723 x 1078
Gold 2443 x 1078
Aluminum 2825 x 1078
Tungsten 5485 = 107%
Iron 12.30 x 1078
Lead 22 % 1078
Mercury 05.8 » 1078
Nichrome 09.72 x 10°#®
Carbon 3500 = 1078
Germaniom 20-2300#
Silicon =500%
Woaod 10%-10™
Glass 1010—1 04
Mica 10M-100
Hard rubber 1013-10'®
Amber 5% 10"
Sulphur 1 % 10"
Teflon 1 % 106

FIGURE 371 2 Conductor with a circular cross section.



Most homes use solid copper wire having a diameter of 1.63 mm to provide electrical
distribution to outlets and light sockets. Determine the resistance of 75 meters of a solid
copper wire having the above diameter.

Solution We will first calculate the crossectional area of the wire using EquatiéR2.3

. 8 O
_ 4 Z 8 -
Now using equation (3.1je resistance of the length of wire is found as
zZn 8 O O
i = 8
= 8 O

Practice problem

Find the resistance of a 100 long tungsten wire that has a circular cross section with a
diameter of 0.1 mm (T = 20° C).

Answer. 698

Problem

Bus bars are bare solonductors (usually

rectangular) used to carry large currents mw’“""l
within buildings such as power generating (=210

stations, telephone exchanges, and large —

factories. Given a piece of aluminum bus JLH

bar as shown in Figurei 3, determine the Isp, e
resistance between the erafghis bar at a '

temperature of 20°C. ‘“1‘;-

The crosssectional areais A (150 mm)(6 mm)
(0.15 m)(0.006 m)
0.0009 m 2

=9.00 x164 m 2

The resistance between the ends of the bus bar is determined as

] 8 O O

3 - 8 O

u
I[N

Section 3.1 indicated that the resistance of a conductor will not be constait at
temperatures. As temperature increases, more electrons will escaperhisir causing
additional collisions withirthe conductor. For most conductinwaterials, the increase in the



number of collisions translates into a relativéilyear increase in resistance, as shown in
Figure 37.

4 o Slope m = %

Absolute
ZEr0

—Z'.-'Ii_]f*.

=T{"C)

0 T,

L

AT

»

\ Temperature intercept
FIGURE 31 7 Temperature effects on resistance of a conductor.

The rate at whichthe resistance of a material changes with a variatiotenmperature is
dependent on themperature coefficientof the materialwhich is assigned the Greek letter
alpha (). Some materials have only veslight changes in resistance, while other material
demonstrate dramatahanges in resistance with a change in temperature.

Any material for which resistance increases as temperature increas@s s have a
positive temperature coefficient.

For semiconductor materials such as carbon, germanium,ilacah,sincreases in
temperature allow electrons to escape their usually stable aritdecome free to move
within the material. Although additional collisions dacur within the semiconductor, the
effect of the collisions is minimal whaexompared witlthe contribution of the extra electrons
to the overall flow ofcharge. As the temperature increases, the number of charge electrons
increasesresulting in more current. Therefore, an increase in temperature results in a
decrease in resistance. Conseqyerthese materials are referred to as haunagative
temperature coefficients.

Table 34 gives the temperature coefficients, a per degree Celsius, of various
materials at 20C and at 0C.

TABLE 34 Temperature Intercepts and Coefficients for Common Materials

o (i ]
T " C)! )t

= C) at 20° C at 0° C
Silver —243 0.003 8 0.004 12
Copper —234.5 0.003 93 0.004 27
Aluminum —236 0.003 91 0.004 24
Tungsten —202 0.004 50 0.004 95
Iron —162 0.005 5 0.006 18
Lead —224 0.004 26 0.004 66
Nichrome —2270 0.000 44 0.000 44
Brass —480 0.002 00 0.002 08
Platinum —310 0.003 03 0.003 23
Carbon —0.000 5
Germanium —(.048

Silicon —0.075




If we consider that Figurei3 illustrates how theresistance of coppechanges with
temperature, we observe an almost linear increase in resistatineetamperature increases.
Further, we see that as the temperature is decréasdusolute zeroTE - 273.18 C), the
resistance approaches zero.

In Figure 37, the point at which the linear portion of the line is extrapol&tecross the
abscissa (temperature axis) is referred to as the tempergtneept or the inferred absolute
temperaturd of the materialBy examining the straigHine portion ofthe graph, we see that
we havetwo similar triangles, one with the apex at point 1 and the other with theaapex
point 2. The following relationship applies for these similar triangles.

1 a1 A

1 a7 1

This expression may be rewritten to solve for the resist#m(m any temperatur# as
follows:

1
R X
An alternate method of determining the resistancef a conductor at a temperatdfeis to
use the temperatureoefficient a of the material. Examining Tablé43 we see that the
temperature coefficient is not a constant for all temperatures, but rather is dependent upon the
temperature of the material. The temperature coefficient for any material is defined as
O

)y 8

The value of is typically given in chemical handbooks. In the precedirgression) is
measured in (° &) R1 is the resistance in ohms at a temperafdreandm is the slope of the
linear portion of the curven{= R / ). lpis [Eft as an endf-chapter problem for the
student to use Equationg@and3i 7 to derive the following expression from Figuiie3

1 4 > o4 A 8
Problem-1

An aluminum wire has a resi st)aCalcuatethd 20 q at
resistance of the same wire at temperatures4t® C, 100° C, and 200° C.

Solution From Table 84, we see that aluminum has a temperature intercepl36° C.

At T=-40°C:

The resistance a#0° C is determined using Equatioit3

v TM3 COo@3 PwWQ3 &
s Tms Cco93’™ Togs™ PEM
At T=100°C,
v PTMIT3 COQ@3 coQ3
s cms o003 °™ Cops™ C@m
At T=200°C,
v CMM3 COQ3 TO0Q3
s s o003 ™ Cogs™ O®M



This phenomenon indicates that the resistance of conductors changes quite

dramatically with changes in temperature. For this reason manufacturers generally

specify the range of temperatures over which a conductor may operate safely.

Problem - 2

Tungsterwire is used as filaments in incandescent light bulbs. Current in the wire causes the

wire to reach extremely high temperatures. Determine the temperature of the filament of a

bul b if
t he

100W | i ght
Il i ght i's on,

t he
resi

st ance andiwhenthe m
det er mi

resi
stance is

Solution If we rewrite Equation 136, we are able to solve for the temperafl2es follows:

1

C T3 CT[CST

3.5 Types of Resistors

Virtually all electric and electronic circuits
involve the control of voltageand_or
current. The best way to provide such
control is by inserting appropriatealues

of resistance into the circuit. Although
various types and sizes oésistors are
used in electrical and electronic
applications, all resistors fall intavo main
categories: fixed resistors and variable
resistors.

Fixed Resistors

As the name implies, fixed resistors are
resistors having resistance values thed
essentialj constant. There are numerous
types of fixed resistors, ranging isize
from almost microscopic (as in integrated
circuits) to highpower resistorghat are
capable of dissipating many watts of
power. Figure B8 illustrates thebasic
structure of a moldedarbon composition
resistor.

As shown in Figure i3, the molded
carbon composition resistor consistk a
carbon core mixed with an insulating filler.
The ratio of carbon to filledetermines the
resistance value of the component: the
higher the proportio of carbon, the lower
the resistance. Metal leads are inserted into
the carbon corggnd then the entire resistor
is encapsulated with an insulated coating.

13

CTM¢3 CLOTS3

Carbonomposition resistors are available
in resistances from less tham Io 100
Mq and typically have power ratings from
108 W to
sizes of resistors, with the larger resistors
being able to dissipate more powdan

the smaller resistors.

Although carborcore resistors have the
advantages of being inexpensiandeasy

to produce, they tend to have wide
tolerances and are susceptible to large
changes in resistance due to temperature
variation. As shown in Figurei30, the
resistance of a carbon composition resistor
may change by as much as 5% when
temperaturés changed by 10CC.

Insulated coating

Carbon
composition

Leads imbedded

into resistive

material
FIGURE 318 Structure of a molded carbon
composition resistor
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FIGURE 319 Actual size of carbon resistors (2 W,
1 W, 102 W, 1u4d4 W, 1u8 W).

iy |
1l "2
ww

p RUD) 100-1) resistor

P S

1 1 1
—75 —50 —25 0

1 1 1 1 - T(°C)
25 50 T5 100

20
FIGURE 37110 Variation in resistance of a carbon composition fikesistor.

Other types of fixed resistors include carbon film, metal film, metal oxite;wound, and
integrated circuit packageB.fixed resistors are required in applications where precision is
an importanfactor, then film resistrs are usually employed. These resistors confmsither
carbon, metal, or metaixide film deposited onto a ceramic cylind€he desired resistance

is obtained by removing part of the resistive materédulting in a helical pattern around the
ceramic core. If variation ofresistance due to temperature is not a major concern, then low
cost carbon isised. However, if close tolerances are required over a wide tempeeatges
then the resistors are made of films consisting of alloys such as rebkemium,
constantum, or manganin, which have very small temperet@féicients.

Variable Resistors

Variable resistors provide indispensable functions that we use in one f@anotbier almost
daily. These components are used to adjust the volume o&dios, set the level of lighting
in our homes, and adjust the heat of our staresfurnaces. Figure 33 shows the internal
and the external view of typicahriable resistors.

In Figure 314, we see that variable resistors have three terminals, twhict are fixed to
the ends of the resistive material. The central terminabimected to a wiper that moves
over the resistive material when the shatftoiated with either a knob or a screwdriver. The
resistance between the tvemtermost terminals Wiremain constant, while the resistance
between theentral terminal and either terminal will change according to the position of the
wiper.



(b) Internal view of variable resistor

(a) External view of variable resistors

FIGURE 31 13 Variable resistors.

i

a r——— ©7 This voltage
I is dependent
4 - }F‘ah 1 upon the
b Comnection to T b location of
moving wiper I the moving
- Rht [,

—————a contact
c

c (c) Variable resistor used
as a potentiometer

FIGURE 3i 14 (a) Variable
resistors (b) Terminals of a variable

resistor

If we examine the schematic of a variat#sistor as shown in Figuré B4(b),we see that the
following relationship must apply:
Y Y Y odo

Variable resistors are used for two principal functions. Potentiometessyn in Figure B8
14(c), are used to adjust the amounpatential (voltageprovided to a circuit. Rheostats, the
connections and schematic of which ahewn in Figure B15, are used to adjust the amount
of current within a circuitApplications of potentiometers and rheostats will be covered in
laterchapters

——— — —y

a ]. R, =0 when the a
moving contact 15 at a
-:—??— ———————— R,
¢ o (Mo connections) b
(a) Connections of a rheostat (b) Symbol of a rheostat
FIGURE 3i 15

3.6 Color Coding of Resistors
Large resistors such as the wiwweund resistors or the cerargacased poweesistors have
their resistor values and tolerances printed on tkases. Smalleresistors, whether



constructed of a molded carbon composition or a metal filay be too small to have their
values printed on the component. Instead, tisasaller resistors are usually covered by an
epoxy or similar insulating coatingver which several colored bands are printed radially as
shown in Figure B16.

The colored bands provide a quickly recognizable code for determiningatine of
resistance, the tolerance (in percentage), and occasionally the exps@biity of the
resigor. The colored bands are always read from left to rigfitbeing defined as the side of
the resistor with the band nearest toTihe first two bands represent the first and second
digits of the resistancealue. The third band is called the multiplleand and represents the
number ofzeros following the first two digits; it is usually given as a power of ten. The
fourth band indicates the tolerance of the resistor, and the fifth band (if présean)
indication of the expected reliability of theomponent. The reliability is atatistical
indication of the expected number of components that will no lohgee the indicated
resistance value after 1000 hours of use. For exampl@afteular resistor has a reliability

of 1%, it is expected thatfter 1000 hours aise, no more than 1 resistor in 100 is likely to be
outside the specified range refsistance as indicated in the first four bands of the color codes.
Table 35 showshe colors of the various bands and the corresponding values.

W

y 4 ’+

L and 5 (reliability)
Band 4 (tolerance)

Band 3 (multiplicr)
Band 2

— Band 1

significant figures

FIGURE 31 16 Resistor color codes.



TABLE 3-5 Resistor Color Codes

Band 1 Band 2 Band 3 Band 4 Band 5
Color Sig. Fig.  Sig. Fig. Multiplier Tolerance Reliability
Black 0 10? =1
Brown 1 1 10' =10 1%
Red 2 2 107 = 100 0.1%
Orange 3 3 10° = 1000 0.01%
Yellow 4 4 104 = 10 000 0.001%
Green 5 5 10° = 100 000
Blue [ 6 105 = 1 000 000
Violet 7 7 107 = 10 000 000
Gray 8 8
White 9 9
Gold 0.1 5%
Silver 0.01 10%
Mo color 20%

Problem:

Determine the resistance of a carbon film resistor having the color codes shown in Figure 3
17.

c‘\' ~

|—Rcd(().l

—
L %0 reliability)
Gold (5% tolerance)
Orange (< 103)
Gray (8)

Brown (1) Figul’e 317

Solution From Table 85, we see that the resistor will have a value determined as
Y pypmm vb pPpq T8O with a reliability of 0.1%

This specification indicates that the resist
1000 hours, we would expect that no more than 1 resistor in 1000 would fall outside the
specified range.

Conductance and Conductivity G,i s defi ned as the measure of
theflow of charge and is assigned the Sl unit the siemens (S). A large conduntiioates

that a material is able to conduct current well, whereas avédwe d conductance indicates

that a material does not readily permit flmv of charge. Mathematically, conductance is
defined as the reciprocal mésistance. Thus,

G=1/R [Siemens, S}-------------- (3.10)
From equation (3.1)
v Yo PO w0
(") ” d ‘G 0-$) p



wher e 0 icsndutaitydr epdcific coreluctancef a conductor. The unit of
conductancés siemens (S). Earlier, this unit was called mho.
It is seen from the above equation that the conductivity of a material 15 lgyve

Oa .., 06QoQ0a.,. ...
” - O QQa Q&e~+4—— .+ Y'QQ oK Qio Qi
o] oa'Qo Qi o

Hence, the unit of conductivity is siemens/metre (S/m).

Although the Sl unit of conductance (siemens) is almost universally accelatedbooks
and data sheelist conductance in the unit given as the mho (sipelled backward) and

having an upsidelown omega, , as the symbol. Isuch a case, the following relationship
holds:

POWER

If potential is multiplied by current—, we have

Qw Qn Qw .,

QR Qo Qo

which gives rate of change of energy with time and is equal to power. Teei&d unit for
power (P) is watt expressed as Joule per sec.

w

ENERGY
From the previous section we have )
7
R Y-S
Il O A7 0AO6 AO
I O 7 6RO

and energy of a device is defined as the capacity of doing the work and its derived unit is
wattssec.

OHM'S LAW

The relationshipbetween voltage, resistance he doubled the resistance, he found that the current
current and the properties of resistance \decreased to half of its former va@hese two
investigated by the German physicist Georg & esul t s when combined form
Ohm (17831854) using a circuit similar to that daw.

Figure 1. Wor ki ng with Voltads recently devel oped
battery and wires of dif& materials, lengths, and

thicknesses, Ohm fdabatcurrent depended on both

voltage and resistance. For a fixed resistance, he

found that doubling the voltage doubled the current,

tripling the voltage tripled the current, and so on.

Also, for a fixedioltage, Ohm found that the

opposition to current was directly proportional to the

length othe wire and inversely proportional to its

crosssectional area. From this, he was able to define

theresistance of a wire and show that current was

inversely pportional to this resistance; thathisn



Consider the circuit of Figer4i 1. Using a circuit similar in concept to this, Ohm determined
experimentally thaturrent in a resistive circuit is directly proportional to its applied voltage
and inversely proportional to its resistance.

Current T

(a) (b)

Fig. 47 1 (a) Experimental set-up (b) results.

A d.c. variable supply voltage is connected with positive terminal at point a and negative
terminal at ' b' as shown. As voltage is increased, the current recorded by the ammeter
increasesFor every voltage value the current is recorded andctineesponding point is
plotted on therectangular graph. With this a straight line graph passing through origin is
obtained in firsguadrant. Next the terminals of the variable de supply are interchanged i.e. a
is connected tove polarity of de supply ahb is connected to +ve polarity of de suply. Since
both the voltmeter andmmeter are moving coil, their individual connection should also be
interchanged so that meteran read up scale. This has been done to reverse the direction of
flow of current though theresisterR. Again the voltage is varied and corresponding to each
voltage, current is recordeuohd the pairs of V and | are plotted in the third quadrant.

The experimental results indicate that there is a linear relationship between the current
ard voltage both in the first and third quadrant. The slope of straight line is also same in both
the quadrants which shows that the potential difference across the terminals of the conductor
is proportional to the current passing through ity€. L



Also it is found that for a constant current in the conductor resistance should be
changedroportional to the potential difference i@.? Y.

Combining the two proportionalities, we have

wo 0Y
¢ i QOv

where Kk is a constant of proportionalitfowever, the units of voltage, current and
resistancare defined so that the value of k = 1. When the current is 1 amp, voltage 1 volt,
theresistance s 1 q.

a B
Thus the equation becomes
®w 0Y

The equation explains ohm's law which is estisis follows :

Physical condition (Temperature, Pressure etc.) of the conductor remaining constant,
thevoltage across the terminals of a conductor is proportional to the current flowing through
it.

The resistances which Ohm
consideredare linear i.e. theaesistances
which have linear M characteristic. Also, VA
these are bilateral i.e. irrespective of
direction of flow of current theesistance
does not charge.

There are some ndmear
resistance derives also e.g.alectronic, a
diode or a triode and many such devices
have minimum resistance when these are
forward biased and whereversed biased
these offer very high resistance. Some of
the nonlinear resistance v
characteristics are shown in Fig. i.5.

Fig. i.5N o n linear resisinces.

A resistance is always rated in terms of its ohm's value and current rating or wattage
rating. Usually resistances used in electronic circuitry use wattage and ohmic ratings.

Two basic applications of a resistance are showigni.6. In Fig. i.6 (a) it is being
used as potential divider in d.c. circuit. Here we want de voltage variable from a fixed
supply voltage.

+

o

(@) (b)
Fig. i.6 (a) Potential divider (b) Current limiter.

In Fig. i.6 (b) it is used as a current limiting devasel is inserted in series with the
circuit where the current is to be limited. When used for current limitation, it is known as
rheostat.

The expression for power dissipated in a resistor R is derived as follows :

We know that



0 6)
Using one version of ohs law i.ew  OY
0 ‘OYO OYO wooi
Again using second version of ohms [&v -

~ oW
U W8 -—TLWOOI
Y Y

It is to be noted that V is the voltage across the resistance R and not the supply
voltage.
Depending upon the situation ookthese formulae can be used.
Example i.5. The load resistance in a 220 V circuit is @ms. Determine the load
current.
Solution. Using ohm's law
W QT

O?E—[C&[»:.a

Example i.6. Determine the conductance of a short circuit on 120 volt which results
in ashort circuit current of 500 A.

Solution. Since'0 @w v T ¢ TTH Y
Example i.7. Determine the power rating of a device which is rated at 1 5 A 250
Volts.

Solution.0 @O cuaGpPUL O X LVOTKOO O i

Example i.8. A resistor is rated for 1 0 kQ. 1 watt. Determine its maximum voltage
andcurrent ratings.

Solution.
- W W
v -~ ~
Y P pmmnmn
€ W pmnn
€ W P

Similarly to calculatanaximum current rating
0 OY p Opmnm
Ei 0O — mp £€ipuo

Example i.9. An electric motor operating from 220 volts supply takes a current of 8
A. Themotor has an efficiency of 80%. Determine thutput of the motor.
Solution. Power input to the motor
0 O ccay pxEIeoOd i
Since the efficiency of the motor is 80%, 80% of input will be the output i.e.
0EVRBONODE U ME RBDQAQQLQQE W
PX QumE pTTOYDOSBH S

Basic Elements & Introductory Concepts

Different electric circuits (according to their properties) are defined below :

1. Circuit or Electrical Network: A combination of various electric elements (Resistor,
Inductor, Capacitor, Voltage source, Current source) connected in any manner what so ever is



called an electrical network. We may classify circuit elements in two categories, passive and
active elements

2. Parameters. The various elements of an electric circuit are called its parameters like
resistanceinductance and capacitance. These parameters mayped or distributed

3. Liner Circuit. A linear circuit is one whose parameters are constanthey do not
changewith voltage or current.

4. Nontlinear Circuit. It is that circuit whose parameters change with voltage or current.

5. Bilateral Circuit. A bilateral circuit is one whose properties or characteristics are the same
in either directio. The usual transmission line is bilateral, because it can be made to perform
its function equally well in either direction.

Bilateral Element: Conduction of current in both directions in an element (example:
Resistance; Inductance; Capacitance) with saiagnitude is termed as bilateral element.

L R.!
—_— ] 1 —

R, =R,
6. Unilateral Circuit. It is that circuit whose properties or characteristics change with the
direction of its operation. A diode rectifier is a unilateral circuit, because it cannot perform
rectification inboth directions.
Unilateral Element: Conduction of current in one direction is termed as unilateral (example:

Diode, Transistor) element.
Forward biased Reversed biased

E.| R‘I

L0\ g £
» »
N _/

R, #R;
7. Electric Network. A combination of various electric elements, connected in any manner
whatsoever, is called ateetric network.
8. Passive Networkis one which contains no source of e.m.f. in it.
Passive Element: The element which receives energy (or absorbs energy) and then either
converts it into heat (R) or stored it in an electric (C) or magnetic (L ) fietdlled passive
element.

9. Active Network is one which contains one or more than one source of e.m.f.

Active Element:The elements that supply energy to the circuit is called active element. Examples
of active elements include voltage and current sourgeserators, and electronic devices that
require power supplies. A transistor is an active circuit element, meaning that it can amplify
power of a signal. On the other hand, transformer is not an active element because it does not
amplify the power leveland power remains same both primary and secondary sides.
Transformer is an example of passive element.

10. Nodeis a junction in a circuit where two or more circuit elements are connected together.
11. Branchis that part of a network which lies betwdeio junctions.

12. Loop. It is a close path in a circuit which no element or node encountered more than
once.

13. Mesh.lIt is a loop that containso other loop within it. For examplthe circuit of Fig. 2.1

(a) has even branches, six nodidseeloops and two mesheghereas the circuit of Fig. 2.1

(b) has four branches, two nodes, kigps and three meshes.
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Meaning of ResponseAn application of input signal to the system will produce an output signal,
the behavior of output signal with time is known as the response of the system.

4. SERIES CIRCUITS

An electric circuit is the combination of any number of sources and loads atedme any
manner that allows charge to flow. The electric circuit magifmple, such as a circuit consisting
of a battery and a light bulb. Or the circoiely be very complex, such as the circuits contained
within a television setpicrowave oven, ocomputer. However, no matter how complicated, each
circuit follows fairly simple rules in a predictable manner. Once these rulasnde¥stood, any
circuit may be analyzed to determine the operation under varamgstions.

All electric circuits obtain Heir energy either from a direct current (dggurce or from an
alternating current (ac) source. In the next few chaptersgxaenine the operation of circuits
supplied by dc sources. Although ac circtitare fundamental differences when compared with
dc circuits, the laws, theoremand rules that you learn in dc circuits apply directly to ac circuits
as well.

In the previous chapter, you were introduced to a simple dc circuit con$tngingle voltage
source (such as a chemical battery) and aesilogldresistance. The schematic representation of
such a simple circuit was covergdChapter 4 and is shown again in Figuré 5

Conventional flow

] —

" '
E = v gR

FIGURE 5-1
While the circuit of Figure Bl is useful in deriving some important conceptsy few practical
circuits are this simpleHowever, we will find that evethe most complicated dc circuits can
generally be simplified to the circuit showWe begin by examining the most simple connection,
the series connection.
In Figure 3 2, we have two resistors, R1 and R2, connected aiggegpoint inwhat is said to be
a series connectioiwo elements are said to be in series if they are connected at a single point
and if there are no other currezdrrying connections at this poim.series circuit is constructed
by combining variouslements in series, ahown in Figure B3. Current will leave the positive
terminal of the voltage sourceove through the resistors, and return to the negative terminal of
the sourceln the circuit of Figure B3, we see that the voltage source, E, isaneswith R1, R1



is in series with R2, and R2 is in series with E. By examining dincuit, another important
characteristic of a series circuit becomes eviderdnlanalogy similar to water flowing in a pipe,
current entering an element must thesame as the current leaving the element. Now, since
current does ndeave at any of the connections, we conclude that the following must be true:
The current is the same everywhere in a series cikhile the preceding statement seems-self
evident, wewill find that thiswill help to explain many of the other characteristics of a series
circuit.
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FIGURE 5-2 Resistors in series. FIGURE 5-3 Series circuit.

4.1 Resistance in Series

When some conductors having resistances R1, R2 and R3 etc. are jokuesesiadas in Fig.

1.12, they are said to be connectedsanmies. It can be proved that the equivalent resistance or
total resistance between points A and D is equal to the sum of the three individual resistances.
Being aseries circuit, it should be remembered that (i) current is the same through all the three
conductors (ii) but voltage drop across each is different due to its different resistance and is given
by Oh mdasd (ii) aum of the three voltage drops is equal to the voltage applied across the
three conductors.There is a progressive fall in poteasiale go from point A to D as shown in

Fig. 1.13.
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where R is the equivalent resistance of the series combination.
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The powemissipated by each resistor is determined as
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Hence,
0O 0 0 O

As seen from above, the main characteristics of a series circuit are :
. same current flows through all parts of the circuit.

. different resistors have their individual voltage drops.

. voltage drops are additive.

. applied voltage equals the sum of different voltage drops.

. resistances are additive.

. powers are additive.

OO, WNERE

4.2 Voltage Sources in Series

If a circuit has more thame voltage source in series, then the voltage soumegsffectively be
replaced by a single source having a value that is theosulifference of the individual sources.
Since the sources may have differgmalarities, it is necessary to considpolarities in
determining the resultinghagnitude and polarity of the equivalent voltage souftke polarities

of all the voltage sources are such that the sources appaailtage rises in a given direction,
then the resultant source is determinedsbyiple addition, as shown in Figuré 1%. If the
polarities of the voltage sources do not result in voltage rises sathe direction, then we must
compare the rises in one direction to the riseshe other direction. The magnitude of the
resultant sarce will be the sum athe rises in one direction minus the sum of the rises in the
opposite directionThe polarity of the equivalent voltage source will be the same as the polarity
of whichever direction has the greater rise. Consider the voltage s@h@enn Figure 517.

E =2V 1

Ey=3V == J—zv+4v=5v

»Eﬁmvj— » * —|—J-_'T=3\-'
-|- Ei=6V =0 IV+ev=9V
Ei=6V == - T

Ey—=4V == Ey=4V =

FIGURE 5-16 FIGURE 5-17
If the rises in one direction were equal to the rises in the opposite diratigonthe resultant
voltage source would be equal to zero.

4.2.1 Determination of Voltage Sign

I'n applying Kirchhof fparsculdr@tenton shouldbepaidtothe ¢ pr obl
algebraic signs of voltage drops and e.m.fs., otherwise results will come out to be wrong.
Following sign conventions is suggested :

(a) Sign of Battery E.M.F.

A rise in voltage should be given a + ve sign arfdllain voltage a-ve sign. Keeping this in

mind, it is clear that as we go from th@e terminal of a battery to its +ve terminal (Fig. 2.3),
there isa rise in potential, hence this voltage should be given a + ve sign. If, on the other hand,



we go from+ve terminal to- ve terminal, then there is a fall in potential, hence this voltage
should be preceded

current current
i
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FIG. 2.3 FIG.2.4

by a- ve sign.It is important to note that the sign of the battery e.m.f. is independent of the
direction of the currentthrough that branch

(b) Sign of IR Drop

Now, take the case of a resistor (Fig. 2.4). If we go through a resistorsarttegirection as the
current, then there is a fall in potential because current flows from a higher to a lower potential.
Hence, thisvoltage fall should be takerve. However, if we go in a direction opposite to that of
thecurrent, then there isrése in voltage. Hence, this voltage rise should be given a positive sign.
It is clear that the sign of voltage drop across a resisiepends on the direction of current
through that resistor but is independent of the polarity of any other source of e.m.f. in the
circuit under consideration.

Consider the closed path ABCDA in Fig. 2.5. As we travel around the mesh in the clockwise
direction, different voltage drops will have the followismns :

11R2 is - ve (fall in potential)

I2R2 is- ve (fall in potential)

I3R3 is -ve (rise in potential)

14R4 is- ve (fall in potential)

E2 is- ve (fall in potential)

El is + ve(rise in potential)

Using Kirchhoffdés voltage | aw, we get
-11R1-12R2 - 13R3-14R4-E2 +E1 =0

orl1R1 +I12R2-13R3 +14R4 =E1- E2
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Current Sources Series

Current sources should never be placed in series. If a node is chosen kbevearrent
sources, it becomes immediately apparent that the current erttexingde is not the same as
the current leaving the node. Clearly, this carowmur since there would then be a violation
of Kirchhof f 6FBgure&l7)r ent | aw (see

NOTES...

Currentsources of different values are never placed in series.



Kirchhoff’s current law
is violated at this node
since [, # [,
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4.3 Kirchhoffds Voltage Law

Next to Ohmdés | aw, one of tKermbé&offimportant

voltage law (KVL), which states the following:

The summation of voltage risesd voltage drops around a closed loopergual to zero.
Symbolically, this may be stated as follows:

xV = 0 for a closed loofbi 1)

In the preceding symbolic representation, the uppercase Greek letter (siyyrsi@nds for
summation and stands for voltge rises and drops. dosedloop is defined as any path that
originates at a point, travels around a circaihd returns to the original point without

retracing any segmentd&.n al t ernate way of stating Kirchh

The summatio of voltage rises is equal to the summation of voltage daopsnd a closed
loop.
x Erises =xVdrops for a closed loofbi 2)

. R )
[ m L

R3
If we consider the circuit of Figurei 3, we may begin at poird in the lower lefthand
corner. By arbitrarily following the direction of the currehtwe move through the voltage
source, which represents a rise in potential frjomt a to pointb. Next, in moving from
point b to point ¢, we pass throughesistor R1, which presents a potential drop &fl.
Continuing through resistoR2 andR3, we have additional drops @2 andV3, respectively.
By applyingKki rchhoffdés voltage | aw around the cl
mathematical statement for the given citcui
E-V1l -V2-V3=0
Al t hough we <c¢chose to follow t he wdliagedawt i on
eqguation, it would be just as correct to move around the circtiite opposite direction. In
this case the equation would appear as follows:
V3+V2+V1l- E=0
By simple manipulation, it is quite easy to show that the two equationdestecal.

5.6 The Voltage Divider Rule

The voltage dropped across any series resissoproportional to the magnitudef the
resistor. The total voltage dropped across all resistors must equabhppéed voltage
source(s) by Kirchhoffds Voltage Law.

0 S



Consider the circuit of Figurei 821. We see that the total resistari€€ = 10 kg results in a
circuitcurrentoi=1 mA. Fr o m ROhasworalitage érop ML = 2.0 V, whileR2,
whichis four times as large &, has four times as much voltage drégp=8.0 V.

We also see that the summation of the voltage drops acrosssigterseisexactly equal to
the voltage rise of the source, namely,

E=10V=2V+8V

The voltage divider rule allows us to determine the voltage acrossesi@g resistance in a
single step, without first calculating the current. We haeen that forany number of

resistors in series the current in the circu
| = E/RT [Amps, A] (5i 10)

where the two resistors in FigureA result in a total resistance of

RT =Rl +R2

By again applying Oh acéoss alyaesistor in teeriesvcocuitis ge dr
calculated as

VX = IRX

Now, by substituting Equatiori 8 into the preceding equation we writee voltage divider

rule for two resistors as a simple equation:

; il O Al O
© 5 Y Y
In general, for anpumber of resistors the voltage drop across any resigtpibe found as
W — O (5111)

R

dA A
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Lig=10v R::Hkﬂg V=8

FIGURE 5-21

6. Parallel Circuits

Elements or branches are said to be in a parallel connection when they have exactly two nodes in common.
Additionally,these parallel elements or branches will have the same voltage across them.

Figure 6 2 shows several different ways of sketching parallel elements. The elements between
the nodes may be any twerminal devices such as voltage sources, resistors, ligihg,and the

like.
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In Figure 62, notice that every element has two terminals and that each of the terminals is
connected to one of the two nodes.

Very often, circuits contain a combination of series and parallel components.

Although we will study these circuits in greater depth in later chapters, it is important at this point
to be able to recognize the various connections in a given network. Consiagetworks shown

in Figure 6 3. When analyzing a particular circuit, it is usually easiest to first designate the nodes
(we will use lowercase letters) and then to identify the types of connections. Figusbdws the
nodes for the networks of Figuré®

In the circuit of Figure B4(a), we see that element B is in parallel with element C since they each
have nodes b and c in common. This parallel combination is now seen to be in series with
element A.



In the circuit of Figure 64(b), element B is in s&s with element C since these elements have a
single common node: node b. The branch consisting of the series combination of elements B and
C is then determined to be in parallel with element A.

6.1 Resistances in Parallel

Threeresistances, as joined in Fig. 1.15 are LR
said to be connectad parallel. In this case A
(i) p.d. across all resistances is the same L &
(i) current in each resistor is different and is LRy
gi ven bbhaw&t mo s —— AN
(iif) the total current is the sum of the three : !
separateurrents. y
Fig.1.15
‘©0 00 © o
Y Y Y
Now,© - where V is the applied voltage
R = equivalent resistance of the parallel combination.
W 0w 0 W £ P P P P
Y Y Y Y Y Y Y Y

Also,O0 'O 'O O

The main characteristics of a parallel circuit are :
1. same voltage acts across all parts of the circuit
2. different resistors have their individual current.
3. branch currents are additive.

4. conductances are additive.

5. powers are additive.

6.2 Voltage Sources in Parallel
Voltage sources of different potentials should never be connected in paraiete to do so

would contradict Kirchhof f 6 ®qual potertial gairces arev. Ho
connected in parallel, each source wdlliver halfthe required circuit current. For this reason
automobile batteries are sometne® nnect ed i n parall el to assi st

battery. Figure 822 illustrates this principle.
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FIGURE 671 22 Voltage sources in parallel. FIGURE 61 23 Voltage sources of different
voltages must never be placed in parallel.
Figure 623 shows that if voltage sources of two different potentialsptaeed in parallel,
Kirchhoffdés voltage | aw loop.linlpradiiee, ifwltagels@tcesdf ar o u 1
different potentials are placed in paralkle resulting closed loop can have a very large current.
The current willoccur even though there may not be a load connected across the sources.
Example 69 illustrates the large currentsathcan occur when two parallel batteregdifferent
potential are connected.
6.3. Assumed Direction of Current






