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Preface

Electrical and Electronic Principles and Technology
5th Edition introduces the principles which describe the
operation of d.c. and a.c. circuits, covering both steady
and transient states, and applies these principles to filter
networks, operational amplifiers, three-phase supplies,
transformers, d.c. machines and three-phase induction
motors.

In this edition, new material has been added for down-
loading from the website. The following free internet
downloads are available with this edition (see page X):

(i) Full solutions to all 540 further problems con-
tained in the Practice Exercises available to both
students and staff.

(i) Background information about 25 Engineers/
Scientists mentioned in the text.

(iii) Many further downloads available to instruc-
tors/lecturers to make the teaching an easier
experience.

This fifth edition of the textbook provides coverage
of the following latest syllabuses:

(i) “Electrical and Electronic Principles’ (BTEC
National Certificate and National Diploma, Unit
5) — see Chapters 1-10, 11 (part), 13 (part), 14,
15 (part), 18 (part), 21 (part), 22 (part).

(ii) ‘Further Electrical Principles’ (BTEC National
Certificate and National Diploma, Unit 67) — see
Chapters 13, 15-18, 20, 22, 23.

(iii) Parts of the following BTEC National syllabuses:
Electrical Applications, Three Phase Systems,
Principles and Applications of Electronic Devices
and Circuits, Aircraft Electrical Machines, and
Telecommunications Principles.

(iv) Electrical part of ‘Applied Electrical and Mechan-
ical Science for Technicians’ (BTEC First
Certificate).

(v) Various parts of City & Guilds Technician
Certificate/Diploma in Electrical and Electronic
Principles/Telecommunication Systems, such as

Electrical Engineering Principles, Power, and
Science and Electronics.

(vi) ‘Electrical and Electronic Principles’ (EAL
Advanced Diploma in Engineering and
Technology).

(vil) Any introductory/Access/Foundation course
involving Electrical and Electronic Engineering
Principles.

The text is set out in four main sections:

Section 1, comprising Chapters 1 to 12, involves
essential Basic Electrical and Electronic Engi-
neering Principles, with chapters on electrical
units and quantities, introduction to -electric cir-
cuits, resistance variation, chemical effects of elec-
tricity, series and parallel networks, capacitors and
capacitance, magnetic circuits, electromagnetism, elec-
tromagnetic induction, electrical measuring instru-
ments and measurements, semiconductors, diodes and
transistors.

Section 2, comprising Chapters 13 to 19, involves Fur-
ther Electrical and Electronic Principles, with chap-
ters on d.c. circuit theorems, alternating voltages and
currents, single-phase series and parallel networks, filter
networks, d.c. transients and operational amplifiers.

Section 3, comprising Chapters 20 to 23, involves Elec-
trical Power Technology, with chapters on three-phase
systems, transformers, d.c. machines and three-phase
induction motors.

Section 4, comprising Chapter 24, detailing ten prac-
tical laboratory experiments.

Each topic considered in the text is presented in a way
that assumes in the reader little previous knowledge of
that topic. Theory is introduced in each chapter by a
reasonably brief outline of essential information, def-
initions, formulae, procedures, etc. The theory is kept
to a minimum, for problem solving is extensively used
to establish and exemplify the theory. It is intended
that readers will gain real understanding through see-
ing problems solved and then through solving similar
problems themselves.



X Preface

Electrical and Electronic Principles and Technology
Sth Edition contains some 400 worked problems to
aid understanding. Also included are over 470 short
answer questions, the answers for which can be deter-
mined from the preceding material in that particular
chapter, together with 340 multiple-choice questions,
and some 540 further questions, arranged in 146 Prac-
tice Exercises, all with answers at the back of the book.
The Practice Exercises appear at regular intervals —
every three or four pages — throughout the text. 568
line diagrams further enhance the understanding of the
theory. All of the problems — multi-choice, short answer
and further questions — mirror practical situations found
in electrical and electronic engineering.

At regular intervals throughout the text are seven Revi-
sion Tests to check understanding. For example, Revi-
sion Test 1 covers material contained in Chapters 1 to 4,
Revision Test 2 covers the material contained in Chap-
ters 5 to 7, and so on. These Revision Tests do not have
answers given since it is envisaged that lecturers/in-
structors could set the Tests for students to attempt as
part of their course structure. Lecturers/instructors may
access a free internet download of full solutions of the
Revision Tests in an Instructor’s Manual/‘Free web
downloads’.

A list of relevant formulae are included at the end of
each of the first three sections of the book.

‘Learning by Example’ is at the heart of Electrical and
Electronic Principles and Technology 5th Edition.

JOHN BIRD

Defence School of Marine Engineering,
HMS Sultan,

formerly University of Portsmouth
and Highbury College, Portsmouth

John Bird is the former Head of Applied Electron-
ics in the Faculty of Technology at Highbury College,
Portsmouth, UK. More recently, he has combined free-
lance lecturing at the University of Portsmouth with
examiner responsibilities for Advanced Mathematics
with City and Guilds, and examining for the Interna-
tional Baccalaureate Organization. He is the author of
over 125 textbooks on engineering and mathematics
with worldwide sales of around one million copies. He
is currently a Senior Training Provider at the Defence
School of Marine Engineering in the Defence Col-
lege of Technical Training at HMS Sultan, Gosport,
Hampshire, UK.

Free web downloads

The following support material is available from
http://www.routledge.com/cw/bird/

For students:

1.

Full solutions to all 540 further questions in
the Practice Exercises.

A set of formulae for each of the three sections
of the text.

Multiple-choice questions/answer sheet for
each of 23 chapters.

Information on 25 Engineers/Scientists men-
tioned in the text.

For lecturers/instructors:

1.

Full solutions to all 540 further questions in
the Practice Exercises.

Full solutions and marking scheme for each of
the seven Revision Tests. Also, each test may
be downloaded.

Lesson plans and revision material. Typi-
cal 30-week lesson plans for ‘Electrical and
Electronic Principles’, Unit 5, and ‘Further
Electrical Principles’, Unit 67 are included,
together with two practice examinations ques-
tion papers (with solutions) for each of the
modules.

Laboratory experiments. In Chapter 24, ten
practical laboratory experiments are included.
It may be that tutors will want to edit these
experiments to suit their own equipment/com-
ponent availability.

A set of formulae for each of the three sections
of the text.

Multiple-choice questions/answer sheet for
each of 23 chapters.

Information on 25 Engineers/Scientists men-
tioned in the text.

All 568 illustrations used in the text may
be downloaded for use in PowerPoint
presentations.
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Chapter 1

Units associated with basic
electrical quantities

Why it is important to understand: Units associated with basic electrical quantities

The relationship between quantities can be written using words or symbols (letters), but symbols are
normally used because they are much shorter; for example V is used for voltage, / for current and R for
resistance. Some of the units have a convenient size for electronics, but most are either too large or too small
to be used directly so they are used with prefixes. The prefixes make the unit larger or smaller by the value
shown; for example, 25 mA is read as 25 milliamperes and means 25 x 1073A = 25 x 0.001A = 0.025 A.
Knowledge of this chapter is essential for future studies and provides the basis of electrical units and
prefixes; some simple calculations help understanding.

At the end of this chapter you should be able to:

e state the basic SI units

e recognize derived SI units

e understand prefixes denoting multiplication and division

e state the units of charge, force, work and power and perform simple calculations involving these units

e state the units of electrical potential, e.m.f., resistance, conductance, power and energy and perform simple
calculations involving these units

Derived SI units use combinations of basic units and
there are many of them. Two examples are:

The system of units used in engineering and science is
the Systeme Internationale d’Unités (International sys-
tem of units), usually abbreviated to SI units, and is
based on the metric system. This was introduced in 1960
and is now adopted by the majority of countries as the
official system of measurement.

The basic units in the SI system are listed on page 4,
Table 1.1 with their symbols.

Velocity — metres per second (m/s)
Acceleration — metres per second
squared (m/s)
ST units may be made larger or smaller by using prefixes
which denote multiplication or division by a particu-

lar amount. The six most common multiples, with their
meaning, are listed on page 4, Table 1.2.

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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4 Electrical and Electronic Principles and Technology

Table 1.1
Length metre, m
Mass kilogram, kg
Time second, s
Electric current ampere, A
Thermodynamic temperature kelvin, K
Luminous intensity candela, cd
Amount of substance mole, mol
Table 1.2
M mega  multiply by 1000000 (i.e. x 10%)
k kilo  multiply by 1000 (i.e. x 10%)
m milli  divide by 1000 (i.e. x 1073)

micro divide by 1000000 (i.e. x 107%)

n nano  divide by 1000000000
(i.e. x1079)

p pico  divide by 1000000000000
(i.e. x1071%)

1.2 Charge

The unit of charge is the coulomb* (C), where one
coulomb is one ampere second (1coulomb = 6.24 x
10'® electrons). The coulomb is defined as the quantity
of electricity which flows past a given point in an elec-
tric circuit when a current of one ampere* is maintained
for one second. Thus,
charge, in coulombs Q=1It

where 7 is the current in amperes and ¢ is the time in
seconds.

Problem 1. If a current of 5 A flows for 2 minutes,
find the quantity of electricity transferred.

Quantity of electricity Q = It coulombs

I=5A,t=2x60=120s
Hence Q=5x120=600C

The unit of force is the newton™ (N), where one newton
is one kilogram metre per second squared. The newton
is defined as the force which, when applied to a mass of
one kilogram, gives it an acceleration of one metre per
second squared. Thus,

force, in newtons F=ma

where m is the mass in kilograms and a is the accelera-
tion in metres per second squared. Gravitational force,
or weight, is mg, where g = 9.81 m/s”.

Problem 2. A mass of 5000 g is accelerated at
2m/s? by a force. Determine the force needed.

Force = mass x acceleration

=5kg x 2m/s*> = 10kgm/s’> = 10N

Problem 3. Find the force acting vertically
downwards on a mass of 200 g attached to a wire.

Mass=200g=0.2kg and acceleration due to gravity,
g=9.81m/s?
Force acting} .
= ht
downwards welg
= mass X acceleration
=0.2kg x 9.81 m/s’

=1.962N

The unit of work or energy is the joule® (J), where
one joule is one newton metre. The joule is defined as
the work done or energy transferred when a force of one
newton is exerted through a distance of one metre in the
direction of the force. Thus

work done on a body, in joules, W=Fs

where F is the force in newtons and s is the distance in
metres moved by the body in the direction of the force.
Energy is the capacity for doing work.

The unit of power is the watt* (W), where one watt
is one joule per second. Power is defined as the rate of
doing work or transferring energy. Thus,

*Who were Coulomb and Ampere? Go to www.routledge.com/
cw/bird

*Who were Newton, Joule and Watt? Go to www.routledge.com/
cw/bird
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Units associated with basic electrical quantities

. w
power, in watts P = "
where W is the work done or energy transferred, in
joules, and ¢ is the time, in seconds. Thus,

energy, in joules W =Pt

Problem 4. A portable machine requires a force
of 200N to move it. How much work is done if the
machine is moved 20 m and what average power is
utilized if the movement takes 25 s?

Work done = force x distance
=200N x 20m

=4000Nm or 4KkJ

work done
Power = ———
time taken

40007
=—=160]J/s=160 W
25s

Problem 5. A mass of 1000kg is raised through a
height of 10 m in 20s. What is (a) the work done
and (b) the power developed?

(a) Work done = force x distance

and force = mass x acceleration
Hence,

work done = (1000kg x 9.81m/s>) x (10m)
=98 100Nm

=98.1kNm or 98.1kJ
work done B 98100J
time taken  20s

=4905J/s = 4905 W or 4.905kW

(b) Power =

Now try the following Practice Exercise

Practice Exercise 1 Charge, force, work and
power (Answers on page 426)

(Take g = 9.81 m/s> where appropriate)

1. What quantity of electricity is carried by
6.24 x 10%! electrons?

2. In what time would a current of 1 A transfer
a charge of 30C?

3. A current of 3 A flows for 5 minutes. What
charge is transferred?

4. How long must a current of 0.1 A flow so
as to transfer a charge of 30C?

5. What force is required to give a mass of
20kg an acceleration of 30m/s?

6. Find the accelerating force when a car hav-
ing a mass of 1.7 Mg increases its speed
with a constant acceleration of 3 m/s2.

7. Aforce of 40N accelerates a mass at 5 m/s2.
Determine the mass.

8. Determine the force acting downwards on
a mass of 1500 g suspended on a string.

9. A force of 4N moves an object 200cm in
the direction of the force. What amount of
work is done?

10. A force of 2.5kN is required to lift a load.
How much work is done if the load is lifted
through 500 cm?

11. An electromagnet exerts a force of 12N
and moves a soft iron armature through a
distance of 1.5 cm in 40 ms. Find the power
consumed.

12. A mass of 500 kg is raised to a height of 6 m
in 30s. Find (a) the work done and (b) the
power developed.

13. Rewrite the following as indicated:

(a) 1000pF=...... nF

(b) 0.02nF=...... pF

(¢c) 5000kHz=...... MHz
(d) 47kQ=...... MQ

(e) 0.32mA=...... LA

1.6 Electrical potential and e.m.f.

The unit of electric potential is the volt (V), where one
volt is one joule per coulomb. One volt is defined as the
difference in potential between two points in a conductor
which, when carrying a current of one ampere, dissipates
a power of one watt, i.e.

watts joules/second
volts = =
amperes amperes
joules joules

ampere seconds  coulombs
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The volt is named after the Italian physicist Alessandro
Volta.*

A change in electric potential between two points in
an electric circuit is called a potential difference. The
electromotive force (e.m.f.) provided by a source of
energy such as a battery or a generator is measured in
volts.

1.7 Resistance and conductance

The unit of electric resistance is the ohm*(Q), where
one ohm is one volt per ampere. It is defined as the
resistance between two points in a conductor when a
constant electric potential of one volt applied at the
two points produces a current flow of one ampere in
the conductor. Thus,

\4
resistance, in ohms R= 7

where Vis the potential difference across the two points,
in volts, and [ is the current flowing between the two
points, in amperes.
The reciprocal of resistance is called conductance and
is measured in siemens (S), named after the German
inventor and industrialist Ernst Siemen*
A 1
conductance, in siemens G = R

where R is the resistance in ohms.

Problem 6. Find the conductance of a conductor
of resistance: (a) 10Q, (b) 5k€, (¢) 100mQ.

1 1
(a) Conductance G = — =— siemen = 0.1S
R 10

1 1

b =—=—_S=02x10735=0.2

()GR5X103SOXOSOmS
1 1 103

L S S T
© =2 =T00x103 >~ 100 S

1.8 Electrical power and energy

When a direct current of / amperes is flowing in an
electric circuit and the voltage across the circuit is V
volts, then

*Who were Volta, Ohm and Siemen? Go to www.routledge.com/
cw/bird

power, in watts P=VI
Electrical energy =Power x time
= VIt joules
Although the unit of energy is the joule, when deal-

ing with large amounts of energy, the unit used is the
kilowatt hour (kWh) where

1kWh = 1000 watt hour
= 1000 x 3600 watt seconds or joules
=3600000J

Problem 7. A source e.m.f. of 5V supplies a
current of 3 A for 10 minutes. How much energy is
provided in this time?

Energy = power X time, and power = voltage x current.
Hence

Energy = VIt =5 x 3 x (10 x 60)
=9000Ws or J =9Kk]J

Problem 8. An electric heater consumes 1.8 MJ
when connected to a 250 V supply for 30 minutes.
Find the power rating of the heater and the current
taken from the supply.

energy 1.8 x 10
time 30 x 60s
=1000J/s = 1000 W

Power =

i.e. power rating of heater = 1kW

P 1
Power P =VI, thus I=—=@=4A
vV 250

Hence the current taken from the supply is 4 A

Now try the following Practice Exercise

Practice Exercise 2 E.m.f, resistance,
conductance, power and energy (Answers on
page 426)

1. Find the conductance of a resistor of resis-
tance (a) 102, (b) 2kQ, (¢) 2mQ.

2. A conductor has a conductance of 50uS.
What is its resistance?
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Electromotive E volt Vv

3. An em.f. of 250V is connected across a ‘;
resistance and the current flowing through force g
the resistance is 4A. What is the power Potential \V ikt vV T
developed? difference =
4. 45017 of energy are converted into heat in .
1 minute. What power is dissipated? Work w joule J
5. A current of 10A flows through a conduc- Energy E (or W) joule J
tor and 10W is dissipated. What p.d. exists
across the ends of the conductor? Power p watt W
6. A battery of e.m.f. 12V supplies a current
of 5A for 2minutes. How much energy is
supplied in this time? Now try the following Practice Exercises
7. A d.c. electric motor consumes 36 MJ when
connected to e 250V supply for 1 hour. Find Practice Exercise 3 Short answer questions
the power rating of the motor and the current on units associated with basic electrical
taken from the supply. quantities (Answers within pages 1 to 7)

1. What does ‘SI units’ mean?

2. Complete the following:

Summary of terms, units

and their symbols
3. What do you understand by the term ‘poten-
tial difference’?

Quantity Quantity Unit
symbol 4. Define electric current in terms of charge and
time.
Length 1 metre m
5. Name the units used to measure:
Mass m kilogram kg (a) the quantity of electricity
; (b) resistance
Time t second S (c) conductance.
Velocity v metres per  m/s or 6. Define the coulomb.
second ms™! ) ) .
7. Define electrical energy and state its unit.
Acceleration a metres per m/s” or
el i 8. Define electrical power and state its unit.
squared 9. What is electromotive force?
Force F newton N 10. Write down a formula for calculating the
Electrical Q coulomb  C power in a d.c. circuit.
charge or 11. Write down the symbols for the following
quantity quantities:
(a) electric charge (b) work
Electric current | ampere A (c) e.m.f. (d) p.d.
Resistance R ohm Q 12. State which units the following abbreviations
refer to:

Conductance G siemen S @A ®C (©J @N (¢)m
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Practice Exercise 4 Multi-choice questions 7.

on units associated with basic electrical
quantities (Answers on page 426)

1. A resistance of 50kQ has a conductance of: 3

(a) 20S (b) 0.02S
(c) 0.02mS (d) 20kS

2. Which of the following statements is
incorrect?
(a) IN = 1 kgm/s? (b)1v=1J/C
(¢)30mA =0.03A (d)1J=1N/m

3. The power dissipated by a resistor of 10Q
when a current of 2 A passes through it is:
(2)0.4W (b)20W (c)40W (d)200W

4. A mass of 1200g is accelerated at 200 cm/s” 10.

by a force. The value of the force required is:
(a)2.4N (b) 2,400N
(c) 240kN (d) 0.24N

5. A charge of 240 C is transferred in 2 minutes.
The current flowing is:

(a) 120A (b)480A (c)2A (d)8A 11.

6. A current of 2A flows for 10h through a
100 Q resistor. The energy consumed by the

resistor is: 12.

() 0.5kWh (b) 4kWh
(¢) 2kWh (d) 0.02kWh

The unit of quantity of electricity is the:
(a) volt (b) coulomb
(c) ohm (d) joule

Electromotive force is provided by:
(a) resistances

(b) a conducting path

(c) an electric current

(d) an electrical supply source

The coulomb is a unit of:
(a) power

(b) voltage

(c) energy

(d) quantity of electricity

In order that work may be done:
(a) a supply of energy is required
(b) the circuit must have a switch
(c) coal must be burnt

(d) two wires are necessary

The ohm is the unit of:
(a) charge (b) resistance
(c) power (d) current

The unit of current is the:
(a) volt (b) coulomb
(c) joule (d) ampere

For fully worked solutions to each of the problems in Practice Exercises 1 to 4 in this chapter,

go to the website:

www.routledge.com/cw/bird
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Chapter 2

An introduction to
electric circuits

Why it is important to understand: An introduction to electric circuits

Electric circuits are a part of the basic fabric of modern technology. A circuit consists of electrical elements
connected together, and we can use symbols to draw circuits. Engineers use electrical circuits to solve
problems that are important in modern society such as in the generation, transmission and consumption
of electrical power and energy. The outstanding characteristics of electricity compared with other power
sources are its mobility and flexibility. The elements in an electric circuit include sources of energy,
resistors, capacitors, inductors and so on. Analysis of electric circuits means determining the unknown
quantities such as voltage, current and power associated with one or more elements in the circuit. Basic
electric circuit analysis and laws are explained in this chapter and knowledge of these are essential in the
solution of engineering problems.

At the end of this chapter you should be able to:

e appreciate that engineering systems may be represented by block diagrams

e recognize common electrical circuit diagram symbols

e understand that electric current is the rate of movement of charge and is measured in amperes

e appreciate that the unit of charge is the coulomb

e calculate charge or quantity of electricity QO from Q = It

e understand that a potential difference between two points in a circuit is required for current to flow
e appreciate that the unit of p.d. is the volt

e understand that resistance opposes current flow and is measured in ohms

e appreciate what an ammeter, a voltmeter, an ohmmeter, a multimeter, an oscilloscope, a wattmeter, a bridge
megger, a tachometer and stroboscope measure

e distinguish between linear and non-linear devices

e state Ohm’slawas V=IRor/=V/Ror R=V/I

e use Ohm’s law in calculations, including multiples and sub-multiples of units
e describe a conductor and an insulator, giving examples of each

e appreciate that electrical power P is given by P=VI=1I?R=V?/R watts

e calculate electrical power

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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e define electrical energy and state its unit
e calculate electrical energy

e state the three main effects of an electric current, giving practical examples of each

e explain the importance of fuses in electrical circuits

e appreciate the dangers of constant high current flow with insulation materials

2.1 Electrical/electronic system block

diagrams

An electrical/electronic system is a group of compo-
nents connected together to perform a desired function.
Fig. 2.1 shows a simple public address system, where a
microphone is used to collect acoustic energy in the form
of sound pressure waves and converts this to electrical
energy in the form of small voltages and currents; the
signal from the microphone is then amplified by means
of an electronic circuit containing transistors/integrated
circuits before it is applied to the loudspeaker.

a.c. supply

Microphone Loudspeaker

)))CH——>{ Ampitier ——>{]])))

Figure 2.1

A sub-system is a part of a system which performs
an identified function within the whole system; the
amplifier in Fig. 2.1 is an example of a sub-system.

A component or element is usually the simplest
part of a system which has a specific and well-
defined function — for example, the microphone in
Fig. 2.1.

The illustration in Fig. 2.1 is called a block diagram
and electrical/electronic systems, which can often be
quite complicated, can be better understood when bro-
ken down in this way. It is not always necessary to know
precisely what is inside each sub-system in order to
know how the whole system functions.

As another example of an engineering system, Fig. 2.2
illustrates a temperature control system containing a
heat source (such as a gas boiler), a fuel controller

240V
o 0

. Gas
Solenoid boiler
—>
Fuel
supply

Set temperature

Radiators

Enclosed space

Figure 2.2
Thermostat
Heattlng > Enclosure
Temperature system Temperature

command of enclosure
Actual

temperature

Figure 2.3

(such as an electrical solenoid valve), a thermostat and
a source of electrical energy. The system of Fig. 2.2
can be shown in block diagram form as in Fig. 2.3;
the thermostat compares the actual room temperature
with the desired temperature and switches the heating
on or off.

There are many types of engineering systems. A com-
munications system is an example, where a local area
network could comprise a file server, coaxial cable, net-
work adapters, several computers and a laser printer; an
electromechanical system is another example, where a
car electrical system could comprise a battery, a starter
motor, an ignition coil, a contact breaker and a distrib-
utor. All such systems as these may be represented by
block diagrams.
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2.2 Standard symbols for electrical

components

Symbols are used for components in electrical circuit
diagrams and some of the more common ones are shown
in Fig. 2.4.

Two conductors
joined together

A

Variable resistor

Two conductors
crossing but not
joined

Conductor

—o o— —f—1—

Power supply Fixed resistor

i JF----]

o_L_

ell Battery of 3 cells Alternative symbol
for battery
e D =
Switch Filament lamp Fuse
Ammeter Voltmeter Indicator lamp
Figure 2.4

2.3 Electric current and quantity

of electricity

All atoms consist of protons, neutrons and electrons.
The protons, which have positive electrical charges, and
the neutrons, which have no electrical charge, are con-
tained within the nucleus. Removed from the nucleus
are minute negatively charged particles called electrons.
Atoms of different materials differ from one another by
having different numbers of protons, neutrons and elec-
trons. An equal number of protons and electrons exist
within an atom and it is said to be electrically balanced,
as the positive and negative charges cancel each other
out. When there are more than two electrons in an atom
the electrons are arranged into shells at various distances
from the nucleus.

All atoms are bound together by powerful forces of
attraction existing between the nucleus and its elec-
trons. Electrons in the outer shell of an atom, however,
are attracted to their nucleus less powerfully than are
electrons whose shells are nearer the nucleus.

Itis possible for an atom to lose an electron; the atom,
which is now called an ion, is not now electrically bal-
anced, but is positively charged and is thus able to attract
an electron to itself from another atom. Electrons that
move from one atom to another are called free elec-
trons and such random motion can continue indefinitely.
However, if an electric pressure or voltage is applied
across any material there is a tendency for electrons to
move in a particular direction. This movement of free
electrons, known as drift, constitutes an electric current
flow. Thus current is the rate of movement of charge.
Conductors are materials that contain electrons that are
loosely connected to the nucleus and can easily move
through the material from one atom to another.
Insulators are materials whose electrons are held firmly
to their nucleus.

The unit used to measure the quantity of electri-
cal charge Q is called the coulomb* C (where
1 coulomb=6.24 x 10'® electrons).
If the drift of electrons in a conductor takes place at the
rate of one coulomb per second the resulting current is
said to be a current of one ampere.*

Thus 1 ampere = 1 coulomb per second or

1A =1C/s
Hence 1coulomb = 1ampere second or
1C=1As

Generally, if / is the current in amperes and ¢ the time
in seconds during which the current flows, then 7 x ¢
represents the quantity of electrical charge in coulombs,
i.e. quantity of electrical charge transferred,

Q = I xt coulombs

Problem 1. What current must flow if 0.24
coulombs is to be transferred in 15 ms?

Since the quantity of electricity, Q =11, then
e 0.24 0.24 x 10°

7 T 15x103 15

240
= — =16A
15

*Who were Coulomb and Ampere? Go to www.routledge.com/
cw/bird
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12 Electrical and Electronic Principles and Technology

Problem 2. If a current of 10 A flows for four
minutes, find the quantity of electricity transferred.

Quantity of electricity, Q =1t coulombs, I =10A and
t=4x60=240s. Hence

0 = 10 x 240 = 2400 C

Now try the following Practice Exercise

Practice Exercise 5 Charge (Answers on
page 426)

1. In what time would a current of 10 A transfer
a charge of 50C?

2. A current of 6 A flows for 10 minutes. What
charge is transferred?

3. How long must a current of 100 mA flow so
as to transfer a charge of 80 C?

Potential difference and

resistance

For a continuous current to flow between two points in
a circuit a potential difference (p.d.) or voltage, V, is
required between them; a complete conducting path is
necessary to and from the source of electrical energy.
The unit of p.d. is the volt, V (named in honour of the
Italian physicist Alessandro Volta*).

Fig. 2.5 shows a cell connected across a filament
lamp. Current flow, by convention, is considered as
flowing from the positive terminal of the cell, around
the circuit to the negative terminal.

v ®
Current

flow fr\\
N\
TN\

N\

Figure 2.5

*Who was Volta? Go to www.routledge.com/cw/bird

The flow of electric current is subject to friction. This
friction, or opposition, is called resistance, R, and is the
property of a conductor that limits current. The unit of
resistance is the ohm;* 1 ohm is defined as the resistance
which will have a current of 1 ampere flowing through
it when 1 volt is connected across it,

. . potential difference
i.e. resistance R =

current

2.5 Basic electrical measuring

instruments

An ammeter is an instrument used to measure current
and must be connected in series with the circuit. Fig. 2.5
shows an ammeter connected in series with the lamp
to measure the current flowing through it. Since all the
current in the circuit passes through the ammeter it must
have a very low resistance.

A voltmeter is an instrument used to measure p.d. and
must be connected in parallel with the part of the cir-
cuit whose p.d. is required. In Fig. 2.5, a voltmeter is
connected in parallel with the lamp to measure the p.d.
across it. To avoid a significant current flowing through
it a voltmeter must have a very high resistance.

An ohmmeter is an instrument for measuring resis-
tance.

A multimeter, or universal instrument, may be used to
measure voltage, current and resistance. An ‘Avometer’
and ‘Fluke’ are typical examples.

The oscilloscope may be used to observe waveforms
and to measure voltages and currents. The display of
an oscilloscope involves a spot of light moving across
a screen. The amount by which the spot is deflected
from its initial position depends on the p.d. applied to
the terminals of the oscilloscope and the range selected.
The displacement is calibrated in ‘volts per cm’. For
example, if the spot is deflected 3 cm and the volts/cm
switch is on 10 V/cm then the magnitude of the p.d. is
3cmx 10V/em, i.e. 30V.

A wattmeter is an instrument for the measurement of
power in an electrical circuit.

A BMS80 or a 420 MIT megger or a bridge megger
may be used to measure both continuity and insula-
tion resistance. Continuity testing is the measurement
of the resistance of a cable to discover if the cable is
continuous, i.e. that it has no breaks or high-resistance
joints. Insulation resistance testing is the measurement

*Who was Ohm? Go to www.routledge.com/cw/bird


http://www.routledge.com/cw/bird
http://www.routledge.com/cw/bird

An introduction to electric circuits 13

of resistance of the insulation between cables, individ-
ual cables to earth or metal plugs and sockets, and so on.
An insulation resistance in excess of 1 MQ is normally
acceptable.

A tachometer is an instrument that indicates the speed,
usually in revolutions per minute, at which an engine
shaft is rotating.

A stroboscope is a device for viewing a rotating object
at regularly recurring intervals, by means of either (a) a
rotating or vibrating shutter, or (b) a suitably designed
lamp which flashes periodically. If the period between
successive views is exactly the same as the time of one
revolution of the revolving object, and the duration of the
view very short, the object will appear to be stationary.
(See Chapter 10 for more detail about electrical mea-
suring instruments and measurements. )

2.6 Linear and non-linear devices

Fig. 2.6 shows a circuit in which current / can be varied
by the variable resistor R. For various settings of R, the
current flowing in resistor Ry, displayed on the ammeter,
and the p.d. across Ry, displayed on the voltmeter, are
noted and a graph is plotted of p.d. against current. The
result is shown in Fig. 2.7(a) where the straight line
graph passing through the origin indicates that current
is directly proportional to the p.d. Since the gradient, i.e.

©

=

25"

1A

Figure 2.6
p.d. p.d.
0 ! 0 /
(@) (b)
Figure 2.7

(p.d.)/(current) is constant, resistance R is constant. A
resistor is thus an example of a linear device.

If the resistor R; in Fig. 2.6 is replaced by a compo-
nent such as a lamp then the graph shown in Fig. 2.7(b)
results when values of p.d. are noted for various current
readings. Since the gradient is changing, the lamp is an
example of a non-linear device.

2.7 Ohm’s law

Ohm’s law* states that the current / flowing in a circuit
is directly proportional to the applied voltage V and
inversely proportional to the resistance R, provided the
temperature remains constant. Thus,

14 14
I=—orV=IRor R=—
R I

For a practical laboratory experiment on Ohm’s law,
see Chapter 24, page 412.

Problem 3. The current flowing through a resistor
is 0.8 A when a p.d. of 20V is applied. Determine
the value of the resistance.

From Ohm’s law,

resistance R =

2.8 Multiples and sub-multiples

Currents, voltages and resistances can often be very
large or very small. Thus multiples and sub-multiples
of units are often used, as stated in Chapter 1. The most
common ones, with an example of each, are listed in
Table 2.1.

Problem 4. Determine the p.d. which must be
applied to a 2kQ resistor in order that a current of
10mA may flow.

Resistance R =2kQ =2 x 10> =2000Q
Current / = 10mA = 10 x 10 3A

10 10
or — A or ——A=0.01A
103 1000

*Who was Ohm? Go to www.routledge.com/cw/bird
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— Table 2.1
S Prefix Name  Meaning Example
—
§ M mega multiply by 1000000  2MQ=2000000ochms
(i.e. x10%)
k kilo multiply by 1000 10kV=10000volts
(i.e. x10%)
o .. 25
m milli divide by 1000 25mA=——A
(.e.x1073) 1000
=0.025 amperes
. .. 50
v micro divide by 1000000 S0pV=—-—V
(i.e. x1076) 1000000
o =0.00005 volts
From Ohm’s law, potential difference, v 120
(a) Resistance R=—= T
V = IR = (0.01)(2000) =20 V 5010
_ 120 12000
Problem 5. A coil has a current of 50 mA T 005 5
flowing through it when the applied voltage is
12 V. What is the resistance of the coil? =240022 or 2.4k
. 120 120
12 (b) Resistance R= — =
Resistance. R — — — — = 200 x 10 0.0002
’ 130107 1200000
=——=600000%
12x10° 12
_12x 0 _ 000 2400

30 50 or 600k or 0.6 MQ
Problem 6. A 100V battery is connected across
a resistor and causes a current of SmA to flow.
Determine the resistance of the resistor. If the
voltage is now reduced to 25V, what will be the
new value of the current flowing?

Problem 8. The current/voltage relationship for
two resistors A and B is as shown in Fig. 2.8.
Determine the value of the resistance of each

resistor.
v 100 100 x 103 |
Resistance R = — = = X 25
I 5x1073 5
e Resistor A
=20 x 10° = 20k z
= 15 I
(=
Current when voltage is reduced to 25V, £ |
8 10 |
\% 25 25 L —_— i
[=—=—" =" «x103=1.25mA 5 Resistor B
R 20x103 20 ' | I |
0 4 8 12 16 20
Problem 7. What is the resistance of a coil which Voltage/V

draws a current of (a) 50mA and (b) 200 WA from a
120V supply? Figure 2.8
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For resistor A,

V.20V 20 2000
I 20mA 0.02 2

=1000L2 or 1k

R =

For resistor B,

R =

V. 16V 16 16000
I 5mA  0.005 5

=32002 or 3.2kS

Now try the following Practice Exercise

Practice Exercise 6 Ohm’s law (Answers on
page 426)

1.

The current flowing through a heating ele-
ment is SA when a p.d. of 35V is applied
across it. Find the resistance of the element.

A 60W electric light bulb is connected to a
240V supply. Determine (a) the current flow-
ing in the bulb and (b) the resistance of the
bulb.

Graphs of current against voltage for two
resistors P and Q are shown in Fig. 2.9.
Determine the value of each resistor.

P
10
Bl e e e
<
£ 5| |
o | Q
§—7C—

0 4 8 12 16 20 24
Voltage/uV

Figure 2.9

Determine the p.d. which must be applied to
a S5kQ resistor such that a current of 6 mA
may flow.

A 20V source of e.m.f. is connected across a
circuit having a resistance of 400 Q. Calcu-
late the current flowing.

2.9 Conductors and insulators

A conductor is a material having a low resistance which
allows electric current to flow in it. All metals are con-
ductors and some examples include copper, aluminium,
brass, platinum, silver, gold and carbon.

An insulator is a material having a high resistance
which does not allow electric current to flow in it.
Some examples of insulators include plastic, rubber,
glass, porcelain, air, paper, cork, mica, ceramics and
certain oils.

2.10 Electrical power and energy

Electrical power

Power P in an electrical circuit is given by the prod-
uct of potential difference V and current 7, as stated in
Chapter 1. The unit of power is the watt, W.*

Hence P =V xIwatts @)

From Ohm’s law, V =IR. Substituting for V in equa-
tion (1) gives:

P=(R)x I
ie. P =I’R watts

Also, from Ohm’s law, / =V /R. Substituting for / in
equation (1) gives:

\%
P=V x—
R

VZ
ie. P =— watts

There are thus three possible formulae which may be
used for calculating power.

Problem 9. A 100 W electric light bulb is
connected to a 250V supply. Determine (a) the
current flowing in the bulb and (b) the resistance of
the bulb.

P
Power P =V x I, from which, current / = V

*Who was Watt? Go to www.routledge.com/cw/bird
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100 10 2
(a) Current/ =—=—=—-—=04A
250 25 5
vV 250 2500
(b) Resistance R=—=—=——=0625Q
I 04 4

Problem 10. Calculate the power dissipated when
a current of 4 mA flows through a resistance of
S5kQ.

Power P = I’R = (4 x 107)%(5 x 10%)
=16x 107 x5 x 10°
=80x 1073
=0.08 W or 80mW

Alternatively, since I =4 x 1072 and R=5 x 103 then
from Ohm’s law, voltage

V=IR=4x1073x5x10°=20V
Hence,

power P=V x I =20 x4 x 1073
= 80mW

Problem 11. An electric kettle has a resistance of
30 Q. What current will flow when it is connected
to a 240V supply? Find also the power rating of the
kettle.

vV 240
Current, ] = — = =

=—=8A
R 30

Power, P = VI =240 x 8§ = 1920W

= 1.92kW = power rating of kettle

Problem 12. A current of 5 A flows in the
winding of an electric motor, the resistance of the
winding being 100 Q. Determine (a) the p.d. across
the winding and (b) the power dissipated by the coil.

(a) Potential difference across winding,

V=IR=5x100=500V

(b) Power dissipated by coil,
P=I’R=5"x100
=2500W or 2.5kW
(Alternatively, P =V x I =500 x 5
=2500W or 2.5kW)
Problem 13. The hot resistance of a 240 V

filament lamp is 960 Q. Find the current taken by
the lamp and its power rating.

From Ohm’s law,

vV 240
current | = — = —
R 960
24 1
=—=-A or 0.25A
9% 4

Power rating P = VI=(240) (21;) =60W

Electrical energy

Electrical energy = power x time

If the power is measured in watts and the time in seconds
then the unit of energy is watt-seconds or joules.* If the
power is measured in kilowatts and the time in hours
then the unit of energy is kilowatt-hours, often called
the ‘unit of electricity’. The ‘electricity meter’ in the
home records the number of kilowatt-hours used and is
thus an energy meter.

Problem 14. A 12V battery is connected across
a load having a resistance of 40 Q. Determine the
current flowing in the load, the power consumed
and the energy dissipated in 2 minutes.

Current [ = % = % =0.3A
Power consumed, P = VI= (12)(0.3) =3.6 W
Energy dissipated = power x time
= (3.6W)(2 x 605)

=432] (since 1] =1 Ws)

*Who was Joule? Go to www.routledge.com/cw/bird
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Problem 15. A source of e.m.f. of 15V supplies a
current of 2 A for 6 minutes. How much energy is
provided in this time?

Energy =power x time, and power = voltage x current.
Hence

energy = VIt =15 x 2 x (6 x 60)
=10800Ws or J =10.8k]J

Problem 16. Electrical equipment in an office
takes a current of 13 A from a 240V supply.
Estimate the cost per week of electricity if the
equipment is used for 30 hours each week and

1 kWh of energy costs 12.5p

Power = VI watts = 240 x 13
=3120W =3.12kW

Energy used per week = power X time
= (3.12kW) x (30h)
=93.6kWh

Cost at 12.5p per kWh=93.6 x 12.5=1170p.
Hence weekly cost of electricity =£11.70

Problem 17. An electric heater consumes 3.6 MJ
when connected to a 250 V supply for 40 minutes.
Find the power rating of the heater and the current
taken from the supply.

_ energy 3.6 10° J (or W)= 1500W

Power - =
time 40 x 60 s

i.e. Power rating of heater=1.5 kW

Power P = VI
P 1500
thus I = —=——=06A
vV 250

Hence the current taken from the supply is 6 A

Problem 18. Determine the power dissipated by
the element of an electric fire of resistance 20 Q
when a current of 10 A flows through it. If the fire is
on for 6 hours determine the energy used and the
cost if 1 unit of electricity costs 13p

Power P = I*R = 10% x 20
=100 x 20 =2000W or 2kW
(Alternatively, from Ohm’s law,
V=IR=10x20=200V
hence power
P=V xI1=200x10=2000W =2kW)

Energy used in 6 hours
=power X time=2kW x 6h=12kWh

1 unit of electricity = 1 kWh; hence the number of units
used is 12. Cost of energy =12 x 13 =£1.56p

Problem 19. A business uses two 3kW fires for
an average of 20 hours each per week, and six
150 W lights for 30 hours each per week. If the cost
of electricity is 14 p per unit, determine the weekly
cost of electricity to the business.

Energy =power x time.
Energy used by one 3kW fire in 20 hours
=3kW x 20h=60kWh
Hence weekly energy used by two 3kW fires
=2x 60=120kWh
Energy used by one 150 W light for 30 hours
=150W x30h=4500 Wh=4.5kWh
Hence weekly energy used by six 150 W lamps
=6x 4.5=27kWh
Total energy used per week =120+27=147kWh
1 unit of electricity = | kWh of energy. Thus weekly cost
of energy at 14p per kWh=14 x 147=2058p
=£20.58

Now try the following Practice Exercise

Practice Exercise 7 Power and energy
(Answers on page 426)

1. The hot resistance of a 250V filament lamp
is 625Q. Determine the current taken by the
lamp and its power rating.

2. Determine the resistance of a coil connected
to a 150V supply when a current of (a) 75 mA,
(b) 300 A flows through it.
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3. Determine the resistance of an electric fire
which takes a current of 12 A from a 240V
supply. Find also the power rating of the fire
and the energy used in 20 h.

4. Determine the power dissipated when a cur-
rent of 10mA flows through an appliance
having a resistance of 8kQ.

5. 85.5] of energy are converted into heat in 9s.
What power is dissipated?

6. A currentof 4 A flows through a conductor and
10 W is dissipated. What p.d. exists across the
ends of the conductor?

7. Find the power dissipated when:
(a) acurrent of 5SmA flows through a resis-
tance of 20kQ
(b) a voltage of 400V is applied across a
120k resistor
(c) a voltage applied to a resistor is 10kV
and the current flow is 4 m

8. A battery of e.m.f. 15V supplies a current of
2 A for 5 min. How much energy is supplied in
this time?

9. A d.c. electric motor consumes 72 MJ when
connected to 400 V supply for 2 h 30 min. Find
the power rating of the motor and the current
taken from the supply.

10. A p.d. of 500V is applied across the wind-
ing of an electric motor and the resistance
of the winding is 50 Q. Determine the power
dissipated by the coil.

11. In ahousehold during a particular week three
2kW fires are used on average 25h each and
eight 100 W light bulbs are used on average
35heach. Determine the cost of electricity for
the week if 1 unit of electricity costs 15 p.

12. Calculate the power dissipated by the element
of an electric fire of resistance 302 when a
current of 10 A flows in it. If the fire is on for
30hours in a week determine the energy used.
Determine also the weekly cost of energy if
electricity costs 13.5p per unit.

2.11 Main effects of electric current

The three main effects of an electric current are:
(a) magnetic effect

(b) chemical effect
(c) heating effect

Some practical applications of the effects of an electric
current include:

Magnetic effect: bells, relays, motors, generators,
transformers, telephones,
car-ignition and lifting magnets
(see Chapter 8)

Chemical effect: primary and secondary cells and
electroplating (see Chapter 4)

Heating effect:  cookers, water heaters, electric
fires, irons, furnaces, kettles
and soldering irons

If there is a fault in a piece of equipment then exces-
sive current may flow. This will cause overheating and
possibly a fire; fuses protect against this happening. Cur-
rent from the supply to the equipment flows through the
fuse. The fuse is a piece of wire which can carry a stated
current; if the current rises above this value it will melt.
If the fuse melts (blows) then there is an open circuit and
no current can then flow — thus protecting the equipment
by isolating it from the power supply. The fuse must be
able to carry slightly more than the normal operating
current of the equipment to allow for tolerances and
small current surges. With some equipment there is a
very large surge of current for a short time at switch on.
If a fuse is fitted to withstand this large current there
would be no protection against faults which cause the
current to rise slightly above the normal value. There-
fore special anti-surge fuses are fitted. These can stand
ten times the rated current for 10 milliseconds. If the
surge lasts longer than this the fuse will blow.

A circuit diagram symbol for a fuse is shown in Fig. 2.4
on page 11.

Problem 20. If5A, 10A and 13 A fuses are
available, state which is most appropriate for the
following appliances which are both connected to a
240V supply: (a) electric toaster having a power
rating of 1 kW, (b) electric fire having a power
rating of 3kW.

P
Power P = VI, from which, current I = v
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(a) For the toaster, -
1000 100 2. State the unit of -
current / = — = —— = — =4.17A (a) current 2
V. 240 24 (b) potential difference <
g (%)
Hence a 5 A fuse is most appropriate. (c) resistance.
(b) For the fire 3. State an instrument used to measure
' (a) current
current [ — P 3000 300 _ 12.5A (b) potential difference
TV 240 24 7 (c) resistance.
Hence a 13 A fuse is most appropriate. 4.  What is a multimeter?
5. State an instrument used to measure:
Now try the following Practice Exercise (a) engine rotational speed
(b) continuity and insulation testing
. . (c) electrical power.
Practice Exercise 8 Fuses (Answers on
page 426) 6. State Ohm’s law.
1. Atelevision sethaving apower rating of 120 W 7. Give one example of

and electric lawnmower of power rating 1 kW
are both connected to a 250V supply. If 3 A,

(a) alinear device
(b) a non-linear device.

5A and 10 A fuses are available state which 8

- . ) State the meaning of the following abbrevia-
is the most appropriate for each appliance.

tions of prefixes used with electrical units:
(a) k (®) n () m (d) M.

9. What is a conductor? Give four examples.

10. What is an insulator? Give four examples.

2.13 Insulation and the dangers

Complete the following statement:
‘An ammeter has a ... resistance and must be
connected ... with the load.’

of constant high current flow 11.

The use of insulation materials on electrical equipment,
whilst being necessary, also has the effect of prevent-
ing heat loss, i.e. the heat is not able to dissipate, thus
creating the possible danger of fire. In addition, the insu-
lating material has a maximum temperature rating — this
is heat it can withstand without being damaged. The cur- 13.
rent rating for all equipment and electrical components
is therefore limited to keep the heat generated within
safe limits. In addition, the maximum voltage present
needs to be considered when choosing insulation. 15.

12. Complete the following statement:
‘A voltmeter has a ... resistance and must be
connected ... with the load.’

State the unit of electrical power. State three
formulae used to calculate power.

14. State two units used for electrical energy.

State the three main effects of an electric
current and give two examples of each.

16. What is the function of a fuse in an electri-

Practice Exercise 9 Short answer questions s
cal circuit?

on the introduction to electric circuits
(Answers within pages 9 to 19)

1. Draw the preferred symbols for the follow-
ing components used when drawing electrical
circuit diagrams:

Practice Exercise 10 Multi-choice problems
on the introduction to electric circuits
(Answers on page 427)

(b) cell
(d) fuse

(a) fixed resistor
(c) filament lamp
(e) voltmeter.

1. 60ws is equivalent to:
(a) 0.06
(c) 1000 minutes

(b) 0.000065s
(d) 0.65
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A current of 3 A flows for 50 h through a
6 Q resistor. The energy consumed by the
resistor is:
(a) 0.9kWh
(c) 9kWh

(b) 2.7kWh
(d) 27kWh

: The current which flows when 0.1 coulomb is 8. What must be known in order to calculate the
g transferred in 10 ms is: energy used by an electrical appliance?
7] (@) TA (b) 10A (a) voltage and current
= (c) 10mA (d) 100mA (b) current and time of operation
The p.d. applied to a 1kQ resistance in order (¢) power and time of operation
that a current of 100 uA may flow is: (d) current and resistance
(@) 1V (b) 100V (¢) 0.1V 9. Voltage drop is the:
(d 10V (a) maximum potential
Which of the following formulae for electrical (b) difference in potential between two
power is incorrect? points
v V2 (c) voltage produced by a source
(a) VI (b) T (c) I’R (d) 3 (d) voltage at the end of a circuit
The power dissipated by aresistor of 4 QQ when 10. A 240V, 60 W lamp has a working resistance
a current of 5 A passes through it is: of:
(a) 1400 ohm (b) 60 ohm
(@) 6.25W (®) 20W (c) 960 ohm (d) 3250hm
(c) 80W (d) 100W 11. The largest number of 100W electric light
Which of the following statements is true? bulbs which can be Operateq from a 240V
(a) Electric current is measured in volts supply fitted with a 13 A fuse is:
(b) ;OOQI;Q resistance is equivalent to (@2 ()7 ()31 (d) 18
M
(¢) An ammeter has a low resistance and 12. Thg energy used by a 1.5kW heater in
must be connected in parallel with a 5 minutes is:
circuit (a) 57 (b) 450]
(d) An electrical insulator has a high (c) 75007 (d) 4500007
resistance
13.  When an atom loses an electron, the atom:

(a) becomes positively charged
(b) disintegrates
(c) experiences no effect at all

(d) becomes negatively charged

For fully worked solutions to each of the problems in Practice Exercises 5 to 10 in this chapter,
z go to the website:
“Yegevi® www.routledge.com/cw/bird
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Chapter 3

Resistance variation

Why it is important to understand: Resistance variation

An electron travelling through the wires and loads of an electric circuit encounters resistance. Resistance
is the hindrance to the flow of charge. The flow of charge through wires is often compared to the flow
of water through pipes. The resistance to the flow of charge in an electric circuit is analogous to the
frictional effects between water and the pipe surfaces as well as the resistance offered by obstacles
that are present in its path. It is this resistance that hinders the water flow and reduces both its flow
rate and its drift speed. Like the resistance to water flow, the total amount of resistance to charge flow
within a wire of an electric circuit is affected by some clearly identifiable variables. Factors which affect
resistance are length, cross-sectional area and type of material. The value of a resistor also changes with
changing temperature, but this is not as we might expect, mainly due to a change in the dimensions of
the component as it expands or contracts. It is due mainly to a change in the resistivity of the material
caused by the changing activity of the atoms that make up the resistor. Resistance variation due to length,
cross-sectional area, type of material and temperature variation are explained in this chapter, with
calculations to aid understanding. In addition, the resistor colour coding/ohmic values are explained.

At the end of this chapter you should be able to:

e recognize three common methods of resistor construction

e appreciate that electrical resistance depends on four factors

e appreciate that resistance R = pl/a, where p is the resistivity

e recognize typical values of resistivity and its unit

e perform calculations using R=pl/a

e define the temperature coefficient of resistance, a

e recognize typical values for o

e perform calculations using Rg = Ro(1 + a.0)

e determine the resistance and tolerance of a fixed resistor from its colour code

e determine the resistance and tolerance of a fixed resistor from its letter and digit code

(i) Surface Mount Technology (SMT)

3.1 Resistor construction

Many modern circuits use SMT resistors. Their manu-
There is a wide range of resistor types. Four of the most facture involves depositing a film of resistive material
common methods of construction are: such as tin oxide on a tiny ceramic chip. The edges of the

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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resistor are then accurately ground or cut with a laser to
give a precise resistance across the ends of the device.
Tolerances may be as low as £0.02% and SMT resistors
normally have very low power dissipation. Their main
advantage is that very high component density can be
achieved.

(ii) Wire wound resistors

A length of wire such as nichrome or manganin, whose
resistive value per unit length is known, is cut to the
desired value and wound around a ceramic former prior
to being lacquered for protection. This type of resistor
has a large physical size, which is a disadvantage; how-
ever, they can be made with a high degree of accuracy,
and can have a high power rating.

Wire wound resistors are used in power circuits and
motor starters.

(iii) Metal film resistors

Metal film resistors are made from small rods of ceramic
coated with metal, such as a nickel alloy. The value of
resistance is controlled firstly by the thickness of the
coating layer (the thicker the layer, the lower the value of
resistance), and secondly by cutting a fine spiral groove
along the rod using a laser or diamond cutter to cut the
metal coating into a long spiral strip, which forms the
resistor.

Metal film resistors are low-tolerance, precise resistors
(1% or less) and are used in electronic circuits.

(iv) Carbon film resistors

Carbon film resistors have a similar construction to
metal film resistors but generally with wider tolerance,
typically £5%. They are inexpensive, in common use,
and are used in electronic circuits.

3.2 Resistance and resistivity

The resistance of an electrical conductor depends on
four factors, these being: (a) the length of the conduc-
tor, (b) the cross-sectional area of the conductor, (c) the
type of material and (d) the temperature of the material.
Resistance, R, is directly proportional to length, /, of a
conductor, i.e. R o<l. Thus, for example, if the length of
apiece of wire is doubled, then the resistance is doubled.

Resistance, R, is inversely proportional to cross-
sectional area, a, of a conductor, i.e. R 1/a. Thus, for
example, if the cross-sectional area of a piece of wire is
doubled then the resistance is halved.

Since R/ and Rox1/a then Rl/a. By inserting a
constant of proportionality into this relationship the type
of material used may be taken into account. The con-
stant of proportionality is known as the resistivity of the
material and is given the symbol p (Greek rho). Thus,

. pl
resistance R = — ohms
a

p is measured in ohm metres (Q2Qm). The value of the
resistivity is that resistance of a unit cube of the material
measured between opposite faces of the cube.
Resistivity varies with temperature and some typical
values of resistivities measured at about room tempera-
ture are given below:

Copper 1.7 x 1078Qm (or 0.017 nQm)
Aluminium 2.6 x 1078 Qm (or 0.026 nQm)
Carbon (graphite) 10 x 10°8Qm (0.10LQm)
Glass 1 x 10'°Qm (or 1O4pLQm)

Mica 1 x 1083 Qm (or 107 pQm)

Note that good conductors of electricity have a low value
of resistivity and good insulators have a high value of
resistivity.

Problem 1. The resistance of a 5 m length of wire
is 600 Q. Determine (a) the resistance of an 8 m
length of the same wire and (b) the length of the
same wire when the resistance is 420 Q.

(a) Resistance, R, is directly proportional to length, /,
i.e. Roxl. Hence, 600Qx5m or 600=(k)(5),
where k is the coefficient of proportionality.

Hence, k = 6% =120

When the length [ is 8m, then resistance
R=kI=(120)(8)=960 2

(b) When the resistance is 420Q, 420=kl, from
which,
420 420

lengthl = — = — =3.5m

k 120
Problem 2. A piece of wire of cross-sectional
area 2mm? has a resistance of 300 Q. Find (a) the
resistance of a wire of the same length and material
if the cross-sectional area is 5 mm?, (b) the
cross-sectional area of a wire of the same length
and material of resistance 750 Q.

Resistance, R, is inversely proportional to cross-
sectional area, a, i.e. Rxl/a.
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Hence 300 Qo<+ mm? or 300 = (k) (%)
from which, the coefficient of proportionality,

k=300 x2=600
(a) When the cross-sectional area @ =5 mm? then
R=(k)(2) = (600)(3) =120

(Note that resistance has decreased as the cross-
sectional is increased.)

(b) When the resistance is 750 €2 then

750 = (k) (%)

from which
. k 600
cross-sectional area, ¢ = — = —
750 750
— 0.8 mm?

Problem 3. A wire of length 8 m and
cross-sectional area 3 mm? has a resistance of
0.16 Q. If the wire is drawn out until its
cross-sectional area is 1 mm?Z, determine the
resistance of the wire.

Resistance R is directly proportional to length, /, and
inversely proportional to the cross-sectional area, a, i.e.
R «l/a or R=k(l/a), where k is the coefficient of
proportionality.

Since R=0.16, [=8 and a=3, then 0.16=(k)(8/3),
from which k=0.16 x 3/8=0.06

If the cross-sectional areaisreduced to 1 /3 of its original
area then the length must be tripled to 3 x 8, i.e. 24m

New resistance R =k (i) =0.06 (2]—4) =1.44Q
a

Problem 4. Calculate the resistance of a 2km
length of aluminium overhead power cable if the
cross-sectional area of the cable is 100 mm?2. Take
the resistivity of aluminium to be 0.03 x 1070 Qm.

Length /=2km=2000m,
area a =100mm? =100 x 107% m?
and resistivity p=0.03 x 107°Qm.

. pl
Resistance R = o
(0.03 x 107°Qm)(2000m)
- (100 x 10-5m?)
~0.03 x 2000
N 100

Q=0.6%2

Problem 5. Calculate the cross-sectional area, in
mm?, of a piece of copper wire, 40 m in length and
having a resistance of 0.25 Q. Take the resistivity of
copper as 0.02 x 107°Qm.

Resistance R = pl/a hence cross-sectional area

pl (0.02 x 107Qm)(40m)
a = — =

R 0.25Q
=32x10"%m?

= (3.2 % 107%) x 10°mm® = 3.2 mm?

Problem 6. The resistance of 1.5km of wire of
cross-sectional area 0.17 mm? is 150 Q. Determine
the resistivity of the wire.

Resistance, R=pl/a hence
. Ra
resistivity p = T
~ (1509)(0.17 x 107°m?)
- (1500 m)
=0.017x10%Qm

or 0.017 n2m

Problem 7. Determine the resistance of 1200 m
of copper cable having a diameter of 12 mm if the
resistivity of copperis 1.7 x 1078 Qm.

Cross-sectional area of cable,

5 (12)2
a=7Tr =mw\|—
2

=367 mm? =367 x 10 %m?

Resistance R = P~
a

(1.7 107 Qm) (1200 m)
N (36w x 10~°m?2)

~ 1.7x1200 x 10°
T 108 x 367

17 x12
T 36r

Q=0.1802
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Now try the following Practice Exercise

Practice Exercise 11 Resistance and
resistivity (Answers on page 427)

1. Theresistance of a2 mlength of cableis 2.5 Q.
Determine (a) the resistance of a 7m length of
the same cable and (b) the length of the same
wire when the resistance is 6.25 Q.

2. Some wire of cross-sectional area 1 mm? has
a resistance of 20Q. Determine (a) the resis-
tance of a wire of the same length and material
if the cross-sectional area is 4 mm?Z, and (b) the
cross-sectional area of a wire of the same
length and material if the resistance is 32 Q.

3. Some wire of length Sm and cross-sectional
area 2mm? has a resistance of 0.08 Q. If the
wire is drawn out until its cross-sectional area
is 1 mm?Z, determine the resistance of the wire.

4. Find the resistance of 800 m of copper cable
of cross-sectional area 20 mm?. Take the resis-
tivity of copper as 0.02 uQm.

5. Calculate the cross-sectional area, in mm?2, of
apiece of aluminium wire 100 m long and hav-
ing a resistance of 2 Q. Take the resistivity of
aluminium as 0.03 x 1076 Qm.

6. The resistance of 500m of wire of cross-
sectional area 2.6 mm? is 5Q. Determine the
resistivity of the wire in uQm.

7. Find the resistance of 1km of copper cable
having a diameter of 10 mm if the resistivity
of copper is 0.017 x 107° Qm.

3.3 Temperature coefficient

of resistance

In general, as the temperature of a material increases,
most conductors increase in resistance, insulators
decrease in resistance, whilst the resistance of some
special alloys remain almost constant.

The temperature coefficient of resistance of a mate-
rial is the increase in the resistance of a 1Q resistor
of that material when it is subjected to a rise of tem-
perature of 1°C. The symbol used for the temperature
coefficient of resistance is a (Greek alpha). Thus, if
some copper wire of resistance 1€ is heated through

1°C and its resistance is then measured as 1.0043Q
then & =0.0043 Q/ Q°C for copper. The units are usu-
ally expressed only as ‘per °C’, i.e. o =0.0043/°C
for copper. If the 1Q resistor of copper is heated
through 100°C then the resistance at 100°C would be
14100 x 0.0043 =1.43 Q. Some typical values of tem-
perature coefficient of resistance measured at 0°C are
given below:

Copper 0.0043/°C
Nickel 0.0062/°C
Constantan 0
Aluminium  0.0038/°C
Carbon —0.00048/°C
Eureka 0.00001/°C

(Note that the negative sign for carbon indicates that its
resistance falls with increase of temperature.)

If the resistance of a material at 0°C is known the
resistance at any other temperature can be determined
from:

Ro=Rp(1+a0)

where Ry = resistance at 0°C
Ry = resistance at temperature §°C

o = temperature coefficient of resistance at 0°C

Problem 8. A coil of copper wire has a resistance
of 100 Q when its temperature is 0°C. Determine its
resistance at 70°C if the temperature coefficient of
resistance of copper at 0°C is 0.0043 /°C.

Resistance Ry = Ro(1+aof). Hence resistance at
100°C,

Rioo = 100[1 + (0.0043)(70)]

=100[1 +0.301]
=100(1.301) = 130.1L2

Problem 9. An aluminium cable has a resistance
of 27 Q at a temperature of 35°C. Determine its
resistance at 0°C. Take the temperature coefficient
of resistance at 0°C to be 0.0038/°C.

Resistance at 0°C, Rg = Ro(1 4+ aof). Hence resistance
at 0°C,

Ry 27

Ro= 0wt = 115 (0.0038)(39)]
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27
T 140.133
27
= =2383Q
1.133

Problem 10. A carbon resistor has a resistance
of 1kQ at 0°C. Determine its resistance at 80°C.
Assume that the temperature coefficient of
resistance for carbon at 0°C is —0.0005/°C.

Resistance at temperature 9°C,
Rg = Ro(1 + apf)
ie.
Ry =1000[1 + (—0.0005)(80)]
= 1000[1 — 0.040] = 1000(0.96) = 960 2

If the resistance of a material at room temperature
(approximately 20°C), R»o, and the temperature coef-
ficient of resistance at 20°C, ayg, are known then the
resistance Ry at temperature 8°C is given by:

Rg=Rz0[1+a20(0 —20)]

Problem 11. A coil of copper wire has a
resistance of 10Q at 20°C. If the temperature
coefficient of resistance of copper at 20°C is
0.004/°C determine the resistance of the coil
when the temperature rises to 100°C.

Resistance at 6°C,
Rp = Rool1 +a20(0 —20)]
Hence resistance at 100°C,
Ri00 = 10[1 + (0.004) (100 — 20)]
=10[1 + (0.004)(80)]
= 10[1+0.32]
=10(1.32)=13.2Q

Problem 12. The resistance of a coil of
aluminium wire at 18°C is 200 Q. The temperature
of the wire is increased and the resistance rises to
240 Q. If the temperature coefficient of resistance of
aluminium is 0.0039/°C at 18°C determine the
temperature to which the coil has risen.

Let the temperature rise to #°C. Resistance at °C,

Ry = Rig[1+a13(0 — 18)]

ie.
240 =200[1 4 (0.0039)(0 — 18)]

240 = 200 + (200)(0.0039) (6 — 18)
240 — 200 = 0.78(0 — 18)
40 =0.78(6 — 18)
40

— —0—18
0.78

51.28 =60 — 18, from which,
6 =51.284+18=69.28°C

Hence the temperature of the coil increases to
69.28°C

If the resistance at 0°C is not known, but is known at
some other temperature 61, then the resistance at any
temperature can be found as follows:

Ry = Ro(1 + apth)

and Ry = Ro(1 4+ apb)
Dividing one equation by the other gives:
Ry 1400,
Ry 1+agf:

where R, =resistance at temperature 6,

Problem 13. Some copper wire has a resistance
of 200Q at 20°C. A current is passed through the
wire and the temperature rises to 90°C. Determine
the resistance of the wire at 90°C, correct to the
nearest ohm, assuming that the temperature
coefficient of resistance is 0.004/°C at 0°C.

R20 =200Q, a9 = 0.004/°C
Ry _ [1+a0(20)]

and = v
Rog  [14a0(90)]

Hence
_ Roo[1 +9000]
%= 71 5 20a0]

_200[1 4 90(0.004)]
~ [1420(0.004)]
_200[1 +0.36]

© [140.08]
~200(1.36)
©(1.08)

i.e. the resistance of the wire at 90°C is 252 2, correct
to the nearest ohm.

=251.85Q
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Now try the following Practice Exercise

Practice Exercise 12 Temperature
coefficient of resistance (Answers on
page 427)

1. A coil of aluminium wire has a resistance of
50Q when its temperature is 0°C. Determine
its resistance at 100°C if the temperature coef-
ficient of resistance of aluminium at 0°C is
0.0038/°C

2. A copper cable has a resistance of 30Q at
a temperature of 50°C. Determine its resis-
tance at 0°C. Take the temperature coefficient
of resistance of copper at 0°C as 0.0043/°C

3. The temperature coefficient of resistance for
carbon at 0°C is —0.00048/°C. What is the
significance of the minus sign? A carbon resis-
tor has aresistance of 500 2 at 0°C. Determine
its resistance at 50°C.

4. A coil of copper wire has a resistance of
20Q at 18°C. If the temperature coefficient
of resistance of copper at 18°C is 0.004/°C,
determine the resistance of the coil when the
temperature rises to 98°C.

5. The resistance of a coil of nickel wire
at 20°C is 100Q. The temperature of the
wire is increased and the resistance rises
to 130Q. If the temperature coefficient of
resistance of nickel is 0.006/°C at 20°C,
determine the temperature to which the coil
has risen.

6. Some aluminium wire has a resistance of 50 Q
at 20°C. The wire is heated to a temperature
of 100°C. Determine the resistance of the
wire at 100°C, assuming that the temperature
coefficient of resistance at 0°C is 0.004/°C.

7. A copper cable is 1.2km long and has a
cross-sectional area of 5mm?. Find its resis-
tance at 80°C if at 20°C the resistivity of
copperis 0.02 x 107° Qm and its temperature
coefficient of resistance is 0.004/°C.

3.4 Resistor colour coding

and ohmic values

(a) Colour code for fixed resistors

The colour code for fixed resistors is given in Table 3.1

Table 3.1

Colour Significant Multiplier = Tolerance

figures

Silver - 1072 +10%
Gold — 107! +5%
Black 0 1 -
Brown 1 10 +1%
Red 2 107 +2%
Orange 3 103 -
Yellow 4 10* —
Green 5 10° +0.5%
Blue 6 100 +0.25%
Violet 7 107 +0.1%
Grey 8 108 -
White 9 10° —
None - - +20%

@

(i1)

For a four-band fixed resistor (i.e. resistance
values with two significant figures): yellow-violet-
orange-red indicates 47k with a tolerance of
+2%

(Note that the first band is the one nearest the end
of the resistor.)

For a five-band fixed resistor (i.e. resistance
values with three significant figures): red-yellow-
white-orange-brown indicates 249 kQ with a toler-
ance of 1%

(Note that the fifth band is 1.5 to 2 times wider than
the other bands.)

Problem 14. Determine the value and tolerance
of a resistor having a colour coding of:

orange-orange-silver-brown.

The first two bands, i.e. orange-orange, give 33 from
Table 3.1.

The third band, silver, indicates a multiplier of 102 from
Table 3.1, which means that the value of the resistor is
33x1072=0.33Q.

The fourth band, i.e. brown, indicates a tolerance
of £1% from Table 3.1. Hence a colour coding of
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orange-orange-silver-brown represents a resistor of
value 0.33 2 with a tolerance of +1%

Problem 15. Determine the value and tolerance
of a resistor having a colour coding of:
brown-black-brown.

The first two bands, i.e. brown-black, give 10 from
Table 3.1.

The third band, brown, indicates a multiplier of 10 from
Table 3.1, which means that the value of the resistor is
10x 10=100Q

There is no fourth band colour in this case; hence, from
Table 3.1, the tolerance is +20%. Hence a colour cod-
ing of brown-black-brown represents a resistor of value
100 2 with a tolerance of £20%

Problem 16. Between what two values should
a resistor with colour coding brown-black-
brown-silver lie?

From Table 3.1, brown-black-brown-silver indicates
10 x 10, i.e. 100Q, with a tolerance of £10%
This means that the value could lie between

(100 — 10% of 100) Q
and (100 + 10% of 100) Q

i.e. brown-black-brown-silver indicates any value
between 90 2 and 110 2

Problem 17. Determine the colour coding for a
47kQ resistor having a tolerance of £5%

From Table 3.1, 47kQ =47 x 10° has a colour coding

of yellow-violet-orange. With a tolerance of +5%, the

fourth band will be gold.

Hence 47 kQ +5% has a colour coding of:
yellow-violet-orange-gold.

Problem 18. Determine the value and tolerance
of a resistor having a colour coding of:
orange-green-red-yellow-brown.

Orange-green-red-yellow-brown is a five-band fixed
resistor and from Table 3.1, indicates: 352 x 10* Q with
a tolerance of 1%

352 x 10°Q =3.52 x 10°Q,i.e. 3.52MQ

Hence  orange-green-red-yellow-brown  indicates
3.52MQR+1%

(b) Letter and digit code for resistors

Another way of indicating the value of resistors is the
letter and digit code shown in Table 3.2.

Table 3.2
Resistance =~ Marked as
value
0.47Q R47
1Q 1RO
4.7Q 4R7
47Q 47R
100Q 100R
1kQ 1KO
10kQ 10K
10MQ 10M

Tolerance is indicated as follows: FF =+1%, G =+2%,
J==45%, K=+10% and M =+20%.
Thus, for example,

R33M =0.33Q+20%
4R7K =4.7Q + 10%
390RJ =390Q £ 5%

Problem 19. Determine the value of a resistor
marked as 6K8F

From Table 3.2, 6K8F is equivalent to: 6.8 k2+ 1%

Problem 20. Determine the value of a resistor
marked as 4M7M

From Table 3.2, 4M7M is equivalent to: 4.7 M £20%

Problem 21. Determine the letter and digit code
for a resistor having a value of 68 kQ +10%

From Table 3.2, 68 kQ 4= 10% has a letter and digit code
of: 68 KK
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Now try the following Practice Exercise

Practice Exercise 13 Resistor colour coding
and ohmic values (Answers on page 427)

1.

10.

Determine the value and tolerance of a resis-
tor having a colour coding of: blue-grey-
orange-red

Determine the value and tolerance of a resis-
tor having a colour coding of: yellow-violet-
gold

Determine the value and tolerance of a resis-
tor having a colour coding of: blue-white-
black-black-gold

Determine the colour coding for a 51kQ
four-band resistor having a tolerance of 2%

Determine the colour coding for a 1 MQ four-
band resistor having a tolerance of =10%

Determine the range of values expected for a
resistor with colour coding: red-black-green-
silver

Determine the range of values expected for
a resistor with colour coding: yellow-black-
orange-brown

Determine the value of a resistor marked as
(a) R22G (b) 4K7F

Determine the letter and digit code for a
resistor having a value of 100 kQ+5%

Determine the letter and digit code for a
resistor having a value of 6.8 MQ +20%

Practice Exercise 14 Short answer
questions on resistance variation (Answers
within pages 21 to 27)

1.

Name three types of resistor construction and
state one practical application of each.

Name four factors which can effect the resis-
tance of a conductor.

If the length of a piece of wire of constant
cross-sectional area is halved, the resistance
of the wireis ......

If the cross-sectional area of a certain length
of cable is trebled, the resistance of the cable
1S......

What is resistivity? State its unit and the
symbol used.

6. Complete the following:

Good conductors of electricity have a ......
value of resistivity and good insulators have
a...... value of resistivity.

7. Whatis meant by the ‘temperature coefficient
of resistance’? State its units and the symbols
used.

8. Iftheresistance of a metal at 0°C is Ry, Rg is
the resistance at #°C and ag is the temper-
ature coefficient of resistance at 0°C, then:

9. Explain briefly the colour coding on resistors.

10. Explain briefly the letter and digit code for
resistors.

Practice Exercise 15 Multi-choice questions
on resistance variation (Answers on page
427)

1. The unit of resistivity is:
(a) ohms

(b) ohm millimetre
(c) ohm metre
(d) ohm/metre

2. Thelength of a certain conductor of resistance
100Q is doubled and its cross-sectional area
is halved. Its new resistance is:

(a) 100Q (b) 200Q
(c) 50Q (d) 400Q

3. The resistance of a 2km length of cable of
cross-sectional area 2mm? and resistivity of
2x1078Qmis:

(a) 0.02Q (b) 20Q
(¢) 0.02mQ (d) 200Q

4. A piece of graphite has a cross-sectional area
of 10mm?. If its resistance is 0.1Q and its
resistivity 10 x 108 Qm, its length is:

(a) 10km (b) 10cm
(c) 10mm (d) 10m

5. The symbol for the unit of temperature coeffi-
cient of resistance is:
(a Q/°C (b) Q
(c) °C (d Q/Q°C
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6. A coil of wire has a resistance of 10€Q at 0°C.

If the temperature coefficient of resistance for
the wire is 0.004 /°C, its resistance at 100°C is:

(a) 04Q (b) 14Q
(c) 14Q @ 10Q

A nickel coil has a resistance of 13Q
at 50°C. If the temperature coefficient of
resistance at 0°C is 0.006/°C, the resistance at
0°Cis:

(a) 16.9Q
(c) 43.3Q

(b) 10Q
d 0.1Q

A colour coding of red-violet-black on a resis-
tor indicates a value of:

(@) 27Q+20% (b) 270Q

(c) 270Q+20% (d) 27Q+10%

A resistor marked as 4K7G indicates a

value of:
(a) 47Q+20% (b) 4.7kQ+20%

(©) 0.47Q+10% d) 4.7kQ+2%

For fully worked solutions to each of the problems in Practice Exercises 11 to 15 in this chapter,
go to the website:
www.routledge.com/cw/bird
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Chapter 4

Batteries and alternative
sources of energy

Why it is important to understand: Batteries and alternative sources of energy

Batteries store electricity in a chemical form, inside a closed-energy system. They can be re-charged
and re-used as a power source in small appliances, machinery and remote locations. Batteries can store
d.c. electrical energy produced by renewable sources such as solar, wind and hydro power in chemical
form. Because renewable energy-charging sources are often intermittent in their nature, batteries provide
energy storage in order to provide a relatively constant supply of power to electrical loads regardless of
whether the sun is shining or the wind is blowing. In an off-grid photovoltaic (PV) system, for example,
battery storage provides a way to power common household appliances regardless of the time of day or the
current weather conditions. In a grid-tie with battery backup PV system batteries provide uninterrupted
power in case of utility power failure. Energy causes movement; every time something moves, energy
is being used. Energy moves cars, makes machines run, heats ovens and lights our homes. One form of
energy can be changed into another form. When petrol is burned in a vehicle engine, the energy stored
in petrol is changed into heat energy. When we stand in the sun, light energy is changed into heat. When
a torch or flashlight is turned on, chemical energy stored in the battery is changed into light and heat. To
find energy, look for motion, heat, light, sound, chemical reactions or electricity. The sun is the source of
all energy. The sun’s energy is stored in coal, petroleum, natural gas, food, water and wind. While there
are two types of energy, renewable and non-renewable, most of the energy we use comes from burning
non-renewable fuels — coal, petroleum or oil, or natural gas. These supply the majority of our energy
needs because we have designed ways to transform their energy on a large scale to meet consumer needs.
Regardless of the energy source, the energy contained in them is changed into a more useful form of
electricity. This chapter explores the increasingly important area of battery use and briefly looks at some
alternative sources of energy.

At the end of this chapter you should be able to:

e list practical applications of batteries

e understand electrolysis and its applications, including electroplating
e appreciate the purpose and construction of a simple cell

e explain polarization and local action

e explain corrosion and its effects

e define the terms e.m.f., E, and internal resistance, r, of a cell
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e perform calculations using V=FE — Ir

e determine the total e.m.f. and total internal resistance for cells connected in series and in parallel

e distinguish between primary and secondary cells

e explain the construction and practical applications of the Leclanché, mercury, lead—acid and alkaline cells

e list the advantages and disadvantages of alkaline cells over lead—acid cells

e understand the term ‘cell capacity’ and state its unit
e understand the importance of safe battery disposal

e appreciate advantages of fuel cells and their likely future applications

e understand the implications of alternative energy sources and state five examples

4.1 Introduction to batteries

A battery is a device that converts chemical energy
to electricity. If an appliance is placed between its
terminals the current generated will power the device.
Batteries are an indispensable item for many electronic
devices and are essential for devices that require power
when no mains power is available. For example, without
the battery, there would be no mobile phones or laptop
computers.

The battery is now over 200 years old and batteries are
found almost everywhere in consumer and industrial
products. Some practical examples where batteries are
used include:

in laptops, in cameras, in mobile phones, in
cars, in watches and clocks, for security equip-
ment, in electronic meters, for smoke alarms, for
meters used to read gas, water and electricity
consumption at home, to power a camera for an
endoscope looking internally at the body, and for
transponders used for toll collection on highways
throughout the world

Batteries tend to be split into two categories — primary,
which are not designed to be electrically re-charged,
i.e. are disposable (see Section 4.6), and secondary
batteries, which are designed to be re-charged, such
as those used in mobile phones (see Section 4.7).

In more recent years it has been necessary to design
batteries with reduced size, but with increased lifespan
and capacity.

If an application requires small size and high power then
the 1.5V battery is used. If longer lifetime is required
then the 3 to 3.6V battery is used. In the 1970s the
1.5V manganese battery was gradually replaced by

the alkaline battery. Silver oxide batteries were grad-
ually introduced in the 1960s and are still the preferred
technology for watch batteries today.

Lithium-ion batteries were introduced in the 1970s
because of the need for longer lifetime applications.
Indeed, some such batteries have been known to last well
over ten years before replacement, a characteristic that
means that these batteries are still very much in demand
today for digital cameras, and sometimes for watches
and computer clocks. Lithium batteries are capable of
delivering high currents but tend to be expensive.
More types of batteries and their uses are listed in
Table 4.2 on page 38.

4.2 Some chemical effects

of electricity

A material must contain charged particles to be able to
conduct electric current. In solids, the current is carried
by electrons. Copper, lead, aluminium, iron and carbon
are some examples of solid conductors. In liquids and
gases, the current is carried by the part of a molecule
which has acquired an electric charge, calledions. These
can possess a positive or negative charge, and exam-
ples include hydrogen ion HT, copper ion Cu*™ and
hydroxylion OH™. Distilled water contains no ions and
is apoor conductor of electricity, whereas salt water con-
tains ions and is a fairly good conductor of electricity.

Electrolysis is the decomposition of a liquid com-
pound by the passage of electric current through it.
Practical applications of electrolysis include the elec-
troplating of metals (see below), the refining of copper
and the extraction of aluminium from its ore.
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An electrolyte is a compound which will undergo elec-
trolysis. Examples include salt water, copper sulphate
and sulphuric acid.

The electrodes are the two conductors carrying current
to the electrolyte. The positive-connected electrode is
called the anode and the negative-connected electrode
the cathode.

When two copper wires connected to a battery are placed
in a beaker containing a salt water solution, current will
flow through the solution. Air bubbles appear around the
wires as the water is changed into hydrogen and oxygen
by electrolysis.

Electroplating uses the principle of electrolysis to
apply a thin coat of one metal to another metal. Some
practical applications include the tin-plating of steel,
silver-plating of nickel alloys and chromium-plating of
steel. If two copper electrodes connected to a battery
are placed in a beaker containing copper sulphate as the
electrolyte it is found that the cathode (i.e. the electrode
connected to the negative terminal of the battery) gains
copper whilst the anode loses copper.

4.3 The simple cell

The purpose of an electric cell is to convert chemical
energy into electrical energy.

A simple cell comprises two dissimilar conductors
(electrodes) in an electrolyte. Such a cell is shown in
Fig. 4.1, comprising copper and zinc electrodes. An
electric current is found to flow between the electrodes.
Other possible electrode pairs exist, including zinc—lead
and zinc—iron. The electrode potential (i.e. the p.d. mea-
sured between the electrodes) varies for each pair of
metals. By knowing the e.m.f. of each metal with respect

+ —
Copper Zinc electrode
electrode (cathode)
(anode)

4 Dilute
= sulphuric acid
(electrolyte)

Figure 4.1

Table 4.1 Part of the electro-
chemical series

Potassium
Sodium
Aluminium
Zinc

Iron

Lead
Hydrogen
Copper
Silver

Carbon

to some standard electrode, the e.m.f. of any pair of met-
als may be determined. The standard used is the hydro-
gen electrode. The electrochemical series is a way
of listing elements in order of electrical potential, and
Table 4.1 shows a number of elements in such a series.
In a simple cell two faults exist — those due to polariza-
tion and local action.

Polarization

If the simple cell shown in Fig. 4.1 is left connected
for some time, the current / decreases fairly rapidly.
This is because of the formation of a film of hydrogen
bubbles on the copper anode. This effect is known as
the polarization of the cell. The hydrogen prevents full
contact between the copper electrode and the electrolyte
and this increases the internal resistance of the cell. The
effect can be overcome by using a chemical depolariz-
ing agent or depolarizer, such as potassium dichromate,
which removes the hydrogen bubbles as they form. This
allows the cell to deliver a steady current.

Local action

When commercial zinc is placed in dilute sulphuric acid,
hydrogen gas is liberated from it and the zinc dissolves.
The reason for this is that impurities, such as traces of
iron, are present in the zinc which set up small primary
cells with the zinc. These small cells are short-circuited
by the electrolyte, with the result that localized currents
flow, causing corrosion. This action is known as local
action of the cell. This may be prevented by rubbing
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a small amount of mercury on the zinc surface, which
forms a protective layer on the surface of the electrode.
When two metals are used in a simple cell the electro-
chemical series may be used to predict the behaviour of
the cell:

(i) The metal that is higher in the series acts as the
negative electrode, and vice versa. For example,
the zinc electrode in the cell shown in Fig. 4.1 is
negative and the copper electrode is positive.

(i) The greater the separation in the series between
the two metals the greater is the e.m.f. produced
by the cell.

The electrochemical series is representative of the order
of reactivity of the metals and their compounds:

(i) The higher metals in the series react more readily
with oxygen and vice-versa.

(i1)) When two metal electrodes are used in a simple
cell the one that is higher in the series tends to
dissolve in the electrolyte.

Corrosion is the gradual destruction of a metal in a
damp atmosphere by means of simple cell action. In
addition to the presence of moisture and air required
for rusting, an electrolyte, an anode and a cathode are
required for corrosion. Thus, if metals widely spaced in
the electrochemical series are used in contact with each
other in the presence of an electrolyte, corrosion will
occur. For example, if a brass valve is fitted to a heating
system made of steel, corrosion will occur.

The effects of corrosion include the weakening of
structures, the reduction of the life of components and
materials, the wastage of materials and the expense of
replacement.

Corrosion may be prevented by coating with paint,
grease, plastic coatings and enamels, or by plating with
tin or chromium. Also, iron may be galvanized, i.e.
plated with zinc, the layer of zinc helping to prevent
the iron from corroding.

4.5 E.m.f. and internal resistance

of a cell

The electromotive force (e.m.f.), E, of a cell is the p.d.
between its terminals when it is not connected to a load
(i.e. the cell is on ‘no load’).

The e.m.f. of a cell is measured by using a high resis-
tance voltmeter connected in parallel with the cell. The
voltmeter must have a high resistance otherwise it will
pass current and the cell will not be on ‘no-load’. For
example, if the resistance of a cell is 1 Q and that of
a voltmeter 1 MQ then the equivalent resistance of the
circuit is 1 MQ4-1Q, i.e. approximately 1 MQ, hence
no current flows and the cell is not loaded.

The voltage available at the terminals of a cell falls
when a load is connected. This is caused by the internal
resistance of the cell which is the opposition of the
material of the cell to the flow of current. The internal
resistance acts in series with other resistances in the
circuit. Fig. 4.2 shows acell of e.m.f. E volts and internal
resistance, r, and XY represents the terminals of the cell.

E r
|I 1
|| | S|
XL v Y
| |
Y |
|

Figure 4.2

When a load (shown as resistance R) is not connected,
no current flows and the terminal p.d., V = E. When R
is connected a current / flows which causes a voltage
drop in the cell, given by Ir. The p.d. available at the
cell terminals is less than the e.m.f. of the cell and is
given by:

V=E-Ir

Thus if a battery of e.m.f. 12 volts and internal resistance
0.01Q delivers a current of 100 A, the terminal p.d.,

V =12 — (100)(0.01)
—12-1=11V

When different values of potential difference V across
a cell or power supply are measured for different values
of current /, a graph may be plotted as shown in Fig. 4.3.
Since the e.m.f. E of the cell or power supply is the p.d.
across its terminals on no load (i.e. when I =0), then E
is as shown by the broken line.

Since V =FE — Ir then the internal resistance may be
calculated from
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Terminal p.d., V

0 Current, /

Figure 4.3

When a current is flowing in the direction shown in
Fig. 4.2 the cell is said to be discharging (E > V).
When a current flows in the opposite direction to that
shown in Fig. 4.2 the cell is said to be charging (V > E).
A battery is a combination of more than one cell.
The cells in a battery may be connected in series or
in parallel.

(i) For cells connected in series:

Total e.m.f. = sum of cells’ e.m.f.s

Total internal resistance = sum of cells’ internal
resistances

(ii) For cells connected in parallel:

If each cell has the same e.m.f. and internal
resistance:

Total e.m.f. = e.m.f. of one cell
Total internal resistance of n cells

= — x internal resistance of one cell
n

Problem 1. FEight cells, each with an internal
resistance of 0.2 Q and an e.m.f. of 2.2V are
connected (a) in series, (b) in parallel. Determine
the e.m.f. and the internal resistance of the batteries
so formed.
(a) When connected in series, total e.m.f.
=sum of cells’ e.m.f.
=22x8=17.6V
Total internal resistance
=sum of cells’ internal resistance
=0.2x8=1.62
(b) When connected in parallel, total e.m.f

=e.m.f. of one cell

=22V

Total internal resistance of 8 cells

1. .
= 3 x internal resistance of one cell

1
=3 x0.2=0.025 2

Problem 2. A cell has an internal resistance of
0.02Q and an e.m.f. of 2.0 V. Calculate its terminal
p.d. if it delivers (a) S A, (b) SOA

(a) Terminal p.d. V=E —Ir where E =e.m.f. of
cell, I = current flowing and r = internal resis-
tance of cell

E=20V,I =5Aandr =0.02Q

Hence terminal p.d.

V=2.0-(5)(0.02)=2.0-0.1=19V

(b) When the current is 50 A, terminal p.d.,

V=FE—1Ir=2.0-50(0.02)
ie. V=20-1.0=1.0V

Thus the terminal p.d. decreases as the current
drawn increases.

Problem 3. The p.d. at the terminals of a battery
is 25V when no load is connected and 24 V when a
load taking 10 A is connected. Determine the
internal resistance of the battery.

When no load is connected the e.m.f. of the battery, E,
is equal to the terminal p.d., V,i.e. E=25V.

When current / =10 A and terminal p.d.
V=24V, ,thenV =E — Ir
i.e. 24 =25—(10)r
Hence, rearranging gives
10r=25-24=1

and the internal resistance,

1
r=—=0.12
10
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Problem 4. Ten 1.5V cells, each having an
internal resistance of 0.2 Q, are connected in series
to a load of 58 Q2. Determine (a) the current flowing

load taking 8 A is connected. Determine the
internal resistance of the battery.

in the circuit and (b) the p.d. at the battery

A battery of e.m.f. 20V and internal resis-

terminals. tance 0.2 Q supplies a load taking 10 A. Deter-
mine the p.d. at the battery terminals and the
(a) For ten cells, battery e.m.f., E=10x1.5=15YV, resistance of the load.

and the total internal resistance, r=10 x 0.2 =2 Q.
When connected to a 58 Q load the circuit is as
shown in Fig. 4.4

Ten 2.2V cells, each having an internal resis-
tance of 0.1Q are connected in series to a
load of 21 Q. Determine (a) the current flow-
ing in the circuit and (b) the p.d. at the battery

e.m.f. ;
Current/] = —— terminals.
total resistance
15 For the circuits shown in Fig. 4.5 the resis-
T 5812 tors represent the internal resistance of the
15 batteries. Find, in each case:
= % =0.25A (i) the total e.m.f. across PQ
(ii) the total equivalent internal resistances
/ of the batteries.
7]
E 15Vi av 10 v 20 1Q 8Y
B —— Load
r=20 = v []R=580 H "||_' ———
Figure 4.4 P (a) Q
2V 10
(b) P.d. at battery terminals, V=F — Ir — |—|:|—
ie.V=15-(0.25)(2)=14.5V 2V 10
2V 49
Now try the following Practice Exercise |_|:,_
2V 10
Practice Exercise 16 E.m.f. and internal |_|:|_
resistance of a cell (Answers on page 427)
1. Twelve cells, each with an internal resistance o ®
of 0.24Q and an e.m.f. of 1.5V are connected P Q
(a) in series, (b) in parallel. Determine the (b)
e.m.f. and internal resistance of the batteries Figure 4.5
so formed.
2. A cell has an internal resistance of 0.03 Q and
an e.m.f. of 2.2 V. Calculate its terminal p.d. if The voltage at the terminals of a battery is 52V
it delivers when no load is connected and 48.8 V when a
1A (b) 20A SOA load taking 80 A is connected. Find the internal
@) (b) © resistance of the battery. What would be the
3. The p.d. at the terminals of a battery is 16 V terminal voltage when a load taking 20 A is

when no load is connected and 14V when a

connected?
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4.6 Primary cells

Primary cells cannot be recharged, that is, the con-
version of chemical energy to electrical energy is
irreversible and the cell cannot be used once the chem-
icals are exhausted. Examples of primary cells include
the Leclanché cell and the mercury cell.

Leclanché cell

A typical dry Leclanché* cell is shown in Fig. 4.6. Such
a cell has an e.m.f. of about 1.5V when new, but this
falls rapidly if in continuous use due to polarization. The
hydrogen film on the carbon electrode forms faster than
can be dissipated by the depolarizer. The Leclanché cell
is suitable only for intermittent use, applications includ-
ing torches, transistor radios, bells, indicator circuits,
gas lighters, controlling switch-gear and so on. The cell
is the most commonly used of primary cells, is cheap,
requires little maintenance and has a shelf life of about
two years.

Metal cap

CARBON ROD ANODE
r  (positive terminal)

Pitch seal

DEPOLARIZER

to remove hydrogen produced

on rod surface

(ammonium chloride, manganese dioxide
and powdered carbon)

—t+— ELECTROLYTE
(sal ammoniac, zinc chloride,
plaster of paris, water)

— ZINC CASE CATHODE
(negative terminal)

DRY LECHLANCHE CELL

Figure 4.6

Mercury cell

A typical mercury cell is shown in Fig. 4.7. Such a
cell has an e.m.f. of about 1.3V which remains con-
stant for a relatively long time. Its main advantages over
the Leclanché cell is its smaller size and its long shelf
life. Typical practical applications include hearing aids,
medical electronics, cameras and for guided missiles.

4,7 Secondary cells

Secondary cells can be recharged after use, that is, the
conversion of chemical energy to electrical energy is

*Who was Leclanché? Go to www.routledge.com/cw/bird

Steel cap cathode
(negative terminal)

<—— Insulating gasket

[«<— Steel case anode
(positive terminal)

Zinc cylinder

Electrolyte
(potassium hydroxide)

| AN

Insulation
MERCURY CELL

Mercuric oxide

Figure 4.7

reversible and the cell may be used many times. Exam-
ples of secondary cells include the lead—acid cell and the
nickel cadmium and nickel-metal cells. Practical appli-
cations of such cells include car batteries, telephone
circuits and for traction purposes — such as milk delivery
vans and fork-lift trucks.

Lead-acid cell

A typical lead—acid cell is constructed of:
(i) A container made of glass, ebonite or plastic.
(ii)) Lead plates

(a) the negative plate (cathode) consists of
spongy lead

(b) the positive plate (anode) is formed by press-
ing lead peroxide into the lead grid.

The plates are interleaved as shown in the plan
view of Fig. 4.8 to increase their effective cross-
sectional area and to minimize internal resistance.

Separators ﬁ Container
Negative plate
Positive plate (cathode)
(anode)

PLAN VIEW OF LEAD-ACID CELL

Figure 4.8

(iii) Separators made of glass, celluloid or wood.

(iv) An electrolyte which is a mixture of sulphuric
acid and distilled water.

The relative density (or specific gravity) of a lead—acid
cell, which may be measured using a hydrometer, varies


http://www.routledge.com/cw/bird
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between about 1.26 when the cell is fully charged to
about 1.19 when discharged. The terminal p.d. of alead—
acid cell is about 2 V.

When a cell supplies current to a load it is said to be
discharging. During discharge:

(1) the lead peroxide (positive plate) and the spongy
lead (negative plate) are converted into lead sul-
phate, and

(i) the oxygen in the lead peroxide combines with
hydrogen in the electrolyte to form water. The
electrolyte is therefore weakened and the relative
density falls.

The terminal p.d. of a lead—acid cell when fully dis-
charged is about 1.8 V. A cell is charged by connecting
a d.c. supply to its terminals, the positive terminal of
the cell being connected to the positive terminal of the
supply. The charging current flows in the reverse direc-
tion to the discharge current and the chemical action is
reversed. During charging:

(i) the lead sulphate on the positive and negative
plates is converted back to lead peroxide and lead,
respectively, and

(i) the water content of the electrolyte decreases as
the oxygen released from the electrolyte combines
with the lead of the positive plate. The relative
density of the electrolyte thus increases.

The colour of the positive plate when fully charged is
dark brown and when discharged is light brown. The
colour of the negative plate when fully charged is grey
and when discharged is light grey.

Nickel cadmium and nickel-metal cells

In both types the positive plate is made of nickel
hydroxide enclosed in finely perforated steel tubes, the
resistance being reduced by the addition of pure nickel
or graphite. The tubes are assembled into nickel-steel
plates.

In the nickel-metal cell (sometimes called the
Edison* cell or nife cell), the negative plate is made
of iron oxide, with the resistance being reduced by
a little mercuric oxide, the whole being enclosed in
perforated steel tubes and assembled in steel plates.
In the nickel cadmium cell the negative plate is made
of cadmium. The electrolyte in each type of cell is

*Who was Edison? Go to www.routledge.com/cw/bird

a solution of potassium hydroxide which does not
undergo any chemical change and thus the quantity can
be reduced to a minimum. The plates are separated by
insulating rods and assembled in steel containers which
are then enclosed in a non-metallic crate to insulate the
cells from one another. The average discharge p.d. of
an alkaline cell is about 1.2'V.

Advantages of a nickel cadmium cell or a nickel-metal
cell over a lead—acid cell include:

(i) more robust construction

(i) capable of withstanding heavy charging and dis-
charging currents without damage

(iii) has a longer life
(iv) for a given capacity is lighter in weight

(v) can be left indefinitely in any state of charge or
discharge without damage

(vi) is not self-discharging.

Disadvantages of nickel cadmium and nickel-metal
cells over a lead—acid cell include:

e

(i) requires more cells for a given e.m.f.

—

) is relatively more expensive

(i1i) has a higher internal resistance
(iv) must be kept sealed

(v) has a lower efficiency.

Nickel cells may be used in extremes of tempera-
ture, in conditions where vibration is experienced or
where duties require long idle periods or heavy dis-
charge currents. Practical examples include traction
and marine work, lighting in railway carriages, mili-
tary portable radios and for starting diesel and petrol
engines. See also Table 4.2, page 38.

4.8 Cell capacity

The capacity of a cell is measured in ampere-hours
(Ah). A fully charged 50 Ah battery rated for 10h dis-
charge can be discharged at a steady current of 5 A for
10h, but if the load current is increased to 10 A then the
battery is discharged in 3—4 h, since the higher the dis-
charge current, the lower is the effective capacity of the
battery. Typical discharge characteristics for a lead—acid
cell are shown in Fig. 4.9
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— Table 4.2
=
k=) Type of battery Common uses ISEVAIG Y Disposal recycling
g component options
(92

Wet cell (i.e. a primary cell that has a liquid electrolyte)

Lead-acid batteries Electrical energy supply for vehicles ~ Sulphuric acid  Recycle — most petrol
including cars, trucks, boats, tractors  and lead stations and garages
and motorcycles. Small sealed accept old car batteries,
lead—acid batteries are used for and council waste facilities
emergency lighting and have collection points
uninterruptible power supplies for lead—acid batteries

Dry cell: Non-chargeable — single use (for example, AA, AAA, C, D, lantern and miniature watch sizes)

Zinc carbon Torches, clocks, shavers, radios, Zinc Not classed as hazardous
toys and smoke alarms waste — can be disposed
with household waste

Zinc chloride Torches, clocks, shavers, radios, Zinc Not classed as hazardous
toys and smoke alarms waste — can be disposed
with household waste

Alkaline manganese  Personal stereos and Manganese Not classed as hazardous
radio/cassette players waste — can be disposed
with household waste

Primary button cells (i.e. a small flat battery shaped like a ‘button’ used in small electronic devices)

Mercuric oxide Hearing aids, pacemakers Mercury Recycle at council waste
and cameras facility, if available
Zinc air Hearing aids, pagers and cameras Zinc Recycle at council waste

facility, if available

Silver oxide Calculators, watches and cameras Silver Recycle at council waste
facility, if available

Lithium Computers, watches and cameras Lithium Recycle at council waste
(explosive and  facility, if available
flammable)

Dry cell rechargeable — secondary batteries

Nickel cadmium Mobile phones, cordless power Cadmium Recycle at council waste
(NiCd) tools, laptop computers, shavers, facility, if available
motorized toys, personal stereos

Nickel-metal Alternative to NiCd batteries, Nickel Recycle at council waste
hydride (NiMH) but longer life facility, if available
Lithium-ion Alternative to NiCd and NiMH Lithium Recycle at council
(Li-ion) batteries, but greater energy waste facility, if available

storage capacity
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4.9 Safe disposal of batteries

Battery disposal has become a topical subject in the UK
because of greater awareness of the dangers and impli-
cations of depositing up to 300 million batteries per
annum — a waste stream of over 20000 tonnes — into
landfill sites.

Certain batteries contain substances which can be a haz-
ard to humans, wildlife and the environment, as well as
posing a fire risk. Other batteries can be recycled for
their metal content.

Waste batteries are a concentrated source of toxic heavy
metals such as mercury, lead and cadmium. If batteries
containing heavy metals are disposed of incorrectly, the
metals can leach out and pollute the soil and ground-
water, endangering humans and wildlife. Long-term
exposure to cadmium, a known human carcinogen (i.e.
a substance producing cancerous growth), can cause
liver and lung disease. Mercury can cause damage to
the human brain, spinal system, kidneys and liver. Sul-
phuric acid in lead—acid batteries can cause severe
skin burns or irritation upon contact. It is increas-
ingly important to correctly dispose of all types of
batteries.

Table 4.2 lists types of batteries, their common uses,
their hazardous components and disposal recycling
options.

Battery disposal has become more regulated since the
Landfill Regulations 2002 and Hazardous Waste Reg-
ulations 2005. From the Waste Electrical and Elec-
tronic Equipment (WEEE) Regulations 2006, com-
mencing July 2007 all producers (manufacturers and
importers) of electrical and electronic equipment have
been responsible for the cost of collection, treat-
ment and recycling of obligated WEEE generated in
the UK.

4,10 Fuelcells

A fuel cell is an electrochemical energy conversion
device, similar to a battery, but differing from the latter
in that it is designed for continuous replenishment of
the reactants consumed, i.e. it produces electricity from
an external source of fuel and oxygen, as opposed to
the limited energy storage capacity of a battery. Also,
the electrodes within a battery react and change as a
battery is charged or discharged, whereas a fuel cell’s
electrodes are catalytic (i.e. not permanently changed)
and relatively stable.

Typical reactants used in a fuel cell are hydrogen
on the anode side and oxygen on the cathode side
(i.e. a hydrogen cell). Usually, reactants flow in and
reaction products flow out. Virtually continuous long-
term operation is feasible as long as these flows are
maintained.

Fuel cells are very attractive in modern applications
for their high efficiency and ideally emission-free use, in
contrast to currently more modern fuels such as methane
or natural gas that generate carbon dioxide. The only
by-product of a fuel cell operating on pure hydrogen is
water vapour.

Currently, fuel cells are a very expensive alterna-
tive to internal combustion engines. However, continued
research and development is likely to make fuel cell
vehicles available at market prices within a few years.

Fuel cells are very useful as power sources in remote
locations, such as spacecraft, remote weather stations,
and in certain military applications. A fuel cell running
on hydrogen can be compact, lightweight and has no
moving parts.

4.11 Alternative and renewable

energy sources

Alternative energy refers to energy sources which
could replace coal, traditional gas and oil, all of which
increase the atmospheric carbon when burned as fuel.
Renewable energy implies that it is derived from a
source which is automatically replenished or one that is
effectively infinite so that it is not depleted as it is used.
Coal, gas and oil are not renewable because, although
the fields may last for generations, their time span is
finite and will eventually run out.

There are many means of harnessing energy which
have less damaging impacts on our environment and
include the following:
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Solar energy is one of the most resourceful sources
of energy for the future. The reason for this is that
the total energy received each year from the sun is
around 35000 times the total energy used by man.
However, about one-third of this energy is either
absorbed by the outer atmosphere or reflected back
into space. Solar energy could be used to run cars,
power plants and space ships. Solar panels on roofs
capture heat in water storage systems. Photovoltaic
cells, when suitably positioned, convert sunlight to
electricity.

Wind power is another alternative energy source
that can be used without producing by-products that
are harmful to nature. The fins of a windmill rotate
in a vertical plane which is kept vertical to the wind
by means of a tail fin and as wind flow crosses the
blades of the windmill it is forced to rotate and can
be used to generate electricity (see Chapter 9). Like
solar power, harnessing the wind is highly depen-
dent upon weather and location. The average wind
velocity of Earth is around 9 m/s, and the power that
could be produced when a windmill is facing a wind
of 10 m.p.h. (i.e. around 4.5 m/s) is around 50 watts.

Hydroelectricity is achieved by the damming
of rivers and utilizing the potential energy in the
water. As the water stored behind a dam is released
at high pressure, its kinetic energy is transferred
onto turbine blades and used to generate electricity.
The system has enormous initial costs but has
relatively low maintenance costs and provides
power quite cheaply.

Tidal power utilizes the natural motion of the tides
to fill reservoirs which are then slowly discharged
through electricity-producing turbines.

Geothermal energy is obtained from the inter-
nal heat of the planet and can be used to generate
steam to run a steam turbine which, in turn, gener-
ates electricity. The radius of the Earth is about 4000
miles with an internal core temperature of around
4000°C at the centre. Drilling three miles from the
surface of the Earth, a temperature of 100°C is
encountered; this is sufficient to boil water to run
a steam-powered electric power plant. Although
drilling three miles down is possible, it is not
easy. Fortunately, however, volcanic features called
geothermal hotspots are found all around the
world. These are areas which transmit excess inter-
nal heat from the interior of the Earth to the outer
crust, which can be used to generate electricity.

Now try the following Practice Exercise

Practice Exercise 17 Short answer
questions on the chemical effects of
electricity (Answers within pages 30 to 40)

1.
2.

&2

SUNRO R

10.

11.

12.

13.

14.

15.
16.

17.
18.

19.

Define a battery.
State five practical applications of batteries.

State advantages of lithium-ion batteries over
alkaline batteries.

What is electrolysis?
What is an electrolyte?
Conduction in electrolytes is due to ......

A positive-connected electrode is called the
...... and the negative-connected electrode

State two practical applications of electro-
lysis.

The purpose of an electric cell is to convert

Make a labelled sketch of a simple cell.
What is the electrochemical series?

With reference to a simple cell, explain
briefly what is meant by
(a) polarization, (b) local action.

What is corrosion? Name two effects of cor-
rosion and state how they may be prevented.

What is meant by the e.m.f. of a cell? How
may the e.m.f. of a cell be measured?

Define internal resistance.

If a cell has an e.m.f. of E volts, an internal
resistance of r ohms and supplies a current /
amperes to a load, the terminal p.d. V volts
is givenby: V=......

Name the two main types of cells.

Explain briefly the difference between pri-
mary and secondary cells.

Name two types of primary cells.
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20.
21.

22.

23.

24.
25.

26.

27.
28.
29.

30.

Name two types of secondary cells.

State three typical applications of primary
cells.

State three typical applications of secondary
cells.

In what unit is the capacity of a cell mea-
sured?

Why is safe disposal of batteries important?

Name any six types of battery and state three
common applications for each.

What is a ‘fuel cell’? How does it differ from
a battery?

State the advantages of fuel cells.
State three practical applications of fuel cells.

What is meant by (a) alternative energy,
(b) renewable energy.

State five alternative energy sources and
briefly describe each.

Practice Exercise 18 Multi-choice questions
on the chemical effects of electricity
(Answers on page 427)

1.

A battery consists of:
(a) acell

(c) a generator

(b) a circuit
(d) a number of cells

The terminal p.d. of a cell of e.m.f. 2V and
internal resistance 0.1Q when supplying a
current of 5 A will be:

(al15V (b)2V

(©)19V (d)2.5V

Five cells, each with an e.m.f. of 2V and
internal resistance 0.5€ are connected in
series. The resulting battery will have:

(a) ane.m.f.of 2V and an internal resistance
of 0.5Q

(b) an e.m.f. of 10V and an internal resis-
tance of 2.5Q

(¢) ane.m.f.of2V and an internal resistance
of 0.1Q

(d) an e.m.f. of 10V and an internal resis-
tance of 0.1Q

If the five cells of question 3 are con-

nected in parallel, the resulting battery will

have:

(a) ane.m.f.of 2V and an internal resistance
of 0.5Q

(b) an e.m.f. of 10V and an internal resis-
tance of 2.5Q

(¢) ane.m.f.of2V and an internal resistance
of 0.1Q

(d) an e.m.f. of 10V and an internal resis-
tance of 0.1 Q

Which of the following statements is false?

(a) A Leclanché cell is suitable for use in
torches

(b) A nickel cadmium cell is an example of
a primary cell

(c) When acell is being charged its terminal
p.d. exceeds the cell e.m.f.

(d) A secondary cell may be recharged
after use

Which of the following statements is false?
When two metal electrodes are used in a
simple cell, the one that is higher in the
electrochemical series:

(a) tends to dissolve in the electrolyte

(b) is always the negative electrode

(c) reacts most readily with oxygen

(d) acts as an anode

Five 2'V cells, each having an internal resis-
tance of 0.2Q, are connected in series to a
load of resistance 14 Q. The current flowing
in the circuit is:

(a) 10A (b) 1.4A
(c)1.5A (d) %A

For the circuit of question 7, the p.d. at the
battery terminals is:

(@) 10V (b) 9%V

© 0V (d) 10§V

Which of the following statements is true?

(a) The capacity of a cell is measured in
volts

(b) A primary cell converts electrical energy
into chemical energy
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‘; (c) Galvanizing iron helps to prevent corro- 12. The energy of a secondary cell is usually
2 sion renewed:
é (d) A positive electrode is termed the (a) by passing a current through it

cathode (b) it cannot be renewed at all

10. The greater the internal resistance of a cell: (c) by renewing its chemicals
(d) by heating it
(a) the greater the terminal p.d.

(b) the less the e.m.f. 13.  Which of the following statements is true?
(c) the greater the e.m.f. (a) A zinc carbon battery is rechargeable
(d) the less the terminal p.d. and is not classified as hazardous

(b) A nickel cadmium battery is not

11. The negative pole of a dry cell is made of: rechargeable and is classified as haz-

(a) carbon ardF) us . .
(b) copper (c) A lithium battery is used in watches and
@) e is not rechargeable

(d) Analkaline manganese battery is used in

(@ ey torches and is classified as hazardous

@\""‘\/I/,o For fully worked solutions to each of the problems in Practice Exercises 16 to 18 in this chapter,
go to the website:
Zege’ www.routledge.com/cw/bird
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Revision Test 1

This revision test covers the material contained in Chapters 1 to 4. The marks for each question are shown in brackets
at the end of each question.

1.

An electromagnet exerts a force of 15N and moves
a soft iron armature through a distance of 12 mm
in 50 ms. Determine the power consumed. 5)

A d.c. motor consumes 47.25 MJ when connected
toa 250V supply for 1 hour 45 minutes. Determine
the power rating of the motor and the current taken
from the supply. 5)

A 100 W electric light bulb is connected to a 200 V
supply. Calculate (a) the current flowing in the
bulb and (b) the resistance of the bulb. 4)

Determine the charge transferred when a current
of 5mA flows for 10 minutes. )

A current of 12 A flows in the element of an elec-
tric fire of resistance 25 Q. Determine the power
dissipated by the element. If the fire is on for 5
hours every day, calculate for a one-week period
(a) the energy used and (b) cost of using the fire if
electricity cost 13.5p per unit. (6)

Calculate the resistance of 1200m of copper
cable of cross-sectional area 15mm?. Take the
resistivity of copper as 0.02 Qm %)

At a temperature of 40°C, an aluminium cable has
a resistance of 25 Q. If the temperature coefficient

of resistance at 0°C is 0.0038/°C, calculate its
resistance at 0°C 5)

(a) Determine the values of the resistors with the
following colour coding:

(i) red-red-orange-silver
(i) orange-orange-black-blue-green.

(b) What is the value of a resistor marked as
47KK? (6)

Four cells, each with an internal resistance of
0.40Q and an e.m.f. of 2.5V, are connected in
series to a load of 38.4 Q. (a) Determine the cur-
rent flowing in the circuit and the p.d. at the battery
terminals. (b) If the cells are connected in parallel
instead of in series, determine the current flowing
and the p.d. at the battery terminals. (10)

(a) State six typical applications of primary cells.

(b) State six typical applications of secondary
cells.

(c) State the advantages of a fuel cell over a
conventional battery and state three practical
applications. (12)

Name five alternative, renewable energy sources,
and give a brief description of each. (15)

For lecturers/instructors/teachers, fully worked solutions to each of the problems in Revision Test 1,
together with a full marking scheme, are available at the website:
www.routledge.com/cw/bird

Section 1
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Chapter 5

Series and parallel networks

Why it is important to understand: Series and parallel networks

There are two ways in which components may be connected together in an electric circuit. One way is ‘in
series’ where components are connected ‘end-to-end’; another way is ‘in parallel’ where components are
connected ‘across each other’. When a circuit is more complicated than two or three elements, it is very
likely to be a network of individual series and parallel circuits. A firm understanding of the basic principles
associated with series and parallel circuits is a sufficient background to begin an investigation of any single-
source d.c. network having a combination of series and parallel elements or branches. Confidence in the
analysis of series—parallel networks comes only through exposure, practice and experience. At first glance,
these circuits may seem very complicated, but with a methodical analysis approach the functionality of
the circuit can become obvious. This chapter explains, with examples, series, parallel and series—parallel
networks. The relationships between voltages, currents and resistances for these networks are considered
through calculations.

At the end of this chapter you should be able to:

e calculate unknown voltages, current and resistances in a series circuit

e understand voltage division in a series circuit

e calculate unknown voltages, currents and resistances in a parallel network

e calculate unknown voltages, currents and resistances in series—parallel networks

e understand current division in a two-branch parallel network

e appreciate the loading effect of a voltmeter

e understand the difference between potentiometers and rheostats

e perform calculations to determine load currents and voltages in potentiometers and rheostats
e understand and perform calculations on relative and absolute voltages

e state three causes of short circuits in electrical circuits

e describe the advantages and disadvantages of series and parallel connection of lamps

Since the circuit is closed a current / will flow and the
p.d. across each resistor may be determined from the
voltmeter readings V1, V> and V3

Fig. 5.1 shows three resistors, Ry, R> and R3, connected
end to end, i.e. in series, with a battery source of V volts.

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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Figure 5.1

In a series circuit

(a) the current / is the same in all parts of the circuit
and hence the same reading is found on each of
the ammeters shown, and

(b) the sum of the voltages Vi, V> and V3 is equal to
the total applied voltage, V,

i.e. V=Vi+V2+V3

From Ohm’s law: Vi =1IRy, V,=1IR,, V3=1IR3 and
V =IR where R is the total circuit resistance. Since
V =Vi+4+ Va4 V3 then IR = IRy + IR, + IR3. Divid-
ing throughout by 7 gives

R=R{+R>+R3

Thus for a series circuit, the total resistance is obtained
by adding together the values of the separate resistances.

Problem 1. For the circuit shown in Fig. 5.2,
determine (a) the battery voltage V, (b) the total
resistance of the circuit, and (c) the values of
resistors Ry, R> and Rz, given that the p.d.s across
R1, Ry and Rz are 5V, 2V and 6V, respectively.

Ry R, Rs
! I 1 I L B

|‘ |4

4A : Vi A V3
J}___ I:
Vv
Figure 5.2
(a) Battery voltage V=V +V2+ V3
=5+2+6=13V
. . vV 13
(b) Total circuit resistance R = T=7= 3.25Q

Vi 5
(¢) Resistance Ry = 71 = I =1.25Q

V2

Resistance Ry = a =-=0.5Q

V3

2

4

. 6

Resistance R3=—=-=1.5Q
I 4

(Check: R +Rr+R3=125+0.5+1.5
—3.25Q=R)

Problem 2. For the circuit shown in Fig. 5.3,
determine the p.d. across resistor R3. If the total
resistance of the circuit is 100 Q, determine the
current flowing through resistor R;. Find also the
value of resistor R

R1 R2 RS
—1 I'—|—-I I | 1 —
/‘ wov I oav Ty
——
[ 25v |

Figure 5.3

Pd. across R3, V3=25—10—4=11V

Vv 25
Current ] = — = — = (0.25A,
R 100

which is the current flowing in each resistor

. Va 4
Resistance Ry = — = —— =162
1 0.25

Problem 3. A 12V battery is connected in a
circuit having three series-connected resistors
having resistances of 4Q, 9Q and 11 Q. Determine
the current flowing through, and the p.d. across, the
9 Q resistor. Find also the power dissipated in the
11 Q resistor.

The circuit diagram is shown in Fig. 5.4

40 90 11Q
R —] —

I I Vi

i
12V

Figure 5.4
Total resistance R =4+9+ 11 =24Q
vV 12
Current I = R=a= 0.5A,

which is the current in the 9 Q resistor.
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P.d. across the 9 Q resistor,
Vi=1Ix9=05%x9=4.5V
Power dissipated in the 11 € resistor,

P =1R=(0.5)7%(11)
=(0.25)(11) =2.75W

5.2 Potential divider

The voltage distribution for the circuit shown in
Fig. 5.5(a) is given by:

Ry R,
Vi= V and V; = \ 4
Ri+R; R1+R>

o

Figure 5.5

The circuit shown in Fig. 5.5(b) is often referred to as a
potential divider circuit. Such a circuit can consist of
anumber of similar elements in series connected across
a voltage source, voltages being taken from connections
between the elements. Frequently the divider consists of
two resistors, as shown in Fig. 5.5(b), where

Vour = (X2,
ouT = R1+R2 IN

A potential divider is the simplest way of producing a
source of lower e.m.f. from a source of higher e.m.f., and
is the basic operating mechanism of the potentiometer,
a measuring device for accurately measuring potential
differences (see page 140).

Problem 4. Determine the value of voltage V
shown in Fig. 5.6

40
—
| S |

50V — 6Q

o —>»0
<

Figure 5.6

Fig. 5.6 may be redrawn as shown in Fig. 5.7, and

6
Itage V= —— ) (50) =30V
voltage (6+4)( )

50V
o fv

]

Figure 5.7

Problem 5. Two resistors are connected in series
across a 24V supply and a current of 3 A flows in
the circuit. If one of the resistors has a resistance of
2 Q, determine (a) the value of the other resistor, and
(b) the p.d. across the 2 Q resistor. If the circuit is
connected for 50 hours, how much energy is used?

The circuit diagram is shown in Fig. 5.8

R=20 R,

{ } 1 |
Vi I

A
/=3A____| _—
l'_24v-'|

Figure 5.8
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(a) Total circuit resistance

—
\% 24 50 R [
1 3 O
Q) A
Value of unknown resistance, NN

R,=8-2=69 Ik"*"f [

(b) P.d. across 2 Q resistor,
Figure 5.10
Vi=IRi=3x2=6V
4. Calculate the value of voltage V in Fig. 5.11

Alternatively, from above,
30

(5 ) :
V] = A\ L
Rl + Rx
(2 (24) =6V Y 50 —— 72V
246
Energy used = power x time o
=(VxI)xt Figure 5.11

= (24 x 3W)(50h) 5. Two resistors are connected in series across
= 3600 Wh = 3.6kWh an 18V supply and a current of 5A flows.
If one of the resistors has a value of 2.4€,

. . . determine (a) the value of the other resistor
Now try the following Practice Exercise and (b) the p.d. across the 2.4 Q resistor.

6. Anarc lamp takes 9.6 A at 55 V. It is operated
from a 120V supply. Find the value of the
stabilizing resistor to be connected in series.

Practice Exercise 19 Series circuits
(Answers on page 427)

1. The p.d.s measured across three resistors con-

nected in series are 5V, 7V and 10V, and 7. An oven takes 15A at 240V. It is required
the supply current is 2 A. Determine (a) the to .reduce the current to 12A. Fiﬂq (a) t.he
supply voltage, (b) the total circuit resistance resistor which must be connect.ed 1n series
and (c) the values of the three resistors. and (b) the voltage across the resistor.

2. For the circuit shown in Fig. 5.9, determine
the value of V. If the total circuit resistance

is 36 Q2 determine the supply current and the 5.3 Parallel networks

value of resistors R, R» and R3

R, R, R, Fig. 5.12 shows three resistors, Ry, Ry and R3, con-
—{ — — — nected across each other, i.e. in parallel, across a battery
— - source of V volts.
14 Vi 5V 3V
{: 1—89-1: In a parallel circuit:
. (a) the sum of the currents /1, I> and /3 is equal to the
LRI B total circuit current, /,

3. When the switch in the circuit in Fig. 5.10 is
closed the reading on voltmeter 1 is 30V and
thaton voltmeter 2 is 10 V. Determine the read-
ing on the ammeter and the value of resistor Ry

i.e. I=hL+5L+1;3 and

(b) the source p.d., V volts, is the same across each of
the resistors.
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- l R, P.d. across R; is the same as the supply voltage V.
(e @ — Hence supply voltage, V=8 x5=40V
o
"3 ! R, (a) Reading on ammeter,
(<B] 2 A 1
= 2 V40
/ Rs 3
> @ — - _
/] (b) Current flowing through Ry=11—-8—-2=1A.
Hence
A
V40
I, Rr=—=—=40Q
|l-—- _'Il 163 1
@ Problem 7. Two resistors, of resistance 3 Q and
6, are connected in parallel across a battery
Figure 5.12 having a voltage of 12 V. Determine (a) the total
From Ohm’s law- glglits.rsts;:tance and (b) the current flowing in the
iStor.
Vv Vv Vv Vv
Lh=—, h=—, h=— and [ =—
R R> R3 R The circuit diagram is shown in Fig. 5.14
where R is the total circuit resistance. Since
Vv Vv Vv Vv
I=IL+hL+1Ithen — = —+ —+ — L, R=3Q
PR R TR TR TR L T —
Dividing throughout by V gives: A=60Q
—1 1+

1 1 N 1 N 1

R R Ry R R
This equation must be used when finding the total resis- l 1
tance R of a parallel circuit. For the special case of two
resistors in parallel Figure 5.14

1 1 1 _R2—|-R1

R R TR RER

RiR; . product
= ie.
Ri + R, sum

(a) The total circuit resistance R is given by

Hence . 11 11 241 3

R R R 3
Problem 6. For the circuit shown in Fig. 5.13, Since l _ § then R=29
determine (a) the reading on the ammeter and
(b) the value of resistor Ry

6 6 6

8A A=5Q (Alternatively,
——
RiR> 3x6 18
e = el =-=29
— Ri+R 3+6 9

(b) Current in the 3 Q resistance,

R3=20 Q
@ . [ Vo o12
! ==

=—= 4A
! ! Ry 3

1A

Problem 8. For the circuit shown in Fig. 5.15,
find (a) the value of the supply voltage V and
Figure 5.13 (b) the value of current 1
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(b) Two in series, in parallel with another two in

> <t ! series (see Fig. 5.17), since 1Q and 1 in series ‘;
I f I gives 2€Q, and 2 Q in parallel with 2Q gives =
2=3A ‘L-;
fa R []a = 2x2 _4_ o &A
-60Q| F200| [-100 |V 242 4
1
T 1Q 10
— _ +—
Figure 5.15 0 10 10 1
— T +—"
(a) Pd. across 20Q resistor=IRy=3x20=60V, Figure 5.17
hence supply voltage V=60V since the circuit
is connected in parallel. (c) Three in parallel, in series with one (see
Fig. 5.18), since for the three in parallel,
V. 60
(b) Current I; = —=—=6A, L=3A 18
R 10
d I V. _60 1A
an ===
TRy 60
Current I =1 + I» + I3 hence Figure 5.18
I=6+3+1=10A r_r r.r.3
: =—+-+-=
Alternatively, R 1 1 1 1
l = i+i+i = w = E 1.€. R:%Qand %Qinserieswith 1Q gives I%Q
R 60 20 10 60 60
Hence total resistance
60 (d) Two in parallel, in series with two in series (see
R = To =6, and current Fig. 5.19), since for the two in parallel
vV 60 1
I = E = z = 10A 10 1Q
— }—

Problem 9. Given four 1 Q resistors, state how

they must be connected to give an overall resistance Figure 5.19
of (a) 1 Q, (b) 1Q, () 15Q, (d) 25 Q, all four

resistors being connected in each case. R = Ix1 1 Q

T 1+l 2

(a) All four in parallel (see Fig. 5.16), since ! . . ) !
and 3 Q, 1Q and 1Q in series gives 27 Q

1 1 1 1 1 4, 1
—=—-+-+-+-=-ieR=-Q
R 1 1 1 1 1 4 Problem 10. Find the equivalent resistance for
—1Q the circuit shown in Fig. 5.20
10
—  1+—¢
10
— }—4
10
— ¢
o o

Figure 5.20

Figure 5.16



—
[
=
—
O
(<B]
(Vo)

50 Electrical and Electronic Principles and Technology

R3, R4 and Rs are connected in parallel and their
equivalent resistance R is given by

I 11, 1 6+3+1 10

R 3 6 18 18 18

hence R=(18/10)=1.8Q. The circuit is now equiva-
lent to four resistors in series and the equivalent circuit
resistance=1+2.24+1.84+4=9%Q.

Problem 11. Resistances of 10Q, 20 Q and 30Q
are connected (a) in series and (b) in parallel to a
240V supply. Calculate the supply current in each
case.

(a) The series circuit is shown in Fig. 5.21

100 200 30Q
—1—

240V

Figure 5.21

The equivalent resistance
Rr=10Q+20Q+30Q2=60Q

Suppl t] V. _ 240 4A
u current [ = — = — =
pply Rt 60
(b) The parallel circuit is shown in Fig. 5.22.
I 10Q
—>—
L 200
—>— 11—
I, 30Q
——{__+—¢

I'A

O0=+—240V———0

Figure 5.22

The equivalent resistance Rt of 10Q, 20Q and
30 Q resistances connected in parallel is given by:

1 —1+1+ 1 6+34+2 11
Rr 10 20 30 60 60
60
hence Rt=—Q
11

Supply current

V240 240 x 11

=44A

(Check:
24

Il :12—0224A,
Ry 10
|4 240

h=—=—=12A
R 20
%4 240

and 3 = — = — =8A

R3 30

For a parallel circuit I =11 + I+ I3
=24+12+48=44A, as above.)

5.4 Currentdivision

For the circuit shown in Fig. 5.23, the total circuit
resistance, Rt is given by

RiR>
Rt =
Ri+ R
RiR
and V:IRT=I( ! 2)
Ri+ Ry
\% 1 R R
Current I1=—=—( ! 2)
Ry R \RI+R
R,
:( )(I)
R1+R>
Similarly,
\% 1 ( RiR» )
current h=—=—
Ry Ry \Ri+ Ry
Ry
(7o) @
Ry +R;

Summarizing, with reference to Fig. 5.23

n=(-% \a
1_(R1+R2>()

and L=(_% ()
2T \R1+R;

It is important to note that current division can only be
applied to two parallel resistors. If there are more than

Figure 5.23
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two parallel resistors, then current division cannot be (c) The equivalent circuit of Fig. 5.24 is shown in -
determined using the above formulae. Fig. 5.25 =
o
- - - =
Problem 12. For the series—parallel arrangement il r 23 .Q H". - 1'52 o Ff“ 4,9 o
shown in Fig. 5.24, find (a) the supply current, v B =
(b) the current flowing through each resistor and (=25 A ! Vi Va
(c) the p.d. across each resistor.
o——— 20V —0
R,=6Q
—1 Figure 5.25
Ri=25Q Ry=4Q
b <
R3=2Q p.d. across Ry, i.e.
| — 1+—
Vi=1IR1 = (25)(2.5) =625V
Oe 200V .
p.d. across Ry, i.e.
Figure 5.24
Vx = IRx = (25)(1.5) =37.5V
(a) The equivalent resistance Rx of Ry and R3 in p.d. across Ry, i.e.
parallel is:
Va=1IRs = (25)(4) =100V
_6x2 150
*Te42 Hence the p.d. across R»
The equivalent resistance Rt of R, Ry and R4 in =p.d. across R3 =37.5V
series is:
Problem 13. For the circuit shown in Fig. 5.26
Rr=25+15+4=8Q calculate (a) the value of resistor Ry such that the
total power dissipated in the circuit is 2.5 kW,
Supply current (b) the current flowing in each of the four resistors.
/ H1 =15Q / R3 =38 Q
V. 200 1 3 2
I=—=—=25A LT
Ry 8 R;=10Q +——* Ax
 — { }
(b) The current flowing through R; and Ry is 25A. Iy la
The current flowing through R» < Vi V2
A
(B Y (22 s O 250 V
R+ R3 642
Figure 5.26
=6.25A
. (a) Power dissipated P = VI watts, hence
The current flowing through R3 2500 = (250) (1)
Ry 2500
= 1 ie. I=——=10A
(Rz +Rs ) e 250
= (6_-?-2) 25 —18.75A From Ohm’s law,
V. 250
Rr=—=—=25Q
(Note that the currents flowing through R, and R3 1 10
must add up to the total current flowing into the where Ry is the equivalent circuit resistance. The
parallel arrangement, i.e. 25 A) equivalent resistance of Ry and R» in parallel is
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15%10 150
2 60
15410 25

The equivalent resistance of resistors R3 and Ry in
parallel is equal to 25Q —6Q, i.e. 19Q. There are
three methods whereby Ry can be determined.

Method 1
The voltage Vi = IR, where R is 6Q, from above, i.e.
V1 =(10)(6)=60V. Hence
Vo, =250V—-60V =190V
= p.d. across R3

= p.d. across Ry
V. 190
V2190 g,
R3 38

Thus I4;=5A also, since I =10A. Thus

Vs 190
Ry=-—2=—""=38Q
n 5

Method 2

Since the equivalent resistance of R3 and Ry in parallel
is 19Q,

38Ry . product
19 = ie.
38 + Ry sum
Hence
19(38 + Rx) = 38Ry
722 4+ 19Rx = 38Ry
722 =38Ry — 19Ry = 19Ry
= 19Rx
722
Thus Ry=—=38Q
19
Method 3

When two resistors having the same value are connected
in parallel the equivalent resistance is always half the
value of one of the resistors. Thus, in this case, since
Rt=19Q and R3 =38, then Ry =38Q could have
been deduced on sight.

R
(b) Current I; =( )I
Ri+ R
10
= 10
(15+10)( )
2
(3)a0
R 1
Current I, = ! 1= —5 (10)
Ri+ Ry 15410

= (%) (10) = 6A

From part (a), method 1, I3=I4=5A

Problem 14. For the arrangement shown in
Fig. 5.27, find the current Iy

/| 20 4140 I

17V 9Q 2Q 8Q

Figure 5.27

Commencing at the right-hand side of the arrangement
shown in Fig. 5.27, the circuit is gradually reduced in
stages as shown in Fig. 5.28(a)—(d).

, 20, 140
17V 90 2x8 _ 17V 90 1.4+16
J | | |2+5 160 -30q
(a)

(b)

| 20
9x3
17V —_—=225Q 17V 2+225
9+3 =425Q
©

(d)

Figure 5.28

From Fig. 5.28(d),
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From Fig. 5.28(b),

9 9
I = (m) (I = (E) (4)=3A

From Fig. 5.27

Ix = 2 h)= 2 3)=0.6A

For a practical laboratory experiment on series—
parallel d.c. circuits, see Chapter 24, page 413.

—
[
=
—
O
(<F]
wv

Figure 5.30

Now try the following Practice Exercise 6. Resistors of 20€2, 20Q and 30Q are con-

Practice Exercise 20 Parallel networks
(Answers on page 427)

1. Resistances of 4€Q and 12 are connected
in parallel across a 9V battery. Determine
(a) the equivalent circuit resistance, (b) the
supply current and (c) the current in each
resistor.

2. For the circuit shown in Fig. 5.29 determine
(a) the reading on the ammeter and (b) the
value of resistor R.

C 60

3A 50
p——
R
| S

11.5 A4

Figure 5.29

3. Find the equivalent resistance when the fol-
lowing resistances are connected (a) in series
(b) in parallel: (i) 3Q and 2 Q, (ii) 20k<Q and
40kQ, (iii) 4Q, 8Q and 16Q, (iv) 800Q,
4kQ and 1500 Q.

4. Find the total resistance between terminals A
and B of the circuit shown in Fig. 5.30(a).

5. Find the equivalent resistance between ter-
minals C and D of the circuit shown in
Fig. 5.30(b).

nected in parallel. What resistance must be
added in series with the combination to
obtain a total resistance of 10 Q. If the com-
plete circuit expends a power of 0.36kW, find
the total current flowing.

(a) Calculate the current flowing in the 30 Q
resistor shown in Fig. 5.31. (b) What addi-
tional value of resistance would have to be
placed in parallel with the 20Q and 30Q
resistors to change the supply current to 8 A,
the supply voltage remaining constant.

20Q

4Q

- 64V
Figure 5.31
For the circuit shown in Fig. 5.32, find

(a) V1, (b) V», without calculating the current
flowing.

50 7Q
| — | | — |
| S | S |
Fe— V1 B V2
O 72V O
Figure 5.32
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9. Determine the currents and voltages indi-
cated in the circuit shown in Fig. 5.33.

L 2Q

Figure 5.33

10. Find the current [ in Fig. 5.34.
1.6Q 1.50Q 2Q /

24V 60Q 50 39[]

Figure 5.34

11. Aresistor of 2.4 Q is connected in series with
another of 3.2 Q. What resistance must be
placed across the one of 2.4 Q so that the total
resistance of the circuit shall be 5Q?

12. A resistor of 8 Q is connected in parallel with
one of 12 Q and the combination is connected
in series with one of 4Q. A p.d. of 10V is
applied to the circuit. The 8 Q resistor is now
placed across the 4 Q resistor. Find the p.d.
required to send the same current through the
8 Q resistor.

5.5 Loading effect

Loading effect is the terminology used when a measur-
ing instrument such as an oscilloscope or voltmeter is
connected across a component and the current drawn
by the instrument upsets the circuit under test. The best
way of demonstrating loading effect is by a numerical
example.

In the simple circuit of Fig. 5.35, the voltage across
each of the resistors can be calculated using voltage
division, or by inspection. In this case, the voltage shown
as V should be 20 V.

T 1MQ | V=20V

Figure 5.35

Using a voltmeter having a resistance of, say, 600k€,
places 600kQ in parallel with the 1 MQ resistor, as
shown in Fig. 5.36.

40V \
T 1MQ @)aoom

Figure 5.36

Resistance of parallel section

_ 1x10°x 600 x 103
(1 x 10°+600 x 103)

= 375kQ (using product/sum)

The voltage V now equals
375 x 10°
= X
(1 x 1064375 x 103)

=10.91V (by voltage division)

40

The voltmeter has loaded the circuit by drawing current
for its operation, and by so doing, reduces the voltage
across the 1 MQ resistor from the correct value of 20V
to 10.91 V.

Using a Fluke (or multimeter) which has a set inter-
nal resistance of, say, I0MQ, as shown in Fig. 5.37,
produces a much better result and the loading effect is
minimal, as shown below.

1MQ

40V .
T 1MQ E)mnm

Figure 5.37

Resistance of parallel section

1 x 100 x 10 x 10°

= =091 MQ
(1 x 105410 x 10°)
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The voltage V now equals

_ 0.91 x 10°
T (0.91 x 109+ 1 x 106)

When taking measurements, it is vital that the load-
ing effect is understood and kept in mind at all times.
An incorrect voltage reading may be due to this load-
ing effect rather than the equipment under investigation
being defective. Ideally, the resistance of a voltmeter
should be infinite.

5.6 Potentiometers and rheostats

It is frequently desirable to be able to vary the value of
a resistor in a circuit. A simple example of this is the
volume control of a radio or television set.

Voltages and currents may be varied in electrical circuits
by using potentiometers and rheostats.

x40=19.06 V

Potentiometers

When a variable resistor uses three terminals, it is
known as a potentiometer. The potentiometer provides
an adjustable voltage divider circuit, which is useful as a
means of obtaining various voltages from a fixed poten-
tial difference. Consider the potentiometer circuit shown
in Fig. 5.38 incorporating a lamp and supply voltage V.

Potentiometer
| S| B
A S
Lamp
Figure 5.38

In the circuit of Fig. 5.38, the input voltage is applied
across points A and B at the ends of the potentiometer,
while the outputis tapped off between the sliding contact
S and the fixed end B. It will be seen that with the slider
at the far left-hand end of the resistor, the full voltage
will appear across the lamp, and as the slider is moved
towards point B the lamp brightness will reduce. When
S is at the far right of the potentiometer, the lamp is
short-circuited, no current will flow through it, and the
lamp will be fully off.

Problem 15. Calculate the volt drop across the
60 Q load in the circuit shown in Fig. 5.39 when the

slider S is at the halfway point of the 200 2
potentiometer.

—————— 0 30V o0—
+ —
200Q
| S B
A NS
| S
60Q)

Figure 5.39

With the slider halfway, the equivalent circuit is shown
in Fig. 5.40.

——0 30V o—m—
+ —
100Q S 100Q

o—{ |—e —{ 1——9B
A

Load

| S

60Q

Figure 5.40

For the parallel resistors, total resistance,
100 x 60 100 x 60

p = = =37.5Q
100 + 6? 160
(or use R_P = 100 + % to determine Rp)

The equivalent circuit is now as shown in Fig. 5.41.

————0 30V o0——
+ —

IA A
S
o— [ }—~o—{ }+—eB
A 1000 3750

Figure 5.41

The volt drop across the 37.5 Q resistor in Fig. 5.41 is
the same as the volt drop across both of the parallel
resistors in Fig. 5.40.

There are two methods for determining the volt
drop Vsp:

Method 1

Total circuit resistance,

Rt =100437.5=1375Q

—
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=
—
O
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H , 1 t, I =——=0.2182A
ence, supply curren 1375
Thus, volt drop, Vsg =1 x37.5=0.2182 x 37.5
=8.18V

Method 2

By the principle of voltage division,
Vsg = 575 (30) =8.18V
=\ 1004375 —

Hence, the volt drop across the 60 2 load of Fig. 5.39
is 8.18V

Rheostats

A variable resistor where only two terminals are used,
one fixed and one sliding, is known as a rheostat. The
rheostat circuit, shown in Fig. 5.42, similar in construc-
tion to the potentiometer, is used to control current
flow. The rheostat also acts as a dropping resistor, reduc-
ing the voltage across the load, but is more effective at
controlling current.

For this reason the resistance of the rheostat should
be greater than that of the load, otherwise it will
have little or no effect. Typical uses are in a train set
or Scalextric. Another practical example is in varying
the brilliance of the panel lighting controls in a car.

o V o
+ —_
I+
Rheostat
[ B
A S Load
| S
RL
Figure 5.42

The rheostat resistance is connected in series with
the load circuit, Ry, with the slider arm tapping off an
amount of resistance (i.e. that between A and S) to pro-
vide the current flow required. With the slider at the far
left-hand end, the load receives maximum current; with
the slider at the far right-hand end, minimum current
flows. The current flowing can be calculated by finding
the total resistance of the circuit (i.e. Rt = Ras + RL),

Vv

Ras + Rp
Calculations involved with the rheostat circuit are sim-
pler than those for the potentiometer circuit.

then by applying Ohm’s law, IT =

Problem 16. In the circuit of Fig. 5.43, calculate
the current flowing in the 100 € load, when the
sliding point S is 2/3 of the way from A to B.

o 50V o
+ p—
3600
Aogek 1000

Figure 5.43

2
Resistance, Ras= 3 x 360 = 240Q

Total circuit resistance, Rt = Ras + Ry =240+ 100
=340Q

v._

Rt 340

= 0.147 A or 147mA

Current flowing in load, I =

Summary

A potentiometer (a) has three terminals and (b) is used
for voltage control.

A rheostat (a) has two terminals and (b) is used for
current control.

A rheostat is not suitable if the load resistance is
higher than the rheostat resistance; rheostat resistance
must be higher than the load resistance to be able to
influence current flow.

Now try the following Practice Exercise

Practice Exercise 21 Potentiometers and
rheostats (Answers on page 428)

1. For the circuit shown in Fig. 5.44, AS is
3/5 of AB. Determine the voltage across the
120 Q load. Is this a potentiometer or a rheostat

circuit?
0200V o
+ —
400Q
A TS B
120Q
Figure 5.44
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For the circuit shown in Fig. 5.45, calculate the
current flowing in the 25 Q load and the volt-
age drop across the load when (a) AS is half
of AB, and (b) point S coincides with point B.
Is this a potentiometer or a rheostat?

0150V o
+ p—
5000
A TS B 250

Figure 5.45

For the circuit shown in Fig. 5.46, calculate
the voltage across the 600 Q2 load when point
S splits A B in the ratio 1:3

A
1.2kQ []47
S
+ B
250V
H 600 Q)
Figure 5.46

For the circuit shown in Fig. 5.47, the slider
S is set at halfway. Calculate the voltage drop
across the 120 Q load.

120Q
A lSB 0
2kQ
o 100V o
+ -
Figure 5.47

For the potentiometer circuit shown in
Fig. 5.48, AS is 60% of AB. Calculate the
voltage across the 70 Q load.

0240V o
+ —
150Q
ATS B
700
Figure 5.48

5.7 Relative and absolute voltages

In an electrical circuit, the voltage at any point can
be quoted as being ‘with reference to’ (w.r.t.) any
other point in the circuit. Consider the circuit shown
in Fig. 5.49. The total resistance,

Rt =304+50+5+15=100Q and
200
100
If a voltage at point A is quoted with reference to point
B then the voltage is written as Vag. This is known as a
‘relative voltage’. In the circuit shown in Fig. 5.49, the
voltage at A w.r.t. Bis 1 x 50,1.e. 2x50=100V and is
written as Vag =100V

current, / = 2A

[=2A 30Q A 50Q B

200V _T_ 5Q

C 15Q =

Figure 5.49

It must also be indicated whether the voltage at A
w.r.t. B is closer to the positive terminal or the negative
terminal of the supply source. Point A is nearer to the
positive terminal than B so is written as VAp =100V or
Vap=+100V or Vaop =100V +ve.

If no positive or negative is included, then the voltage is
always taken to be positive.

If the voltage at B w.r.t. A is required, then Vg4 is nega-
tive and written as Vga =—100V or Vga =100V —ve.
If the reference point is changed to the earth point
then any voltage taken w.r.t. the earth is known as
an ‘absolute potential’. If the absolute voltage of A
in Fig. 5.49 is required, then this will be the sum
of the voltages across the 50Q and 5Q resistors,
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ie. 100+10=110V and is written as Vo =110V or
Va=4+110V or V4 =110V +ve, positive since mov-
ing from the earth point to point A is moving towards
the positive terminal of the source. If the voltage is
negative w.r.t. earth then this must be indicated; for
example, Vc =30V negative w.r.t. earth, and is written
as Vc=—-30V or Vc=30V —ve.

Problem 17. For the circuit shown in Fig. 5.50,
calculate (a) the voltage drop across the 4 kQ
resistor, (b) the current through the 5 kQ resistor,
(c) the power developed in the 1.5k resistor,
(d) the voltage at point X w.r.t. earth and (e) the
absolute voltage at point X.

1kQ I_ 4kQ

5kQ
— [ ———9X
| — ||
| S| |'
1.5kQ 24V

Figure 5.50

(a) Totalcircuitresistance, Rt =[(1 +4)kQ in parallel
with 5kQ] in series with 1.5kQ

5%x5

ie. Rt = 1.5=4kQ
TT5es T
. 1% 24
Total circuit current, It= — =——— =06mA
Rr 4x103
By current division, current in top branch
(5+1+4)X m

Hence, volt drop across 4 k2 resistor
=3x103x 4x103=12V

(b) Current through the 5k resistor

144
(1% V6=3ma
5+1+4

(c) Power in the 1.5k resistor
=12 R=(6x107%)%(1.5x 10%) =54mW

(d) The voltage at the earth point is O volts. The
volt drop across the 4kQ is 12V, from part (a).
Since moving from the earth point to point X
is moving towards the negative terminal of the
voltage source, the voltage at point X w.r.t. earth

is =12V

(e)

The ‘absolute voltage at point X’ means the ‘volt-
age at point X w.r.t. earth’, hence the absolute
voltage at point X is —12V. Questions (d) and
(e) mean the same thing.

Now try the following Practice Exercise

Practice Exercise 22 Relative and absolute
voltages (Answers on page 428)

1.

For the circuit of Fig. 5.51, calculate (a) the
absolute voltage at points A, B and C, (b) the
voltage at A relative to B and C and (c) the volt-
age at D relative to B and A.

15Q A 13Q B

Figure 5.51

For the circuit shown in Fig. 5.52, calculate (a)
the voltage drop across the 7 Q resistor, (b) the
current through the 30 Q resistor, (c) the power
developed in the 8 Q resistor, (d) the voltage at
point X w.r.t. earth and (e) the absolute voltage
at point X.

8Q X 7Q 5Q
—eo— —
18Q

30Q

| — o

| S| l
[, -
2y

Figure 5.52

In the bridge circuit of Fig. 5.53 calculate (a)
the absolute voltages at points A and B and (b)
the voltage at A relative to B.

Figure 5.53
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5.8 Earth potential and short circuits

The earth, and hence the sea, is at a potential of zero
volts. Items connected to the earth (or sea), i.e. cir-
cuit wiring and electrical components, are said to be
earthed or at earth potential. This means that there is
no difference of potential between the item and earth.
A ship’s hull, being immersed in the sea, is at earth
potential and therefore at zero volts. Earth faults, or
short circuits, are caused by low resistance between the
current-carrying conductor and earth. This occurs when
the insulation resistance of the circuit wiring decreases,
and is normally caused by:

1. dampness.
2. insulation becoming hard or brittle with age or heat.

3. accidental damage.

5.9 Wiring lamps in series

and in parallel

Series connection

Fig. 5.54 shows three lamps, each rated at 240V,
connected in series across a 240V supply.

Lamp1 Lamp2 Lamp3

240V

Figure 5.54

(i) Each lamp has only (240/3)V, i.e. 80V across it
and thus each lamp glows dimly.

(i) If another lamp of similar rating is added in series
with the other three lamps then each lamp now has
(240/4) V, i.e. 60V across it and each now glows
even more dimly.

(iii) If a lamp is removed from the circuit or if a lamp
develops a fault (i.e. an open circuit) or if the
switch is opened, then the circuit is broken, no
current flows, and the remaining lamps will not
light up.

(iv) Less cable is required for a series connection than
for a parallel one.

The series connection of lamps is usually limited to
decorative lighting such as for Christmas tree lights.

Parallel connection

Fig. 5.55 shows three similar lamps, each rated at 240V,
connected in parallel across a 240V supply.

Lamp 1

Lamp 2

Lamp 3
1A P

240V

Figure 5.55

(i) Each lamp has 240V across it and thus each will
glow brilliantly at their rated voltage.

(ii) If any lamp is removed from the circuit or
develops a fault (open circuit) or a switch is
opened, the remaining lamps are unaffected.

(iii) The addition of further similar lamps in paral-
lel does not affect the brightness of the other
lamps.

(iv) More cable is required for parallel connection
than for a series one.

The parallel connection of lamps is the most widely used
in electrical installations.

Problem 18. If three identical lamps are
connected in parallel and the combined resistance
is 150Q, find the resistance of one lamp.

Let the resistance of one lamp be R, then

1 I 1 1 3

50 R RTRR
from which, R=3 x 150 =450

Problem 19. Three identical lamps A, B and C
are connected in series across a 150V supply. State
(a) the voltage across each lamp and (b) the effect
of lamp C failing.

(a) Sinceeachlamp is identical and they are connected
in series there is 150/3 'V, i.e. 50 V across each.
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- (b) If lamp C fails, i.e. open circuits, no current will
— flow and lamps A and B will not operate. Practice Exercise 25 Multi-choice questions
_g on series and parallel networks (Answers on
] page 428)
v Now try the following exercises
1. If two 4Q resistors are connected in series
Practice Exercise 23 Wiring lamps in series o ;f;f)ectlve ées;sgnce @it tl;e g;;ucuét li: o
and parallel (Answers on page 428) @) (b) ©) (@
1. If four identical lamps are connected in paral- 2. If two 4 Q resistors are connected in parallel
1] v (e comlbined mas semes 4 00OL, G the effective resistance of the circuit is:
the resistance of one lamp. (@) 8Q  (b)4Q  (0)2Q () 1Q
2. Three identical filament lamps are connected 3. With the switch in Fig. 5.56 closed, the
(a) in series, (b) in parallel across a 210V sup- ammeter reading will indicate:
ply. State for each connection the p.d. across (a) 1A (b) 75A (¢) %A (d) 3A
each lamp. 3Q 5Q 7Q
Practice Exercise 24 Short answer
questions on series and parallel networks
(Answers within pages 44 to 60) O—r—ii— == *{I
1. Name three characteristics of a series circuit. @
2. Show that fpr thr'ee resistor's, R, R a'nd R3, Figure 5.56
connected in series the equivalent resistance ) o
R is given by R= Ry + R>+ R. 4. The effect of connecting an additional par-
o allel load to an electrical supply source is to
3. Name three characteristics of a parallel net- increase the
work. (a) resistance of the load
4. Show that for three resistors, R;, R» and (b) voltage of the source
R3, connected in parallel the equivalent (c) current taken from the source
resistance R is given by (d) p.d. across the load
11 1 1 5. The equivalent resistance when a resistor
R R, + Ry - Rs of 1Q is connected in parallel with a }Q
s Explain th ial divider circui resistance is:
. Explain the potential divider circuit. () % O 72 (c) % Q @ % Q
6. Descrlbet using a01rcu1t'd1agram, the method 6 T e sutich o Fm 557 el o
of operation of a potentiometer. . o
ammeter reading will indicate:
7. State the main use of a potentiometer. (a) 108A (b) % A (©)3A (d) 4% A
8. Describe, using a circuit diagram, the method 29 se PR
of operation of a rheostat.
9. State the main use of a rheostat.
10. Explain the difference between relative and I |"
absolute voltages.
11. State three causes of short circuits in electri-
cal circuits.
12. Compare the merits of wiring lamps in .
(a) series, (b) parallel. Figure 5.57
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10.

11.

A 6 Qresistor is connected in parallel with the
three resistors of Fig. 5.57. With the switch
closed the ammeter reading will indicate:

@ 3A (D4A (© 1A @ 11A

A 10Q resistor is connected in parallel with
a 15 Q resistor and the combination in series
with a 12Q resistor. The equivalent resis-

tance of the circuit is:
(a) 37Q (b) 18Q (¢) 27Q (d) 4Q

When three 3Q resistors are connected in
parallel, the total resistance is:

(a) 3Q (b) 9Q

() 1Q (d) 0.333Q

The total resistance of two resistors R and
R> when connected in parallel is given by:

1 1

R R b)) —+—

(a) Ri+R ()R1+R2

Ri+Ry R R,
(c) (d)

R1R> Ri+ R

If in the circuit shown in Fig. 5.58, the read-
ing on the voltmeter is 5V and the reading

12.

on the ammeter is 25 mA, the resistance of
resistor R is:

(a) 0.005Q ) 5Q
(c) 125Q (d) 200Q
R
e )——
@
\/

Figure 5.58

A variable resistor has a range of 0 to 5kQ.
If the slider is set at halfway, the value of
current flowing through a 750 Q load, when
connected to a 100V supply and used as a
potentiometer, is:

(a) 25mA
() 17.39mA

(b) 40mA
(d) 20mA

For fully worked solutions to each of the problems in Practice Exercises 19 to 25 in this chapter,

go to the website:

www.routledge.com/cw/bird
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Chapter 6

Capacitors and capacitance

Why it is important to understand: Capacitance and capacitors

The capacitor is a widely used electrical component and it has several features that make it useful and
important. A capacitor can store energy, so capacitors are often found in power supplies. Capacitors
are used for timing (for example with a 555 timer IC controlling the charging and discharging), for
smoothing (for example in a power supply), for coupling (for example between stages of an audio system
and a loudspeaker), for filtering (for example in the tone control of an audio system), for tuning (for
example in a radio system), and for storing energy (for example in a camera flash circuit). Capacitors
find uses in virtually every form of electronics circuit from analogue circuits, including amplifiers and
power supplies, through to oscillators, integrators and many more. Capacitors are also used in logic
circuits, primarily for providing decoupling to prevent spikes and ripple on the supply lines which could
cause spurious triggering of the circuits. Capacitors are often used in car stereo systems and hooked up
to the sub-woofer speaker because the loud bass ‘boom’ sounds require a lot of power: the capacitors
store a steady amount of charge and then quickly release it when the sub needs it for its boom. In some
applications a capacitor can be used to reduce the spark created by the opening of the points on a switch
or relay. A capacitor has a voltage that is proportional to the charge that is stored in the capacitor, so a
capacitor can be used to perform interesting computations in op-amp circuits. Circuits with capacitors
exhibit frequency-dependent behaviour so that circuits that amplify certain frequencies selectively can
be built. Capacitors are very important components in electrical and electronic circuits, and this chapter
introduces the terminology and calculations to aid understanding.

At the end of this chapter you should be able to:

e appreciate some applications of capacitors

e describe an electrostatic field

e appreciate Coulomb’s law

e define electric field strength E and state its unit

e define capacitance and state its unit

e describe a capacitor and draw the circuit diagram symbol

e perform simple calculations involving C = Q/V and Q = It
e define electric flux density D and state its unit

e define permittivity, distinguishing between ¢, &; and &

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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e perform simple calculations involving

Vv D
D=%, E=E and E=808r
e understand that for a parallel plate capacitor,
eoerA(n—1)
C=——=
d

e perform calculations involving capacitors connected in parallel and in series

e define dielectric strength and state its unit

e state that the energy stored in a capacitor is given by W = %C V2 joules

e describe practical types of capacitor

e understand the precautions needed when discharging capacitors

6.1 Introduction to capacitors

A capacitor is an electrical device that is used to store
electrical energy. Next to the resistor, the capacitor is
the most commonly encountered component in electri-
cal circuits. Capacitors are used extensively in electrical
and electronic circuits. For example, capacitors are used
to smooth rectified a.c. outputs, they are used in telecom-
munication equipment — such as radio receivers — for
tuning to the required frequency, they are used in time
delay circuits, in electrical filters, in oscillator circuits
and in magnetic resonance imaging (MRI) in medical
body scanners, to name but a few practical applications.

6.2 Electrostatic field

Fig. 6.1 represents two parallel metal plates, A and
B, charged to different potentials. If an electron that
has a negative charge is placed between the plates,
a force will act on the electron tending to push it away
from the negative plate B towards the positive plate,
A. Similarly, a positive charge would be acted on by
a force tending to move it towards the negative plate.
Any region such as that shown between the plates in
Fig. 6.1, in which an electric charge experiences a force,
is called an electrostatic field. The direction of the field
is defined as that of the force acting on a positive charge
placed in the field. In Fig. 6.1, the direction of the force is
from the positive plate to the negative plate. Such a field
may be represented in magnitude and direction by lines
of electric force drawn between the charged surfaces.

The closeness of the lines is an indication of the field
strength. Whenever a p.d. is established between two
points, an electric field will always exist.

A+t+++++++++++++++

Figure 6.1

Fig. 6.2(a) shows a typical field pattern for an isolated
point charge, and Fig. 6.2(b) shows the field pattern for
adjacent charges of opposite polarity. Electric lines of
force (often called electric flux lines) are continuous and
start and finish on point charges; also, the lines cannot
cross each other. When a charged body is placed close to
an uncharged body, an induced charge of opposite sign
appears on the surface of the uncharged body. This is
because lines of force from the charged body terminate
on its surface.

The concept of field lines or lines of force is used to
illustrate the properties of an electric field. However,
it should be remembered that they are only aids to the
imagination.

The force of attraction or repulsion between two elec-
trically charged bodies is proportional to the magnitude
of their charges and inversely proportional to the square
of the distance separating them, i.e.

q192
force o« —~
dz
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(b)

Figure 6.2

force =k q‘ll#
where constant ka9 x 10°. This is known as
Coulomb’s law.*

Hence the force between two charged spheres in air
with their centres 16 mm apart and each carrying a
charge of +1.6nC is given by:

9192 o, (1.6 x 1076)?
fOfCC—k? ~ (9 x 10 )m
= 90 newtons

6.3 Electric field strength

Fig. 6.3 shows two parallel conducting plates separated
from each other by air. They are connected to opposite
terminals of a battery of voltage V volts. There is there-
fore an electric field in the space between the plates. If
the plates are close together, the electric lines of force
will be straight and parallel and equally spaced, except
near the edge where fringing will occur (see Fig. 6.1).

<

Figure 6.3

Over the area in which there is negligible fringing,

Vv
Electric field strength, E = 7 volts/metre

where d is the distance between the plates. Electric
field strength is also called potential gradient.

6.4 Capacitance

Static electric fields arise from electric charges, elec-
tric field lines beginning and ending on electric charges.
Thus the presence of the field indicates the presence of
equal positive and negative electric charges on the two
plates of Fig. 6.3. Let the charge be +Q coulombs on
one plate and — Q coulombs on the other. The property
of this pair of plates which determines how much charge
corresponds to a given p.d. between the plates is called
their capacitance:

0

capacitance C = =
Vv

The unit of capacitance is the farad F (or more usually
wF = 107°F or pF = 10~'2F), which is defined as the
capacitance when a p.d. of one volt appears across the
plates when charged with one coulomb. The unit farad
is named after Michael Faraday.*

6.5 Capacitors

Every system of electrical conductors possesses capac-
itance. For example, there is capacitance between the
conductors of overhead transmission lines and also bet-
ween the wires of a telephone cable. In these examples
the capacitance is undesirable but has to be accepted,

*Who was Coulomb? Go to www.routledge.com/cw/bird

*Who was Faraday? Go to www.routledge.com/cw/bird
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I1 [P
i Al

Fixed capacitor Variable capacitor

Figure 6.4

minimized or compensated for. There are other situa-
tions where capacitance is a desirable property.
Devices specially constructed to possess capacitance
are called capacitors (or condensers, as they used to
be called). In its simplest form a capacitor consists of
two plates which are separated by an insulating mate-
rial known as a dielectric. A capacitor has the ability to
store a quantity of static electricity.

The symbols for a fixed capacitor and a variable capac-
itor used in electrical circuit diagrams are shown in
Fig. 6.4

The charge Q stored in a capacitor is given by:

0 =1 x t coulombs

where I is the current in amperes and ¢ the time in
seconds.

Problem 1. (a) Determine the p.d. across a 4 uF
capacitor when charged with 5mC. (b) Find the
charge on a 50 pF capacitor when the voltage
applied to it is 2kV

(a) C=4uF=4x10"°Fand
0=5mC=5x1073C
0 5x1073
C  4x10°©
5% 10° 5000
T 4x10° 4
Hence p.d. V =1250V or 1.25kV

Since C = % then V =

(b) C =50pF=50x 10"'12F and
V =2kV =2000V

0 =CV =50x10""2x2000

5x%x2 _6
= =0.1x10
108

Hence, charge Q = 0.1pnC

Problem 2. A direct current of 4 A flows into a
previously uncharged 20 wF capacitor for 3 ms.
Determine the p.d. between the plates.

I =4A,C=20nF=20x 10"°F and
t=3ms = 3x103s

Q=It=4x3x1073C

Q 4x3x107°
T C 20x10°6
12 x 100

T 20x103

=0.6 x 10° =600V

Hence, the p.d. between the plates is 600V

Problem 3. A 5SuF capacitor is charged so that
the p.d. between its plates is 800 V. Calculate how
long the capacitor can provide an average discharge
current of 2mA.

C=5uF=5x%x10"°F, V =800V and
I=2mA=2x1073A

0=CV=5x10°%%x800=4x10"3C
Also, Q =It. Thus,

0 4x1073
= —_———— 25
I 2x1073
Hence, the capacitor can provide an average
discharge current of 2 mA for 2s

Now try the following Practice Exercise

Practice Exercise 26 Capacitors and
capacitance (Answers on page 428)

1. Find the charge on a 10 WF capacitor when the
applied voltage is 250 V.

2. Determine the voltage across a 1000 pF capac-
itor to charge it with 2 wC.

3. The charge on the plates of a capacitor is 6 mC
when the potential between them is 2.4kV.
Determine the capacitance of the capacitor.

4. For how long must a charging current of 2 A be
fed to a 5 wF capacitor to raise the p.d. between
its plates by 500 V.

5. Adirectcurrent of 10 A flows into a previously
uncharged 5 wF capacitor for 1 ms. Determine
the p.d. between the plates.

6. A 16nF capacitor is charged at a constant
current of 4 wA for 2min. Calculate the final
p-d. across the capacitor and the corresponding
charge in coulombs.
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7. A steady current of 10A flows into a previ-
ously uncharged capacitor for 1.5ms when
the p.d. between the plates is 2kV. Find the
capacitance of the capacitor.

6.6 Electric flux density

Unit flux is defined as emanating from a positive charge
of 1 coulomb. Thus electric flux y is measured in
coulombs, and for a charge of Q coulombs, the flux
w = Q coulombs.

Electric flux density D is the amount of flux passing
through a defined area A that is perpendicular to the
direction of the flux:

electric flux density, D = % coulombs/metre>

Electric flux density is also called charge density, o

6.7 Permittivity

Atany pointin an electric field, the electric field strength
E maintains the electric flux and produces a particular
value of electric flux density D at that point. For a field
established in vacuum (or for practical purposes in air),
the ratio D/E is a constant &g, i.e.

~ =
E 0

where g is called the permittivity of free space or the
free space constant. The value of £0is 8.85 x 10~ 12 F/m.
When an insulating medium, such as mica, paper, plastic
or ceramic, is introduced into the region of an electric
field the ratio of D/E is modified:

D

E = €()€ér
where &, the relative permittivity of the insulating
material, indicates its insulating power compared with
that of vacuum:

relative permittivity,

_ flux density in material

&y =
"7 flux density in vacuum

&r has no unit. Typical values of ¢, include air, 1.00; poly-
thene, 2.3; mica, 3—7; glass, 5-10; water, 80; ceramics,
6-1000

The product gpe; is called the absolute permittivity,
g, l.e.

€ =€g€r

The insulating medium separating charged surfaces is
called a dielectric. Compared with conductors, dielec-
tric materials have very high resistivities. They are there-
fore used to separate conductors at different potentials,
such as capacitor plates or electric power lines.

Problem 4. Two parallel rectangular plates
measuring 20 cm by 40 cm carry an electric charge
of 0.2 nC. Calculate the electric flux density. If the
plates are spaced 5 mm apart and the voltage
between them is 0.25kV, determine the electric
field strength.

Area =20cm x 40cm = 800cm? = 800 x 10~*m?
and charge 0 =0.2pC=0.2x 107°C
Electric flux density

0 02x10° 0.2x10*
T A 800x 10—* " 800 x 10°
2000

=~ —x10°%=25 2
300 x 10 nC/m

Voltage V =0.25kV =250V and plate spacing,
d=5mm=5x10"3m.

Electric field strength
Vv 250
E=—=—"—=50kV/
d~ 5x10°3 "

Problem 5. The flux density between two plates
separated by mica of relative permittivity 5 is
2wC/m?. Find the voltage gradient between the
plates.

Flux density D =2uwC/m? =2 x 10~°C/m?,
c0=28.85x 10" 2F/mand ¢ =5
D/E = ¢goé¢r, hence voltage gradient,

D 2x 1076
FE=—=————V/m
coer 8.85x10712x5
=45.2kV/m

Problem 6. Two parallel plates having a p.d. of
200V between them are spaced 0.8 mm apart. What
is the electric field strength? Find also the electric



(apacitors and capacitance 67

flux density when the dielectric between the plates
is (a) air and (b) polythene of relative
permittivity 2.3

Electric field strength

14 200
— =250kV/m

E=—=——
d 08x10

(a) Forair: ¢, = 1 and % = g0ér
Hence electric flux density
D = Ecoer
= (250 x 10° x 8.85 x 10712 x 1) C/m?
=2.213pC/m>
(b) For polythene, ¢, = 2.3
Electric flux density
D = Egpe;
= (250 x 10 x 8.85 x 107'? x 2.3) C/m?
= 5.089 wC/m>

Now try the following Practice Exercise

Practice Exercise 27 Electric field strength,
electric flux density and permittivity
(Answers on page 428)

(Where appropriate take ¢ as 8.85 x 10~ 12F/m)

1. A capacitor uses a dielectric 0.04 mm thick
and operates at 30 V. What is the electric field
strength across the dielectric at this voltage?

2. A two-plate capacitor has a charge of 25C.
If the effective area of each plate is 5cm? find
the electric flux density of the electric field.

3. A charge of 1.5nC is carried on two paral-
lel rectangular plates, each measuring 60 mm
by 80 mm. Calculate the electric flux density.
If the plates are spaced 10 mm apart and the
voltage between them is 0.5 kV, determine the
electric field strength.

4. Two parallel plates are separated by a dielec-
tric and charged with 10 wC. Given that the
area of each plate is 50cm?, calculate the

electric flux density in the dielectric separating
the plates.

5. The electric flux density between two plates
separated by polystyrene of relative permittiv-
ity 2.5 is 5uC/m?. Find the voltage gradient
between the plates.

6. Two parallel plates having a p.d. of 250V
between them are spaced 1 mm apart. Deter-
mine the electric field strength. Find also
the electric flux density when the dielectric
between the plates is (a) air and (b) mica of
relative permittivity 5

6.8 The parallel plate capacitor

For a parallel plate capacitor, as shown in Fig. 6.5(a),
experiments show that capacitance C is proportional to
the area A of a plate, inversely proportional to the plate
spacing d (i.e. the dielectric thickness) and depends on
the nature of the dielectric:

eoerA

Capacitance, C = farads

where g9 = 8.85 x 10~ 12F/m (constant)
& = relative permittivity
A = area of one of the plates, in m2, and

d = thickness of dielectric in m

o

Area A

Dielectric between the plate
(a) of relative permittivity e,

+O

(b)

Figure 6.5
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Another method used to increase the capacitance is
to interleave several plates as shown in Fig. 6.5(b).
Ten plates are shown, forming nine capacitors with a
capacitance nine times that of one pair of plates.

If such an arrangement has n plates then capacitance
C « (n—1). Thus capacitance

_ 8()6‘,-14(11 - 1)

C= farads
p arads

Problem 7. (a) A ceramic capacitor has an
effective plate area of 4cm? separated by 0.1 mm
of ceramic of relative permittivity 100. Calculate
the capacitance of the capacitor in picofarads.

(b) If the capacitor in part (a) is given a charge of
1.2 wC what will be the p.d. between the plates?

(a) Area A =4cm?=4x 10"*m?2,
d=0.Imm=0.1 x 1073m,
£0 = 8.85 x 107 12F/m and &, = 100

Capacitance,

A
C= 803 farads

_ 8851072 x 100 x4 x 107
B 0.1x 1073

 8.85x4

1010

8.85 x 4 x 1012
-~ 1000

pE = 3540 pF

(b) Q=CYV thus

0 1.2x107°

== V=339V
C ~ 3540x 1012

Problem 8. A waxed paper capacitor has two
parallel plates, each of effective area 800 cm?. If the
capacitance of the capacitor is 4425 pF, determine
the effective thickness of the paper if its relative
permittivity is 2.5

A =800cm? =800 x 10~*m? = 0.08m?,
C =4425pF = 4425 x 10712F, 59 = 8.85 x 10~ *F/m
and e; = 2.5. Since

A A
C= £0eA then d = £0ér
d C

_ 8.85x 10712 x 2.5 x 0.08
i.e. d=
4425 x 10-12
=0.0004m

Hence, the thickness of the paper is 0.4 mm.

Problem 9. A parallel plate capacitor has 19
interleaved plates each 75 mm by 75 mm separated
by mica sheets 0.2 mm thick. Assuming the relative
permittivity of the mica is 5, calculate the
capacitance of the capacitor.

n=19 thus n—1=18, A =75 x 75 =5625mm? =
5625x107%m?, & =35, ¢o=28.85x 10712F/m and
d=02mm=0.2x10"3m. Capacitance,

goerA(n — 1)
- d
_ 8.85x 10712 x 5% 5625 x 107 x 18 F
0.2 x 103
=0.0224 . F or 22.4nF

C

Now try the following Practice Exercise

Practice Exercise 28 Parallel plate
capacitors (Answers on page 428)

(Where appropriate take &g as 8.85 x 10~'2F/m)

1. A capacitor consists of two parallel plates
each of area 0.01 m?, spaced 0.1 mm in air.
Calculate the capacitance in picofarads.

2. A waxed paper capacitor has two parallel
plates, each of effective area 0.2m?. If the
capacitance is 4000 pF determine the effective
thickness of the paper if its relative permittiv-
ity is 2

3. Calculate the capacitance of a parallel plate
capacitor having five plates, each 30 mm by
20 mm and separated by a dielectric 0.75 mm
thick having a relative permittivity of 2.3

4. How many plates has a parallel plate capaci-
tor having a capacitance of 5nF, if each plate
is 40mm by 40mm and each dielectric is
0.102 mm thick with a relative permittivity of 6

A parallel plate capacitor is made from 25
plates, each 70mm by 120 mm, interleaved
with mica of relative permittivity 5. If the
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capacitance of the capacitor is 3000 pF deter-
mine the thickness of the mica sheet.

6. A capacitor is constructed with parallel plates
and has a value of 50pF. What would be the
capacitance of the capacitor if the plate area is
doubled and the plate spacing is halved?

7. The capacitance of a parallel plate capacitor
is 1000, pF. It has 19 plates, each 50 mm by
30 mm, separated by a dielectric of thickness
0.40 mm. Determine the relative permittivity
of the dielectric.

8. The charge on the square plates of a multiplate
capacitor is 80 wC when the potential between
them is S kV. If the capacitor has 25 plates sep-
arated by a dielectric of thickness 0.102 mm
and relative permittivity 4.8, determine the
width of a plate.

9. A capacitor is to be constructed so that its
capacitance is 4250 pF and to operate at a p.d.
of 100V across its terminals. The dielectric is
to be polythene (¢; = 2.3) which, after allow-
ing a safety factor, has a dielectric strength
of 20MV/m. Find (a) the thickness of the
polythene needed and (b) the area of a plate.

6.9 Capacitors connected in parallel

and series

(a) Capacitors connected in parallel

Fig. 6.6 shows three capacitors, Cq, C; and C3, con-
nected in parallel with a supply voltage V applied across
the arrangement.

When the charging current I reaches point A it
divides, some flowing into Ci, some flowing into C;
and some into C3. Hence the total charge Qt(=1 x t)
is divided between the three capacitors. The capacitors
each store a charge and these are shown as Q1, Q> and
03, respectively. Hence

Or=01+0,+0;

ButOQr=CV,Q01=C1V,Q2=CVand Q3 =C3V.
Therefore CV =C1V+CV +C3V where C is the
total equivalent circuit capacitance, i.e.

C=C+C+C5

Q&
11
A 02”02
11
Q116
11
/ 0
{—

Total charge, Q= Q;+ Qx+ Qs

Figure 6.6

It follows that for n parallel-connected capacitors,
C=C1+C2+C3+----- +Cy

i.e. the equivalent capacitance of a group of parallel-
connected capacitors is the sum of the capacitances
of the individual capacitors. (Note that this formula
is similar to that used for resistors connected in
series.)

(b) Capacitors connected in series

Fig. 6.7 shows three capacitors, Cy, C; and C3, con-
nected in series across a supply voltage V. Let the
p-d. across the individual capacitors be Vi, V, and V3,
respectively, as shown.

+Q|I__—Q +Q1—Q +Q1—-Q
allp cltlhg el I
Vi Vs Vs
/ /
o v 0

Charge on each capacitor = Q

Figure 6.7

Let the charge on plate ‘a’ of capacitor C1 be +Q
coulombs. This induces an equal but opposite charge
of —Q coulombs on plate ‘b’. The conductor between
plates ‘b’ and ‘c’ is electrically isolated from the rest
of the circuit so that an equal but opposite charge of
+ QO coulombs must appear on plate ‘c’, which, in turn,
induces an equal and opposite charge of —Q coulombs
on plate ‘d’, and so on.
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Hence when capacitors are connected in series the
charge on each is the same. In a series circuit:

V=Vi+V2+V3
0. 0 0 0 0

Since V== then — = — + — + —
mce C CIIC Cl C2 C3

where C is the total equivalent circuit capacitance, i.e.

1 1 n 1 n 1
C C C C3
It follows that for n series-connected capacitors:

1 1 1 1 1
cTatota T,
i.e. for series-connected capacitors, the reciprocal of the
equivalent capacitance is equal to the sum of the recip-
rocals of the individual capacitances. (Note that this
formula is similar to that used for resistors connected
in parallel.)
For the special case of two capacitors in series:

1 1 1 _C2+C1

C C G G

Hence

C1C, . product
C= i.e.
Ci1+C, sum

Problem 10. Calculate the equivalent capacitance
of two capacitors of 6 WF and 4 LF connected (a) in
parallel and (b) in series.

(a) In parallel, equivalent capacitance,
C=Ci+Cr,=6pF+4pF=10pF
(b) In series, equivalent capacitance C is given by:

_ C1Cy
G+ G

This formula is used for the special case of two
capacitors in series. Thus

6x4 24
c="2"=

=2 24pF
6+4 10 "

Problem 11. What capacitance must be
connected in series with a 30 wF capacitor for the
equivalent capacitance to be 12 WF?

Let C = 12 uF (the equivalent capacitance),
C1 =30pF and C, be the unknown capacitance. For
two capacitors in series

11 N 1
cC C G
Hence
1 1 1 _ ¢-cC
C, C C CG
and
cc 12x30 360
C ! x 2 20uF

TC—-C 30-12 18

Problem 12. Capacitances of 1 WF, 3pwF, SuF
and 6 wF are connected in parallel to a direct
voltage supply of 100 V. Determine (a) the
equivalent circuit capacitance, (b) the total charge
and (c) the charge on each capacitor.

(a) The equivalent capacitance C for four capacitors
in parallel is given by:
C=C1+Cr+C3+Cy
ie. C=1+34+5+6=15pnF

(b) Total charge Q1 = CV where C is the equivalent
circuit capacitance i.e.

0r=15x10"°x100=1.5x1073C
=1.5mC

(c) The charge on the 1 wF capacitor
0,=C1V=1x10"%x100=0.1mC
The charge on the 3 wWF capacitor
0, =CV=3x10"%x100=0.3mC
The charge on the 5 wF capacitor
Q;=C3V =5x10"°x 100 = 0.5mC
The charge on the 6 wWF capacitor
Q,=C4V =6x10"°x 100 = 0.6mC
[Check: in a parallel circuit

Or=01+02+03+ 04
014+02+03+04=0.14034+0.54+0.6
=1.5mC = Q]
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Problem 13. Capacitances of 3F, 6 wF and

12 wF are connected in series across a 350 V supply.
Calculate (a) the equivalent circuit capacitance,

(b) the charge on each capacitor and (c) the p.d.
across each capacitor.

The circuit diagram is shown in Fig. 6.8.

Cy=3puF Co=6uF Cg=12puF

Vi e Vp mept—e Vg ——

V=350V ——0

Figure 6.8

(a) The equivalent circuit capacitance C for three
capacitors in series is given by:

ccateta
. 1 1 1 1 44241 7
ie. —=-4+-+— =
C 3 6 12 12 12

Hence the equivalent circuit capacitance

12 5
C= == 1; wF or 1.714 uF

(b) Total charge Ot = CV, hence

Or=— x 107 x 350

=600 C or 0.6mC

Since the capacitors are connected in series
0.6 mC is the charge on each of them.

(c) The voltage across the 3 wWF capacitor,

_Q

C
_0.6x1073
- 3x10°°

Vi

=200V

The voltage across the 6 WF capacitor,
_2

(&)

0.6 x 1073
T 6x10°6
The voltage across the 12 wF capacitor,
_e

3

0.6 x 1072
T 12x 106

[Check: in a series circuit V =V|+V,+ V3.
Vi+Va+ V3 =2004100+50 = 350 V = supply
voltage]

Va

=100V

V3

=50V

In practice, capacitors are rarely connected in series
unless they are of the same capacitance. The reason
for this can be seen from the above problem where the
lowest valued capacitor (i.e. 3 WF) has the highest p.d.
across it (i.e. 200 V) which means that if all the capaci-
tors have an identical construction they must all be rated
at the highest voltage.

Problem 14. For the arrangement shown in

Fig. 6.9 find (a) the equivalent capacitance of the
circuit, (b) the voltage across QR and (c) the charge
on each capacitor.

2 uF

— 15 uF
o +—fF—nr
__"_

3 uF

0 240V O
Figure 6.9

_—‘

(a) 2uF in parallel with 3puF gives an equivalent
capacitance of 2puF+3pwF = 5SuF. The circuit is
now as shown in Fig. 6.10.

C1=5]..I.F

r— V| |2

Qe—— 240V —— 0

Figure 6.10
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The equivalent capacitance of 5 WF in series with
15 wF is given by
5x15 75
F= —pnF=3.75uF
s+ 20" "
(b) The charge on each of the capacitors shown in
Fig. 6.10 will be the same since they are connected
in series. Let this charge be Q coulombs.

Then 0=C1Vi=C W,
i.e. 5Vi =15V,
Vi=3V, (1)

Also Vi+ Vo, =240V
Hence 3V, + V, =240V from equation (1)
Thus Vo =60V and V| =180V
Hence the voltage across OR is 60 V
(c) The charge on the 15 wF capacitor is
C2Vo =15 x 107° x 60 = 0.9mC
The charge on the 2 wF capacitor is
2x 1070 x 180 = 0.36mC
The charge on the 3 wF capacitor is

3 x 1070 x 180 = 0.54mC

Now try the following Practice Exercise

Practice Exercise 29 Capacitors in parallel
and series (Answers on page 428)

1. Capacitors of 2pF and 6 uF are connected
(a) in parallel and (b) in series. Determine the
equivalent capacitance in each case.

2. Find the capacitance to be connected in series
with a 10wF capacitor for the equivalent
capacitance to be 6 uF.

3.  What value of capacitance would be obtained
if capacitors of 0.15wF and 0.10 wF are con-
nected (a) in series and (b) in parallel?

4. Two 6 uF capacitors are connected in series
with one having a capacitance of 12 wF. Find
the total equivalent circuit capacitance. What

capacitance must be added in series to obtain
a capacitance of 1.2 wF?

Determine the equivalent capacitance when
the following capacitors are connected (a) in
parallel and (b) in series:

(i) 2wF,4pF and 8puF
(i) 0.02pF, 0.05F and 0.10 uF
(iii))  50pF and 450 pF
@iv) 0.01 wF and 200pF
For the arrangement shown in Fig. 6.11 find

(a) the equivalent circuit capacitance and
(b) the voltage across a 4.5 WF capacitor.

45UF 45uF 45uF
l_ll_'ll_ 3uF
10F  1uF i
HIH—

0500 Vo

Figure 6.11

Three 12 wF capacitors are connected in series
across a 750V supply. Calculate (a) the
equivalent capacitance, (b) the charge on
each capacitor, and (c) the p.d. across each
capacitor.

If two capacitors having capacitances of 3 uF
and 5 uwF, respectively, are connected in series
across a 240V supply, determine (a) the p.d.
across each capacitor and (b) the charge on
each capacitor.

In Fig. 6.12 capacitors P, Q and R are identi-
cal and the total equivalent capacitance of the
circuit is 3 W F. Determine the values of P, Q
and R

3.5UF

2uF —i
—— 4.5F
L —

A
P Q R

Figure 6.12
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10. Capacitances of 4pF, 8uF and 16 F are
connected in parallel across a 200V sup-
ply. Determine (a) the equivalent capacitance,
(b) the total charge and (c) the charge on each
capacitor.

11. A circuit consists of two capacitors P and Q
in parallel, connected in series with another
capacitor R. The capacitances of P, Q and R
are 4 uF, 12 wF and 8 uF, respectively. When
the circuitis connected across a 300V d.c. sup-
ply find (a) the total capacitance of the circuit,
(b) the p.d. across each capacitor and (c) the
charge on each capacitor.

12.  For the circuit shown in Fig. 6.13, determine
(a) the total circuit capacitance, (b) the total
energy in the circuit and (c) the charges in the
capacitors shown as C; and Cj.

Figure 6.13

6.10 Dielectric strength

The maximum amount of field strength that a dielec-
tric can withstand is called the dielectric strength of the
material. Dielectric strength,

\ %
Em= 7"

Problem 15. A capacitor is to be constructed so
that its capacitance is 0.2 WF and to take a p.d. of
1.25kV across its terminals. The dielectric is to be
mica which, after allowing a safety factor of 2, has
a dielectric strength of S0MV/m. Find (a) the
thickness of the mica needed and (b) the area of a
plate assuming a two-plate construction. (Assume
& for mica to be 6.)

(a) Dielectric strength,

ie. d=
=0.025mm

(b) Capacitance,

_ coerA
- d
hence
Cd 02x1079x0.025x107% ,
area A = = m

c0er 8.85x 10-12x 6

=0.09416m? = 941.6 cm?

6.11 Energy stored in capacitors

The energy, W, stored by a capacitor is given by

1 2 .
W= ECV joules

Problem 16. (a) Determine the energy stored in a
3 wF capacitor when charged to 400 V. (b) Find also
the average power developed if this energy is
dissipated in a time of 10 s.

(a) Energy stored

1 2. 1 -6 2
W= ECV joules = 2 x 3 x 1077 x 400

3
=2 x 16x1072=0.24])

energy  0.24

b) Power — _
(®) Power = = = 10X 10-6

W = 24kW

Problem 17. A 12 WF capacitor is required to
store 4] of energy. Find the p.d. to which the
capacitor must be charged.

Energy stored
1
W=_-Ccv?
2
2w
hence vie

C

—
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=
—
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2W [ 2x4
and pdV=—=,/——
c 12 x 10-6
2 x 100
= = 816.5V

Problem 18. A capacitor is charged with 10mC.
If the energy stored is 1.2J, find (a) the voltage
and (b) the capacitance.

Energy stored W = %C VZ2and C = Q/V. Hence

W=1(9)V2
2\Vv

1
= EQV
from which V = 2—W
)
Q0=10mC=10x1073C
and wW=12]

(a) Voltage

W 2x12
S — 024KV 0r 240V

V:—:—
0  10x10

(b) Capacitance

Q0 10x1073 10 x 10°

C=== = 1
4 240 240 x 103
=41.67wF

Now try the following Practice Exercise

Practice Exercise 30 Energy stored in
capacitors (Answers on page 428)

(Assume &y = 8.85 x 10~ 12F/m)

1. When a capacitor is connected across a 200 V
supply the charge is 4 wC. Find (a) the capac-
itance and (b) the energy stored.

2. Find the energy stored in a 10 uF capacitor
when charged to 2kV.

3. A 3300pF capacitor is required to store 0.5 mJ
of energy. Find the p.d. to which the capacitor
must be charged.

4. A capacitor is charged with 8mC. If the energy
stored is 0.4, find (a) the voltage and (b) the
capacitance.

A capacitor, consisting of two metal plates
each of area 50cm? and spaced 0.2mm apart
in air, is connected across a 120V supply. Cal-
culate (a) the energy stored, (b) the electric
flux density and (c) the potential gradient.

A bakelite capacitor is to be constructed to
have a capacitance of 0.04 wF and to have
a steady working potential of 1kV maxi-
mum. Allowing a safe value of field stress
of 25MV/m, find (a) the thickness of bake-
lite required, (b) the area of plate required if
the relative permittivity of bakelite is 5, (c) the
maximum energy stored by the capacitor and
(d) the average power developed if this energy
is dissipated in a time of 20 jus.

6.12 Practical types of capacitor

Practical types of capacitor are characterized by the
material used for their dielectric. The main types
include: variable air, mica, paper, ceramic, plastic,
titanium oxide and electrolytic.

1.

Variable air capacitors. These usually consist of
two sets of metal plates (such as aluminium), one
fixed, the other variable. The set of moving plates
rotate on a spindle as shown by the end view of
Fig. 6.14.

Figure 6.14

As the moving plates are rotated through half a
revolution, the meshing, and therefore the capaci-
tance, varies from a minimum to a maximum value.
Variable air capacitors are used in radio and elec-
tronic circuits where very low losses are required, or
where a variable capacitance is needed. The max-
imum value of such capacitors is between 500 pF
and 1000 pF.

Mica capacitors. A typical older type construction
is shown in Fig. 6.15.
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Mica sheets

S

VX\ Metal foil

(lead or aluminium)
Figure 6.15

Usually the whole capacitor is impregnated with
wax and placed in a bakelite case. Mica is easily
obtained in thin sheets and is a good insulator.

However, mica is expensive and is not used in
capacitors above about 0.2 F. A modified form
of mica capacitor is the silvered mica type. The
mica is coated on both sides with a thin layer of
silver which forms the plates. Capacitance is stable
and less likely to change with age. Such capaci-
tors have a constant capacitance with change of
temperature, a high working voltage rating and a
long service life and are used in high frequency
circuits with fixed values of capacitance up to
about 1000pF.

Paper capacitors. A typical paper capacitor is
shown in Fig. 6.16 where the length of the roll
corresponds to the capacitance required.

Metal end cap for
connection to
metal foil

Y

foil Paper

Figure 6.16

The whole is usually impregnated with oil or
wax to exclude moisture, and then placed in a plas-
tic or aluminium container for protection. Paper
capacitors are made in various working voltages
up to about 150kV and are used where loss is
not very important. The maximum value of this
type of capacitor is between 500pF and 10pF.
Disadvantages of paper capacitors include varia-
tion in capacitance with temperature change and
a shorter service life than most other types of
capacitor.

Ceramic capacitors. These are made in various
forms, each type of construction depending on the
value of capacitance required. For high values, a
tube of ceramic material is used as shown in the
cross-section of Fig. 6.17. For smaller values the
cup construction is used as shown in Fig. 6.18, and
for still smaller values the disc construction shown
in Fig. 6.19 is used. Certain ceramic materials have
a very high permittivity and this enables capacitors
of high capacitance to be made which are of small
physical size with a high working voltage rating.
Ceramic capacitors are available in the range 1 pF
to 0.1nF and may be used in high-frequency
electronic circuits subject to a wide range of
temperatures.

Connection Connection

Ceramic

Conducting
tube coating
(e.g. silver)
Figure 6.17
Ceramic cup
Connection
Conducting
coating
Figure 6.18
Ceramic
disc
Conducting
coatings
Figure 6.19

Plastic capacitors. Some plastic materials such as
polystyrene and Teflon can be used as dielectrics.
Construction is similar to the paper capacitor,
but using a plastic film instead of paper. Plastic
capacitors operate well under conditions of high
temperature, provide a precise value of capacitance,

a very long service life and high reliability.
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6. Titanium oxide capacitors have a very high capac-
itance with a small physical size when used at a low
temperature.

7. Electrolytic capacitors. Construction is similar to
the paper capacitor, with aluminium foil used for the
plates and with a thick absorbent material, such as
paper, impregnated with an electrolyte (ammonium
borate) separating the plates. The finished capaci-
tor is usually assembled in an aluminium container
and hermetically sealed. Its operation depends on
the formation of a thin aluminium oxide layer on the
positive plate by electrolytic action when a suitable
direct potential is maintained between the plates.
This oxide layer is very thin and forms the dielec-
tric. (The absorbent paper between the plates is a
conductor and does not act as a dielectric.) Such
capacitors must always be used on d.c. and must
be connected with the correct polarity; if this is not
done the capacitor will be destroyed since the oxide
layer will be destroyed. Electrolytic capacitors are
manufactured with working voltage from 6V to
600V, although accuracy is generally not very high.
These capacitors possess a much larger capacitance
than other types of capacitors of similar dimensions
due to the oxide film being only a few microns thick.
The fact that they can be used only on d.c. supplies
limits their usefulness.

6.13 Supercapacitors

Electrical double-layer capacitors (EDLC) are, together
with pseudocapacitors, part of a new type of electro-
chemical capacitor called supercapacitors, also known
as ultracapacitors. Supercapacitors do not have a con-
ventional solid dielectric. The capacitance value of an
electrochemical capacitor is determined by two storage
principles:

(a) Double-layer capacitance is the electrostatic
storage of the electrical energy achieved by separation
of charge in a Helmholtz double layer at the inter-
face between the surface of a conductor electrode and
an electrolytic solution electrolyte. The separation of
charge distance in a double-layer is of the order of a few
Angstroms (0.3-0.8 nm) and is static in origin.

(b) Pseudocapacitance is the electrochemical stor-
age of the electrical energy, achieved by redox reac-
tions on the surface of the electrode or by specifically
adsorpted ions that results in a reversible faradaic
charge-transfer on the electrode.

Double-layer capacitance and pseudocapacitance both
contribute to the total capacitance value of a superca-
pacitor.

Supercapacitors have the highest available capaci-
tance values per unit volume and the greatest energy
density of all capacitors. Supercapacitor support up to
12000 F/1.2 V, with specific capacitance values up to
10000 times that of electrolytic capacitors. Supercapac-
itors bridge the gap between capacitors and batteries.
In terms of specific energy as well as in terms of spe-
cific power this gap covers several orders of magnitude.
However, batteries still have about ten times the capacity
of supercapacitors. While existing supercapacitors have
energy densities that are approximately 10% of a con-
ventional battery, their power density is generally 10 to
100 times as great. Power density combines energy den-
sity with the speed at which the energy can be delivered
to the load.

Supercapacitors are polarized and must operate with
the correct polarity. Polarity is controlled by design with
asymmetric electrodes, or, for symmetric electrodes, by
a voltage applied during manufacture.

Applications of supercapacitors

Applications of supercapacitors for power and energy
requirements include long, small currents for static
memory (SRAM) in electronic equipment, power elec-
tronics that require very short, high currents as in the
KERS system in Formula 1 cars, and recovery of braking
energy in vehicles.

Advantages of supercapacitors include:

(i) Long life, with little degradation over hundreds
of thousands of charge cycles. Due to the capac-
itor’s high number of charge—discharge cycles
(millions or more compared to 200 to 1000 for
most commercially available rechargeable bat-
teries) it will last for the entire lifetime of most
devices, which makes the device environmen-
tally friendly. Rechargeable batteries wear out
typically over a few years and their highly reac-
tive chemical electrolytes present a disposal and
safety hazard. Battery lifetime can be optimized
by charging only under favourable conditions,
at an ideal rate and, for some chemistries, as
infrequently as possible. EDLCs can help in con-
junction with batteries by acting as a charge
conditioner, storing energy from other sources
for load balancing purposes and then using any
excess energy to charge the batteries at a suitable
time.
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(i)
(iii)
(iv)

(v)

(vi)

(vii)

(viii)

(ix)

)

Low cost per cycle.
Good reversibility.
Very high rates of charge and discharge.

Extremely low internal resistance (ESR) and
consequent high cycle efficiency (95% or more)
and extremely low heating levels.

High output power.

High specific power; the specific power of elec-
tric double-layer capacitors can exceed 6 kW/kg
at 95% efficiency.

Improved safety, no corrosive electrolyte and
low toxicity of materials.

Simple charge methods — no full-charge detec-
tion is needed; no danger of overcharging.

When used in conjunction with rechargeable
batteries, in some applications the EDLC can
supply energy for a short time, reducing battery
cycling duty and extending life.

Disadvantages of supercapacitors include:

®

(ii)

(iii)

(iv)

(v)

(vi)

The amount of energy stored per unit weight is
generally lower than that of an electrochemical
battery (3 to 5 Wh/kg for a standard ultracapaci-
tor, although 85 Wh/kg has been achieved in the
lab compared to 30 to 40 Wh/kg for a lead—acid
battery, 100 to 250 Wh/kg for a lithium-ion bat-
tery and about 0.1% of the volumetric energy
density of gasoline.

Has the highest dielectric absorption of any type
of capacitor.

High self-discharge — the rate is considerably
higher than that of an electrochemical battery.

Low maximum voltage — series connections are
needed to obtain higher voltages and voltage
balancing may be required.

Unlike practical batteries, the voltage across any
capacitor, including EDLCs, drops significantly
as it discharges. Effective storage and recovery of
energy requires complex electronic control and
switching equipment, with consequent energy
loss.

Very low internal resistance allows extremely
rapid discharge when shorted, resulting in a spark
hazard similar to any other capacitor of similar
voltage and capacitance (generally much higher
than electrochemical cells).

Summary

Ultracapacitors are some of the best devices available for
delivering a quick surge of power. Because an ultraca-
pacitor stores energy in an electric field, rather than in a
chemical reaction, it can survive hundreds of thousands
more charge and discharge cycles than a battery can.

6.14 Discharging capacitors

When a capacitor has been disconnected from the sup-
ply it may still be charged and it may retain this charge
for some considerable time. Thus precautions must be
taken to ensure that the capacitor is automatically dis-
charged after the supply is switched off. This is done
by connecting a high-value resistor across the capacitor
terminals.

Now try the following Practice Exercises

Practice Exercise 31 Short answer
questions on capacitors and capacitance
(Answers within pages 62 to 77)

1. What is a capacitor?

2. State five practical applications of capacitors.
3. Explain the term ‘electrostatics’.
4

Complete the statements:
Like charges ...... ; unlike charges ......

5. How can an ‘electric field’ be established
between two parallel metal plates?

6. What is capacitance?
7. State the unit of capacitance.

8. Complete the statement:

9. Complete the statements:
(@ IlpnF=...F (b) 1pF=...F

10. Complete the statement:

11. Complete the statement:

12. Draw the electrical circuit diagram symbol for
a capacitor.
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13.

14.

15.

16.

17.

18.

19.

20.
21.
22.

23.

24.
25.
26.

27.

28.
29.

30.

31.

32.

33.

34.

Name two practical examples where capaci-
tance is present, although undesirable.

The insulating material separating the plates
of a capacitor is called the ......

10 volts applied to a capacitor results in a
charge of 5 coulombs. What is the capacitance
of the capacitor?

Three 3 wF capacitors are connected in paral-
lel. The equivalent capacitance is. ...

Three 3 WF capacitors are connected in series.
The equivalent capacitance is. ...

State a disadvantage of series-connected
capacitors.

Name three factors upon which capacitance
depends.

What does ‘relative permittivity’ mean?
Define ‘permittivity of free space’.

What is meant by the ‘dielectric strength’ of a
material?

State the formula used to determine the energy
stored by a capacitor.

Name five types of capacitor commonly used.
Sketch a typical rolled paper capacitor.

Explain briefly the construction of a variable
air capacitor.

State three advantages and one disadvantage
of mica capacitors.

Name two disadvantages of paper capacitors.

Between what values of capacitance are
ceramic capacitors normally available?

What main advantages do plastic capacitors
possess?

Explain briefly the construction of an elec-
trolytic capacitor.

What is the main disadvantage of electrolytic
capacitors?

Name an important advantage of electrolytic
capacitors.

What safety precautions should be taken when
a capacitor is disconnected from a supply?

Practice Exercise 32 Multi-choice questions
on capacitors and capacitance (Answers on
page 428)

1.

Electrostatics is a branch of electricity con-
cerned with

(a) energy flowing across a gap between
conductors

(b) charges at rest
(c) charges in motion
(d) energy in the form of charges

The capacitance of a capacitor is the ratio

(a) charge to p.d. between plates

(b) p.d. between plates to plate spacing

(c) p.d.between plates to thickness of dielec-
tric

(d) p.d. between plates to charge

The p.d. across a 10 wF capacitor to charge it
with 10mC is
(a) 10V

() 1V

(b) 1kV
(d) 10V
The charge on a 10pF capacitor when the
voltage applied to itis 10kV is
(a) 100pnC (b) 0.1C
(¢) 0.1pC (d) 0.01pC
Four 2 wF capacitors are connected in parallel.
The equivalent capacitance is
(a) 8pF (b) 0.5pF
(¢) 2pF (d) 6uF
Four 2 uF capacitors are connected in series.
The equivalent capacitance is
(a) 8nF (b) 0.5pF
() 2pF (d) 6uF
State which of the following is false.
The capacitance of a capacitor
(a) is proportional to the cross-sectional area
of the plates
(b) is proportional to the distance between the
plates
(c) depends on the number of plates

(d) is proportional to the relative permittivity
of the dielectric
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8.

Which of the following statements is false? 10

(a) An air capacitor is normally a vari-
able type

(b) A paper capacitor generally has a shorter
service life than most other types of
capacitor

(c) An electrolytic capacitor must be used
only on a.c. supplies

(d) Plastic capacitors generally operate sat-
isfactorily under conditions of high tem-

perature 1L

The energy stored in a 10 WF capacitor when
charged to 500V is

(a) 1.25m] (b) 0.025nJ
(c) 1.25] (d) 1.25C

The capacitance of a variable air capacitor is

at maximum when

(a) the movable plates half overlap the fixed
plates

(b) the movable plates are most widely sepa-
rated from the fixed plates

(c) both sets of plates are exactly meshed
(d) the movable plates are closer to one side

of the fixed plate than to the other

When a voltage of 1kV is applied to a capaci-
tor, the charge on the capacitor is 500nC. The
capacitance of the capacitor is:

(a) 2x10°F (b) 0.5pF
(¢) 0.5mF (d) 0.5nF

For fully worked solutions to each of the problems in Practice Exercises 26 to 32 in this chapter,

go to the website:

www.routledge.com/cw/bird
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Chapter 7

Magnetic circuits

Why it is important to understand: Magnetic circuits

Many common devices rely on magnetism. Familiar examples include computer disk drives, tape
recorders, VCRs, transformers, motors, generators and so on. Practically all transformers and electric
machinery uses magnetic material for shaping and directing the magnetic fields which act as a medium
for transferring and connecting energy. It is therefore important to be able to analyse and describe mag-
netic field quantities for understanding these devices. Magnetic materials are significant in determining
the properties of a piece of electromagnetic equipment or an electric machine, and affect its size and
efficiency. To understand their operation, knowledge of magnetism and magnetic circuit principles is
required. In this chapter, we look at fundamentals of magnetism, relationships between electrical and
magnetic quantities, magnetic circuit concepts and methods of analysis.

At the end of this chapter you should be able to:

e appreciate some applications of magnets

e describe the magnetic field around a permanent magnet

e state the laws of magnetic attraction and repulsion for two magnets in close proximity
e define magnetic flux, @, and magnetic flux density, B, and state their units

e perform simple calculations involving B=®/A

e define magnetomotive force, Fy,, and magnetic field strength, H, and state their units
e perform simple calculations involving Fy, =NI and H=NI/I

e define permeability, distinguishing between p, x4 and u

e understand the B-H curves for different magnetic materials

e appreciate typical values of

e perform calculations involving B = uour H

e define reluctance, S, and state its units

e perform calculations involving

mm.f. |/

®  pouA
e perform calculations on composite series magnetic circuits

S=

e compare electrical and magnetic quantities

e appreciate how a hysteresis loop is obtained and that hysteresis loss is proportional to its area

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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7.1 Introduction to magnetism

and magnetic circuits

The study of magnetism began in the thirteenth cen-
tury with many eminent scientists and physicists such
as William Gilbert,* Hans Christian Oersted,* Michael
Faraday,* James Maxwell,* André Ampere® and Wil-
helm Weber* all having some input on the subject since.
The association between electricity and magnetism is a
fairly recent finding in comparison with the very first
understanding of basic magnetism.

Today, magnets have many varied practical appli-
cations. For example, they are used in motors and
generators, telephones, relays, loudspeakers, computer
hard drives and floppy disks, anti-lock brakes, cameras,
fishing reels, electronic ignition systems, keyboards, TV
and radio components and in transmission equipment.
The full theory of magnetism is one of the most complex
of subjects; this chapter provides an introduction to the
topic.

7.2 Magnetic fields

A permanent magnet is a piece of ferromagnetic mate-
rial (such as iron, nickel or cobalt) which has properties
of attracting other pieces of these materials. A perma-
nent magnet will position itself in a north and south
direction when freely suspended. The north-seeking end
of the magnet is called the north pole, N, and the
south-seeking end the south pole, S.

The area around a magnet is called the magnetic
field and it is in this area that the effects of the mag-
netic force produced by the magnet can be detected.
A magnetic field cannot be seen, felt, smelt or heard
and therefore is difficult to represent. Michael Faraday
suggested that the magnetic field could be represented
pictorially, by imagining the field to consist of lines
of magnetic flux, which enables investigation of the
distribution and density of the field to be carried out.

The distribution of a magnetic field can be investi-
gated by using some iron filings. A bar magnet is placed
on a flat surface covered by, say, cardboard, upon which
is sprinkled some iron filings. If the cardboard is gently
tapped the filings will assume a pattern similar to that
shown in Fig. 7.1. If a number of magnets of different
strength are used, itis found that the stronger the field the

*Who were Gilbert, Oersted, Faraday, Maxwell, Ampeére and
Weber? Go to www.routledge.com/cw/bird

Lines of N
magnetic N

flux \

Figure 7.1

closer are the lines of magnetic flux and vice versa. Thus
a magnetic field has the property of exerting a force,
demonstrated in this case by causing the iron filings to
move into the pattern shown. The strength of the mag-
netic field decreases as we move away from the magnet.
It should be realized, of course, that the magnetic field
is three-dimensional in its effect, and not acting in one
plane as appears to be the case in this experiment.

If a compass is placed in the magnetic field in various
positions, the direction of the lines of flux may be deter-
mined by noting the direction of the compass pointer.
The direction of a magnetic field at any point is taken
as that in which the north-seeking pole of a compass
needle points when suspended in the field. The direc-
tion of a line of flux is from the north pole to the south
pole on the outside of the magnet and is then assumed to
continue through the magnet back to the point at which
it emerged at the north pole. Thus such lines of flux
always form complete closed loops or paths, they never
intersect and always have a definite direction.

The laws of magnetic attraction and repulsion can be
demonstrated by using two bar magnets. In Fig. 7.2(a),
with unlike poles adjacent, attraction takes place.
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Lines of flux are imagined to contract and the magnets
try to pull together. The magnetic field is strongest in
between the two magnets, shown by the lines of flux
being close together. In Fig. 7.2(b), with similar poles
adjacent (i.e. two north poles), repulsion occurs, i.c.
the two north poles try to push each other apart, since
magnetic flux lines running side by side in the same
direction repel.

7.3 Magnetic flux and flux density

Magnetic flux is the amount of magnetic field (or the
number of lines of force) produced by a magnetic source.
The symbol for magnetic flux is @ (Greek letter ‘phi’).
The unit of magnetic flux is the weber*, Wh.
Magnetic flux density is the amount of flux pass-
ing through a defined area that is perpendicular to the
direction of the flux:
. . magnetic flux
Magnetic flux density = ——————
area
The symbol for magnetic flux density is B. The unit of
magnetic flux density is the tesla*, 7', where
1 T=1Wb/m?. Hence

P
B = — tesla
A

where A (m?) is the area

Problem 1. A magnetic pole face has a
rectangular section having dimensions 200 mm by
100 mm. If the total flux emerging from the pole is
150 w Wb, calculate the flux density.

Flux ® =150 uWb=150 x 10"*Wb
Cross-sectional area A =200 x 100 =20 000 mm?
=20000 x 10~ m?
®  150x107°
A 20000 x 106
=0.0075T or 7.5mT

Flux density, B =

Problem 2. The maximum working flux density
of a lifting electromagnet is 1.8 T and the effective
area of a pole face is circular in cross-section.

If the total magnetic flux produced is 353 mWb,
determine the radius of the pole face.

*Who were Weber and Tesla? Go to www.routledge.com/cw/bird

Flux density B=1.8T and
flux ®=353mWb=353 x 1073 Wh.
Since B=®/ A, cross-sectional area A=®/B

_ 353x 1073

ie. A= 2=0. 2
i.e T3 m 0.1961m

The pole face is circular, hence area= 7r2, where
r is the radius. Hence 7r2=0.1961 from which,
r2=0.1961/x and radius r =+/(0.1961/7)=0.250m
i.e. the radius of the pole face is 250 mm.

7.4 Magnetomotive force and

magnetic field strength

Magnetomotive force (m.m.f.) is the cause of the
existence of a magnetic flux in a magnetic circuit,

m.m.f. F,, = NI amperes

where N is the number of conductors (or turns) and 7 is
the current in amperes. The unit of m.m.f is sometimes
expressed as ‘ampere-turns’. However, since ‘turns’
have no dimensions, the SI unit of m.m.f. is the ampere.
Magnetic field strength (or magnetizing force),

H = T ampere per metre

where [ is the mean length of the flux path in metres.
Thus

m.m.f. = NI = HI amperes

Problem 3. A magnetizing force of 8000 A/m is
applied to a circular magnetic circuit of mean
diameter 30 cm by passing a current through a coil
wound on the circuit. If the coil is uniformly wound
around the circuit and has 750 turns, find the
current in the coil.

H=8000A/m,/=nd=n x30x10"2m and
N =750 turns. Since H=N1/1, then

;_ HI_ 8000 x7 x30x1072
N 750

Thus, current I = 10.05 A
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Now try the following Practice Exercise

Practice Exercise 33 Magnetic circuits
(Answers on page 429)

1.  What is the flux density in a magnetic field of
cross-sectional area 20cm? having a flux of
3mWb?

2. Determine the total flux emerging from a mag-
netic pole face having dimensions 5cm by
6.cm, if the flux density is 0.9T

3. The maximum working flux density of alifting
electromagnet is 1.9T and the effective area
of a pole face is circular in cross-section. If
the total magnetic flux produced is 611 mWb,
determine the radius of the pole face.

4. A current of 5A is passed through a 1000-
turn coil wound on a circular magnetic circuit
of radius 120mm. Calculate (a) the magne-
tomotive force, and (b) the magnetic field
strength.

5. Anelectromagnet of square cross-section pro-
duces a flux density of 0.45T. If the magnetic
flux is 720 W Wb, find the dimensions of the
electromagnet cross-section.

6. Find the magnetic field strength applied to a
magnetic circuit of mean length 50cm when
a coil of 400 turns is applied to it carrying a
current of 1.2A

7. Asolenoid 20 cm long is wound with 500 turns
of wire. Find the current required to establish
a magnetizing force of 2500 A/m inside the
solenoid.

8. A magnetic field strength of 5000 A/m is
applied to a circular magnetic circuit of mean
diameter 250 mm. If the coil has 500 turns find
the current in the coil.

7.5 Permeability and B-H curves

For air, or any non-magnetic medium, the ratio of mag-
netic flux density to magnetizing force is a constant,
i.e. B/H =a constant. This constant is x, the perme-
ability of free space (or the magnetic space constant)
and is equal to 47 x 107" H/m, i.e. for air, or any
non-magnetic medium, the ratio

B
- = Ko

H
(Although all non-magnetic materials, including air,
exhibit slight magnetic properties, these can effectively
be neglected.)
For all media other than free space,

B

ﬁ = KoMy

where u; is the relative permeability, and is defined as

flux density in material

My = .
flux density in a vacuum

L varies with the type of magnetic material and, since
it is a ratio of flux densities, it has no unit. From its
definition, x, for a vacuum is 1

Mol = 1, called the absolute permeability.
By plotting measured values of flux density B against
magnetic field strength H, a magnetization curve (or
B-H curve) is produced. For non-magnetic materials
this is a straight line. Typical curves for four magnetic
materials are shown in Fig. 7.3

The relative permeability of a ferromagnetic mate-
rial is proportional to the slope of the B-H curve and
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thus varies with the magnetic field strength. The approx-
imate range of values of relative permeability u, for
some common magnetic materials are:

Cast iron 1y =100-250
Mild steel ~ z,=200-800
Silicon iron g =1000-5000
Cast steel  ur=300-900
Mumetal 1y =200-5000
Stalloy 1y =500-6000

Problem 4. A flux density of 1.2T is produced in
a piece of cast steel by a magnetizing force of

1250 A/m. Find the relative permeability of the steel
under these conditions.

For a magnetic material: B = uourH

B 1.2 B
© woH (4w x 1077)(1250)

ie. 764

Problem 5. Determine the magnetic field strength
and the m.m.f. required to produce a flux density of
0.25T in an air gap of length 12mm.

For air: B=puoH (since ur=1)
Magnetic field strength,

B 0.25

H:—:—
Ho 4r x 1077

=198940 A/m

mm.f.= H]=198940 x 12 x 1073 =2387A

Problem 6. A coil of 300 turns is wound
uniformly on a ring of non-magnetic material. The
ring has a mean circumference of 40cm and a
uniform cross-sectional area of 4 cm?. If the current
in the coil is 5 A, calculate (a) the magnetic field
strength, (b) the flux density and (c) the total
magnetic flux in the ring.

(a) Magnetic field strength

NI 300 x5
H = —
l 40 x 102
=3750A/m

(b) For a non-magnetic material u;=1, thus flux
density B=uoH

ie B=4r x 1077 x 3750
=4.712mT

(¢) Flux P=BA=(4.712x10"3) (4 x 10~%)
=1.885 Wb

Problem 7. An iron ring of mean diameter

10 cm is uniformly wound with 2000 turns of wire.
When a current of 0.25 A is passed through the coil
a flux density of 0.4 T is set up in the iron. Find (a)
the magnetizing force and (b) the relative
permeability of the iron under these conditions.

I=rd=n x10cm=7 x 10x 10~ 2m,
N =2000 turns, / =0.25A and B=0.4T

NI 2000 x 0.25
I 7 x10x 1072

= 1592 A/m

(a) H=

(b) B = pourH,hence
B 0.4

woH — (47 x 10-7)(1592)

Hr

Problem 8. A uniform ring of cast iron has a
cross-sectional area of 10cm? and a mean
circumference of 20cm. Determine the m.m.f.
necessary to produce a flux of 0.3 mWb in the ring.
The magnetization curve for cast iron is shown on
page 83.

A=10cm?=10x10"*m?2, [=20cm=0.2m and
®=0.3x 103 Wh.

, ® 03x1073
Flux density B = — =

=———=03T
A 10 x 10—

From the magnetization curve for cast iron on
page 83, when B=0.3T, H=1000A/m, hence
m.m.f.= H/=1000 x 0.2=200 A

A tabular method could have been used in this problem.
Such a solution is shown below in Table 7.1.

Problem 9. From the magnetization curve for
cast iron, shown on page 83, derive the curve of u;
against H.
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Table 7.1
. ; @
Part of  Material ®(Wb) A(m~) B= X(T) H from  [(m)
circuit graph
Ring Castiron  03x1073  10x107™* 0.3 1000 0.2 200
Table 7.2
B(T) 0.04 0.13 0.17 030 041 0.49 0.60 0.68 0.73 0.76 0.79
H(A/m) 200 400 500 1000 1500 2000 3000 4000 5000 6000 7000
107 B
Ur= e X i 159 259 271 239 218 195 159 135 116 101 90
- Now try the following Practice Exercise
30012+

Practice Exercise 34 Magnetic circuits

250 1.0 (Answers on page 429)

200 0.8 (Where appropriate, assume =4 x 10~7 H/m)
1. Find the magnetic field strength and the mag-
netomotive force needed to produce a flux
density of 0.33 T in an air gap of length 15 mm.

150 0.6

100 0.4 _ -
2. An air gap between two pole pieces is 20 mm

in length and the area of the flux path across the
gap is 5 cm?. If the flux required in the air gap
is 0.75 mWb, find the m.m.f. necessary.

500.2

1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000

H (A/m) 3. (a) Determine the flux density produced in an

air-cored solenoid due to a uniform magnetic
Figure 7.4 field strength of 8000 A/m. (b) Iron having a
relative permeability of 150 at 8000 A/m is
inserted into the solenoid of part (a). Find the

B=pourH, hence flux density now in the solenoid.

B 1 B

U= —— = — X — 4. Find the relative permeability of a
HoH —po H material if the absolute permeability is
107 B 4.084 x 10~*H/m.

= — X —
4r H 5. Find the relative permeability of a piece of sil-
icon iron if a flux density of 1.3 T is produced

by a magnetic field strength of 700 A/m.

A number of co-ordinates are selected from the B-H
curve and y. is calculated for each as shown in Table 7.2.
Uy is plotted against H as shown in Fig. 7.4. The
curve demonstrates the change that occurs in the relative
permeability as the magnetizing force increases.

6. A steel ring of mean diameter 120 mm is uni-
formly wound with 1500 turns of wire. When
a current of 0.30 A is passed through the coil a
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flux density of 1.5T is set up in the steel. Find
the relative permeability of the steel under
these conditions.

7. A uniform ring of cast steel has a cross-
sectional area of S5cm? and a mean circum-
ference of 15cm. Find the current required
in a coil of 1200 turns wound on the ring
to produce a flux of 0.8mWb. (Use the
magnetization curve for cast steel shown on
page 83.)

8. (a) A uniform mild steel ring has a diameter
of 50mm and a cross-sectional area of 1cm?.
Determine the m.m.f. necessary to produce a
flux of 50 w Wb in the ring. (Use the B—H curve
for mild steel shown on page 83) (b) If a coil of
440 turns is wound uniformly around the ring
in part (a) what current would be required to
produce the flux?

9. From the magnetization curve for mild steel
shown on page 83, derive the curve of relative
permeability against magnetic field strength.
From your graph determine (a) the value of
when the magnetic field strength is 1200 A/m
and (b) the value of the magnetic field strength
when g is 500

7.6 Reluctance

Reluctance S (or Ry) is the ‘magnetic resistance’ of
a magnetic circuit to the presence of magnetic flux.
Reluctance,

® " ® BA (B/H)A pomA

S_FM_NI_HI_ l l

The unit of reluctance is 1/H (or H —1y or A/Wb.
Ferromagnetic materials have a low reluctance and
can be used as magnetic screens to prevent magnetic
fields affecting materials within the screen.

Problem 10. Determine the reluctance of a piece
of mumetal of length 150 mm and cross-sectional
area 1800 mm? when the relative permeability is
4000. Find also the absolute permeability of the
mumetal.

Reluctance,
l

S =
HoprA

B 150 x 1073
~ (4z x 10~7)(4000)(1800 x 10-0)
=16580/H

Absolute permeability,
= popr = (4 x 1077)(4000)
=5.027x 10> H/m

Problem 11. A mild steel ring has a radius of
50mm and a cross-sectional area of 400 mm?. A
current of 0.5 A flows in a coil wound uniformly
around the ring and the flux produced is 0.1 mWb.
If the relative permeability at this value of current is
200, find (a) the reluctance of the mild steel and

(b) the number of turns on the coil.

[=2rr=2x7x50x1073m, A=400x10"%m?,
I=05A, ®=0.1x 1073 Wb and x, =200
(a) Reluctance,
l
S =
HoprA
B 2x 7w x50x 107
"~ (4 x 10-7)(200)(400 x 10-°)

=3.125x 10°/H

m.m.f. .
from which

(b) S=
mm.f.=S® ie. NI=SOD

Hence, number of terms
N SO 3.125x10°x 0.1 x 1073

T 0.5
= 625 turns

Now try the following Practice Exercise

Practice Exercise 35 Magnetic circuits
(Answers on page 429)

(Where appropriate, assume g0 =4 x 10~ H/m)

1. Part of a magnetic circuit is made from steel
of length 120 mm, cross-sectional area 15 cm?
and relative permeability 800. Calculate (a) the
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Total circuit reluctance S =S1+ 5>

reluctance and (b) the absolute permeability of —
the steel. =(6.366 +4.5244) x 10° §
2. A mild steel closed magnetic circuit has a =10.61>10°/H §
mean length of 75mm and a cross-sectional m.m.f. m.m.f. NI
area of 320.2mm?. A current of 0.40 A flows §= ) ie. @ = s s
in a coil wound uniformly around the circuit
and the flux produced is 200 L Wb. If the rel- _ 200x04 oo 105 Wh
ative permeability of the steel at this value of 10.61 x 10°
current is 400, find (a) the reluctance of the Flux density in the 2 cm path,
material and (b) the number of turns of the
. -5
coil. B— 9 _ 7.54 x 10 _151T
A 05x104

Problem 13. A silicon iron ring of cross-sectional
area 5 cm? has a radial air gap of 2mm cut into it. If

7.7 Composite series magnetic the mean length of the silicon iron path is 40cm,
circuits calculate the magnetomotive force to produce a flux
of 0.7mWb. The magnetization curve for silicon is
For a series magnetic circuit having n parts, the total shown on page 83.

reluctance S is givenby: S = S1+S2+ -+ + S, (This

is similar to resistors connected in series in an electrical .. . .
There are two parts to the circuit—the silicon iron and the

circuit). air gap. The total m.m.f. will be the sum of the m.m.f.s
L of each part.
Problem 12. A closed magnetic circuit of cast
steel contains a 6cm long path of cross-sectional
area 1cm? and a 2cm path of cross-sectional area For the silicon iron:
0.5cm?. A coil of 200 turns is wound around the 3
6cm length of the circuit and a current of 0.4 A B — @ — 0.7x10 — 14T
flows. Determine the flux density in the 2cm path, A 5x107*
if the relative permeability of the cast steel is 750. From the B-H curve for silicon iron on page 83, when

B=1.4T, H=1650A/m. Hence the m.m.f. for the iron

path= HI=1650 x 0.4 =660 A.
For the 6 cm long path:

[

Reluctance Sy = For the air gap:
tourAl
The flux density will be the same in the air gap as in
_ 6 x 1072 the iron, i.e. 1.4 T (this assumes no leakage or fringing
(4 x 10=7)(750)(1 x 10~%) occurring). For air,
=6.366 x 10°/H B 1.4
H= = 1114000 A/m

wo  4Am x 1077
For the 2cm long path:
Hence the m.m.f. for the air gap

=HI=1114000x 2 x 1073 =2228 A
Total m.m.f. to produce a flux of 0.6 mWb

=660+ 2228 =2888 A

A tabular method could have been used as shown in
Table 7.3 at top of the next page.

I
HoprAz

Reluctance S» =

B 2x 1072
 (4m x 1077)(750)(0.5 x 10~%)

=4.244x 10°/H
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Table 7.3

Partof Material &(Wb) A(m?)

circuit

Ring Siliconiron 0.7x1073 5x107*

Airgap Air

Problem 14. Fig. 7.5 shows a ring formed with
two different materials — cast steel and mild steel.

Cast steel

P

B

Mild steel
Figure 7.5

The dimensions are:

Mean length  Cross-sectional

area

Mild steel 400 mm 500 mm?2

Cast steel 300 mm 312.5mm?

Find the total m.m.f. required to cause a flux of
500 w Wb in the magnetic circuit. Determine also
the total circuit reluctance.

A tabular solution is shown in Table 7.4.

07x1073 5x10°*

l(m)
1.4 1650 0.4 660
(from graph)
1.4 L4 2x 1073 2228
J O ————— X
47 x 107
=1114000

Total: 2888 A

m.m.f.
o)

~ 2000
" 500 x 106

Total circuit reluctance, S =

=4x10%/H

Problem 15. A section through a magnetic
circuit of uniform cross-sectional area 2 cm? is
shown in Fig. 7.6. The cast steel core has a mean
length of 25 cm. The air gap is 1 mm wide and the
coil has 5000 turns. The B—H curve for cast steel

is shown on page 83. Determine the current in the
coil to produce a flux density of 0.80 T in the air gap,
assuming that all the flux passes through both parts
of the magnetic circuit.

25cm
)
(. ©
Ar 4] —$5000
gap [ turns
=]
o)
 S——

Figure 7.6

Table 7.4

Part of Material ®(Wb) A(m?)
circuit

A Mild steel 500 x 10~ 500 x 10~
B Caststeel 500x107% 312.5x 1076

H(A/m) (from

graphs page 83)

1400 400x 1073 560
4800 300x 1073 1440

Total: 2000 A
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For the cast steel core, when B=0.80T, H=750A/m

(from page 83).
I

HotrAl

Reluctance of core S| = and

B
since B= o u, H, then gy =——
uoH

[ _ L H

B T BA

1o (_)Al !
woH

_ (25 107%)(750)
T (0.8)(2x 1074

S =

= 1172000/H

For the air gap:

I5)

Reluctance, Sy =
toprAz

= (since u; =1 for air)
H0OA2

B 1 x 1073
(4 x1077)(2 x 1074)

=3979000/H
Total circuit reluctance
S=3S81452=1172000+ 3979000
=5151000/H

Flux ®=BA=0.80x2x10"*=1.6 x 10~* Wb
m.m.f.
S=
)

thus
m.m.f. = S® hence NI = SO

and

SO (5151000)(1.6 x 1074
N 5000

current I =

=0.165A

Now try the following Practice Exercise

Practice Exercise 36 Composite series
magnetic circuits (Answers on page 429)

1. A magnetic circuit of cross-sectional area
0.4cm? consists of one part 3cm long, of

material having relative permeability 1200,
and a second part 2 cm long of material having
relative permeability 750. With a 100-turn coil
carrying 2 A, find the value of flux existing in
the circuit.

(a) A cast steel ring has a cross-sectional area
of 600 mm? and a radius of 25 mm. Determine
the m.m.f. necessary to establish a flux of
0.8 mWb in the ring. Use the B-H curve for
cast steel shown on page 83. (b) If a radial air
gap 1.5 mm wide is cut in the ring of part (a),
find the m.m.f. now necessary to maintain the
same flux in the ring.

A closed magnetic circuit made of silicon
iron consists of a 40 mm long path of cross-
sectional area 90 mm? and a 15 mm long path
of cross-sectional area 70mm?. A coil of
50 turns is wound around the 40 mm length
of the circuit and a current of 0.39 A flows.
Find the flux density in the 15 mm length path
if the relative permeability of the silicon iron
at this value of magnetizing force is 3000.

For the magnetic circuit shown in Fig. 7.7 find
the current / in the coil needed to produce a
flux of 0.45mWb in the air gap. The silicon
iron magnetic circuit has a uniform cross-
sectional area of 3cm? and its magnetization
curve is as shown on page 83.

3000 ¢
Tturns y/

<] Silicon
iron

1.5 mm
air gap

Figure 7.7

A ring forming a magnetic circuit is made
from two materials; one part is mild steel
of mean length 25cm and cross-sectional
area 4cm?, and the remainder is cast iron of
mean length 20cm and cross-sectional area
7.5cm?. Use a tabular approach to determine
the total m.m.f. required to cause a flux of
0.30mWb in the magnetic circuit. Find also
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the total reluctance of the circuit. Use the
magnetization curves shown on page 83.

6. Fig. 7.8 shows the magnetic circuit of a relay.
When each of the air gaps are 1.5 mm wide
find the m.m.f. required to produce a flux
density of 0.75 T in the air gaps. Use the B-H
curves shown on page 83.

lem Airgap  (1cm 0.8cm
| 1.5mm\| |\|/

tom] N

Mild
steel
armmature

[+]}
30
[}
3

1cm];- E
0.8¢cm A
Cast iron Air gap

magnet 1.5 mm
Figure 7.8

7.8 Comparison between electrical

and magnetic quantities

Electrical circuit

Magnetic circuit

em.f. E (V) m.m.f. F, (A)

current 7 (A) flux ® (Wb)

resistance R (QQ) reluctance S (H™1)

E m.m.f.
I iy (D =
R S
pl l
R = S =
A UoprA

7.9 Hysteresis and hysteresis loss

Hysteresis loop

Let a ferromagnetic material which is completely
demagnetized, i.e. one in which B = H =0 be subjected

————————— %
o
og

Figure 7.9

to increasing values of magnetic field strength H and the
corresponding flux density B measured. The resulting
relationship between B and H is shown by the curve
Oab in Fig. 7.9. At a particular value of H, shown as
0Oy, it becomes difficult to increase the flux density any
further. The material is said to be saturated. Thus by is
the saturation flux density.

If the value of H is now reduced it is found that the
flux density follows curve bc. When H is reduced to
zero, flux remains in the iron. This remanent flux
density or remanence is shown as Oc in Fig. 7.9.
When H is increased in the opposite direction, the
flux density decreases until, at a value shown as 0d,
the flux density has been reduced to zero. The mag-
netic field strength 0d required to remove the residual
magnetism, i.e. reduce B to zero, is called the coercive
force.

Further increase of H in the reverse direction causes
the flux density to increase in the reverse direction until
saturation is reached, as shown by curve de. If H is
varied backwards from 0x to Oy, the flux density follows
the curve efgb, similar to curve bcde.

It is seen from Fig. 7.9 that the flux density
changes lag behind the changes in the magnetic field
strength. This effect is called hysteresis. The closed
figure bcdefgb is called the hysteresis loop (or the
B/H loop).

Hysteresis loss

A disturbance in the alignment of the domains (i.e.
groups of atoms) of a ferromagnetic material causes
energy to be expended in taking it through a cycle
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of magnetization. This energy appears as heat in the
specimen and is called the hysteresis loss.

The energy loss associated with hysteresis is propor-
tional to the area of the hysteresis loop.

The area of a hysteresis loop varies with the type of
material. The area, and thus the energy loss, is much
greater for hard materials than for soft materials.

Fig. 7.10 shows typical hysteresis loops for:

(a) hard material, which has a high remanence Oc
and a large coercivity 0d

(b) soft steel, which has a large remanence and small
coercivity

(c) ferrite, this being a ceramic-like magnetic sub-
stance made from oxides of iron, nickel, cobalt,
magnesium, aluminium and manganese; the hys-
teresis of ferrite is very small.

For a.c.-excited devices the hysteresis loop is repeated
every cycle of alternating current. Thus a hysteresis loop
with a large area (as with hard steel) is often unsuitable
since the energy loss would be considerable. Silicon
steel has a narrow hysteresis loop, and thus small hys-
teresis loss, and is suitable for transformer cores and
rotating machine armatures.

B
B
c
L | | |
@) (b)
B
o H
(©

Figure 7.10

Now try the following Practice Exercises

Practice Exercise 37 Short answer
questions on magnetic circuits (Answers
within pages 80 to 91)

10.

11.
12.

13.
14.

15.

16.
17.

18.

19.
20.

21.

State six practical applications of magnets.
What is a permanent magnet?

Sketch the pattern of the magnetic field asso-
ciated with a bar magnet. Mark the direction
of the field.

Define magnetic flux.

The symbol for magnetic flux is ... and the
unit of flux is the ...

Define magnetic flux density.

The symbol for magnetic flux density is ...
and the unit of flux density is ...

The symbol for m.m.f. is ... and the unit of
m.m.f. is the ...

Another name for the magnetizing force is
...... ; its symbol is ... and its unitis ...

Complete the statement:

flux density

magnetic field strength -
What is absolute permeability?

The value of the permeability of free space
is ...

What is a magnetization curve?

The symbol for reluctance is ... and the unit
of reluctance is ...

Make a comparison between magnetic and
electrical quantities.

What is hysteresis?

Draw a typical hysteresis loop and on it
identify:

(a) saturation flux density

(b) remanence
(c) coercive force.

State the units of (a) remanence, (b) coercive
force.

How is magnetic screening achieved?

Complete the statement: magnetic materials
have a ... reluctance; non-magnetic materials
have a ... reluctance.

What loss is associated with hysteresis?

—
[
=
—
O
(<F]
wv




—
[
=
—
O
(<B]
(Vo)

Co

e

PA
N "//O

<
gs\*

92  Electrical and Electronic Principles and Technology

Practice Exercise 38 Multi-choice questions
on magnetic circuits (Answers on page 429)

1. The unit of magnetic flux density is the:
(a) weber (b) weber per metre
(c) ampere per metre (d) tesla

2. The total flux in the core of an electrical
machine is 20mWb and its flux density is
1T. The cross-sectional area of the core is:

(a) 0.05m? (b) 0.02m2
() 20m? (d) 50m?

3. Ifthe total flux in a magnetic circuitis 2mWb
and the cross-sectional area of the circuit is
10cm?, the flux density is:

(a) 02T (b) 2T
() 20T (d) 20mT

Questions 4 to 8 refer to the following data: A
coil of 100 turns is wound uniformly on a wooden
ring. The ring has a mean circumference of 1 m
and a uniform cross-sectional area of 10cm?.
The current in the coil is 1 A.

4. The magnetomotive force is:

(a) 1A (b) 10A
(¢) 100A (d) 1000A
5. The magnetic field strength is:
(@) 1A/m (b) 10A/m
(¢) 100A/m (d) 1000A/m

6. The magnetic flux density is:
(a) 800T (b) 8.85 x 10710

(¢) 47 x107'T  (d) 40z uT
7. The magnetic flux is:
(a) 0.047 wWb (b) 0.01 Wb
(¢) 8.85uWb (d) 47 wWb
8. The reluctance is:
108 =i =i
(a) —H (b) 1000H
4 .
2.5 10
= x10°H!"  (d) ——H!
© - @ 38

10.

11.

12.

13.

Which of the following statements is false?

(a) For non-magnetic materials reluctance
is high

(b) Energy loss due to hysteresis is greater
for harder magnetic materials than for
softer magnetic materials

(¢) The remanence of a ferrous material is
measured in ampere/metre

(d) Absolute permeability is measured in
henrys per metre

The current flowing in a 500-turn coil wound
on an iron ring is 4 A. The reluctance of the
circuit is 2 x 10%H. The flux produced is:
(a) 1Wb (b) 1000Wb

(c) ImWb (d) 62.5uWb

A comparison can be made between mag-
netic and electrical quantities. From the fol-
lowing list, match the magnetic quantities
with their equivalent electrical quantities.

(a) current (b) reluctance
(¢) emf. (d) flux
(e) m.m.f. (f) resistance

The effect of an air gap in a magnetic circuit
is to:

(a) increase the reluctance

(b) reduce the flux density

(c) divide the flux

(d) reduce the magnetomotive force

Two bar magnets are placed parallel to each
other and about 2cm apart, such that the
south pole of one magnet is adjacent to the
north pole of the other. With this arrange-
ment, the magnets will:

(a) attract each other

(b) have no effect on each other
(c) repel each other
(d) lose their magnetism

For fully worked solutions to each of the problems in Practice Exercises 33 to 38 in this chapter,

go to the website:

www.routledge.com/cw/bird
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Revision Test 2

This revision test covers the material contained in Chapters 5 to 7. The marks for each question are shown in brackets
at the end of each question.

1.

Resistances of 5Q, 7Q and 8Q are connected
in series. If a 10V supply voltage is connected
across the arrangement determine the current flow-
ing through and the p.d. across the 7€ resistor.
Calculate also the power dissipated in the 8Q
resistor. (6)

For the series—parallel network shown in
Fig. RT2.1, find (a) the supply current, (b) the
current flowing through each resistor, (c) the p.d.
across each resistor, (d) the total power dissipated
in the circuit, (e) the cost of energy if the circuit is
connected for 80 hours. Assume electrical energy
costs 14p per unit. (15)

The charge on the plates of a capacitor is 8 mC when
the potential between them is 4kV. Determine the
capacitance of the capacitor. 2)

Two parallel rectangular plates measuring 80 mm
by 120 mm are separated by 4 mm of mica and carry
an electric charge of 0.48C. The voltage between
the plates is 500 V. Calculate (a) the electric flux
density (b) the electric field strength and (c) the
capacitance of the capacitor, in picofarads, if the
relative permittivity of mica is 5. @)

A 4F capacitor is connected in parallel with a 6F
capacitor. This arrangement is then connected in
series with a 10F capacitor. A supply p.d. of 250V
is connected across the circuit. Find (a) the equiv-
alent capacitance of the circuit, (b) the voltage
across the 10F capacitor and (c) the charge on each
capacitor. (7)

A coil of 600 turns is wound uniformly on a
ring of non-magnetic material. The ring has a uni-
form cross-sectional area of 200 mm? and a mean
circumference of 500 mm. If the current in the coil is

R,=24Q  R,=50Q

4 A, determine (a) the magnetic field strength,
(b) the flux density and (c) the total magnetic flux
in the ring. (5

A mild steel ring of cross-sectional area 4 cm? has a
radial air gap of 3 mm cut into it. If the mean length
of the mild steel path is 300 mm, calculate the mag-
netomotive force to produce a flux of 0.48 mWhb.
(Use the B-H curve on page 83) (8)

In the circuit shown in Fig. RT2.2, the slider S is at
the half-way point.

0 120V ©
s hd

Figure RT2.2

(a) Calculate the p.d. across and the current flow-
ing in the 400 Q load resistor.
(b) Is the circuit a potentiometer or a rheostat?

)

For the circuit shown in Fig. RT2.3, calculate the
current flowing in the 50Q load and the voltage
drop across the load when

(a) XSis3/50of XY

(b) point S coincides with point Y. 5)
© 105V o

Figure RT2.1

For lecturers/instructors/teachers, fully worked solutions to each of the problems in Revision Test 2,
together with a full marking scheme, are available at the website:
www.routledge.com/cw/bird

Section 1
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Chapter 8

Electromagnetism

Why it is important to understand: Electromagnetism

While the basic facts about magnetism have been known since ancient times, it was not until the early
1800s that the connection between electricity and magnetism was made and the foundations of modern
electromagnetic theory established. In 1819, Hans Christian Oersted, a Danish scientist, demonstrated
that electricity and magnetism were related when he showed that a compass needle was deflected by a
current-carrying conductor. The following year, Andre Ampere showed that current-carrying conductors
attract or repel each other just like magnets. However, it was Michael Faraday who developed our present
concept of the magnetic field as a collection of flux lines in space that conceptually represent both the
intensity and the direction of the field. It was this concept that led to an understanding of magnetism and
the development of important practical devices such as the transformer and the electric generator. In
electrical machines, ferromagnetic materials may form the magnetic circuits (as in transformers), or by
ferromagnetic materials in conjunction with air (as in rotating machines). In most electrical machines, the
magnetic field is produced by passing an electric current through coils wound on ferromagnetic material.
In this chapter important concepts of electromagnetism are explained and simple calculations performed.

At the end of this chapter you should be able to:

e understand that magnetic fields are produced by electric currents

e apply the screw rule to determine direction of a magnetic field

e recognize that the magnetic field around a solenoid is similar to a magnet

e apply the screw rule or grip rule to a solenoid to determine magnetic field direction

e recognize and describe practical applications of an electromagnet, i.e. electric bell, relay, lifting magnet,
telephone receiver

e appreciate factors upon which the force F on a current-carrying conductor depends

e perform calculations using ¥ = BI/ and F = Bllsinf

e recognize that a loudspeaker is a practical application of force F

e use Fleming’s left-hand rule to pre-determine direction of force in a current-carrying conductor
e describe the principle of operation of a simple d.c. motor

e describe the principle of operation and construction of a moving coil instrument

e appreciate that force F on a charge in a magnetic field is given by F = QB

e perform calculations using F = QvB

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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8.1 Magnetic field due to an

electric current

Magnetic fields can be set up not only by permanent
magnets, as shown in Chapter 7, but also by electric
currents.

Let a piece of wire be arranged to pass vertically
through a horizontal sheet of cardboard on which is
placed some iron filings, as shown in Fig. 8.1(a). If a cur-
rent is now passed through the wire, then the iron filings
will form a definite circular field pattern with the wire at
the centre when the cardboard is gently tapped. By plac-
ing a compass in different positions the lines of flux are
seen to have a definite direction, as shown in Fig. 8.1(b).

If the current direction is reversed, the direction of
the lines of flux is also reversed. The effect on both the
iron filings and the compass needle disappears when
the current is switched off. The magnetic field is thus
produced by the electric current. The magnetic flux
produced has the same properties as the flux produced
by a permanent magnet. If the current is increased the
strength of the field increases and, as for the permanent
magnet, the field strength decreases as we move away
from the current-carrying conductor.

In Fig. 8.1, the effect of only a small part of the mag-
netic field is shown. If the whole length of the conductor
is similarly investigated it is found that the magnetic
field round a straight conductor is in the form of con-
centric cylinders, as shown in Fig. 8.2, the field direction
depending on the direction of the current flow.

When dealing with magnetic fields formed by elec-
tric current it is usual to portray the effect as shown in
Fig. 8.3. The convention adopted is:

— Wire Current

direction !

Sheet of

.\ cardboard

Iron filings

(a) (b)

Figure 8.1

7 -
207 TN
Direction of Ll ) ))
~7
current flow P :ji/

/
/ /
l\‘\\\ /l)‘/\?/\ Direction of
NS magnetic
(a) lines of flux

\\\f:/ magnetic
(b) lines of flux
Figure 8.2

T~ -
///—\\ /:/—.:\
/, "‘\\\ 7777 NN
LUy H, INTANNN
LAt N ) y\LNS Pt
AN / W\ 7/
AN \——/// N~~~/

~ - ~

(a) Current flowing away
from viewer

(b) Current flowing
towards viewer

Figure 8.3

(i) Current flowing away from the viewer, i.e. into the
paper, is indicated by é. This may be thought of
as the feathered end of the shaft of an arrow. See
Fig. 8.3(a).

(i) Current flowing towards the viewer, i.e. out of the
paper, is indicated by ©. This may be thought of
as the point of an arrow. See Fig. 8.3(b).

The direction of the magnetic lines of flux is best
remembered by the screw rule, which states that:

If a normal right-hand thread screw is screwed along
the conductor in the direction of the current, the direc-
tion of rotation of the screw is in the direction of the
magnetic field.

For example, with current flowing away from the viewer
(Fig. 8.3(a)) a right-hand thread screw driven into the
paper has to be rotated clockwise. Hence the direction
of the magnetic field is clockwise.

A magnetic field set up by a long coil, or solenoid, is

shown in Fig. 8.4(a) and is seen to be similar to that of
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(a) Magnetic field of a solenoid
Figure 8.4

a bar magnet. If the solenoid is wound on an iron bar, as
shown in Fig. 8.4(b), an even stronger magnetic field is
produced, the iron becoming magnetized and behaving
like a permanent magnet. The direction of the magnetic
field produced by the current / in the solenoid may be
found by either of two methods, i.e. the screw rule or
the grip rule.

(a) The screw rule states that if a normal right-hand
thread screw is placed along the axis of the solenoid
and is screwed in the direction of the current it
moves in the direction of the magnetic field inside
the solenoid. The direction of the magnetic field
inside the solenoid is from south to north. Thus in
Figs 8.4(a) and (b) the north pole is to the right.

(b) The grip rule states that if the coil is gripped
with the right hand, with the fingers pointing in
the direction of the current, then the thumb, out-
stretched parallel to the axis of the solenoid, points
in the direction of the magnetic field inside the
solenoid.

Problem 1. Fig. 8.5 shows a coil of wire wound
on an iron core connected to a battery. Sketch

the magnetic field pattern associated with the
current-carrying coil and determine the polarity
of the field.

~—

-
[[I]]]

Figure 8.5

(b) Magnetic field of an iron-cored solenoid

The magnetic field associated with the solenoid in
Fig. 8.5 is similar to the field associated with a bar mag-
net and is as shown in Fig. 8.6. The polarity of the field
is determined either by the screw rule or by the grip rule.
Thus the north pole is at the bottom and the south pole
at the top.

Figure 8.6

8.2 Electromagnets

The solenoid is very important in electromagnetic the-
ory since the magnetic field inside the solenoid is
practically uniform for a particular current, and is
also versatile, inasmuch that a variation of the current
can alter the strength of the magnetic field. An elec-
tromagnet, based on the solenoid, provides the basis
of many items of electrical equipment, examples of
which include electric bells, relays, lifting magnets and
telephone receivers.

(i) Electric bell

There are various types of electric bell, including the
single-stroke bell, the trembler bell, the buzzer and a
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continuously ringing bell, but all depend on the attrac-
tion exerted by an electromagnet on a soft iron armature.
A typical single-stroke bell circuit is shown in Fig. 8.7.
When the push button is operated a current passes
through the coil. Since the iron-cored coil is energized
the soft iron armature is attracted to the electromagnet.
The armature also carries a striker which hits the gong.
When the circuit is broken the coil becomes demagne-
tized and the spring steel strip pulls the armature back to
its original position. The striker will only operate when
the push button is operated.

Push
©
Spring steel
strip
1
g
Electro-
magnet Soft iron
armature
Striker
Gong
Figure 8.7
(ii) Relay

A relay is similar to an electric bell except that contacts
are opened or closed by operation instead of a gong
being struck. A typical simple relay is shown in Fig. 8.8,
which consists of a coil wound on a soft iron core. When
the coil is energized the hinged soft iron armature is
attracted to the electromagnet and pushes against two
fixed contacts so that they are connected together, thus
closing some other electrical circuit.

(iii) Lifting magnet

Lifting magnets, incorporating large electromagnets,
are used in iron and steel works for lifting scrap metal. A
typical robust lifting magnet, capable of exerting large
attractive forces, is shown in the elevation and plan view
of Fig. 8.9 where a coil, C, is wound round a central
core, P, of the iron casting. Over the face of the elec-
tromagnet is placed a protective non-magnetic sheet
of material, R. The load, Q, which must be of mag-
netic material, is lifted when the coils are energized,
the magnetic flux paths, M, being shown by the broken
lines.

To electrical

circuit
Fixed
contacts

Electromagnet

0499949
D99959%55%%
Iron =
core || ,
1 Hinged
Supplyto coil ©  armature
Figure 8.8
Iron
casting

Sectional elevation through a diameter

ECC 3

Plan view

Figure 8.9

(iv) Telephone receiver

Whereas a transmitter or microphone changes sound
waves into corresponding electrical signals, a tele-
phone receiver converts the electrical waves back into
sound waves. A typical telephone receiver is shown
in Fig. 8.10 and consists of a permanent magnet with
coils wound on its poles. A thin, flexible diaphragm
of magnetic material is held in position near to the
magnetic poles but not touching them. Variation in
current from the transmitter varies the magnetic field
and the diaphragm consequently vibrates. The vibra-
tion produces sound variations corresponding to those
transmitted.
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Figure 8.10

8.3 Force on a current-carrying

conductor

If a current-carrying conductor is placed in a magnetic
field produced by permanent magnets, then the fields
due to the current-carrying conductor and the permanent
magnets interact and cause a force to be exerted on the
conductor. The force on the current-carrying conductor
in a magnetic field depends upon:

(a) the flux density of the field, B teslas,

(b) the strength of the current, / amperes,

(c) the length of the conductor perpendicular to the
magnetic field, / metres and

(d) the directions of the field and the current.

When the magnetic field, the current and the conductor
are mutually at right-angles then:

Force F = BIl newtons

When the conductor and the field are at an angle ° to
each other then:

Force F = Bl sin 0 newtons

Since when the magnetic field, current and conductor
are mutually atright-angles, F' = B I, the magnetic flux
density B may be defined by B = (F)/(Il), i.e. the flux
density is 1 T if the force exerted on 1 m of a conductor
when the conductor carries a current of 1 A is 1 N.

Loudspeaker

A simple application of the above force is the moving-
coil loudspeaker. The loudspeaker is used to convert
electrical signals into sound waves.

Fig. 8.11 shows a typical loudspeaker having a mag-
netic circuit comprising a permanent magnet and soft

iron pole pieces so that a strong magnetic field is avail-
able in the short cylindrical air gap. A moving coil,
called the voice or speech coil, is suspended from the
end of a paper or plastic cone so that it lies in the gap.
When an electric current flows through the coil it pro-
duces a force which tends to move the cone backwards
and forwards according to the direction of the current.
The cone acts as a piston, transferring this force to the
air, and producing the required sound waves.

Soft iron pole pieces

s

foccoo0)
Permanent E

208020

magnet

Figure 8.11

Problem 2. A conductor carries a current of 20 A
and is at right-angles to a magnetic field having a
flux density of 0.9 T. If the length of the conductor
in the field is 30 cm, calculate the force acting on
the conductor. Determine also the value of the force
if the conductor is inclined at an angle of 30° to the
direction of the field.

B=09T,I =20A and/ =30cm =0.30m

Force F = BIl =(0.9)(20)(0.30) newtons when the
conductor is at right-angles to the field, as shown in
Fig. 8.12(a),i.e. F =5.4N

§ -
@

Figure 8.12

When the conductor is inclined at 30° to the field, as
shown in Fig. 8.12(b), then

Force FF = BIlsinf
=(0.9)(20)(0.30) sin 30°
ie. F=2.7N
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If the current-carrying conductor shown in Fig. 8.3(a) is
placed in the magnetic field shown in Fig. 8.13(a), then
the two fields interact and cause a force to be exerted
on the conductor as shown in Fig. 8.13(b). The field is
strengthened above the conductor and weakened below,
thus tending to move the conductor downwards. This
is the basic principle of operation of the electric motor
(see Section 8.4) and the moving-coil instrument (see
Section 8.5).

Direction of motion
of conductor

(b)

Figure 8.13

The direction of the force exerted on a conductor can
be pre-determined by using Fleming’s™ left-hand rule
(often called the motor rule), which states:

Let the thumb, first finger and second finger of the left
hand be extended such that they are all at right-angles
to each other (as shown in Fig. 8.14). If the first finger
points in the direction of the magnetic field, the second
finger points in the direction of the current, then the
thumb will point in the direction of the motion of the
conductor.

Magnetic

/ field

Current

Figure 8.14

*Who was Fleming? Go to www.routledge.com/cw/bird

Summarizing:
First finger — Field
SeCond finger — Current
ThuMb — Motion

Problem 3. Determine the current required in a
400 mm length of conductor of an electric motor,
when the conductor is situated at right-angles to a
magnetic field of flux density 1.2 T, if a force of
1.92N is to be exerted on the conductor. If the
conductor is vertical, the current flowing
downwards and the direction of the magnetic field is
from left to right, what is the direction of the force?

Force=1.92N, [=400mm=0.40m and B=1.2T.
Since F =BIl, then I = F /Bl hence

192
(1.2)(0.4)

If the current flows downwards, the direction of its
magnetic field due to the current alone will be clock-
wise when viewed from above. The lines of flux will
reinforce (i.e. strengthen) the main magnetic field at
the back of the conductor and will be in opposition
in the front (i.e. weaken the field). Hence the force on
the conductor will be from back to front (i.e. towards
the viewer). This direction may also have been deduced
using Fleming’s left-hand rule.

current I =

Problem 4. A conductor 350 mm long carries a
current of 10 A and is at right-angles to a magnetic
field lying between two circular pole faces each of
radius 60 mm. If the total flux between the pole
faces is 0.5 mWb, calculate the magnitude of the
force exerted on the conductor.

[=350mm=0.35m, /=10A, area of pole face
A=nr?>=r(0.06)>m? and
®=0.5mWb=0.5 x 1073 Wb

)
Force F = BIl, and B = 1 hence

)
force F = —1I1
A

~(0.5x107%)
 7(0.06)2
i.e. force = 0.155N

(10)(0.35) newtons

Problem 5. With reference to Fig. 8.15 determine
(a) the direction of the force on the conductor in
Fig. 8.15(a), (b) the direction of the force on the
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S conductor in Fig. 8.15(b), (c) the direction of the former is pivoted about an axis passing through the
5 current in Fig. 8.15(c), (d) the polarity of the middle of the two shorter sides and is placed in a
ko] magnetic system in Fig. 8.15(d). uniform magnetic field of flux density 0.8 T, the
<] L . .
i axis being perpendicular to the field. If the coil
carries a current of 50 mA, determine the force on

N s ® S N g each coil side (a) for a single-turn coil, (b) for a coil
© E T D B wound with 300 turns.
(a) (b) (c) (d) (a) Flux density B = 0.8T, length of conductor lying
at right-angles to field / = 30mm =30 x 10~ m
and current [ =50mA=50x10"3A. For a
single-turn coil, force on each coil side

Figure 8.15

(a) The direction of the main magnetic field is from

nortl.l to south, i.e. left to right. T.he current is F—=BIl—08x50x10=3 x 30 x 10-3
flowing towards the viewer, and using the screw

rule, the direction of the field is anticlockwise. =1.2x 10N or 0.0012N

Hence either by Fleming’s left-hand rule, or by

sketching the interacting magnetic field as shown (b) When there are 300 turns on the coil there are
in Fig. 8.16(a), the direction of the force on the effectively 300 parallel conductors each carrying a
conductor is seen to be upward. current of S0 mA. Thus the total force produced by

the current is 300 times that for a single-turn coil.

(b) Using a similar method to part (a) it is seen that Hence force on coil side,

;h'e fg)rlcg(g))n the conductor is to the right — see F =300 BIl =300 % 0.0012=0.36 N

ig. 8. .

(c) Using Fleming’s left-hand rule, or by sketching as . . .
in Fig. 8.16(c), it is seen that the current is towards Now try the following Practice Exercise
the viewer, i.e. out of the paper.

(d) Similar to part (c), the polarity of the magnetic Practice Exercise 39 Theforceona
system is as shown in Fig. 8.16(d). current-carrying conductor (Answers on

page 429)

1. A conductor carries a current of 70 A at right-
angles to a magnetic field having a flux density
of 1.5T. If the length of the conductor in the
field is 200 mm calculate the force acting on
the conductor. What is the force when the

)l”":l.
S

S conductor and field are at an angle of 45°?
A
Y 2. Calculate the current required in a 240 mm
Py :;'/ length of conductor of a d.c. motor when the
Yy conductor is situated at right-angles to the
N

magnetic field of flux density 1.25T, if a force
of 1.20N is to be exerted on the conductor.

© 3. A conductor 30cm long is situated at right-
1N 3 @ angles to a magnetic field. Calculate the flux
* density of the magnetic field if a current of
15 A in the conductor produces a force on it of
Figure 8.16 3.6N.

4. A conductor 300 mm long carries a current of

Problem 6. A coil is wound on a rectangular ) 8 :
13 A and is at right-angles to a magnetic field

former of width 24 mm and length 30 mm. The
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between two circular pole faces, each of diam-
eter 80 mm. If the total flux between the pole
faces is 0.75 mWb, calculate the force exerted
on the conductor.

5. (a) A 400mm length of conductor carrying
a current of 25A is situated at right-angles
to a magnetic field between two poles of an
electric motor. The poles have a circular cross-
section. If the force exerted on the conductor
is 80N and the total flux between the pole
faces is 1.27 mWDb, determine the diameter of
a pole face. (b) If the conductor in part (a) is
vertical, the current flowing downwards and
the direction of the magnetic field is from
left to right, what is the direction of the 8ON
force?

6. A coil is wound uniformly on a former hav-
ing a width of 18 mm and a length of 25 mm.
The former is pivoted about an axis passing
through the middle of the two shorter sides and
is placed in a uniform magnetic field of flux
density 0.75 T, the axis being perpendicular to
the field. If the coil carries a current of 120mA,
determine the force exerted on each coil side,
(a) for a single-turn coil, (b) for a coil wound
with 400 turns.

8.4 Principle of operation

of a simple d.c. motor

A rectangular coil which is free to rotate about a fixed
axis is shown placed inside a magnetic field produced by
permanent magnets in Fig. 8.17. A direct current is fed
into the coil via carbon brushes bearing on a commuta-
tor, which consists of a metal ring split into two halves
separated by insulation. When current flows in the coil
a magnetic field is set up around the coil which interacts
with the magnetic field produced by the magnets. This
causes a force F' to be exerted on the current-carrying
conductor which, by Fleming’s left-hand rule, is down-
wards between points A and B and upward between
C and D for the current direction shown. This causes
a torque and the coil rotates anticlockwise. When the
coil has turned through 90° from the position shown in
Fig. 8.17 the brushes connected to the positive and neg-
ative terminals of the supply make contact with different

" Axis of

/ rotation
C

Figure 8.17

halves of the commutator ring, thus reversing the direc-
tion of the current flow in the conductor. If the current
is not reversed and the coil rotates past this position the
forces acting on it change direction and it rotates in the
opposite direction, thus never making more than half a
revolution. The current direction is reversed every time
the coil swings through the vertical position and thus
the coil rotates anticlockwise for as long as the current
flows. This is the principle of operation of a d.c. motor
which is thus a device that takes in electrical energy and
converts it into mechanical energy.

8.5 Principle of operation

of a moving-coil instrument

A moving-coil instrument operates on the motor prin-
ciple. When a conductor carrying current is placed in a
magnetic field, a force F is exerted on the conductor,
given by F = BII. If the flux density B is made constant
(by using permanent magnets) and the conductor is a
fixed length (say, a coil) then the force will depend only
on the current flowing in the conductor.

In a moving-coil instrument a coil is placed centrally
in the gap between shaped pole pieces as shown by the
front elevation in Fig. 8.18(a). (The air gap is kept as
small as possible, although for clarity it is shown exag-
gerated in Fig. 8.18.) The coil is supported by steel
pivots, resting in jewel bearings, on a cylindrical iron
core. Current is led into and out of the coil by two
phosphor bronze spiral hairsprings which are wound in
opposite directions to minimize the effect of tempera-
ture change and to limit the coil swing (i.e. to control
the movement) and return the movement to zero posi-
tion when no current flows. Current flowing in the coil
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Figure 8.18

produces forces as shown in Fig. 8.18(b), the directions
being obtained by Fleming’s left-hand rule. The two
forces, Fa and Fg, produce a torque which will move
the coil in a clockwise direction, i.e. move the pointer
from left to right. Since force is proportional to current
the scale is linear.

When the aluminium frame, on which the coil is
wound, is rotated between the poles of the magnet,
small currents (called eddy currents) are induced into
the frame, and this provides automatically the nec-
essary damping of the system due to the reluctance
of the former to move within the magnetic field. The
moving-coil instrument will measure only direct cur-
rent or voltage and the terminals are marked positive
and negative to ensure that the current passes through
the coil in the correct direction to deflect the pointer ‘up
the scale’.

The range of this sensitive instrument is extended by
using shunts and multipliers (see Chapter 10).

8.6 Forceonacharge

When a charge of Q coulombs is moving at a velocity
of vm/s in a magnetic field of flux density B tes-
las, the charge moving perpendicular to the field, then
the magnitude of the force F exerted on the charge is
given by:

F = QvB newtons

Problem 7. An electron in a television tube has
a charge of 1.6 x 10™!? coulombs and travels at

3 x 10’ m/s perpendicular to a field of flux density
18.51T. Determine the force exerted on the
electron in the field.

From above, force F=QuvB newtons, where
Q =charge in coulombs=1.6 x 10~1°C, v =velocity
of charge=3 x 10" m/s, and

B =flux density=18.5 x 107°T.

Hence force on electron,

F=16x10""x3x10" x18.5x 107°
=1.6x3x18.5x 1078
=88.8x10"18=8.88x10"1"N

Now try the following Practice Exercises

Practice Exercise 40 The force on a charge
(Answers on page 429)

1. Calculate the force exerted on a charge of
2 x 10718C travelling at 2 x 10°m/s perpen-
dicular to a field of density 2 x 10~/ T

2. Determine the speed of a 107! C charge trav-
elling perpendicular to a field of flux density
107 T, if the force on the charge is 10729N

Practice Exercise 41 Short answer
questions on electromagnetism (Answers
within pages 94 to 102)

1. The direction of the magnetic field around a
current-carrying conductor may be remem-
bered using the ...... rule.

2. Sketch the magnetic field pattern associated
with a solenoid connected to a battery and
wound on an iron bar. Show the direction of
the field.

3. Name three applications of electromag-
netism.
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10.

State what happens when a current-carrying
conductor is placed in a magnetic field
between two magnets.

The force on a current-carrying conductor in a
magnetic field depends on four factors. Name
them.

The direction of the force on a conductor in
a magnetic field may be predetermined using
Fleming’s ...... rule.

State three applications of the force on a
current-carrying conductor.

Fig. 8.19 shows a simplified diagram of a
section through the coil of a moving-coil
instrument. For the direction of current flow
shown in the coil determine the direction that
the pointer will move.

_1/"\

DI
2\ /

N—

Figure 8.19

Explain, with the aid of a sketch, the action
of a simplified d.c. motor.

Sketch and label the movement of a moving-
coil instrument. Briefly explain the principle
of operation of such an instrument.

Practice Exercise 42 Multi-choice questions
on electromagnetism (Answers on page 429)

1.

A conductor carries a current of 10A at
right-angles to a magnetic field having a flux
density of 500 mT. If the length of the con-
ductor in the field is 20 cm, the force on the
conductor is:

(a) 100kN
) 100N

(b) 1kN
@ IN

If a conductor is horizontal, the current flow-
ing from left to right and the direction of the
surrounding magnetic field is from above to
below, the force exerted on the conductor is:
(a) from left to right

(b) from below to above

4.

(c) away from the viewer
(d) towards the viewer

For the current-carrying conductor lying in
the magnetic field shown in Fig. 8.20(a), the
direction of the force on the conductor is:
(a) to the left
(c) to the right

(b) upwards
(d) downwards

E RIS

(@) (b)
Figure 8.20

For the current-carrying conductor lying in
the magnetic field shown in Fig. 8.20(b), the
direction of the current in the conductor is:
(a) towards the viewer

(b) away from the viewer

Fig. 8.21 shows a rectangular coil of wire

placed in a magnetic field and free to rotate

about axis AB. If the current flows into the

coil at C, the coil will:

(a) commence to rotate anti-clockwise

(b) commence to rotate clockwise

(c) remain in the vertical position

(d) experience a force towards the north
pole

Figure 8.21
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6. The force on an electron travelling at 10’ m/s

in a magnetic field of density 10pT is
1.6 x 10717 N. The electron has a charge of:
(@ 1.6x1078C (b) 1.6x10°15C
() 1.6x1071°C () 1.6x107%C

An electric bell depends for its action on:
(a) apermanent magnet

(b) reversal of current

(c) ahammer and a gong

(d) an electromagnet

A relay can be used to:

(a) decrease the current in a circuit
(b) control a circuit more readily

10.

(c) increase the current in a circuit
(d) control a circuit from a distance

There is a force of attraction between two
current-carrying conductors when the current
in them is:

(a) in opposite directions

(b) in the same direction

(c) of different magnitude

(d) of the same magnitude

The magnetic field due to a current-carrying
conductor takes the form of:

(a) rectangles

(b) concentric circles

(c) wavy lines

(d) straight lines radiating outwards

For fully worked solutions to each of the problems in Practice Exercises 39 to 42 in this chapter,

go to the website:

www.routledge.com/cw/bird
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Chapter 9

Electromagnetic induction

Why it is important to understand: Electromagnetic induction

Electromagnetic induction is the production of a potential difference (voltage) across a conductor when
it is exposed to a varying magnetic field. Michael Faraday is generally credited with the discovery of
induction in the 1830s. Faraday’s law of induction is a basic law of electromagnetism that predicts
how a magnetic field will interact with an electric circuit to produce an electromotive force (e.m.f.). It
is the fundamental operating principle of transformers, inductors and many types of electrical motors,
generators and solenoids. A.c. generators use Faraday’s law to produce rotation and thus convert electrical
and magnetic energy into rotational kinetic energy. This idea can be used to run all kinds of motors.
Probably one of the greatest inventions of all time is the transformer. Alternating current from the
primary coil moves quickly back and forth across the secondary coil. The moving magnetic field caused
by the changing field (flux) induces a current in the secondary coil. This chapter explains electromagnetic
induction, Faraday’s laws, Lenz’s law and Fleming’s rule and develops various calculations to help
understanding of the concepts.

At the end of this chapter you should be able to:

e understand how an e.m.f. may be induced in a conductor

e state Faraday’s laws of electromagnetic induction

e state Lenz’s law

e use Fleming’s right-hand rule for relative directions

e appreciate that the induced e.m.f., E = Blv or E = Blv sinf

e calculate induced e.m.f. given B, /, v and # and determine relative directions
e understand and perform calculations on rotation of a loop in a magnetic field
e define inductance L and state its unit

e define mutual inductance

e appreciate that e.m.f.

e calculate induced e.m.f. given N, ¢, L, change of flux or change of current

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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e appreciate factors which affect the inductance of an inductor

e draw the circuit diagram symbols for inductors

e calculate the energy stored in an inductor using W = %LI 2 joules

NO
e calculate inductance L of a coil, given L=—— and L=

I

dI
e calculate mutual inductance using E» =—M d_tl an

9.1 Introduction to electromagnetic

induction

When a conductor is moved across a magnetic field so
as to cut through the lines of force (or flux), an electro-
motive force (e.m.f.) is produced in the conductor. If the
conductor forms part of a closed circuit then the e.m.f.
produced causes an electric current to flow round the cir-
cuit. Hence an e.m.f. (and thus current) is ‘induced’ in
the conductor as aresult of its movement across the mag-
netic field. This effect is known as ‘electromagnetic
induction’.

Fig. 9.1(a) shows a coil of wire connected to a
centre-zero galvanometer, which is a sensitive amme-
ter with the zero-current position in the centre of the
scale.

(a) When the magnet is moved at constant speed
towards the coil (Fig. 9.1(a)), a deflection is noted
on the galvanometer showing that a current has
been produced in the coil.

S N

=~ 660600
E——
Direction of
movement
(a) Galvanometer

S N

(b)

()

Figure 9.1

N2
S

(b) When the magnet is moved at the same speed as
in (a) but away from the coil the same deflec-
tion is noted but is in the opposite direction (see
Fig. 9.1(b)).

(c) When the magnet is held stationary, even within
the coil, no deflection is recorded.

(d) When the coil is moved at the same speed as
in (a) and the magnet held stationary the same
galvanometer deflection is noted.

(e) When the relative speed is, say, doubled, the
galvanometer deflection is doubled.

(f) When a stronger magnet is used, a greater gal-
vanometer deflection is noted.

(g) When the number of turns of wire of the coil
is increased, a greater galvanometer deflection is
noted.

Fig. 9.1(c) shows the magnetic field associated with
the magnet. As the magnet is moved towards the coil,
the magnetic flux of the magnet moves across, or cuts,
the coil. It is the relative movement of the mag-
netic flux and the coil that causes an e.m.f. and
thus current, to be induced in the coil. This effect
is known as electromagnetic induction. The laws of
electromagnetic induction stated in Section 9.2 evolved
from experiments such as those described above.

9.2 Laws of electromagnetic

induction

Faraday’s* laws of electromagnetic induction state:

(i) Aninducede.m.f. is set up whenever the magnetic
field linking that circuit changes.

*Who was Faraday? Go to www.routledge.com/cw/bird
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(ii) The magnitude of the induced e.m.f. in any cir-
cuit is proportional to the rate of change of the
magnetic flux linking the circuit.

Lenz’s™ law states:

The direction of an induced e.m.f. is always such that
it tends to set up a current opposing the motion or the
change of flux responsible for inducing that e.m.f.

An alternative method to Lenz’s law of determining
relative directions is given by Fleming’s™ Right-hand
rule (often called the geneRator rule), which states:

Let the thumb, first finger and second finger of the
right hand be extended such that they are all at right-
angles to each other (as shown in Fig. 9.2). If the first
finger points in the direction of the magnetic field and the
thumb points in the direction of motion of the conductor
relative to the magnetic field, then the second finger will
point in the direction of the induced e.m.f.

Summarizing:

First finger — Field
ThuMb — Motion
SEcond finger — E.m.f.

Motion

Magnetic field \

Induced e.m.f.

b

In a generator, conductors forming an electric circuit are
made to move through a magnetic field. By Faraday’s
law an e.m.f. is induced in the conductors and thus a

Figure 9.2

*Who were Lenz and Fleming? Go to www.routledge.com/
cw/bird

source of e.m.f. is created. A generator converts mechan-
ical energy into electrical energy. (The action of a simple
a.c. generator is described in Chapter 14.)

Magnetic
flux
density

B
—

Figure 9.3

The induced e.m.f. E set up between the ends of the
conductor shown in Fig. 9.3 is given by:

E =Blvvolts

where B, the flux density, is measured in teslas, [, the
length of conductor in the magnetic field, is measured
in metres, and v, the conductor velocity, is measured in
metres per second.

If the conductor moves at an angle #° to the magnetic
field (instead of at 90° as assumed above) then

E =Blv sin 0 volts

Problem 1. A conductor 300 mm long moves at a
uniform speed of 4 m/s at right-angles to a uniform
magnetic field of flux density 1.25T. Determine the
current flowing in the conductor when (a) its ends
are open-circuited, (b) its ends are connected to a
load of 20 Q resistance.

When a conductor moves in a magnetic field it will have
an e.m.f. induced in it but this e.m.f. can only produce
a current if there is a closed circuit. Induced e.m.f.

300
E=Blo=0125(")@) =15V
b= 5)(1000)()

(a) If the ends of the conductor are open circuited
no current will flow even though 1.5V has been
induced.

(b) From Ohm’s law,

E 15
I =—=—=0.075A or 75mA
R 20
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Problem 2. At what velocity must a conductor
75 mm long cut a magnetic field of flux density
0.6 T if an e.m.f. of 9V is to be induced in it?
Assume the conductor, the field and the direction
of motion are mutually perpendicular.

Induced e.m.f. E=Blv, hence velocity v=E/Bl
Thus

9
Y= 0.6)(75 x 10-3)
_9x10°
S 0.6x75
=200m/s

Problem 3. A conductor moves with a velocity of
15 m/s at an angle of (a) 90° (b) 60° and (c) 30° to a
magnetic field produced between two square-faced
poles of side length 2 cm. If the flux leaving a pole
face is 5w Wb, find the magnitude of the induced
e.m.f. in each case.

v = 15m/s, length of conductor in magnetic field,
I=2cm=0.02m, A=2x2cm?=4x 10~*m? and
®=5x10"°"Wb

(a) Eg9p=Blvsin90°

D .
= (—) [v sin90°
A

5% 1076
::(Z£3T6:Z)(002)05)a)

=3.75mV

(b) Ego=Blvsin60° = Egqsin 60°
=3.75sin60° =3.25mV

(¢) E3p=Blvsin30°= Eygsin30°
=3.75sin30°=1.875mV

Problem 4. The wing span of a metal aeroplane
is 36 m. If the aeroplane is flying at 400 km/h,
determine the e.m.f. induced between its wing tips.
Assume the vertical component of the earth’s
magnetic field is 40 uT.

Induced e.m.f. across wing tips, E = Blv
B=40pT=40x10"° T,/=36m and

2005 & 1000 ™ th
v = — X —_— X —
h km 60x60s
_ (400)(1000)
T 3600
4000
= ——m/s
36
Hence
4000
E = Blv= (40 x 1079 (36) [ —
36
=0.16V

Problem 5. The diagrams shown in Fig. 9.4
represents the generation of e.m.f.s. Determine

(i) the direction in which the conductor has to be
moved in Fig. 9.4(a), (ii) the direction of the
induced e.m.f. in Fig. 9.4(b), (iii) the polarity of the
magnetic system in Fig. 9.4(c).

A ]
N
® s N } O—>
S (b)
o L]
(a) (c)
Figure 9.4

The direction of the e.m.f., and thus the current due
to the e.m.f., may be obtained by either Lenz’s law or
Fleming’s Right-hand rule (i.e. GeneRator rule).

(i) Using Lenz’s law: The field due to the magnet
and the field due to the current-carrying con-
ductor are shown in Fig. 9.5(a) and are seen to
reinforce to the left of the conductor. Hence the
force on the conductor is to the right. However,
Lenz’s law states that the direction of the induced
e.m.f. is always such as to oppose the effect pro-
ducing it. Thus the conductor will have to be
moved to the left.

(i) Using Fleming’s right-hand rule:
First finger — Field,
i.e. N— S, or right to left;
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ThuMb — Motion, i.e. upwards;
SEcond finger — E.m.f.

i.e. towards the viewer or out of the paper, as
shown in Fig. 9.5(b)

Forceon — ,7'/\ Motion of
conductor %2 s conductor

lmn::‘ >

‘\h\ A 2l
SN
Ay

4
N

[

(b)

]
o—
L

Figure 9.5

(iii) The polarity of the magnetic system of
Fig. 9.4(c)is shown in Fig. 9.5(c) and is obtained
using Fleming’s right-hand rule.

Now try the following Practice Exercise

Practice Exercise 43 Induced e.m.f.
(Answers on page 429)

1. A conductor of length 15cm is moved at
750 mm/s at right-angles to a uniform flux den-
sity of 1.2T. Determine the e.m.f. induced in
the conductor.

2. Find the speed that a conductor of length
120mm must be moved at right-angles to a
magnetic field of flux density 0.6 T to induce
initane.m.f. of 1.8V

3. A 25cm long conductor moves at a uniform
speed of 8m/s through a uniform magnetic
field of flux density 1.2 T. Determine the cur-
rent flowing in the conductor when (a) its ends
are open-circuited, (b) its ends are connected
to a load of 15 ohms resistance.

4. A straight conductor 500 mm long is moved
with constant velocity at right-angles both to
its length and to a uniform magnetic field.
Given that the e.m.f. induced in the conductor
is 2.5V and the velocity is Sm/s, calculate
the flux density of the magnetic field. If the
conductor forms part of a closed circuit of
total resistance 5 ohms, calculate the force on
the conductor.

5. A car is travelling at 80 km/h. Assuming the
back axle of the car is 1.76 m in length and the
vertical component of the Earth’s magnetic
field is 40 1T, find the e.m.f. generated in the
axle due to motion.

6. A conductor moves with a velocity of 20 m/s
at an angle of (a) 90°, (b) 45°, (c) 30°,
to a magnetic field produced between two
square-faced poles of side length 2.5cm. If
the flux on the pole face is 60 mWhb, find the
magnitude of the induced e.m.f. in each case.

7. A conductor 400 mm long is moved at 70° to
a 0.85 T magnetic field. If it has a velocity of
115km/h, calculate (a) the induced voltage
and (b) force acting on the conductor if
connected to an 8 Q resistor.

9.3 Rotation of aloop

in a magnetic field

Fig. 9.6 shows a view of a looped conductor whose sides
are moving across a magnetic field.

The left-hand side is moving in an upward direction
(check using Fleming’s right-hand rule), with length /
cutting the lines of flux which are travelling from left to
right. By definition, the induced e.m.f. will be equal to
Blv sin# and flowing into the page.

The right-hand side is moving in a downward direc-
tion (again, check using Fleming’s right-hand rule), with
length / cutting the same lines of flux as above. The
induced e.m.f. will also be equal to B/v sin d but flowing
out of the page.
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Figure 9.6

Therefore the total e.m.f. for the loop conductor is
2Blvsin 0

Now consider a coil made up of a number of turns N
The total e.m.f. E for the loop conductor is now
given by:

E = 2NBIlv sin 0

Problem 6. A rectangular coil of sides 12cm and
8 cm is rotated in a magnetic field of flux density
1.4 T, the longer side of the coil actually cutting this
flux. The coil is made up of 80 turns and rotates at
1200 rev/min. (a) Calculate the maximum
generated e.m.f. (b) If the coil generates 90 V,

at what speed will the coil rotate?

(a) Generated e.m.f. E=2NBLyv sin §
where number of turns, N =80, flux density,

B=14T,
length of conductor in magnetic field, /=12cm
=0.12m,
velocity, v =wr = (@ X 21 rad/s) (% m)
60 )
=1.6z m/s,

and for maximum e.m.f. induced, 8 =90°, from
which, sin =1

Hence, maximum e.m.f. induced,
E =2NBlvsinf
=2x80x1.4x0.12x1.67 x 1

=135.1volts
(b) Since E =2NBIv sin §
then 90=2x80x1.4x0.12x0v x1

90
2x80x1.4x0.12

=3.348m/s

from which, v =

—wrh | locity. e 2 — 3.348
v=or hence, angular velocity, o= — = 55e-
2
=83.7rad/s
83.7x 60
Speed of coil in rev/min= 2—X
T
=799 rev/min

An alternative method of determining (b) is by
direct proportion.

Since E=2NBlvsin@, then with N, B, [ and 6
being constant, E < v

If from (a), 135.1 V is produced by a speed of
1200 rev/min, then 1V would be produced by a

1200 .
speed of —— =8.88 rev/min
135.1

Hence, 90V would be produced by a speed of
90 x 8.88 =799 rev/min

Now try the following Practice Exercise

Practice Exercise 44 Induced e.m.f.in a coil
(Answers on page 429)

1. A rectangular coil of sides 8cm by 6cm is
rotating in a magnetic field such that the longer
sides cut the magnetic field. Calculate the max-
imum generated e.m.f. if there are 60 turns on
the coil, the flux density is 1.6 T and the coil
rotates at 1500 rev/min.

2. A generating coil on a former 100 mm long
has 120 turns and rotates in a 1.4 T magnetic
field. Calculate the maximum e.m.f. generated
if the coil, having a diameter of 60 mm, rotates
at 450 rev/min.

3. Ifthe coils in Problems 1 and 2 generates 60V,
calculate (a) the new speed for each coil, and
(b) the flux density required if the speed is
unchanged.

9.4 Inductance

Inductance is the name given to the property of a cir-
cuit whereby there is an e.m.f. induced into the circuit
by the change of flux linkages produced by a current
change.

When the e.m.f. is induced in the same circuit as
that in which the current is changing, the property
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is called self inductance, L. When the e.m.f. is
induced in a circuit by a change of flux due to current
changing in an adjacent circuit, the property is called
mutual inductance, M. The unit of inductance is the
henry,* H.

A circuit has an inductance of one henry when an
e.m.f. of one volt is induced in it by a current changing
at the rate of one ampere per second

Induced e.m.f. in a coil of N turns,

do
E=—-N—volts
dr

where d® is the change in flux in Webers, and dr is the

. . . dD
time taken for the flux to change in seconds (i.e. G is

the rate of change of flux).
Induced e.m.f. in a coil of inductance L henrys,

dr
E=—L—volts
dt
where d/ is the change in current in amperes and df
is the time taken for the current to change in seconds

d/
(i.e. — is the rate of change of current). The minus

t
sign in each of the above two equations remind us of its
direction (given by Lenz’s law).

Problem 7. Determine the e.m.f. induced in a coil
of 200 turns when there is a change of flux of
25 mWhb linking with it in 50 ms.

25 x 1073
50 x 103

= —100volts

do
Induced e.m.f. E = _NE = —(200) (

Problem 8. A flux of 400 wWb passing through a
150-turn coil is reversed in 40 ms. Find the average
e.m.f. induced.

Since the flux reverses, the flux changes from
+400 Wb to —400 Wb, a total change of flux of
800 wWh.

800 x 106)

do
Inducede.m.f. E=—-N—=—-(150){ ——=
nduced e.m ( )(40x103

dr

150 x 800 x 103
40 x 106

Hence, the average e.m.f. induced, E = —3 volts

*Who was Henry? Go to www.routledge.com/cw/bird

Problem 9. Calculate the e.m.f. induced in a coil
of inductance 12 H by a current changing at the rate
of 4 A/s.

dr
Induced e.m.f. E = —La =—(12)(4)

= —48volts

Problem 10. Ane.m.f. of 1.5kV is induced in
a coil when a current of 4 A collapses uniformly
to zero in 8 ms. Determine the inductance of
the coil.

Change in current, d/ = (4 —0) =4A,
dr=8ms=8x 10735,

dI 4 4000
dr ~ 8x1073~ 8
=500A/s
and E =15kV=1500V
Si |E| Ldl
mce = —_—
dr

E| _ 1500 _ .
(dI/dr) — 500

inductance, L =

(Note that |E| means the ‘magnitude of E’ which
disregards the minus sign.)

Problem 11. An average e.m.f. of 40V is induced
in a coil of inductance 150 mH when a current of

6 A is reversed. Calculate the time taken for the
current to reverse.

|E|=40V, L=150mH=0.15H and change in current,

dI =6—(—6)=12 A (since the current is reversed).

d
Si E|l=—
ince |E| T
Ldrl 0.15
time dt = = ( )(12)
|E| 40
=0.045s or 45ms
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Now try the following Practice Exercise

Practice Exercise 45 Inductance (Answers
on page 429)

1. Find the e.m.f. induced in a coil of 200 turns
when there is a change of flux of 30mWb
linking with it in 40 ms.

2. An em.f. of 25V is induced in a coil of
300 turns when the flux linking with it changes
by 12mWhb. Find the time, in milliseconds, in
which the flux makes the change.

3. An ignition coil having 10000 turns has an
e.m.f. of 8kV induced in it. Whatrate of change
of flux is required for this to happen?

4. Aflux of 0.35 mWb passing through a 125-turn
coil is reversed in 25 ms. Find the magnitude
of the average e.m.f. induced.

5. Calculate the e.m.f. induced in a coil of induc-
tance 6 H by a current changing at a rate of
15 A/s.

A component called an inductor is used when the prop-
erty of inductance is required in a circuit. The basic form
of an inductor is simply a coil of wire. Factors which
affect the inductance of an inductor include:

(i) the number of turns of wire — the more turns the
higher the inductance

(i) the cross-sectional area of the coil of wire — the
greater the cross-sectional area the higher the
inductance

(iii) the presence of a magnetic core — when the coil
is wound on an iron core the same current sets
up a more concentrated magnetic field and the
inductance is increased

(iv) the way the turns are arranged — a short, thick
coil of wire has a higher inductance than a long,
thin one.

Two examples of practical inductors are shown in
Fig. 9.7, and the standard electrical circuit diagram
symbols for air-cored and iron-cored inductors are
shown in Fig. 9.8.

Laminated

Iron iron core
core

<= Wire

(@)

Figure 9.7

Y'Y\
Air-cored inductor

Y Y '
Iron-cored inductor

Figure 9.8

An iron-cored inductor is often called a choke since,
when used in a.c. circuits, it has a choking effect,
limiting the current flowing through it.

Inductance is often undesirable in a circuit. To reduce
inductance to a minimum the wire may be bent back
on itself, as shown in Fig. 9.9, so that the magnetiz-
ing effect of one conductor is neutralized by that of the
adjacent conductor. The wire may be coiled around an
insulator, as shown, without increasing the inductance.
Standard resistors may be non-inductively wound in this
manner.

Insulator

Wire

Figure 9.9

9.6 Energy stored

An inductor possesses an ability to store energy. The
energy stored, W, in the magnetic field of an inductor
is given by:

1 ,.
W= ELI joules
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. N d(NI) .

Problem 12. An 8 H inductor has a current of 3 A L. L=— since m.m.f.=NI S
. . . . S dI =
flowing through it. How much energy is stored in 5 o
the magnetic field of the inductor? . _ N~dI . . ©
i.e. L=—— and since — =1,
S dI d7 (v

Energy stored, N2

L = — henrys
1 S

W= ELl2 = %(8)(3)2 =36 joules
Problem 13. Calculate the coil inductance when
a current of 4 A in a coil of 800 turns produces a
flux of 5 mWb linking with the coil.

Now try the following Practice Exercise

Practice Exercise 46 Energy stored For a coil, inductance

(Answers on page 430) N®  (800)(5 x 1073)
L=—=—"———-=1H
1. An inductor of 20H has a current of 2.5A 1 4
flowing in it. Find the energy stored in the
magnetic field of the inductor. Problem 14. A flux of 25 mWb links with a

1500 turn coil when a current of 3 A passes through
the coil. Calculate (a) the inductance of the coil,
(b) the energy stored in the magnetic field and

(c) the average e.m.f. induced if the current falls to
3. The energy stored in the magnetic field of an zero in 150 ms.

inductor is 80J when the current flowing in
the inductor is 2 A. Calculate the inductance
of the coil.

2. Calculate the value of the energy stored when
a current of 30mA is flowing in a coil of
inductance 400 mH.

(a) Inductance,

_NO® _ (1500)(25 x 107?)
1 3

(b) Energy stored,
9.7 Inductance of a coil |

1
W= EL12 = 5(12.5)(3)2 =56.25]

L =125H

If a current changing from 0 to / amperes produces

a flux change from 0 to ® webers, then d/ =1 and (¢) Induced e.m.f.,
d® =®. Then, from Section 9.3, dJ 30
pet¥ s (270
induced e.m.f. E = - = - —_250V
from which, inductance of coil, (Alternatively,
No do
" E=—N—
L= 7 henrys dr
25 x 1073
_ dI do do (dr =—(500\ 1555703
Since E=—L—=—N— then L=N—|{ — x
dr dr dr \d/ =-=250V
. do
ie. L=N— . .
dr o f since if the current falls to zero so does the flux.)

From Chapter 7, m.m.f.=®S from which, ® = ——
d® S Problem 15. When a current of 1.5 A flows in a
Substituting into L=N a gives coil the flux linking with the coil is 90 wWb. If the
coil inductance is 0.60 H, calculate the number of
L:Ni (m-m-f-) turns of the coil.
dr/ S
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NO®
For a coil, L = -

s v M 0605

D = W =10000 turns

Problem 16. A 750turn coil of inductance 3 H
carries a current of 2 A. Calculate the flux linking
the coil and the e.m.f. induced in the coil when the
current collapses to zero in 20 ms.

. NO )
Coil inductance, L = - from which,

LI (3)2
flux (I)z—:w=8x 1073 = 8mWb
N 750

Induced e.m.f.

I 2-0
E=-L—=-03)(——
dr ()(20x103)

==-300V

(Alternatively,

do 8x 1073
E=-N—=—(750) ———
dr ( )(20>< 10—3)

—-300V)

Problem 17. A silicon iron ring is wound with
800 turns, the ring having a mean diameter of
120mm and a cross-sectional area of 400 mm?. If
when carrying a current of 0.5 A the relative
permeability is found to be 3000, calculate (a) the
self-inductance of the coil, (b) the induced e.m.f. if
the current is reduced to zero in 80 ms.

The ring is shown sketched in Fig. 9.10.

c.s.a=400mm?

I=05A
800 turns

Figure 9.10

2
(a) Inductance, L = 5 and from Chapter 7,
1
reluctance, S =
Mo fir A
7T x120x 1073

ie. S=
47 x 1077 x 3000 x 400 x 107°

=250 x 10° A/Wb

N2 2
Hence, self-inductance, L= — = &
S 250x103
=2.56H
d/ 0.5-0)
(b) Induced e.m.f., E=—-L E = —(256) W
=-16V

Now try the following Practice Exercise

Practice Exercise 47 Inductance of a coil
(Answers on page 430)

1. A flux of 30mWhb links with a 1200-turn
coil when a current of 5 A is passing through
the coil. Calculate (a) the inductance of the
coil, (b) the energy stored in the magnetic
field, and (c) the average e.m.f. induced if
the current is reduced to zero in 0.20s.

2. Ane.m.f. of 2kV is induced in a coil when a
current of 5 A collapses uniformly to zero in
10 ms. Determine the inductance of the coil.

3. Anaverage e.m.f. of 60 V is induced in a coil
of inductance 160 mH when a current of 7.5 A
is reversed. Calculate the time taken for the
current to reverse.

4. A coil of 2500 turns has a flux of 10mWb
linking with it when carrying a current of 2 A.
Calculate the coil inductance and the e.m.f.
induced in the coil when the current collapses
to zero in 20 ms.

5. Calculate the coil inductance when a current
of 5 A in a coil of 1000 turns produces a flux
of 8 mWhb linking with the coil.

6. A coil is wound with 600 turns and has a self
inductance of 2.5 H. What current must flow
to set up a flux of 20 mWb?

7. When a current of 2 A flows in a coil, the flux
linking with the coil is 80 wWb. If the coil
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inductance is 0.5 H, calculate the number of
turns of the coil.

8. A coil of 1200turns has a flux of 15mWb
linking with it when carrying a current of 4 A.
Calculate the coil inductance and the e.m.f.
induced in the coil when the current collapses
to zero in 25 ms.

9. A coil has 300turns and an inductance of
4.5 mH. How many turns would be needed to
produce a 0.72mH coil assuming the same
core is used?

10. A steady current of 5A when flowing in a
coil of 1000 turns produces a magnetic flux
of 500 uWb. Calculate the inductance of the
coil. The current of 5 A is then reversed in
12.5ms. Calculate the e.m.f. induced in the
coil.

11. An iron ring has a cross-sectional area of
500mm? and a mean length of 300 mm. It
is wound with 100 turns and its relative per-
meability is 1600. Calculate (a) the current
required to set up a flux of 500 uWb in the
coil, (b) the inductance of the system and
(c) the induced e.m.f. if the field collapses
in 1 ms.

9.8 Mutual inductance

Mutually induced e.m.f. in the second coil,
dl
E) = —M— volts
dr

where M is the mutual inductance between two coils,
in henrys, and (d/; /dt) is the rate of change of current
in the first coil.

The phenomenon of mutual inductance is used in
transformers (see Chapter 21, page 339).

Another expression for M

Let an iron ring have two coils, A and B, wound on it.
If the fluxes @ and ®; are produced from currents I
and 7 in coils A and B, respectively, then the reluctance
could be expressed as:

LN LN,
g 1M 242

® D

If the flux in coils A and B are the same and pro-
duced from the current /; in coil A only, assuming
100% coupling, then the mutual inductance can be
expressed as:

N> D
= NP
I

N
Multiplying by (Fl) gives:
1

No® | N
M= 2T
11 Nq
II1Ny
However, S=——
D
. N1N>
Thus, mutual inductance, M = S

Problem 18. Calculate the mutual inductance
between two coils when a current changing at

200 A/s in one coil induces an e.m.f. of 1.5V in the
other.

Inducede.m.f.|Ez|=MdI;/dt,i.e. 1.5=M(200). Thus
mutual inductance,

1.
M= —5 =0.0075H or 7.5 mH
200

Problem 19. The mutual inductance between two
coils is 18 mH. Calculate the steady rate of change
of current in one coil to induce an e.m.f. of 0.72V
in the other.

dr
dr
Hence rate of change of current,

Induced e.m.f. |Ex|=M

d/ E 72
e |E2| — 072 —40A/s
dr M 0.018

Problem 20. Two coils have a mutual inductance
of 0.2 H. If the current in one coil is changed from
10A to 4 A in 10 ms, calculate (a) the average
induced e.m.f. in the second coil, (b) the change of
flux linked with the second coil if it is wound with
500 turns.
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(a) Inducede.m.f.

dl;
|E2| =—M—

=—(0.2) 10-9 )\ _ _120v
T\ \1ox 1073 )

(b) Inducede.m.f.

| E2|dt
N

do
|Er| = NE’ hence d® =

Thus the change of flux,

~ (120)(10x 1072)
N 500

do =2.4mWb

Problem 21. In the device shown in Fig. 9.11,
when the current in the primary coil of 1000 turns
increases linearly from 1 A to 6 A in 200 ms, an
e.m.f. of 15V is induced into the secondary coil of
480 turns, which is left open circuited. Determine
(a) the mutual inductance of the two coils, (b) the
reluctance of the former, and (c) the self-inductance
of the primary coil.

c_; E_a
Np=1000 (| D N.=480
P 15
I pu
Figure 9.11
I
(a) Es= d_tp from which,
ual inductance, M = =5 — 15
mutual mductance, = dj = 6-1
dr 200 103
15
= =0.60H
25
Np N:
(b) M=-2"5 from which,

Np N, 1000)(480
reluctance, S = ——> _( )(480)

M 0.60
=800000 A/Wb or 800 KA/Wb
NZ  (1000)?
(c) Primary self-inductance, Lp = A ( )
S 800000
=1.25H

Now try the following Practice Exercises

Practice Exercise 48 Mutual inductance
(Answers on page 430)

1. The mutual inductance between two coils is
150 mH. Find the magnitude of the e.m.f.
induced in one coil when the current in the
other is increasing at a rate of 30 A/s.

2. Determine the mutual inductance between two
coils when a current changing at 50 A/s in one
coil induces an e.m.f. of 80 mV in the other.

3. Two coils have a mutual inductance of 0.75 H.
Calculate the magnitude of the e.m.f. induced
in one coil when a current of 2.5 A in the other
coil is reversed in 15 ms.

4. The mutual inductance between two coils is
240 mH. If the current in one coil changes from
15A to 6 A in 12ms, calculate (a) the average
e.m.f. induced in the other coil, (b) the change
of flux linked with the other coil if it is wound
with 400 turns.

5. A mutual inductance of 0.06 H exists between
two coils. If a current of 6 A in one coil is
reversed in 0.8s, calculate (a) the average
e.m.f. induced in the other coil, (b) the num-
ber of turns on the other coil if the flux change
linking with the other coil is 5 mWb.

6. When the current in the primary coil of 400
turns of a magnetic circuit increases linearly
from 10 mA to 35mA in 100ms, an e.m.f. of
75mV is induced into the secondary coil of
240 turns, which is left open-circuited. Deter-
mine (a) the mutual inductance of the two
coils, (b) the reluctance of the former and (c)
the self-inductance of the secondary coil.

Practice Exercise 49 Short answer
questions on electromagnetic induction
(Answers within pages 105 to 116)

1. What is electromagnetic induction?

2. State Faraday’s laws of electromagnetic
induction.

3. State Lenz’s law.

4. Explain briefly the principle of the generator.
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10.

11.

12.

13.

14.
15.

16.

The direction of an induced e.m.f. in a
generator may be determined using Flem-
ing’s...... rule.

The e.m.f. £ induced in a moving conduc-
tor may be calculated using the formula
E = Blv. Name the quantities represented
and their units.

The total e.m.f., E, for a loop conductor with
N turnsis givenby: E=............

What is self-inductance? State its symbol.
State and define the unit of inductance.

When a circuit has an inductance L and the
current changes at a rate of (di/dr) then
the induced e.m.f. E is givenby E=......
volts.

If a current of / amperes flowing in a coil of
N turns produces a flux of ® webers, the coil
inductance L is givenby L=...... henrys.

The energy W stored by an inductor is given
by W=...... joules.

If the number of turns of a coil is N and its
reluctance is S, then the inductance, L, is
givenby: L=.........

Whatis mutual inductance? State its symbol.

The mutual inductance between two coils is
M. The e.m.f. E; induced in one coil by the
current changing at (d/;/dt) in the other is
givenby Er=...... volts.

Two coils wound on an iron ring of reluc-
tance S have Na and Np turns, respectively.
The mutual inductance, M, is given by:
M=.........

Practice Exercise 50 Multi-choice questions
on electromagnetic induction (Answers on
page 430)

1.

A current changing at a rate of 5 A/s in a coil

of inductance 5 H induces an e.m.f. of:

(a) 25V inthe same direction as the applied
voltage

(b) 1V in the same direction as the applied
voltage

(c) 25V in the opposite direction to the
applied voltage

(d) 1V in the opposite direction to the
applied voltage

A bar magnet is moved at a steady speed

of 1.0m/s towards a coil of wire which

is connected to a centre-zero galvanome-

ter. The magnet is now withdrawn along the

same path at 0.5m/s. The deflection of the

galvanometer is in the:

(a) same direction as previously, with the
magnitude of the deflection doubled

(b) opposite direction as previously, with the
magnitude of the deflection halved

(c) same direction as previously, with the
magnitude of the deflection halved

(d) opposite direction as previously,
with the magnitude of the deflection
doubled

When a magnetic flux of 10 Wb links with a
circuit of 20 turns in 2 s, the induced e.m.f. is:
(a) 1V (b) 4V

(c) 100V (d) 400V

A current of 10 A in a coil of 1000 turns pro-
duces a flux of 10 mWb linking with the coil.
The coil inductance is:
(a) 10%H
(¢c) 1pH

(b) 1H
(d) 1mH

An e.m.f. of 1V is induced in a conductor
moving at 10 cm/s in a magnetic field of 0.5 T.
The effective length of the conductor in the
magnetic field is:

(a) 20cm (b) 5m

(¢) 20m (d) 50m

Which of the following is false?

(a) Fleming’s left-hand rule or Lenz’s law
may be used to determine the direction
of an induced e.m.f.

(b) An induced e.m.f. is set up whenever
the magnetic field linking that circuit
changes

(c) The direction of an induced e.m.f. is
always such as to oppose the effect
producing it

(d) The induced e.m.f. in any circuit is pro-
portional to the rate of change of the
magnetic flux linking the circuit
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7.

The effect of inductance occurs in an electrical
circuit when:

(a) the resistance is changing

(b) the flux is changing

(c) the current is changing

Which of the following statements is false?

The inductance of an inductor increases:

(a) with a short, thick coil

(b) when wound on an iron core

(c) as the number of turns increases

(d) as the cross-sectional area of the coil
decreases

The mutual inductance between two coils,
when a current changing at 20 A/s in one coil
induces an e.m.f. of 10mV in the other, is:
(a) 0.5H (b) 200mH

(¢) 0.5mH (d 2H

10.

11.

12.

A strong permanent magnet is plunged into
a coil and left in the coil. What is the effect
produced on the coil after a short time?

(a) There is no effect

(b) The insulation of the coil burns out

(c) A high voltage is induced

(d) The coil winding becomes hot

Self-inductance occurs when:
(a) the current is changing
(b) the circuit is changing
(c) the flux is changing

(d) the resistance is changing

Faraday’s laws of electromagnetic induction
are related to:

(a) the e.m.f. of a chemical cell

(b) the e.m.f. of a generator

(c) the current flowing in a conductor

(d) the strength of a magnetic field

For fully worked solutions to each of the problems in Practice Exercises 43 to 50 in this chapter,

go to the website:

www.routledge.com/cw/bird


http://www.routledge.com/cw/bird

Chapter 10

Electrical measuring
instruments and
measurements

Why it is important to understand: Electrical measuring instruments and measurements

Future electrical engineers need to be able to appreciate basic measurement techniques, instruments, and
methods used in everyday practice. This chapter covers both analogue and digital instruments, measure-
ments errors, bridges, oscilloscopes, data acquisition, instrument controls and measurement systems.
Accurate measurements are central to virtually every scientific and engineering discipline. Electrical
measurements often come down to either measuring current or measuring voltage. Even if you are mea-
suring frequency, you will be measuring the frequency of a current signal or a voltage signal and you will
need to know how to measure either voltage or current. Many times you will use a digital multimeter —
a DMM - to measure either voltage or current; actually, a DMM will also usually measure frequency
(of a voltage signal) and resistance. The quality of a measuring instrument is assessed from its accuracy,
precision, reliability, durability, and so on, all of which are related to its cost.

At the end of this chapter you should be able to:

e recognize the importance of testing and measurements in electric circuits

e appreciate the essential devices comprising an analogue instrument

e explain the operation of an attraction and a repulsion type of moving-iron instrument
e explain the operation of a moving-coil rectifier instrument

e compare moving-coil, moving-iron and moving-coil rectifier instruments

e calculate values of shunts for ammeters and multipliers for voltmeters

e understand the advantages of electronic instruments

e understand the operation of an ohmmeter/megger

e appreciate the operation of multimeters/Avometers/Flukes

e understand the operation of a wattmeter

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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e appreciate instrument ‘loading’ effect

e understand the operation of an oscilloscope for d.c. and a.c. measurements

e calculate periodic time, frequency, peak-to-peak values from waveforms on an oscilloscope

e appreciate virtual test and measuring instruments

e recognize harmonics present in complex waveforms

e determine ratios of powers, currents and voltages in decibels

e understand null methods of measurement for a Wheatstone bridge and d.c. potentiometer

e understand the operation of a.c. bridges
e understand the operation of a Q-meter

e appreciate the most likely source of errors in measurements

e appreciate calibration accuracy of instruments

10.1 Introduction

Tests and measurements are important in designing,
evaluating, maintaining and servicing electrical circuits
and equipment. In order to detect electrical quantities
such as current, voltage, resistance or power, it is nec-
essary to transform an electrical quantity or condition
into a visible indication. This is done with the aid of
instruments (or meters) that indicate the magnitude of
quantities either by the position of a pointer moving
over a graduated scale (called an analogue instrument)
or in the form of a decimal number (called a digital
instrument).

The digital instrument has, in the main, become
the instrument of choice in recent years; in particular,
computer-based instruments are rapidly replacing items
of conventional test equipment, with the virtual storage
test instrument, the digital storage oscilloscope, being
the most common. This is explained later in this chap-
ter, but before that some analogue instruments, which
are still used in some installations, are explored.

10.2 Analogue instruments

All analogue electrical indicating instruments require
three essential devices:

(a) A deflecting or operating device. A mechanical
force is produced by the current or voltage which
causes the pointer to deflect from its zero position.

(b) A controlling device. The controlling force acts
in opposition to the deflecting force and ensures
that the deflection shown on the meter is always

the same for a given measured quantity. It also
prevents the pointer always going to the maximum
deflection. There are two main types of controlling
device — spring control and gravity control.

(¢) A damping device. The damping force ensures
that the pointer comes to rest in its final position
quickly and without undue oscillation. There are
three main types of damping used — eddy-current
damping, air-friction damping and fluid-friction
damping.

There are basically two types of scale — linear and
non-linear. A linear scale is shown in Fig. 10.1(a),
where the divisions or graduations are evenly spaced.
The voltmeter shown has a range 0-100V, i.e. a full-
scale deflection (f.s.d.) of 100 V. A non-linear scale is
shown in Fig. 10.1(b) where the scale is cramped at the
beginning and the graduations are uneven throughout
the range. The ammeter shown has a f.s.d. of 10A.

40 60 5 5 8
7, /\2
Q/J—V‘—\o Q ’.0

(@ (b)

Figure 10.1

10.3 Moving-iron instrument

(a) An attraction type of moving-iron instrument is
shown diagrammatically in Fig. 10.2(a). When
current flows in the solenoid, a pivoted soft-iron
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disk is attracted towards the solenoid and the
movement causes a pointer to move across a scale.

(b) In the repulsion type moving-iron instrument
shown diagrammatically in Fig. 10.2(b), two
pieces of iron are placed inside the solenoid, one
being fixed, and the other attached to the spindle
carrying the pointer. When current passes through
the solenoid, the two pieces of iron are magne-
tized in the same direction and therefore repel
each other. The pointer thus moves across the
scale. The force moving the pointer is, in each
type, proportional to /> and because of this the
direction of current does not matter. The moving-
iron instrument can be used on d.c. or a.c.; the
scale, however, is non-linear.

-- Scale
[ qu N\
Pomter\‘ 3
/ Pivot and controlling
spring
Air-piston damping
Soft iron
Solenoid disk

(a) ATTRACTION TYPE

Scale

- Solenoid

Pivot and controlling
spring

Pointer Fixed piece of iron
Moveable piece of iron
(b) REPULSION TYPE

Figure 10.2

10.4 The moving-coil rectifier

instrument

A moving-coil instrument, which measures only d.c.,
may be used in conjunction with a bridge rectifier circuit
as shownin Fig. 10.3 to provide an indication of alternat-
ing currents and voltages (see Chapter 14). The average
value of the full wave rectified current is 0.637 Iy,.
However, a meter being used to measure a.c. is usu-
ally calibrated in r.m.s. values. For sinusoidal quantities
the indicationis (0.707 I,)/(0.637 1) i.e. 1.11 times the
mean value. Rectifier instruments have scales calibrated

inr.m.s. quantities and it is assumed by the manufacturer
that the a.c. is sinusoidal.

mc

milliammeter

I

M __ Average
o A oiie

J t 0637 |y,

i
"‘°|“Vr—*

Figure 10.3

10.5 Comparison of moving-coil,

moving-iron and moving-coil
rectifier instruments

See the table at top of the next page. (For the principle
of operation of a moving-coil instrument, see Chapter 8,
page 101)

10.6 Shunts and multipliers

An ammeter, which measures current, has a low resis-
tance (ideally zero) and must be connected in series with
the circuit.

A voltmeter, which measures p.d., has a high resistance
(ideally infinite) and must be connected in parallel with
the part of the circuit whose p.d. is required.

There is no difference between the basic instrument
used to measure current and voltage since both use
a milliammeter as their basic part. This is a sensitive
instrument which gives f.s.d. for currents of only a few
milliamperes. When an ammeter is required to measure
currents of larger magnitude, a proportion of the current
is diverted through a low-value resistance connected
in parallel with the meter. Such a diverting resistor is
called a shunt.

From Fig. 10.4(a), Vpg = VRrs

Hence I,r, = IsRs. Thus the value of the shunt,

Ir
R = 22 ohms

S

The milliammeter is converted into a voltmeter by
connecting a high-value resistance (called a multi-
plier) in series with it as shown in Fig. 10.4(b). From
Fig. 10.4(b),
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Type of instrument Moving-coil Moving-iron Moving-coil rectifier

—
[ ey
=
—
O
v
v

Scale Linear Non-linear Linear

Method of damping Eddy current Air Eddy current

Advantages 1. Linear scale 1. Robust construction 1. Linear scale
2. High sensitivity 2. Relatively cheap 2. High sensitivity
3. Well shielded 3. Measures d.c. and a.c. 3. Well shielded from
from stray 4. In frequency range stray magnetic fields
magnetic fields 20-100Hz reads 4. Lower power
4. Low power r.m.s. correctly regardless consumption
consumption of supply waveform 5. Good frequency range

V=Va+Vm=Ir,+IRym

Problem 1. A moving-coil instrument gives an

Thus the value of the multiplier, f.s.d. when the current is 40 mA and its resistance
is 25 Q. Calculate the value of the shunt to be
Ry = V—1Ir, ohms connected in parallel with the meter to enable it to
be used as an ammeter for measuring currents up
to S0A.
I P h (:) I (multiplier)
T , A - A all The circuit diagram is shown in Fig. 10.5, where
— Vi Vig ra =resistance of instrument=25Q, Rs=resistance
R Rs S b\ v | of shunt, /, =maximum permissible current flowing
(st(m:)nt) ) in instrument=40mA =0.04 A, I =current flowing in

shunt and 7 =total circuit current required to give
Figure 10.4 f.s.d.=50A.
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[=50A [2=40 mA 50 A

1O T
ls Y

Figure 10.5

Since ] =1, + Isthen Iy =1 — 1,

ie. Iy =50—-0.04 = 49.96 A

V = Ir, = IiRs, hence

o _ ara _ (0.04)(25)

o= A =0.02002Q
I 49.96

=20.02m$

Thus for the moving-coil instrument to be used as an
ammeter with a range 0-50A, a resistance of value
20.02mQ needs to be connected in parallel with the
instrument.

Problem 2. A moving-coil instrument having a
resistance of 10 € gives an f.s.d. when the current is
8mA. Calculate the value of the multiplier to be
connected in series with the instrument so that it
can be used as a voltmeter for measuring p.d.s up to
100 V.

The circuit diagram is shown in Fig. 10.6, where
r, = resistance of instrument=10Q,
Rnm = resistance of multiplier,

I =total permissible instrument current=
8mA =0.008 A,
V =total p.d. required to give f.s.d.=100V
V=Va+Vm=Ira+ IRu

ie. 100=(0.008)(10) + (0.008) Rm
or 100 —0.08 =0.008 Ry, thus

99.92

Rvy = —— =12490Q = 12.49k
0.008
/=8 mA Rm

’@r —
2 2 W

a T

Oe——-V=100 Vmv-—"-0

Figure 10.6

Hence for the moving-coil instrument to be used as a
voltmeter with a range 0—100V, a resistance of value
12.49kQ needs to be connected in series with the
instrument.

Now try the following Practice Exercise

Practice Exercise 51 Shunts and multipliers
(Answers on page 430)

1. A moving-coil instrument gives an f.s.d. for
a current of 10mA. Neglecting the resistance
of the instrument, calculate the approximate
value of series resistance needed to enable the
instrument to measure up to (a) 20V, (b) 100V,
(c) 250V

2. A meter of resistance 50Q has an f.s.d. of
4mA. Determine the value of shunt resis-
tance required in order that the f.s.d. should be
(a) 15mA, (b) 20A, (c) 100A

3. A moving-coil instrument having a resistance
of 20Q gives an f.s.d. when the current is
5SmA. Calculate the value of the multiplier to
be connected in series with the instrument so
thatit can be used as a voltmeter for measuring
p.d.s up to 200V

4. A moving-coil instrument has an f.s.d. of
20mA and a resistance of 25 Q. Calculate the
values of resistance required to enable the
instrument to be used (a) as a 0-10 A ammeter
and (b) as a 0—100V voltmeter. State the mode
of resistance connection in each case.

5. A meterhasaresistance of 40 Q and registers a
maximum deflection when a current of 15 mA
flows. Calculate the value of resistance that
converts the movement into (a) an ammeter
with a maximum deflection of 50 A and (b) a
voltmeter with a range 0-250V

10.7 Electronic instruments

Electronic measuring instruments have advantages over
instruments such as the moving-iron or moving-coil
meters, in that they have a much higher input resistance
(some as high as 1000 MQ) and can handle a much wider
range of frequency (from d.c. up to MHz).
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The digital voltmeter (DVM) is one which provides a
digital display of the voltage being measured. Advan-
tages of a DVM over analogue instruments include
higher accuracy and resolution, no observational or par-
allex errors (see Section 10.22) and a very high input
resistance, constant on all ranges.

A digital multimeter is a DVM with additional circuitry
which makes it capable of measuring a.c. voltage, d.c.
and a.c. current and resistance.

Instruments for a.c. measurements are generally cali-
brated with a sinusoidal alternating waveform to indi-
cate r.m.s. values when a sinusoidal signal is applied to
the instrument. Some instruments, such as the moving-
iron and electro-dynamic instruments, give a true r.m.s.
indication. With other instruments the indication is
either scaled up from the mean value (such as with the
rectified moving-coil instrument) or scaled down from
the peak value.

Sometimes quantities to be measured have complex
waveforms (see Section 10.15), and whenever a quan-
tity is non-sinusoidal, errors in instrument readings
can occur if the instrument has been calibrated for
sine waves only. Such waveform errors can be largely
eliminated by using electronic instruments.

10.8 The ohmmeter

An ohmmeter is an instrument for measuring elec-
trical resistance. A simple ohmmeter circuit is shown
in Fig. 10.7(a). Unlike the ammeter or voltmeter, the
ohmmeter circuit does not receive the energy neces-
sary for its operation from the circuit under test. In the
ohmmeter this energy is supplied by a self-contained
source of voltage, such as a battery. Initially, termi-
nals XX are short-circuited and R adjusted to give
f.s.d. on the milliammeter. If current / is at a maxi-
mum value and voltage E is constant, then resistance
R=E/I is at a minimum value. Thus f.s.d. on the mil-
liammeter is made zero on the resistance scale. When
terminals XX are open circuited no current flows and
R (=E/O) is infinity, oo

The milliammeter can thus be calibrated directly in
ohms. A cramped (non-linear) scale results and is ‘back
to front’, as shown in Fig. 10.7(b). When calibrated,
an unknown resistance is placed between terminals XX
and its value determined from the position of the pointer
on the scale. An ohmmeter designed for measuring low
values of resistance is called a continuity tester. An
ohmmeter designed for measuring high values of resis-
tance (i.e. megohms) is called an insulation resistance
tester (e.g. ‘Megger’).

I H
E= (a)
T -41o2
X Unknown
resistance
500 200
Qcp\ooo 766
v .
& )
& SO\ O
b S “A Resistance (Q)
q.'O
Current (mA)

Figure 10.7

10.9 Multimeters

Instruments are manufactured that combine a moving-
coil meter with a number of shunts and series
multipliers, to provide a range of readings on a
single scale graduated to read current and voltage. If
a battery is incorporated then resistance can also be
measured. Such instruments are called multimeters or
universal instruments or multirange instruments.
An ‘Avometer’ is a typical example. A particular range
may be selected either by the use of separate terminals
or by a selector switch. Only one measurement can be
performed at a time. Often such instruments can be
used in a.c. as well as d.c. circuits when a rectifier is
incorporated in the instrument.

Digital multimeters (DMMs) are now almost uni-
versally used, the Fluke Digital Multimeter being an
industry leader for performance, accuracy, resolution,
ruggedness, reliability and safety. These instruments
measure d.c. currents and voltages, resistance and con-
tinuity, a.c. (r.m.s.) currents and voltages, temperature,
and much more.

10.10 Wattmeters

A wattmeter is an instrument for measuring elec-
trical power in a circuit. Fig. 10.8 shows typi-
cal connections of a wattmeter used for measuring
power supplied to a load. The instrument has
two coils:

(i) a current coil, which is connected in series with
the load, like an ammeter, and

(i) avoltage coil, which is connected in parallel with
the load, like a voltmeter.
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[] LOAD

Figure 10.8

10.11 Instrument ‘loading’ effect

Some measuring instruments depend for their operation
on power taken from the circuit in which measurements
are being made. Depending on the ‘loading’ effect of the
instrument (i.e. the current taken to enable it to operate),
the prevailing circuit conditions may change.

The resistance of voltmeters may be calculated since
each have a stated sensitivity (or ‘figure of merit’), often
stated in ‘kQ per volt’ of f.s.d. A voltmeter should have
as high a resistance as possible (— ideally infinite). In
a.c. circuits the impedance of the instrument varies with
frequency and thus the loading effect of the instrument
can change.

Problem 3. Calculate the power dissipated by the
voltmeter and by resistor R in Fig. 10.9 when

(a) R=250Q, (b) R=2MQ. Assume that the
voltmeter sensitivity (sometimes called figure of
merit) is 10kQ/V.

R 100 V
0-200V

Figure 10.9

(a) Resistance of voltmeter, R, =sensitivity x f.s.d.
Hence, R, = (10 kQ/V) x (200V) =2000kQ =
2MQ. Current flowing in voltmeter,

V. 100
Iy=—

= =50x10°A
R, 2x10°

Power dissipated by voltmeter
= VI, = (100)(50 x 107%) = 5mW

When R =250Q, current in resistor,

Power dissipated in load resistor R
=VIr = (100)(0.4) =40 W

Thus the power dissipated in the voltmeter is
insignificant in comparison with the power dis-
sipated in the load.

(b) When R=2MQ, current in resistor,

I Vv 100
R=R ™ 2x106
Power dissipated in load resistor R
=VIr=100x 50 x 1076 =5mW
In this case the higher load resistance reduced the
power dissipated such that the voltmeter is using
as much power as the load.

=50x107°A

Problem 4. An ammeter has an f.s.d. of 100mA
and a resistance of 50 Q. The ammeter is used to
measure the current in a load of resistance 500 Q
when the supply voltage is 10 V. Calculate (a) the
ammeter reading expected (neglecting its
resistance), (b) the actual current in the circuit,

(c) the power dissipated in the ammeter and (d) the
power dissipated in the load.

From Fig. 10.10,

(a) expected ammeter reading=V/R=10/500
=20mA

(b) Actual ammeter reading

=V/(R +ra)=10/(500+50)
=18.18mA

Thus the ammeter itself has caused the circuit
conditions to change from 20mA to 18.18 mA.

(c) Power dissipated in the ammeter
=1%r,=(18.18 x 1073)2(50)=16.53mW

(d) Power dissipated in the load resistor
=1’R=(18.18 x 1073)2(500) = 165.3 mW

0-100 mA
(»)
Fa=50 0
R=500 O 10V

|

Problem 5. A voltmeter having an f.s.d. of 100V
and an sensitivity of 1.6kQ/V is used to measure
voltage V1 in the circuit of Fig. 10.11. Determine
(a) the value of voltage V| with the voltmeter not

Figure 10.10
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connected and (b) the voltage indicated by the
voltmeter when connected between A and B.

A 40kQ B 60 KkQ

Vi

100 V
Figure 10.11

(a) By voltage division,

40
Vi=(——-)100=40V
! (40+60)

(b) Theresistance of a voltmeter having a 100V f.s.d.
and sensitivity 1.6kQ/V is
100V x 1.6kQ/V=160kQ. When the voltmeter
is connected across the 40kQ resistor the circuit
is as shown in Fig. 10.12(a) and the equivalent
resistance of the parallel network is given by

40 x 160
Bidalaig FY0)
(40+ 160)
, (40 x 160
1.€. —_—

kQ =32kQ
200

A40kQ g 60 kO A 32KQ B 60 kQ

I 160 kQ Vi

100 V 100V
@) (b)

Figure 10.12

The circuit is now effectively as shown in
Fig. 10.12(b). Thus the voltage indicated on the
voltmeter is

2
3 100V =34.78V
32+60

A considerable error is thus caused by the loading effect
of the voltmeter on the circuit. The error is reduced by
using a voltmeter with a higher sensitivity.

Problem 6. (a) A current of 20 A flows through a
load having a resistance of 2 Q. Determine the
power dissipated in the load. (b) A wattmeter,
whose current coil has a resistance of 0.01 Q, is

connected as shown in Fig. 10.13. Determine the
wattmeter reading.

1=20 A

Supply

Figure 10.13

(a) Power dissipated in the load, P =I*R = (20)%(2)
=800 W

(b) With the wattmeter connected in the circuit
the total resistance Rt is 2+0.01=2.01Q. The
wattmeter reading is thus /2R = (20)%(2.01)

=804W

Now try the following Practice Exercise

Practice Exercise 52 Instrument ‘loading’
effects (Answers on page 430)

1. A 0-1A ammeter having a resistance of 50Q
is used to measure the current flowing in a 1 k€2
resistor when the supply voltage is 250 V. Cal-
culate: (a) the approximate value of current
(neglecting the ammeter resistance), (b) the
actual current in the circuit, (c) the power dissi-
pated in the ammeter, (d) the power dissipated
in the 1kQ resistor.

2. (a) Acurrentof 15 A flows through a load hav-
ing a resistance of 4Q. Determine the power
dissipated in the load. (b) A wattmeter, whose
current coil has a resistance of 0.02 Q, is con-
nected (as shown in Fig. 10.13) to measure
the power in the load. Determine the wattmeter
reading assuming the current in the load is still
15A.

3. A voltage of 240V is applied to a circuit con-
sisting of an 800Q resistor in series with a
1.6kQ resistor. What is the voltage across the
1.6kQ resistor? The p.d. across the 1.6kQ
resistor is measured by a voltmeter of f.s.d.
250V and sensitivity 100 Q/V. Determine the
voltage indicated.
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4. A 240V supply is connected across a load
resistance R. Also connected across R is a
voltmeter having an f.s.d. of 300V and a
figure of merit (i.e. sensitivity) of 8kQ/V.
Calculate the power dissipated by the volt-
meter and by the load resistance if (a)
R=100Q, (b) R=1MQ. Comment on the
results obtained.

10.12 The oscilloscope

The oscilloscope is basically a graph-displaying
device — it draws a graph of an electrical signal. In most
applications the graph shows how signals change over
time. From the graph it is possible to:

e determine the time and voltage values of a signal
e calculate the frequency of an oscillating signal

e see the ‘moving parts’ of a circuit represented by
the signal

e tellif a malfunctioning component is distorting the
signal

e find out how much of a signal is d.c. or a.c.

e tell how much of the signal is noise and whether
the noise is changing with time

Oscilloscopes are used by everyone from television
repair technicians to physicists. They are indispensable
for anyone designing or repairing electronic equipment.
The usefulness of an oscilloscope is not limited to the
world of electronics. With the proper transducer (i.e.
a device that creates an electrical signal in response
to physical stimuli, such as sound, mechanical stress,
pressure, light or heat), an oscilloscope can measure
any kind of phenomena. An automobile engineer uses
an oscilloscope to measure engine vibrations; a medical
researcher uses an oscilloscope to measure brain waves,
and so on.

Oscilloscopes are available in both analogue and dig-
ital types. An analogue oscilloscope works by directly
applying a voltage being measured to an electron beam
moving across the oscilloscope screen. The voltage
deflects the beam up or down proportionally, tracing
the waveform on the screen. This gives an immediate
picture of the waveform.

In contrast, a digital oscilloscope samples the
waveform and uses an analogue to digital converter
(see Section 19.11, page 315) to convert the voltage

being measured into digital information. It then uses
this digital information to reconstruct the waveform on
the screen.

For many applications either an analogue or digital
oscilloscope is appropriate. However, each type does
possess some unique characteristics making it more or
less suitable for specific tasks.

Analogue oscilloscopes are often preferred when it is
important to display rapidly varying signals in ‘real
time’ (i.e. as they occur).

Digital oscilloscopes allow the capture and viewing of
events that happen only once. They can process the
digital waveform data or send the data to a computer
for processing. Also, they can store the digital wave-
form data for later viewing and printing. Digital storage
oscilloscopes are explained in Section 10.14.

Analogue oscilloscopes

When an oscilloscope probe is connected to a circuit, the
voltage signal travels through the probe to the vertical
system of the oscilloscope. Fig. 10.14 shows a simple
block diagram that shows how an analogue oscilloscope
displays a measured signal.

Depending on how the vertical scale (volts/division
control) is set, an attenuator reduces the signal voltage or
an amplifier increases the signal voltage. Next, the sig-
nal travels directly to the vertical deflection plates of the
cathode ray tube (CRT). Voltage applied to these deflec-
tion plates causes a glowing dot to move. (An electron
beam hitting phosphor inside the CRT creates the glow-
ing dot.) A positive voltage causes the dot to move up
while a negative voltage causes the dot to move down.

The signal also travels to the trigger system to start or
trigger a ‘horizontal sweep’. Horizontal sweep is a term
referring to the action of the horizontal system causing
the glowing dot to move across the screen. Triggering
the horizontal system causes the horizontal time base
to move the glowing dot across the screen from left
to right within a specific time interval. Many sweeps
in rapid sequence cause the movement of the glowing
dot to blend into a solid line. At higher speeds, the dot
may sweep across the screen up to 500000 times each
second.

Together, the horizontal sweeping action (i.e. the X
direction) and the vertical deflection action (i.e. the Y
direction), trace a graph of the signal on the screen.
The trigger is necessary to stabilize a repeating signal.
It ensures that the sweep begins at the same point of a
repeating signal, resulting in a clear picture.
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Figure 10.14

In conclusion, to use an analogue oscilloscope, three
basic settings to accommodate an incoming signal need
to be adjusted:

e the attenuation or amplification of the signal — use
the volts/division control to adjust the amplitude
of the signal before it is applied to the vertical
deflection plates

e the time base — use the time/division control to
set the amount of time per division represented
horizontally across the screen

e the triggering of the oscilloscope — use the trig-
ger level to stabilize a repeating signal, as well as
triggering on a single event.

Also, adjusting the focus and intensity controls enable
a sharp, visible display to be created.

(i) With direct voltage measurements, only the Y
amplifier ‘volts/cm’ switch on the oscilloscope is
used. With no voltage applied to the Y plates the
position of the spot trace on the screen is noted.
When a direct voltage is applied to the Y plates
the new position of the spot trace is an indication
of the magnitude of the voltage. For example, in
Fig. 10.15(a), with no voltage applied to the Y
plates, the spot trace is in the centre of the screen
(initial position) and then the spot trace moves
2.5cm to the final position shown, on application
of a d.c. voltage. With the ‘volts/cm’ switch on

(i)

generator “| amplifier

444

Ramp time base

10 volts/cm the magnitude of the direct voltage is
2.5cm x 10volts/cm, i.e. 25 volts.

With alternating voltage measurements, let
a sinusoidal waveform be displayed on an
oscilloscope screen as shown in Fig. 10.15(b).
If the time/cm switch is on, say, 5 ms/cm then the

Final position
Initial position
ot
52 ! 05,
'
10 0.
20~
(@ P
40 7
050 1
t
V 1\ Peak-to-peak
Y, value
1os
~S~——] 5\2 P02
10+
20
- 30T
Periodic time 50
(b) 5mS 100 ps

Figure 10.15
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Acquisition system

Vertical system
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Vertical Analogue to Digital

ertica iai | .

Attenuator o ® digital Memory display

- amplifier convertor _>|__l system
A

Horizontal system

Sample
clock

Trigger system

Figure 10.16
periodic time 7' of the sine wave is Sms/cm x
4cm, i.e. 20ms or 0.02s. Since frequency

1
f= T frequency = =50Hz

0.02

If the ‘volts/cm’ switch is on, say, 20 volts/cm
then the amplitude or peak value of the sine
wave shown is 20 volts/cm x 2 cm, i.e. 40 V. Since

peak voltage

V2

r.m.s. voltage = % = 28.28 volts
Double-beam oscilloscopes are useful whenever two
signals are to be compared simultaneously. The c.r.o.
demands reasonable skill in adjustment and use. How-
ever, its greatest advantage is in observing the shape of a
waveform — a feature not possessed by other measuring
instruments.

r.m.s. voltage = (see Chapter 14),

Digital oscilloscopes

Some of the systems that make up digital oscillo-
scopes are the same as those in analogue oscilloscopes;
however, digital oscilloscopes contain additional data
processing systems — as shown in the block diagram
of Fig. 10.16. With the added systems, the digital
oscilloscope collects data for the entire waveform and
then displays it.

When a digital oscilloscope probe is attached to a
circuit, the vertical system adjusts the amplitude of
the signal, just as in the analogue oscilloscope. Next,

il

Clock time base

the analogue-to-digital converter (ADC) in the acqui-
sition system samples the signal at discrete points in
time and converts the signals’ voltage at these points to
digital values called sample points. The horizontal sys-
tems’ sample clock determines how often the ADC takes
a sample. The rate at which the clock ‘ticks’ is called
the sample rate and is measured in samples per second.
The sample points from the ADC are stored in memory
as waveform points. More than one sample point may
make up one waveform point.

Together, the waveform points make up one waveform
record. The number of waveform points used to make
a waveform record is called a record length. The trig-
ger system determines the start and stop points of the
record. The display receives these record points after
being stored in memory.

Depending on the capabilities of an oscilloscope, addi-
tional processing of the sample points may take place,
enhancing the display. Pre-trigger may be available,
allowing events to be seen before the trigger point.
Fundamentally, with a digital oscilloscope as with an
analogue oscilloscope, there is a need to adjust vertical,
horizontal and trigger settings to take a measurement.

Problem 7. For the oscilloscope square voltage
waveform shown in Fig. 10.17, determine (a) the
periodic time, (b) the frequency and (c) the
peak-to-peak voltage. The ‘time/cm’ (or timebase
control) switch is on 100 jus/cm and the ‘volts/cm’
(or signal amplitude control) switch is on 20 V/cm.
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Figure 10.17

(In Figs 10.17 to 10.20 assume that the squares shown
are 1 cm by I cm)

(a) The width of one complete cycle is 5.2cm. Hence
the periodic time,
T=5.2cmx 100 x 107%s/cm=0.52ms

(b) Frequency, f =1.92kHz

TT052x1070
(c) The peak-to-peak height of the display is 3.6cm,
hence the peak-to-peak voltage

=36cmx20V/icm=72V

Problem 8. For the oscilloscope display of a
pulse waveform shown in Fig. 10.18 the ‘time/cm’
switch is on 50ms/cm and the ‘volts/cm’ switch is
on 0.2 V/cm. Determine (a) the periodic time,

(b) the frequency, (c) the magnitude of the pulse
voltage.

- — =

Figure 10.18

(a) The width of one complete cycle is 3.5cm. Hence
the periodic time,
T =3.5cm x 50ms/cm= 175ms
1 1
T 0.52x1073
(c) The height of a pulse is 3.4 cm, hence the magni-
tude of the pulse voltage
=3.4cmx0.2V/cm= 0.68V

(b) Frequency, f= =5.71Hz

Problem 9. A sinusoidal voltage trace displayed
by an oscilloscope is shown in Fig. 10.19. If the
‘time/cm’ switch is on 500 ps/cm and the
‘volts/cm’ switch is on 5 V/cm, find, for the
waveform, (a) the frequency, (b) the peak-to-peak
voltage, (c) the amplitude, (d) the r.m.s. value.

/N /M

JAAN VAR

Figure 10.19

(a) The width of one complete cycle is 4cm. Hence
the periodic time, 7 is 4cm x 500 pus/cm, i.e. 2ms

1
Frequency, f = — =

T 2x103 0

(b) The peak-to-peak height of the waveform is Scm.
Hence the peak-to-peak voltage
=5cmx 5V/cm=25V

1
(¢) Amplitude= 3 x25V=12.5V

(d) The peak value of voltage is the amplitude, i.e.
12.5V, and r.m.s.

peak voltage  12.5
voltage = =

V2 V2

=8.84V

Problem 10. For the double-beam oscilloscope
displays shown in Fig. 10.20 determine (a) their
frequency, (b) their r.m.s. values, (c) their phase
difference. The ‘time/cm’ switch is on 100 ps/cm
and the ‘volts/cm’ switch on 2 V/cm.

/

\
/ \\/ /

wARNN N

Figure 10.20
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(a) The width of each complete cycle is 5cm for both

waveforms. Hence the periodic time, 7', of each [ ] :
waveform is 5cm x 100 s/cm, i.e. 0.5 ms. 8
Frequency of each waveform, §
f ! ! 2kH
= — = - = Z
T 05x1073 ]
(b) The peak value of waveform A is 2105 sms,
2cmx2V/cm=4V, hence the r.m.s. value of 002 soms = 100us
waveform A 23%.', 500 ms-:
=4/(v/2)=2.83V g0 2%

. Figure 10.22
The peak value of waveform B is

2.5cm x2V/em=5V, hence the r.m.s. value of . . .
3. For the sinusoidal waveform shown in

waveform B ) . :
—5/(v/2)=3.54V Fig. 10.23, determine (a) its frequency,
(b) the peak-to-peak voltage, (c) the r.m.s.
(c) Since Scmrepresents 1 cycle, then 5cm represents voltage.

360°, i.e. 1cm represents 360/5=72°. The phase
angle ¢ =0.5cm

=0.5cm x 72°/cm=36° J \ \

Hence waveform A leads waveform B by 36° l l l \

Now try the following Practice Exercise

2105 5ms 4
. . . 5510502 Sty UE
Practice Exercise 53 The oscilloscope 213 2uins '_
(Answers on page 430) 30°) ’ 8
405, goe

1. For the square voltage waveform displayed on
an oscilloscope shown in Fig. 10.21, find (a) Figure 10.23
its frequency, (b) its peak-to-peak voltage.

10.13 Virtual test and measuring

instruments

Computer-based instruments are rapidly replacing items
of conventional test equipment in many of today’s test

= and measurement applications. Probably the most com-
monly available virtual test instrument is the digital

52 1 9'fo,2 5mS | 100us storage oscilloscope (DSO). Because of the processing

o 20 "‘S_‘\l’_ power available from the PC coupled with the mass stor-

S AN age capability, a computer-based virtual DSO is able to
provide a variety of additional functions, such as spec-

Figure 10.21 trum analysis and digital display of both frequency and
voltage. In addition, the ability to save waveforms and

2. For the pulse waveform shown in Fig. 10.22, captured measurement data for future analysis or for
find (a) its frequency, (b) the magnitude of the comparison purposes can be extremely valuable, partic-
pulse voltage. ularly where evidence of conformance with standards

or specifications is required.



—
[
=
—
O
(<B]
(Vo)

132  Electrical and Electronic Principles and Technology

Unlike a conventional oscilloscope (which is pri-
marily intended for waveform display), a computer-
based virtual oscilloscope effectively combines several
test instruments in one single package. The functions
and available measurements from such an instrument
usually includes:

e real time or stored waveform display

e precise time and voltage measurement (using
adjustable cursors)

e digital display of voltage

e digital display of frequency and/or periodic time
e accurate measurement of phase angle

e frequency spectrum display and analysis

e data logging (stored waveform data can be
exported in formats that are compatible with con-
ventional spreadsheet packages, e.g. as .xls files)

e ability to save/print waveforms and other infor-
mation in graphical format (e.g. as .jpg or .bmp
files).

Virtual instruments can take various forms, including:

e internal hardware in the form of a conventional PCI
expansion card

e external hardware unit which is connected to the
PC by means of either a conventional 25-pin para-
llel port connector or by means of a serial USB
connector.

The software (and any necessary drivers) is invari-
ably supplied on CD-ROM or can be downloaded from
the manufacturer’s web site. Some manufacturers also
supply software drivers together with sufficient accom-
panying documentation in order to allow users to control
virtual test instruments from their own software devel-
oped using popular programming languages such as
VisualBASIC or C++

10.14 Virtual digital storage

oscilloscopes

Several types of virtual DSO are currently available.
These can be conveniently arranged into three different
categories according to their application:

e Jow-cost DSO
e high-speed DSO
e high-resolution DSO

Unfortunately, there is often some confusion between
the last two categories. A high-speed DSO is designed
for examining waveforms that are rapidly changing.
Such an instrument does not necessarily provide high-
resolution measurement. Similarly, a high-resolution
DSO is useful for displaying waveforms with a high
degree of precision but it may not be suitable for exam-
ining fast waveforms. The difference between these two
types of DSO should become a little clearer later on.
Low-cost DSO are primarily designed for low-
frequency signals (typically signals up to around
20kHz) and are usually able to sample their signals at
rates of between 10K and 100K samples per second.
Resolution is usually limited to either 8-bits or 12-bits
(corresponding to 256 and 4096 discrete voltage levels,
respectively).

High-speed DSOs are rapidly replacing CRT-based
oscilloscopes. They are invariably dual-channel instru-
ments and provide all the features associated with a
conventional ‘scope’ including trigger selection, time-
base and voltage ranges, and an ability to operate in X-Y
mode.

Additional features available with a computer-based
instrument include the ability to capture transient sig-
nals (as with a conventional digital storage ‘scope’) and
save waveforms for future analysis. The ability to anal-
yse a signal in terms of its frequency spectrum is yet
another feature that is only possible with a DSO (see
later).

Upper frequency limit

The upper signal frequency limit of a DSO is determined
primarily by the rate at which it can sample an incom-
ing signal. Typical sampling rates for different types of
virtual instrument are:

Type of DSO Typical sampling rate

Low-cost DSO 20K to 100K per second

High-speed DSO 100M to 1000 M per second

High-resolution DSO 20M to 100 M per second

In order to display waveforms with reasonable accu-
racy it is normally suggested that the sampling rate
should be at least twice and preferably more than five
times the highest signal frequency. Thus, in order to
display a 10 MHz signal with any degree of accuracy
a sampling rate of 50M samples per second will be
required.
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The ‘five times rule’ merits a little explanation. When
sampling signals in a digital to analogue converter we
usually apply the Nyquist* criterion that the sampling
frequency must be at least twice the highest analogue
signal frequency. Unfortunately, this no longer applies
in the case of a DSO where we need to sample at an even
faster rate if we are to accurately display the signal.
In practice we would need a minimum of about five
points within a single cycle of a sampled waveform in
order to reproduce it with approximate fidelity. Hence
the sampling rate should be at least five times that of the
highest signal frequency in order to display a waveform
reasonably faithfully.

A special case exists with dual-channel DSOs. Here
the sampling rate may be shared between the two chan-
nels. Thus an effective sampling rate of 20M samples
per second might equate to 10M samples per second
for each of the two channels. In such a case the upper
frequency limit would not be 4 MHz but only a mere
2 MHz.

The approximate bandwidth required to display differ-
ent types of signals with reasonable precision is given
in the table below:

Signal Bandwidth
required (approx)
Low-frequency and power d.c. to 10kHz
Audio frequency (general) d.c. to 20kHz
Audio frequency d.c. to 50kHz

(high-quality)

Square and pulse waveforms d.c. to 100kHz
(up to SkHz)

Fast pulses with small d.c. to 1 MHz
rise-times

Video d.c. to 1I0MHz
Radio (LE, MF and HF) d.c. to 50 MHz

The general rule is that, for sinusoidal signals, the
bandwidth should ideally be at least double that of the
highest signal frequency, whilst for square wave and
pulse signals the bandwidth should be at least ten times
that of the highest signal frequency.

*Who was Nyquist? Go to www.routledge.com/cw/bird

It is worth noting that most manufacturers define the
bandwidth of an instrument as the frequency at which
a sine wave input signal will fall to 0.707 of its true
amplitude (i.e. the —3 dB point). To put this into context,
at the cut-off frequency the displayed trace will be in
error by a whopping 29%!

Resolution

The relationship between resolution and signal accu-
racy (not bandwidth) is simply that the more bits used in
the conversion process the more discrete voltage levels
can be resolved by the DSO. The relationship is as
follows:

x=2"

where x is the number of discrete voltage levels and n is
the number of bits. Thus, each time we use an additional
bit in the conversion process we double the resolution
of the DSO, as shown in the table below:

Number of discrete
voltage levels, x

Number of bits, n

8-bit 256
10-bit 1024
12-bit 4096
16-bit 65536

Buffer memory capacity

A DSO stores its captured waveform samples in a buffer
memory. Hence, for a given sampling rate, the size of
this memory buffer will determine for how long the
DSO can capture a signal before its buffer memory
becomes full.

The relationship between sampling rate and buffer mem-
ory capacity is important. A DSO with a high sampling
rate but small memory will only be able to use its full
sampling rate on the top few time base ranges.

To put this into context, it’s worth considering a simple
example. Assume that we need to display 10000 cycles
of a 10MHz square wave. This signal will occur in a
time frame of 1 ms. If applying the ‘five times rule’ we
would need a bandwidth of at least 50 MHz to display
this signal accurately.

To reconstruct the square wave we would need a min-
imum of about five samples per cycle so a minimum
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sampling rate would be 5 x 10 MHz=50M samples per
second. To capture data at the rate of 50 M samples per
second for a time interval of 1 ms requires a memory that
can store 50000 samples. If each sample uses 16-bits
we would require 100 kbyte of extremely fast memory.

Accuracy

The measurement resolution or measurement accuracy
of a DSO (in terms of the smallest voltage change that
can be measured) depends on the actual range that is
selected. So, for example, on the 1 V range an 8-bit DSO
is able to detect a voltage change of one two hundred
and fifty sixth of a volt or (1/256) V or about 4mV.
For most measurement applications this will prove to
be perfectly adequate as it amounts to an accuracy of
about 0.4% of full-scale.

Fig. 10.24 depicts a PicoScope software display
showing multiple windows providing conventional
oscilloscope waveform display, spectrum analyser dis-
play, frequency display and voltmeter display.
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Figure 10.24

Adjustable cursors make it possible to carry out
extremely accurate measurements. In Fig. 10.25, the
peak value of the (nominal 10V peak) waveform is
measured at precisely 9625 mV (9.625 V). The time to
reach the peak value (from 0 V) is measured as 246.7 s
(0.2467 ms).

The addition of a second time cursor makes it possi-
ble to measure the time accurately between two events.
In Fig. 10.26, event ‘0’ occurs 131 ns before the trig-
ger point whilst event ‘x” occurs 397 ns after the trigger
point. The elapsed time between these two events is
528 ns. The two cursors can be adjusted by means of the
mouse (or other pointing device) or, more accurately,
using the PC’s cursor keys.
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Figure 10.26

Autoranging

Autoranging is another very useful feature that is often
provided with a virtual DSO. If you regularly use a
conventional ‘scope’ for a variety of measurements you
will know only too well how many times you need
to make adjustments to the vertical sensitivity of the
instrument.

High-resolution DSO

High-resolution DSOs are used for precision applica-
tions where it is necessary to faithfully reproduce a
waveform and also to be able to perform an accurate
analysis of noise floor and harmonic content. Typical
applications include small signal work and high-quality
audio.

Unlike the low-cost DSO, which typically has 8-bit res-
olution and poor d.c. accuracy, these units are usually
accurate to better than 1% and have either 12-bit or
16-bit resolution. This makes them ideal for audio, noise
and vibration measurements.

The increased resolution also allows the instrument to
be used as a spectrum analyser with very wide dynamic
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range (up to 100 dB). This feature is ideal for per-
forming noise and distortion measurements on low-level

and 7kHz (all of which are greater than 75 dB down on
the fundamental).

analogue circuits.

Bandwidth alone is not enough to ensure that a DSO can
accurately capture a high-frequency signal. The goal of
manufacturers is to achieve a flat frequency response.
This response is sometimes referred to as a Maximally
Flat Envelope Delay (MFED). A frequency response of
this type delivers excellent pulse fidelity with minimum
overshoot, undershoot and ringing.

It is important to remember that if the input signal is
not a pure sine wave it will contain a number of higher
frequency harmonics. For example, a square wave will
contain odd harmonics that have levels that become pro-
gressively reduced as their frequency increases. Thus,
to display a 1 MHz square wave accurately you need
to take into account the fact that there will be signal
components present at 3 MHz, 5MHz, 7MHz, 9MHz,
11 MHz, and so on.

Spectrum analysis

The technique of Fast Fourier Transformation (FFT)
calculated using software algorithms using data cap-
tured by a virtual DSO has made it possible to produce
frequency spectrum displays. Such displays can be to
investigate the harmonic content of waveforms as well
as the relationship between several signals within a
composite waveform.

Fig. 10.27 shows the frequency spectrum of the 1 kHz
sine wave signal from a low-distortion signal generator.
Here the virtual DSO has been set to capture samples at
a rate of 4096 per second within a frequency range of
d.c. to 12.2kHz. The display clearly shows the second
harmonic (at a level of —50dB or —70dB relative to the
fundamental), plus further harmonics at 3kHz, SkHz

- =
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Figure 10.27

Problem 11. Fig. 10.28 shows the frequency
spectrum of a signal at 1184 kHz displayed by a
high-speed virtual DSO. Determine (a) the
harmonic relationship between the signals marked
‘0’ and ‘x’, (b) the difference in amplitude
(expressed in dB) between the signals marked ‘o’
and ‘x’ and (c) the amplitude of the second
harmonic relative to the fundamental signal ‘o’
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Figure 10.28

(a) The signal x is at a frequency of 3553 kHz. This is

three times the frequency of the signal at ‘0’ which
is at 1184 kHz. Thus, x is the third harmonic of
the signal ‘0’

(b) The signal at ‘0’ has an amplitude of +17.46dB

whilst the signal at ‘x’ has an amplitude of
—4.08dB. Thus, the difference in level =
(+17.46) — (—4.08)=21.54dB

(¢c) The amplitude of the second harmonic (shown

at approximately 2270kHz) = —5dB

10.15 Waveform harmonics

(i) Letan instantaneous voltage v be represented by
0 = Vpy sin 2z ft volts. This is a waveform which
varies sinusoidally with time ¢, has a frequency
f and a maximum value Vj,. Alternating volt-
ages are usually assumed to have wave-shapes
which are sinusoidal where only one frequency
is present. If the waveform is not sinusoidal it is
called a complex wave, and, whatever its shape, it
may be split up mathematically into components
called the fundamental and a number of har-
monics. This process is called harmonic analysis.

The fundamental (or first harmonic) is sinusoidal
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and has the supply frequency, f; the other har-
monics are also sine waves having frequencies
which are integer multiples of f. Thus, if the sup-
ply frequency is 50Hz, then the third harmonic
frequency is 150Hz, the fifth 250Hz, and so on.

(i) A complex waveform comprising the sum of
the fundamental and a third harmonic of about
half the amplitude of the fundamental is shown
in Fig. 10.29(a), both waveforms being initially
in phase with each other. If further odd har-
monic waveforms of the appropriate amplitudes
are added, a good approximation to a square wave
results. In Fig. 10.29(b), the third harmonic is
shown having an initial phase displacement from
the fundamental. The positive and negative half
cycles of each of the complex waveforms shown
in Figs 10.29(a) and (b) are identical in shape,
and this is a feature of waveforms containing the
fundamental and only odd harmonics.

Complex Complex
waveform waveform
vil7’ Fundamental v
N A -~ Third
\ / /Y7 harmonic |/ /
0 ! [ 0
T T t
o //l t
N/ ¥
harmonic
(@) (b)
Complex Complex
¢~ waveform waveform
y ;N\ Fundamental v Fundamental
Second
[N \ -~ Seﬁg?gonic _.harmonic
7\ \ N 7
\\ \/ \ / \
o off7 7 7
[ AR Nt
/ \\ /
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(d)
Complex Complex
waveform waveform
\ ~— Fundamental - Fundamental
v \ Second v -
\ 7\ harmonic
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6} 7 0]
Third
harmonic
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Figure 10.29

(iii)) A complex waveform comprising the sum of
the fundamental and a second harmonic of

about half the amplitude of the fundamental is
shown in Fig. 10.29(c), each waveform being
initially in phase with each other. If further
even harmonics of appropriate amplitudes are
added a good approximation to a triangular wave
results. In Fig. 10.29(c), the negative cycle, if
reversed, appears as a mirror image of the pos-
itive cycle about point A. In Fig. 10.29(d) the
second harmonic is shown with an initial phase
displacement from the fundamental and the pos-
itive and negative half cycles are dissimilar.

(iv) A complex waveform comprising the sum of
the fundamental, a second harmonic and a third
harmonic is shown in Fig. 10.29(e), each wave-
form being initially ‘in-phase’. The negative half
cycle, if reversed, appears as a mirror image of
the positive cycle about point B. In Fig. 10.29(f),
a complex waveform comprising the sum of the
fundamental, a second harmonic and a third har-
monic are shown with initial phase displacement.
The positive and negative half cycles are seen to
be dissimilar.

The features mentioned relative to Figs 10.29(a) to ()
make it possible to recognize the harmonics present in
a complex waveform displayed on a CRO.

10.16 Logarithmicratios

In electronic systems, the ratio of two similar quanti-
ties measured at different points in the system are often
expressed in logarithmic units. By definition, if the ratio
of two powers Py and P, is to be expressed in decibel
(dB) units then the number of decibels, X, is given by:

P
X=10lg (PZ)dB (1)

1

A decibel is one-tenth of a bel, the bel being a unit named
in honour of Alexander Graham Bell.*

Thus, when the power ratio, P»/P;=1 then the
decibel power ratio=10Ig 1=0, when the power
ratio, P,/P; =100 then the decibel power ratio=
101g 100 =+4-20 (i.e. a power gain), and when the power
ratio, P,/P1=1/100 then the decibel power ratio=
101g 1/100=—-20 (i.e. a power loss or attenuation).
Logarithmic units may also be used for voltage and cur-
rent ratios. Power, P, is givenby P =I?Ror P=V?/R.

*Who was Bell? Go to www.routledge.com/cw/bird
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Substituting in equation (1) gives:

3R>
x=101g{ 23— )dB
ITR,

V?/R
or  X=10lg 22/ 2 )aB
Vl/Rl

If Ri =Ry,

12

2
then X =10Ig{ -5 )dB

Ij

or
‘712

. I
ie. X=20Ig{-— )dB
I

or X=20Ig (Vz)dB
Vi

(from the laws of logarithms).
From equation (1), X decibels is a logarithmic ratio of
two similar quantities and is not an absolute unit of mea-
surement. It is therefore necessary to state a reference
level to measure a number of decibels above or below
that reference. The most widely used reference level for
power is 1 mW, and when power levels are expressed in
decibels, above or below the 1 mW reference level, the
unit given to the new power level is dBm.

A voltmeter can be re-scaled to indicate the power level
directly in decibels. The scale is generally calibrated by
taking a reference level of 0dB when a power of 1 mW
is dissipated in a 600 Q resistor (this being the natural
impedance of a simple transmission line). The reference
voltage V is then obtained from

V2
P=—
R
2
i.e. Ix103 = —
600

from which, V =0.775volts. In general, the number
of dBm,

Vv
X =20Ig 0775

0.2
Thus V =0.20V corresponds to 20 lg<m)

= —11.77dBm and

Volts
03 04 05 06 0>

02 9
ol ¢ %
N Zs
A0 -5 0
,'LQ x, N
Decibels °
(dBm 600 Q)

Figure 10.30

0.90
V =0.90V corresponds to ZOlg(m)

= +1.3dBm, and so on.

A typical decibelmeter, or dB meter, scale is shown in
Fig. 10.30. Errors are introduced with dB meters when
the circuit impedance is not 600 Q.

Problem 12. The ratio of two powers is (a) 3,
(b) 20, (c) 4, (d) 1/20. Determine the decibel power
ratio in each case.

From above, the power ratio in decibels, X, is given by:
X =101g(P>/P1)

P
(a) When 2 3,
P

X = 101g(3) = 10(0.477)

=4.77dB
)
(b) When —= = 20,
P
X = 101g(20) = 10(1.30)
=13.0dB

P
(c) When — =400,
P

X = 101g(400) = 10(2.60)

=26.0dB
P> 1
(d) When — = — =0.05,
P 20
X =101g(0.05) = 10(—1.30)
=-13.0dB

(a), (b) and (c) represent power gains and (d) represents
a power loss or attenuation.
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Problem 13. The current input to a system is
5mA and the current output is 20 mA. Find the
decibel current ratio assuming the input and load
resistances of the system are equal.

From above, the decibel current ratio is

201g (1—2) =20l1g (Q)
I 5
=201g 4 =20(0.60)
=12dB gain

Problem 14. 6% of the power supplied to a cable
appears at the output terminals. Determine the
power loss in decibels.

If P; =input power and P, = output power then
P 6
222 006
P 100
P
=10(—1.222) = —12.22dB

P,
Decibel power ratio = IOIg( 2) = 101g(0.06)

Hence the decibel power loss, or attenuation, is

12.22dB.

Problem 15. An amplifier has a gain of 14dB and
its input power is 8 mW. Find its output power.

Decibel power ratio=101g(P>/P1) where
P = input power=8mW, and P> =output power.

Hence
14 = 101g( 22
= g Pi
from which

1.4 1(P2)
A=1g| —
P

P
and 10 = FZ from the definition of a logarithm
1

. P
ie. 25.12=—
Py
Output power, P, =25.12 P; =(25.12)(8)

=201mW or 0.201W

Problem 16. Determine, in decibels, the ratio
of output power to input power of a three-stage
communications system, the stages having gains
of 12dB, 15dB and —8dB. Find also the overall
power gain.

The decibel ratio may be used to find the overall
power ratio of a chain simply by adding the deci-
bel power ratios together. Hence the overall decibel
power ratio=12+15—-8=19dB gain.

P
Thus 19=10Ig (—)
Py

. P
from which 1.9=1g (—)
P

P
and 109 = 2 79 .4
P

P
Thus the overall power gain, 172 =794
1

[For the first stage,
P
12=101g{ —
g(ﬁ)

P
2 _10'2=1585
1

from which

Similarly for the second stage,

&=31.62
P

and for the third stage,

P
— =0.1585
P

The overall power ratio is thus
15.85x31.62 x0.1585=79.4]

Problem 17. The output voltage from an
amplifier is 4 V. If the voltage gain is 27dB,
calculate the value of the input voltage assuming
that the amplifier input resistance and load
resistance are equal.

Voltage gain in decibels
=27 =201g(Va/ V1) =201g(4/ V1)
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27 4
Hence — =lg{ —
20 Vi
| 135=1 ( 4 )
ie. 35= —
g Vi
4
Thus 1003 = —
Vi
. 4
from which Vi= IOW
4
©22.39
=0.179V

Hence the input voltage V1 is 0.179V.

Now try the following Practice Exercise

Practice Exercise 54 Logarithmic ratios
(Answers on page 430)

1. The ratio of two powers is (a) 3, (b) 10, (c) 20,
(d) 10000. Determine the decibel power ratio
for each.

2. The ratio of two powers is (a) 11—0, (b) %, () %,
(d) ﬁ. Determine the decibel power ratio for
each.

3. The input and output currents of a system are
2mA and 10mA, respectively. Determine the
decibel current ratio of output to input current
assuming input and output resistances of the
system are equal.

4. 5% of the power supplied to a cable appears
at the output terminals. Determine the power
loss in decibels.

5. An amplifier has a gain of 24dB and its input
power is 10mW. Find its output power.

6. Determine, in decibels, the ratio of the output
power to input power of a four-stage system,
the stages having gains of 10dB, 8dB, —5dB
and 7dB. Find also the overall power gain.

7. The output voltage from an amplifier is 7mV.
If the voltage gain is 25 dB calculate the value
of the input voltage assuming that the amplifier
input resistance and load resistance are equal.

8. The voltage gain of a number of cascaded
amplifiers are 23dB, —5.8dB, —12.5dB and
3.8dB. Calculate the overall gain in decibels,

assuming that input and load resistances for
each stage are equal. If a voltage of 15mV is
applied to the input of the system, determine
the value of the output voltage.

9. The scale of a voltmeter has a decibel scale
added to it, which is calibrated by taking
a reference level of 0dB when a power of
1 mW is dissipated in a 600 Q resistor. Deter-
mine the voltage at (a) 0dB, (b) 1.5dB,
(c) —15dB (d) What decibel reading corre-
sponds to 0.5V?

10.17 Null method of measurement

A null method of measurement is a simple, accurate
and widely used method which depends on an instru-
ment reading being adjusted to read zero current only.
The method assumes:

(i) if there is any deflection at all, then some current
is flowing;

(i) if there is no deflection, then no current flows
(i.e. a null condition).

Hence it is unnecessary for a meter sensing current
flow to be calibrated when used in this way. A sensi-
tive milliammeter or microammeter with centre zero
position setting is called a galvanometer. Examples
where the method are used are in the Wheatstone
bridge (see Section 10.18), in the d.c. potentiometer (see
Section 10.19) and with a.c. bridges (see Section 10.20).

10.18 Wheatstone bridge

Fig. 10.31 shows a Wheatstone* bridge circuit which
compares an unknown resistance Rx with others of
known values, i.e. R and R», which have fixed values,
and R3, which is variable. Rz is varied until zero deflec-
tion is obtained on the galvanometer G. No current then
flows through the meter, Vs = Vg, and the bridge is said
to be ‘balanced’. At balance,

. R>R3
RiRx = R)R3 ie. Ry= R ohms
1

*Who was Wheatstone? Go to www.routledge.com/cw/bird
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Supply source v
: M I
S I* i
=}
5 —1— 1, —
A \ A
s\, \ s
Slide wire
-‘ of uniform —'
E, G cross-section E, G
Slanlcliard
cel
(a) (b)
Figure 10.31 Figure 10.33

Problem 18. In a Wheatstone bridge ABCD, a
galvanometer is connected between A and C, and a
battery between B and D. A resistor of unknown
value is connected between A and B. When the
bridge is balanced, the resistance between B and C
is 100 Q, that between C and D is 10 Q and that
between D and A is 400 Q. Calculate the value of
the unknown resistance.

using a standard cell of known e.m.f. E, the slider S is
moved along the slide wire until balance is obtained
(i.e. the galvanometer deflection is zero), shown as
length [

The standard cell is now replaced by a cell of
unknown e.m.f. E» (see Fig. 10.33(b)) and again bal-
ance is obtained (shown as [p). Since Ej [} and

E> < [ then
The Wheatstone bridge is shown in Fig. 10.32 where
Ry is the unknown resistance. At balance, equating the E I
products of opposite ratio arms gives: Er = A
(Ry)(10) = (100)(400) L
and E, =E; (l)volts
100)(400 !
and Ry = %é) =4000Q

A potentiometer may be arranged as a resistive two-
element potential divider in which the division ratio
is adjustable to give a simple variable d.c. supply.
Such devices may be constructed in the form of a
resistive element carrying a sliding contact which
is adjusted by a rotary or linear movement of the
control knob.

Problem 19. In a d.c. potentiometer, balance is
obtained at a length of 400 mm when using a
standard cell of 1.0186 volts. Determine the e.m.f.
Figure 10.32 of a dry cell if balance is obtained with a length of
650 mm.

Hence, the unknown resistance, Ry =4k

E{=1.0186V, [; =400mm and /, =650 mm
With reference to Fig. 10.33,

10.19 D.c. potentiometer B

The d.c. potentiometer is a null-balance instrument Ex I
used for determining values of e.m.f.s and p.d.s. by com-
parison with a known e.m.f. or p.d. In Fig. 10.33(a), from which,
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I 650
E;=E (=) =(1.0186) ( ——
=(7) =00 (i)

= 1.655 volts

Now try the following Practice Exercise

Practice Exercise 55 Wheatstone bridge
and d.c. potentiometer (Answers on
page 430)

1. InaWheatstone bridge PORS, a galvanometer
is connected between Q and S and a voltage
source between P and R. An unknown resistor
Ry is connected between P and Q. When the
bridge is balanced, the resistance between Q
and R is 200 Q, that between R and S is 10 Q
and that between S and P is 150€Q. Calculate
the value of Ry

2. Balanceis obtained in a d.c. potentiometer at a
length of 31.2cm when using a standard cell of
1.0186 volts. Calculate the e.m.f. of a dry cell
if balance is obtained with a length of 46.7 cm.

10.20 A.c. bridges

A Wheatstone bridge type circuit, shown in Fig. 10.34,
may be used in a.c. circuits to determine unknown values
of inductance and capacitance, as well as resistance.

Z 3
D
NUP%

Figure 10.34

When the potential differences across Z3 and Zx (or
across Z; and Z») are equal in magnitude and phase,
then the current flowing through the galvanometer, G,
is zero. At balance, ZZy = Z» Z3 from which

VAYA
7. =28
VAT

There are many forms of a.c. bridge, and these include
the Maxwell, Hay, Owen and Heaviside bridges for
measuring inductance, and the De Sauty, Schering and

Wien bridges for measuring capacitance. A commer-
cial or universal bridge is one which can be used
to measure resistance, inductance or capacitance. A.c.
bridges require a knowledge of complex numbers (i.e.
j notation, where j =+/—1)

A Maxwell-Wien bridge for measuring the inductance
L and resistance r of an inductor is shown in Fig. 10.35.

Unknown

©

Figure 10.35

At balance the products of diagonally opposite
impedances are equal. Thus

2172y =737,
Using complex quantities, Z; =Ry, Z>=R»,

R3(—jXc) (. product
Z3=——""""|ie. ——
R3 — jXc sum
and Z4 =r+ jX1. Hence
Ri(—jX
RiRy — 3( J' ©)
R3 — jXc
i.e. RiR2(R3 — jXc) = (—jR3Xc)(r + jX1)
RiRoR3 — jRIRXc = — jrR3Xc — j*R3Xc XL
ie. RiRyR3— jRIR)Xc =—jrR3Xc+ R3XcXL

(r+jXp)

(since jZ=—1)
Equating the real parts gives:

RiRyR3 = R3 X XL,

RiR
from which, X1 = 172
Xc
. RiR>
i.e. 2rfL = T = R R, (27 fC)
2z fC
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Hence inductance,
L = R{R,C henry 2)
Equating the imaginary parts gives:
—R{RyXc=—-rR3Xc
from which, resistance,
RiR,
r =
3

ohms 3)

Problem 20. For the a.c. bridge shown in

Fig. 10.35 determine the values of the inductance
and resistance of the coil when R = R, =400€Q,
R3=5kQ and C=7.5nF

From equation (2) above, inductance

L = R R>C = (400)(400)(7.5 x 107)
—1.2H

From equation (3) above, resistance,

__ RiRy _ (400)(400) _

= =329
R3 5000
From equation (2),
R L
2= R C
and from equation (3),
Ry
Ry=—R>
r
Ry L L
Hence Ri=——+-=—
r RiC Cr

If the frequency is constant then R3o<L/r xwL/r x
Q-factor (see Chapters 15 and 16). Thus the bridge
can be adjusted to give a direct indication of Q-factor.
A Q-meter is described in Section 10.21.

Now try the following Practice Exercise

Practice Exercise 56 A.c. bridges (Answers
on page 430)

1. A Maxwell bridge circuit ABCD has the
following arm impedances: AB, 250 resis-
tance; BC, 15WF capacitor in parallel with
a 10kQ resistor; CD, 400Q resistor; DA,
unknown inductor having inductance L and
resistance R. Determine the values of L and R
assuming the bridge is balanced.

10.21 Q-meter

The Q-factor for a series L-C-R circuit is the voltage
magnification at resonance, i.e.

voltage across capacitor
Q-factor=

supply voltage

V.
= 7‘ (see Chapter 15)

The simplified circuit of a Q-meter, used for measuring
Q-factor, is shown in Fig. 10.36. Current from a variable
frequency oscillator flowing through a very low resis-
tance r develops a variable frequency voltage, V;, which
is applied to a series L-R—C circuit. The frequency is
then varied until resonance causes voltage V. to reach
a maximum value. At resonance, V; and V. are noted.
Then

Q-factor = E = E
Vi Ir
In a practical Q-meter, V; is maintained constant and
the electronic voltmeter can be calibrated to indicate
the Q-factor directly. If a variable capacitor C is used
and the oscillator is set to a given frequency, then C can
be adjusted to give resonance. In this way inductance L
may be calculated using

1
fr= 27 /LC
2nfL
Si =—
ince Q R

then R may be calculated.

Q-meters operate at various frequencies and instruments
exist with frequency ranges from 1kHz to 5S0MHz.
Errors in measurement can exist with Q-meters since
the coil has an effective parallel self capacitance due to

Variable
frequency r
oscillator
v
Electronic
voltmeter

Figure 10.36
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capacitance between turns. The accuracy of a Q-meter
is approximately £5%

Problem 21. When connected to a Q-meter an
inductor is made to resonate at 400kHz. The
Q-factor of the circuit is found to be 100 and the
capacitance of the Q-meter capacitor is set to
400pF. Determine (a) the inductance and (b) the
resistance of the inductor.

Resonant frequency, f; =400kHz =400 x 103 Hz,
Q-factor = 100 and

capacitance, C = 400pF = 400 x 10~ 12F.

The circuit diagram of a Q-meter is shown in Fig. 10.36.

(a) Atresonance,

fi=

2w A/LC
for a series L-C—R circuit.
1
Hence 27 fr=—
i VIC
from which

Orf =1
and inductance,
-1
27 f)2C
1
= (x % 400 x 10%)2(400 x 10-12) 1

=396 H or 0.396 mH

(b) Q-factor at resonance=2x f;L/R from which
resistance

R— 27 fiL
0

_ 2m(400 x 10%)(0.396 x 10~7)
B 100

=9.95Q

Now try the following Practice Exercise

Practice Exercise 57 Q-meter (Answers on
page 430)

1. A Q-meter measures the Q-factor of a series
L—C-R circuit to be 200 at a resonant fre-
quency of 250kHz. If the capacitance of the

Q-meter capacitor is set to 300 pF, determine
(a) the inductance L and (b) the resistance R
of the inductor.

10.22 Measurement errors

Errors are always introduced when using instruments to
measure electrical quantities. The errors most likely to
occur in measurements are those due to:

(i) the limitations of the instrument;
(ii) the operator;

(iii) the instrument disturbing the circuit.

(i) Errors in the limitations of the instrument

The calibration accuracy of an instrument depends on
the precision with which it is constructed. Every instru-
ment has a margin of error which is expressed as a
percentage of the instrument’s full-scale deflection. For
example, industrial grade instruments have an accuracy
of £2% of f.s.d. Thus if a voltmeter has an f.s.d. of 100V
and it indicates 40V, say, then the actual voltage may
be anywhere between 40 £ (2% of 100), or 40£2, i.e.
between 38V and 42V

When an instrument is calibrated, it is compared against
a standard instrument and a graph is drawn of ‘error’
against ‘meter deflection’. A typical graph is shown in
Fig. 10.37 where it is seen that the accuracy varies over
the scale length. Thus a meter witha +2% f.s.d. accuracy
would tend to have an accuracy which is much better
than 2% f.s.d. over much of the range.

Upper limit
20/0 ________—_.—_-—-———pp———
of error

1%
Error
s s Deflecti
0 V4 172 34 FsD eflection
1% F.S.D F.S.D, F.S.D

Lower limit

_20/0 ____________________
of error

Figure 10.37

(ii) Errors by the operator

It is easy for an operator to misread an instrument.
With linear scales the values of the sub-divisions are
reasonably easy to determine; non-linear scale gradua-
tions are more difficult to estimate. Also, scales differ
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from instrument to instrument and some meters have
more than one scale (as with multimeters) and mistakes
in reading indications are easily made. When reading
a meter scale it should be viewed from an angle per-
pendicular to the surface of the scale at the location of
the pointer; a meter scale should not be viewed ‘at an
angle’. Errors by the operator are eliminated with digital
instruments.

(iii) Errors due to the instrument disturbing the
circuit

Any instrument connected into a circuit will affect that
circuit to some extent. Meters require some power to
operate, but provided this power is small compared with
the power in the measured circuit, then little error will
result. Incorrect positioning of instruments in a circuit
can be a source of errors. For example, let a resistance be
measured by the voltmeter-ammeter method as shown
in Fig. 10.38. Assuming ‘perfect’ instruments, the resis-
tance should be given by the voltmeter reading divided
by the ammeter reading (i.e. R=V/I). However, in
Fig. 10.38(a), V/I=R+r, and in Fig. 10.38(b) the
current through the ammeter is that through the resis-
tor plus that through the voltmeter. Hence the voltmeter
reading divided by the ammeter reading will not give
the true value of the resistance R for either method of
connection.

R A
®A—5
/ ra
(W N
© ©
. |
L

(@) (b)

Figure 10.38

Problem 22. The current flowing through a
resistor of 5kQ 40.4% is measured as 2.5mA with
an accuracy of measurement of +0.5%. Determine
the nominal value of the voltage across the resistor
and its accuracy.

Voltage, V=IR=(2.5x1073)(5x 10%)=12.5V. The
maximum possible error is 0.4% +0.5%=0.9%
Hence the voltage, V=12.5V£0.9% of 12.5V

0.9% of 12.5=0.9/100x 12.5=0.1125V=0.11V
correct to 2 significant figures.

Hence the voltage V may also be expressed as
12.5+0.11 volts (i.e. a voltage lying between 12.39V
and 12.61V).

Problem 23. The current / flowing in a resistor R
is measured by a 0—10 A ammeter which gives an
indication of 6.25 A. The voltage V across the
resistor is measured by a 0-50V voltmeter, which
gives an indication of 36.5 V. Determine the
resistance of the resistor, and its accuracy of
measurement, if both instruments have a limit of
error of 2% of f.s.d. Neglect any loading effects of
the instruments.

Resistance,

V. 365
R=—=——-=5.84Q
I 6.25 38

Voltage error is £2% of 50V=41.0V and expressed
as a percentage of the voltmeter reading gives
+1

365 x 100% = £2.74%

Current error is £2% of 10 A==0.2 A and expressed
as a percentage of the ammeter reading gives
+0.2

—— x 100% = +3.2%
6.25

Maximum relative error = sum of errors = 2.74% +
32% ==+594% and 594% of 5.84Q=0.347Q.
Hence the resistance of the resistor may be expressed
as:

5.84Q2+5.94% or 5.841+0.352

(rounding off)

Problem 24. The arms of a Wheatstone bridge
ABCD have the following resistances: AB:
R1=1000Q2+1.0%; BC: R, =100Q2+0.5%; CD:
unknown resistance Ry; DA: R3=432.5Q+40.2%.
Determine the value of the unknown resistance and
its accuracy of measurement.

The Wheatstone bridge network is shown in Fig. 10.39
and at balance:

RiRx = RoR3
, RoRy  (100)(432.5)
e R = - —4325Q
e TR, 1000

The maximum relative error of Ry is given by the sum
of the three individual errors,
ie. 1.0%+0.5%+0.2%=1.7%

Hence Rx=43.25Q2+1.7%
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Hx RQ

O

Figure 10.39

1.7% of 43.25Q=0.74 Q (rounding off ). Thus Rx may

also be expressed as

Ry =43.25+0.742

Now try the following Practice Exercises

Practice Exercise 58 Measurement errors
(Answers on page 430)

1.

The p.d. across aresistor is measured as 37.5V
with an accuracy of +0.5%. The value of the
resistor is 6kQ=+0.8%. Determine the cur-
rent flowing in the resistor and its accuracy
of measurement.

The voltage across a resistor is measured
by a 75V f.s.d. voltmeter which gives an indi-
cation of 52 V. The current flowing in the resis-
tor is measured by a 20A f.s.d. ammeter
which gives an indication of 12.5A. Deter-
mine the resistance of the resistor and its
accuracy if both instruments have an accuracy
of 2% of f.s.d.

A Wheatstone bridge PQORS has the fol-
lowing arm resistances: PQ, 1kQ =+ 2%;
OR, 100Q =+ 0.5%; RS, unknown resistance;
SP,273.6Q + 0.1%. Determine the value of
the unknown resistance, and its accuracy of
measurement.

Practice Exercise 59 Short answer
questions on electrical measuring
instruments and measurements (Answers
within pages 119 to 145)

1.

What is the main difference between an ana-
logue and a digital type of measuring instru-
ment?

10.

11.

12.

13.
14.

15.

16.
17.

18.

19.

20.

21.

Name the three essential devices for all ana-
logue electrical indicating instruments.

Complete the following statements:
(a) Anammeterhasa...... resistance and is
connected ...... with the circuit.
(b) A voltmeterhasa...... resistance and is
connected .. .... with the circuit.

State two advantages and two disadvantages
of a moving-coil instrument.

What effect does the connection of (a) a shunt,
(b) a multiplier have on a milliammeter?

State two advantages and two disadvantages
of a moving-coil instrument.

Name two advantages of electronic measur-
ing instruments compared with moving-coil or
moving-iron instruments.

Briefly explain the principle of operation of an
ohmmeter.

Name a type of ohmmeter used for measuring
(a) low resistance values, (b) high resistance
values.

What is a multimeter?

When may a rectifier instrument be used
in preference to either a moving-coil or
moving-iron instrument?

Name five quantities that a c.r.o. is capable of
measuring.

What is harmonic analysis?

What is a feature of waveforms containing
the fundamental and odd harmonics?

Express the ratio of two powers Py and P; in
decibel units.

What does a power level unit of dBm indicate?

What is meant by a null method of
measurement?

Sketch a Wheatstone bridge circuit used for
measuring an unknown resistance in a d.c.
circuit and state the balance condition.

How may a d.c. potentiometer be used to
measure p.d.s.

Name five types of a.c. bridge used for mea-
suring unknown inductance, capacitance or
resistance.

What is a universal bridge?

—
[
=
—
O
(<F]
wv




fa—
[
=
—
o
(<B]
(Vo)

146  Electrical and Electronic Principles and Technology

22.

23.

24.

25.

26.

State the name of an a.c. bridge used for
measuring inductance.

Briefly describe how the measurement of
Q-factor may be achieved.

Why do instrument errors occur when
measuring complex waveforms?

Define ‘calibration accuracy’ as applied to a
measuring instrument.

State three main areas where errors are most
likely to occur in measurements.

Practice Exercise 60 Multi-choice questions
on electrical measuring instruments and
measurements (Answers on page 431)

1.

Which of the following would apply to a
moving coil instrument?

(a) An uneven scale, measuring d.c.

(b) An even scale, measuring a.c.

(c) An uneven scale, measuring a.c.

(d) An even scale, measuring d.c.

In question 1, which would refer to a moving-
iron instrument?

In question 1, which would refer to a moving-
coil rectifier instrument?

Which of the following is needed to extend
the range of a milliammeter to read voltages
of the order of 100V?

(a) a parallel high-value resistance

(b) a series high-value resistance

(c) aparallel low-value resistance

(d) a series low-value resistance

Fig. 10.40 shows a scale of a multi-range
ammeter. What is the current indicated when
switched to a 25 A scale?

(a) 84A
(c) 14A

(b) 5.6A
d) 8.4A

Figure 10.40

2 g e

10.

A sinusoidal waveform s displayed onac.r.o.
screen. The peak-to-peak distance is Scm
and the distance between cycles is 4cm. The
‘variable’ switch is on 100ps/cm and the
‘volts/cm’ switch is on 10 V/cm. In questions
6 to 10, select the correct answer from the

following:

(a) 25V (b) 5V (¢) 0.4ms
(d) 354V (e) 4ms (f) 50V
(g) 250Hz (h) 2.5V (i) 2.5kHz
() 17.7V

Determine the peak-to-peak voltage.
Determine the periodic time of the waveform.
Determine the maximum value of the voltage.
Determine the frequency of the waveform.
Determine the r.m.s. value of the waveform.
Fig. 10.41 shows double-beam c.r.o. wave-
form traces. For the quantities stated in ques-
tions 11 to 17, select the correct answer from
the following:

(@ 30V  (b) 0.2s (c) 50V
(d) \1/_55 (e) 54°leading (f) 257;)V
(g) 15V (h) 100ps @) %V

(j) 250V (k) 10kHz @ 75V

3
(m) 40ps (n) —nrads lagging

10
25 30
= 5H =\
(0) 7 (p) 752 () 7
(r) 25kHz (s) EV

© S rads leadi
—— rads leadin
10 :

0.5

5 v/ 02 v 14 100us

N 4 N U
10 50 ms -
20 - - -
30 7 e .

’ P ~

/ A

4050 ] od !

Figure 10.41
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11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

Amplitude of waveform P.
Peak-to-peak value of waveform Q.
Periodic time of both waveforms.
Frequency of both waveforms.
R.m.s. value of waveform P.

R.m.s. value of waveform Q.

Phase displacement of waveform Q relative
to waveform P.

The input and output powers of a system are
2mW and 18 mW, respectively. The deci-
bel power ratio of output power to input

power is:
@ 9 (b) 9.54
() 1.9 (d) 19.08

The input and output voltages of a system
are 500V and 500mV, respectively. The
decibel voltage ratio of output to input volt-
age (assuming input resistance equals load
resistance) is:

(a) 1000 (b) 30

(© 0 (d) 60

The input and output currents of a system are
3mA and 18mA, respectively. The decibel
ratio of output to input current (assuming the
input and load resistances are equal) is:

(a) 15.56 (b) 6

(c) 1.6 (d) 7.78

21.

22.

23.

Which of the following statements is false?

(a) The Schering bridge is normally used for
measuring unknown capacitances

(b) A.c.electronic measuring instruments can
handle a much wider range of frequency
than the moving coil instrument

(c) A complex waveformis one which is non-
sinusoidal

(d) A square wave normally contains the
fundamental and even harmonics

A voltmeter has an f.s.d. of 100V, a sensitivity
of 1kQ/V and an accuracy of £2% of f.s.d.
When the voltmeter is connected into a cir-
cuit it indicates 50 V. Which of the following
statements is false?

(a) Voltage reading is 502V

(b) Voltmeter resistance is 100kQ
(c) Voltage reading is S0V £2%
(d) Voltage reading is S0V =+4%

A potentiometer is used to:
(a)
(b)
©)
(d)

compare voltages
measure power factor
compare currents

measure phase sequence
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For fully worked solutions to each of the problems in Practice Exercises 51 to 60 in this chapter,
go to the website:
www.routledge.com/cw/bird Zege
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Chapter 11

Semiconductor diodes

Why it is important to understand: Semiconductor diodes

Semiconductors have had a monumental impact on our society. Semiconductors are found at the heart of
microprocessor chips as well as transistors. Anything that’s computerized or uses radio waves depends
on semiconductors. Today, most semiconductor chips and transistors are created with silicon; semicon-
ductors are the foundation of modern electronics. Semiconductor-based electronic components include
transistors, solar cells, many kinds of diodes including the light-emitting diode (LED), the silicon con-
trolled rectifier, photo-diodes, and digital and analogue integrated circuits. A diode is the simplest possible
semiconductor device. The ability of the diode to conduct current easily in one direction, but not in the
reverse direction, is very useful. For example, in a car, diodes allow current from the alternator to charge
the battery when the engine is running. However, when the engine stops, the diode prevents the battery
from discharging through the alternator (preventing damage). Diodes are widely used in power supplies
and battery chargers to convert the mains a.c. voltage to a d.c. level (rectifiers). They are also used to
protect elements and systems from excessive voltages or currents, polarity reversals, arcing and shorting.
Diodes are one of the most fundamental devices that are used in electronics. This chapter explains the
operation of the p—n junction, and the characteristics and applications of various types of diode.

At the end of this chapter you should be able to:

e classify materials as conductors, semiconductors or insulators

e appreciate the importance of silicon and germanium

e understand n-type and p-type materials

e understand the p—n junction

e appreciate forward and reverse bias of p—n junctions

e recognize the symbols used to represent diodes in circuit diagrams

e understand the importance of diode characteristics and maximum ratings

e know the characteristics and applications of various types of diode — signal diodes, rectifiers, Zener diodes,
silicon controlled rectifiers, light emitting diodes, varactor diodes and Schottky diodes

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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11.1 Types of material

Materials may be classified as conductors, semicon-
ductors or insulators. The classification depends on the
value of resistivity of the material. Good conductors
are usually metals and have resistivities in the order
of 1077 to 108 Qm, semiconductors have resistivities
in the order of 1073 to 3 x 10°Qm, and the resistivi-
ties of insulators are in the order of 10* to 10'*Qm.
Some typical approximate values at normal room tem-
peratures are:

Conductors:
Aluminium 2.7 %1078 Qm
Brass (70 Cu/30 Zn) 8 x 1073 Qm
Copper (pure annealed) 1.7 x 1078Qm
Steel (mild) 15 % 1078 Qm
Semiconductors: (at 27°C)
Silicon 2.3 x10°Qm
Germanium 0.45Qm
Insulators:
Glass > 101°0Qm
Mica > 10" Qm
PVC > 101 Qm
Rubber (pure) 10'2 to 10 Qm

In general, over a limited range of temperatures, the
resistance of a conductor increases with temperature
increase, the resistance of insulators remains approxi-
mately constant with variation of temperature and the
resistance of semiconductor materials decreases as the
temperature increases. For a specimen of each of these
materials, having the same resistance (and thus com-
pletely different dimensions), at say, 15°C, the variation
for a small increase in temperature to 1°C is as shown
in Fig. 11.1.

As the temperature of semiconductor materials is
raised above room temperature, the resistivity is reduced

Conductor
Insulator

Semiconductor

Resistance ()

15 t
Temperature °C

Figure 11.1

and ultimately a point is reached where they effec-
tively become conductors. For this reason, silicon
should not operate at a working temperature in excess
of 150°C to 200°C, depending on its purity, and
germanium should not operate at a working temperature
in excess of 75°C to 90°C, depending on its purity.
As the temperature of a semiconductor is reduced below
normal room temperature, the resistivity increases until
at very low temperatures the semiconductor becomes an
insulator.

11.2 Semiconductor materials

In Chapter 2 it was stated that an atom contains both
negative charge carriers (electrons) and positive charge
carriers (protons). Electrons each carry a single unit
of negative electric charge while protons each exhibit
a single unit of positive charge. Since atoms normally
contain an equal number of electrons and protons, the
net charge present will be zero. For example, if an atom
has 11 electrons, it will also contain 11 protons. The end
result is that the negative charge of the electrons will be
exactly balanced by the positive charge of the protons.
Electrons are in constant motion as they orbit around the
nucleus of the atom. Electron orbits are organized into
shells. The maximum number of electrons present in
the first shell is two, in the second shell eight, and in the
third, fourth and fifth shells it is 18, 32 and 50, respec-
tively. In electronics, only the electron shell furthermost
from the nucleus of an atom is important. It is important
to note that the movement of electrons between atoms
only involves those present in the outer valence shell.
If the valence shell contains the maximum number
of electrons possible the electrons are rigidly bonded
together and the material has the properties of an insu-
lator (see Fig. 11.2). If, however, the valence shell does
not have its full complement of electrons, the electrons
can be easily detached from their orbital bonds, and the
material has the properties associated with an electrical
conductor.

In its pure state, silicon is an insulator because the cova-
lent bonding rigidly holds all of the electrons, leaving no
free (easily loosened) electrons to conduct current. If,
however, an atom of a different element (i.e. an impu-
rity) is introduced that has five electrons in its valence
shell, a surplus electron will be present (see Fig. 11.3).
These free electrons become available for use as charge
carriers and they can be made to move through the lat-
tice by applying an external potential difference to the
material.
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Similarly, if the impurity element introduced into the
pure silicon lattice has three electrons in its valence
shell, the absence of the fourth electron needed for
proper covalent bonding will produce a number of
spaces into which electrons can fit (see Fig. 11.4). These
spaces are referred to as holes. Once again, current will
flow when an external potential difference is applied to
the material.

Regardless of whether the impurity element pro-
duces surplus electrons or holes, the material will no
longer behave as an insulator, neither will it have the
properties that we normally associate with a metallic
conductor. Instead, we call the material a semicon-
ductor — the term simply serves to indicate that the
material is no longer a good insulator nor is it a good
conductor, but is somewhere in between. Examples of

L :z-. p L . \.- :L ¢ \L
o) B8 i B
) vd NE [Trivalent impurity
@ L) = atom
= o @ .-H_ -:'- s

Figure 11.4

semiconductor materials include silicon (Si), germa-
nium (Ge), gallium arsenide (GaAs), and indium
arsenide (InAs).

Antimony, arsenic and phosphorus are n-type
impurities and form an n-type material when any of
these impurities are added to pure semiconductor mate-
rial such as silicon or germanium. The amount of
impurity added usually varies from 1 part impurity in
10° parts semiconductor material to 1 part impurity
to 108 parts semiconductor material, depending on the
resistivity required. Indium, aluminium and boron
are all p-type impurities and form a p-type mate-
rial when any of these impurities are added to a pure
semiconductor.

The process of introducing an atom of another (impu-
rity) element into the lattice of an otherwise pure mate-
rial is called doping. When the pure material is doped
with an impurity with five electrons in its valence shell
(i.e. a pentavalent impurity) it will become an n-type
(i.e. negative type) semiconductor material. If, however,
the pure material is doped with an impurity having three
electrons in its valence shell (i.e. a trivalent impurity)
it will become a p-type (i.e. positive type) semiconduc-
tor material. Note that n-type semiconductor material
contains an excess of negative charge carriers, and p-
type material contains an excess of positive charge
carriers. -

In semiconductor materials, there are very few charge
carriers per unit volume free to conduct. This is because
the ‘four electron structure’ in the outer shell of the
atoms (called valency electrons), form strong covalent
bonds with neighbouring atoms, resulting in a tetrahe-
dral (i.e. four-sided) structure with the electrons held
fairly rigidly in place.
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11.3 Conduction in semiconductor

materials

Arsenic, antimony and phosphorus have five valency
electrons and when a semiconductor is doped with one
of these substances, some impurity atoms are incorpo-
rated in the tetrahedral structure. The ‘fifth’ valency
electron is not rigidly bonded and is free to conduct,
the impurity atom donating a charge carrier.

Indium, aluminium and boron have three valency
electrons and when a semiconductor is doped with one
of these substances, some of the semiconductor atoms
are replaced by impurity atoms. One of the four bonds
associated with the semiconductor material is deficient
by one electron and this deficiency is called ahole. Holes
giverise to conduction when a potential difference exists
across the semiconductor material due to movement of
electrons from one hole to another, as shownin Fig. 11.5.
In this diagram, an electron moves from A to B, giving
the appearance that the hole moves from B to A. Then
electron C moves to A, giving the appearance that the
hole moves to C, and so on.
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Figure 11.5

11.4 The p-njunction

A p-n junction is a piece of semiconductor material
in which part of the material is p-type and part is n-
type. In order to examine the charge situation, assume
that separate blocks of p-type and n-type materials are

pushed together. Also assume that a hole is a positive
charge carrier and that an electron is a negative charge
carrier.

At the junction, the donated electrons in the n-type
material, called majority carriers, diffuse into the
p-type material (diffusion is from an area of high density
to an area of lower density) and the acceptor holes in the
p-type material diffuse into the n-type material as shown
by the arrows in Fig. 11.6. Because the n-type material
has lost electrons, it acquires a positive potential with
respect to the p-type material and thus tends to prevent
further movement of electrons. The p-type material has
gained electrons and becomes negatively charged with
respect to the n-type material and hence tends to retain
holes. Thus, after a short while, the movement of elec-
trons and holes stops due to the potential difference
across the junction, called the contact potential. The
area in the region of the junction becomes depleted of
holes and electrons due to electron—hole recombination,
and is called a depletion layer, as shown in Fig. 11.7.

p-type n-type
material material
Holes -
(mopile)\ @ @ @ @ @ @ Electron
carriers - - ;
~ (mobil
@ @ @ ® @ @ cr;xcr)ri:a?s)
G) @ @ @ OO
0.0 gfQ o ©
Impurity atoms
(fixed)
Figure 11.6

Problem 1. Explain briefly the terms given below
when they are associated with a p—n junction:

(a) conduction in intrinsic semiconductors,

(b) majority and minority carriers and (c) diffusion.

(a) Silicon or germanium with no doping atoms added
are called intrinsic semiconductors. Atroom tem-
perature, some of the electrons acquire sufficient
energy for them to break the covalent bond between
atoms and become free mobile electrons. This
is called thermal generation of electron-hole
pairs. Electrons generated thermally create a gap
in the crystal structure called a hole, the atom
associated with the hole being positively charged,
since it has lost an electron. This positive charge
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Figure 11.7

may attract another electron released from another
atom, creating a hole elsewhere. When a poten-
tial is applied across the semiconductor material,
holes drift towards the negative terminal (unlike
charges attract), and electrons towards the positive
terminal, and hence a small current flows.

(b) When additional mobile electrons are introduced
by doping a semiconductor material with pentava-
lent atoms (atoms having five valency electrons),
these mobile electrons are called majority carri-
ers. The relatively few holes in the n-type material
produced by intrinsic action are called minority
carriers.

For p-type materials, the additional holes are
introduced by doping with trivalent atoms (atoms
having three valency electrons). The holes are
apparently positive mobile charges and are major-
ity carriers in the p-type material. The relatively
few mobile electrons in the p-type material pro-
duced by intrinsic action are called minority
carriers.

(c) Mobile holes and electrons wander freely within
the crystal lattice of a semiconductor material.
There are more free electrons in n-type material
than holes and more holes in p-type material than
electrons. Thus, in their random wanderings, on
average, holes pass into the n-type material and
electrons into the p-type material. This process is
called diffusion.

Problem 2. Explain briefly why a junction
between p-type and n-type materials creates a
contact potential.

Intrinsic semiconductors have resistive properties, in
that when an applied voltage across the material is
reversed in polarity, a current of the same magnitude
flows in the opposite direction. When a p—n junction is
formed, the resistive property is replaced by a rectify-
ing property, that is, current passes more easily in one
direction than the other.

An n-type material can be considered to be a station-
ary crystal matrix of fixed positive charges together with
anumber of mobile negative charge carriers (electrons).
The total number of positive and negative charges are
equal. A p-type material can be considered to be a num-
ber of stationary negative charges together with mobile
positive charge carriers (holes).

Again, the total number of positive and negative
charges are equal and the material is neither positively
nor negatively charged. When the materials are brought
together, some of the mobile electrons in the n-type
material diffuse into the p-type material. Also, some
of the mobile holes in the p-type material diffuse into
the n-type material.

Many of the majority carriers in the region of the
junction combine with the opposite carriers to complete
covalent bonds and create a region on either side of
the junction with very few carriers. This region, called
the depletion layer, acts as an insulator and is in the
order of 0.5um thick. Since the n-type material has
lost electrons, it becomes positively charged. Also, the
p-type material has lost holes and becomes negatively
charged, creating a potential across the junction, called
the barrier or contact potential.

11.5 Forward and reverse bias

When an external voltage is applied to a p—n junction
making the p—type material positive with respect to the
n-type material, as shown in Fig. 11.8, the p—n junc-
tion is forward biased. The applied voltage opposes
the contact potential, and, in effect, closes the depletion
layer. Holes and electrons can now cross the junction
and a current flows. An increase in the applied voltage
above that required to narrow the depletion layer (about
0.2 V for germanium and 0.6 V for silicon), results in
a rapid rise in the current flow.

When an external voltage is applied to a p—n junction
making the p-type material negative with respect to the
n-type material as is shown in Fig. 11.9, the p—n junction
isreverse biased. The applied voltage is now in the same
sense as the contact potential and opposes the movement
of holes and electrons due to opening up the depletion
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layer. Thus, in theory, no current flows. However, at
normal room temperature certain electrons in the cova-
lent bond lattice acquire sufficient energy from the heat
available to leave the lattice, generating mobile elec-
trons and holes. This process is called electron-hole
generation by thermal excitation.
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The electrons in the p-type material and holes in
the n-type material caused by thermal excitation are
called minority carriers and these will be attracted by
the applied voltage. Thus, in practice, a small current of
a few microamperes for germanium and less than one
microampere for silicon, at normal room temperature,
flows under reverse bias conditions.

Graphs depicting the current—voltage relationship for
forward and reverse biased p—n junctions, for both
germanium and silicon, are shown in Fig. 11.10.
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Figure 11.10

Problem 3. Sketch the forward and reverse
characteristics of a silicon p—n junction diode and
describe the shapes of the characteristics drawn.

A typical characteristic for a silicon p—n junction is
shown in Fig. 11.10. When the positive terminal of
the battery is connected to the p-type material and the
negative terminal to the n-type material, the diode is
forward biased. Due to like charges repelling, the holes
in the p-type material drift towards the junction. Sim-
ilarly, the electrons in the n-type material are repelled
by the negative bias voltage and also drift towards the
junction. The width of the depletion layer and size of
the contact potential are reduced. For applied voltages
from O to about 0.6V, very little current flows. At
about 0.6V, majority carriers begin to cross the junc-
tion in large numbers and current starts to flow. As
the applied voltage is raised above 0.6V, the current
increases exponentially (see Fig. 11.10).

When the negative terminal of the battery is connected
to the p-type material and the positive terminal to the
n-type material the diode is reverse biased. The holes
in the p-type material are attracted towards the nega-
tive terminal and the electrons in the n-type material are
attracted towards the positive terminal (unlike charges
attract). This drift increases the magnitude of both the
contact potential and the thickness of the depletion layer,
so that only very few majority carriers have sufficient
energy to surmount the junction.
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The thermally excited minority carriers, however, can
cross the junction since it is, in effect, forward biased for
these carriers. The movement of minority carriers results
in a small constant current flowing. As the magnitude of
the reverse voltage is increased a point will be reached
where a large current suddenly starts to flow. The voltage
at which this occurs is called the breakdown voltage.
This current is due to two effects:

(1) the Zener* effect, resulting from the applied volt-
age being sufficient to break some of the covalent
bonds, and

(i) the avalanche effect, resulting from the charge
carriers moving at sufficient speed to break cova-
lent bonds by collision.

Problem 4. The forward characteristic of a diode
is shown in Fig. 11.11. Use the characteristic to
determine (a) the current flowing in the diode when
a forward voltage of 0.4V is applied, (b) the voltage
dropped across the diode when a forward current of
9mA is flowing in it, (c) the resistance of the diode
when the forward voltage is 0.6 V and (d) whether
the diode is a Ge or Si type.
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Figure 11.11

(a) From Fig. 11.11, when V =0.4V, current flow-
ing, I =1.9mA.

*Who was Zener? Go to www.routledge.com/cw/bird

(b) When I =9mA, the voltage dropped across the
diode, V=0.67V

(c) From the graph, when V =0.6V, I =6mA.

Thus, resistance of the diode,

1% 0.6
R=—=_——=01x10"=1009Q
I 6x1073
(d) The onset of conduction occurs at approximately

0.2 V. This suggests that the diode is a Ge type.

Problem 5. Corresponding readings of current, /,
and voltage, V, for a semiconductor device are
given in the table:

Ve(V) 0 0.1 02 03 04 0.5 0.6 0.7 0.8
It(mA) 00 0O O O 1 9 24 50

Plot the I/ V characteristic for the device and
identify the type of device.

The I/ V characteristic is shown in Fig. 11.12. Since the
device begins to conduct when a potential of approx-
imately 0.6V is applied to it we can infer that the
semiconductor material is silicon rather than germa-
nium.

50
40
® |
__35mA
z I
E 30 :
5 I
o 4 !
_§ 20 / 1
g (@) / I
?_ 16mA o ot st it R S T l
S I
[T
10 :
|
|

] ]
00 02 04 0.6") ('0.8

0.65V 0.76V
Forward voltage (V)

Figure 11.12

Problem 6. For the characteristic of Fig. 11.12,
determine for the device (a) the forward current
when the forward voltage is 0.65V and (b) the
forward voltage when the forward current is 35 mA.
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(a)

From Fig. 11.12, when the forward voltage is

0.65V, the forward current =16 mA

(b) When the forward current is 35 mA, the forward

voltage=0.76 V

Now try the following Practice Exercise

Practice Exercise 61 Semiconductor
materials and p-n junctions (Answers on
page 431)

1.

Explain what you understand by the term
intrinsic semiconductor and how an intrin-
sic semiconductor is turned into either a
p-type or an n-type material.

Explain what is meant by minority and
majority carriers in an n-type material and
state whether the numbers of each of these
carriers are affected by temperature.

A piece of pure silicon is doped with
(a) pentavalent impurity and (b) trivalent
impurity. Explain the effect these impu-
rities have on the form of conduction in
silicon.

With the aid of simple sketches, explain
how pure germanium can be treated in such
a way that conduction is predominantly due
to (a) electrons and (b) holes.

Explain the terms given below when used
in semiconductor terminology: (a) covalent
bond, (b) trivalent impurity, (c) pentavalent
impurity, (d) electron—hole pair generation.

Explain briefly why although both p-type
and n-type materials have resistive prop-
erties when separate, they have rectifying
properties when a junction between them
exists.

The application of an external voltage to
a junction diode can influence the drift
of holes and electrons. With the aid of
diagrams explain this statement and also
how the direction and magnitude of the
applied voltage affects the depletion layer.

State briefly what you understand by
the terms: (a) reverse bias, (b) forward
bias, (c) contact potential, (d) diffusion,
(e) minority carrier conduction.

9. Explain briefly the action of a p—n junc-
tion diode: (a) on open-circuit, (b) when
provided with a forward bias and (c) when
provided with a reverse bias. Sketch the
characteristic curves for both forward and
reverse bias conditions.

10. Draw a diagram illustrating the charge
situation for an unbiased p-n junction.
Explain the change in the charge situation
when compared with that in isolated p-type
and n-type materials. Mark on the diagram
the depletion layer and the majority carriers
in each region.

11. The graph shown in Fig. 11.13 was
obtained during an experiment on a diode.
(a) What type of diode is this? Give rea-
sons. (b) Determine the forward current for
a forward voltage of 0.5V. (c) Determine
the forward voltage for a forward current
of 30 mA. (d) Determine the resistance of
the diode when the forward voltage is 0.4 V

50

40

30

20 /

Forward current (mA)
NN

10 /

/’
0.0 0.2 0.4 0.6 0.8
Forward voltage (V)

Figure 11.13

11.6 Semiconductor diodes

When a junction is formed between p-type and n-
type semiconductor materials, the resulting device is
called a semiconductor diode. This component offers

an extremely low resistance to current flow in one
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(a) Signal or
rectifier diode

(b) Zener diode  (c) Silicon controlled
rectifier (thyristor)

+
mt 1
Ny N 9
- mt2
(d) Bridge rectifier (e) Triac
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(f) Light emitting
diode

(g) Photodiode  (h) Varactor diode

Figure 11.14

direction and an extremely high resistance to current
flow in the other. This property allows diodes to be used
in applications that require a circuit to behave differ-
ently according to the direction of current flowing in
it. Note that an ideal diode would pass an infinite cur-
rent in one direction and no current at all in the other
direction.

A semiconductor diode is an encapsulated p—n junc-
tion fitted with connecting leads or tags for connection
to external circuitry. Where an appreciable current is
present (as is the case with many rectifier circuits) the
diode may be mounted in a metal package designed to
conduct heat away from the junction. The connection to
the p-type material is referred to as the anode while that
to the n-type material is called the cathode.

Various different types of diode are available for dif-
ferent applications. These include rectifier diodes for
use in power supplies, Zener diodes for use as voltage
reference sources, light emitting diodes and varactor
diodes. Fig. 11.14 shows the symbols used to represent
diodes in electronic circuit diagrams, where ‘a’ is the
anode and ‘k’ the cathode.

11.7 Characteristics and maximum

ratings

Signal diodes require consistent forward characteristics
with low forward voltage drop. Rectifier diodes need
to be able to cope with high values of reverse voltage
and large values of forward current, and consistency of
characteristics is of secondary importance in such appli-
cations. Table 11.1 summarizes the characteristics of
some common semiconductor diodes. It is worth noting
that diodes are limited by the amount of forward cur-
rent and reverse voltage they can withstand. This limit is
based on the physical size and construction of the diode.

A typical general-purpose diode may be specified as
having a forward threshold voltage of 0.6 V and areverse
breakdown voltage of 200 V. If the latter is exceeded,
the diode may suffer irreversible damage. Typical val-
ues of maximum repetitive reverse voltage (Vrrm) or
peak inverse voltage (PIV) range from about 50V to
over 500 V. The reverse voltage may be increased until
the maximum reverse voltage for which the diode is
rated is reached. If this voltage is exceeded the junction
may break down and the diode may suffer permanent
damage.

11.8 Rectification

The process of obtaining unidirectional currents and
voltages from alternating currents and voltages is called
rectification. Semiconductor diodes are commonly
used to convert alternating current (a.c.) to direct current
(d.c.), in which case they are referred to as rectifiers.
The simplest form of rectifier circuit makes use of a sin-
gle diode and, since it operates on only either positive or
negative half-cycles of the supply, it is known as a half-
wave rectifier. Four diodes are connected as a bridge
rectifier — see Fig. 11.14(d) — and are often used as a
full-wave rectifier. Note that in both cases, automatic
switching of the current is carried out by the diode(s).
For methods of half-wave and full-wave rectification,
see Section 14.8, page 227.

11.9 Zenerdiodes

Zener diodes are heavily doped silicon diodes that,
unlike normal diodes, exhibit an abrupt reverse break-
down at relatively low voltages (typically less than 6 V).
A similar effect, called avalanche breakdown, occurs
in less heavily doped diodes. These avalanche diodes
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Table 11.1 Characteristics of some typical signal and rectifier diodes

Device code = Material Max repetitive Max forward  Max reverse  Application S
reverse voltage current current E
(VrRrRM) (I¥(max)) (I'r(max)) =

1N4148 Silicon 100V 75mA 25nA General purpose

IN914 Silicon 100V 75 mA 25nA General purpose

AAI113 Germanium 60V 10mA 200 LA RF detector

0A47 Germanium 25V 110mA 100 pA Signal detector

0A91 Germanium 115V 50mA 275 LA General purpose

1N4001 Silicon 50V 1A 10pA Low voltage rectifier

1N5404 Silicon 400V 3A 10 A High voltage rectifier

BY127 Silicon 1250V 1A 10pA High voltage rectifier

also exhibit a rapid breakdown with negligible current
flowing below the avalanche voltage and a relatively
large current flowing once the avalanche voltage has
been reached. For avalanche diodes, this breakdown

Forward current (mA)

20

0 1..2...3
Reverse voltage [
(V) Forward voltage

(V)

—30

_40

Reverse current (mA)

Figure 11.15

voltage usually occurs at voltages above 6 V. In practice,
however, both types of diode are referred to as Zener*
diodes. The symbol for a Zener diode is shown in
Fig. 11.14(b), whilst a typical Zener diode characteristic
is shown in Fig. 11.15.

Whereas reverse breakdown is a highly undesirable
effect in circuits that use conventional diodes, it can be
extremely useful in the case of Zener diodes where the
breakdown voltage is precisely known. When a diode is
undergoing reverse breakdown and provided its maxi-
mum ratings are not exceeded, the voltage appearing
across it will remain substantially constant (equal to the
nominal Zener voltage) regardless of the current flow-
ing. This property makes the Zener diode ideal for use
as a voltage regulator.

Zener diodes are available in various families (accord-
ing to their general characteristics, encapsulations and
power ratings) with reverse breakdown (Zener) voltages
in the range 2.4V to 91 V.

Problem 7. The characteristic of a Zener diode

is shown in Fig. 11.16. Use the characteristic to
determine (a) the current flowing in the diode when
a reverse voltage of 30 V is applied, (b) the voltage
dropped across the diode when a reverse current of
5SmA is flowing in it, (c) the voltage rating for the
Zener diode and (d) the power dissipated in the

*Who was Zener? Go to www.routledge.com/cw/bird
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Zener diode when a reverse voltage of 30 V appears
across it.
Forward current (mA)

20

—27.5V

-40
|
|

—T—-30V

Reverse 1 2 3
RiEED () —5mA 1 Forward voltag
V)

—20

—30
_—] 32.5mA-

—40
Reverse current (mA)

Figure 11.16

(@) When V=-30V, the current flowing in the
diode, I = —32.5mA

(b) When /=—-5mA, the voltage dropped across the
diode, V= -27.5V

(c) The characteristic shows the onset of Zener action
at 27 V; this would suggest a Zener voltage rating
of 27V

(d) Power, P=V x I, from which, power dissipated
when the reverse voltage is 30 V,
P=30x(32.5x 10_3) =0.975W= 975 mW

11.10 Silicon controlled rectifiers

Silicon controlled rectifiers (or thyristors) are three-
terminal devices which can be used for switching
and a.c. power control. Silicon controlled rectifiers
can switch very rapidly from conducting to a non-
conducting state. In the off state, the silicon controlled
rectifier exhibits negligible leakage current, while in
the on state the device exhibits very low resistance.
This results in very little power loss within the silicon

controlled rectifier even when appreciable power levels
are being controlled.

Once switched into the conducting state, the sili-
con controlled rectifier will remain conducting (i.e. it
is latched in the on state) until the forward current
is removed from the device. In d.c. applications this
necessitates the interruption (or disconnection) of the
supply before the device can be reset into its non-
conducting state. Where the device is used with an
alternating supply, the device will automatically become
reset whenever the main supply reverses. The device can
then be triggered on the next half-cycle having correct
polarity to permit conduction.

Like their conventional silicon diode counterparts,
silicon controlled rectifiers have anode and cathode
connections; control is applied by means of a gate ter-
minal, g. The symbol for a silicon controlled rectifier is
shown in Fig. 11.14(c).

In normal use, a silicon controlled rectifier (SCR) is
triggered into the conducting (on) state by means of
the application of a current pulse to the gate terminal —
see Fig. 11.17. The effective triggering of a silicon con-
trolled rectifier requires a gate trigger pulse having a fast
rise time derived from a low-resistance source. Trigger-
ing can become erratic when insufficient gate current is
available or when the gate current changes slowly.

Controlled load, R_

a.c.ord.c.
o AVAYAY supply
Gate trigger SCR
pulse
o

Figure 11.17

A typical silicon controlled rectifier for mains switching
applications will require a gate trigger pulse of about
30mA at 2.5V to control a current of up to S A

11.11 Light emitting diodes

Light emitting diodes (LEDs) can be used as general-
purpose indicators and, compared with conventional
filament lamps, operate from significantly smaller volt-
ages and currents. LEDs are also very much more
reliable than filament lamps. Most LEDs will provide
areasonable level of light output when a forward current
of between 5mA and 20 mA is applied.
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Lightemitting diodes are available in various formats,
with the round types being most popular. Round LEDs
are commonly available in the 3 mm and 5 mm (0.2 inch)
diameter plastic packages and also in a 5mm x 2mm
rectangular format. The viewing angle for round LEDs
tends to be in the region of 20° to 40°, whereas for
rectangular types this is increased to around 100°. The
peak wavelength of emission depends on the type of
semiconductor employed but usually lies in the range
630 to 690nm. The symbol for an LED is shown in
Fig. 11.14(f).

11.12 Varactor diodes

It was shown earlier that when a diode is operated in
the reverse biased condition, the width of the depletion
region increases as the applied voltage increases. Vary-
ing the width of the depletion region is equivalent to
varying the plate separation of a very small capacitor
such that the relationship between junction capacitance
and applied reverse voltage will look something like that
shownin Fig. 11.18. The typical variation of capacitance
provided by a varactor is from about 50 pF to 10 pF as
the reverse voltage is increased from 2V to 20 V. The
symbol for a varactor diode is shown in Fig. 11.14(h).

Capacitance (pF)
80
40 \\
0 \\
10
‘\_.
T T T T T
0 -2 —4 -6 -8 -10

Reverse voltage (V)

Figure 11.18

11.13 Schottky diodes

The conventional p—n junction diode explained in
Section 11.4 operates well as a rectifier and switch-
ing device at relatively low frequencies (i.e. SO0Hz to
400 Hz) but its performance as a rectifier becomes seri-
ously impaired at high frequencies due to the presence
of stored charge carriers in the junction. These have
the effect of momentarily allowing current to flow in
the reverse direction when reverse voltage is applied.

L

N Cathode
(silicon)

Anode
- Gold

.f

Barrier

Figure 11.19

This problem becomes increasingly more problematic
as the frequency of the a.c. supply is increased and the
periodic time of the applied voltage becomes smaller.

To avoid these problems a diode that uses a metal—
semiconductor contact rather than a p—n junction (see
Fig. 11.19) is employed. When compared with conven-
tional silicon junction diodes, these Schottky* diodes
have a lower forward voltage (typically 0.35V) and a
slightly reduced maximum reverse voltage rating (typi-
cally 50V to 200 V). Their main advantage, however, is
that they operate with high efficiency in switched-mode
power supplies (SMPS) at frequencies of up to 1 MHz.
Schottky diodes are also extensively used in the con-
struction of integrated circuits designed for high-speed
digital logic applications.

Now try the following Practice Exercises

Practice Exercise 62 Semiconductor diodes
(Answers on page 431)

1. Identify the types of diodes shown in
Fig. 11.20.

(a) (b) (c) (d)

Figure 11.20

2. Sketch a circuit to show how a thyristor can be
used as a controlled rectifier.

*Who was Schottky? Go to www.routledge.com/cw/bird
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Sketch a graph showing how the capacitance
of a varactor diode varies with applied reverse
voltage.

State TWO advantages of light emitting diodes
when compared with conventional filament
indicating lamps.

State TWO applications for Schottky diodes.

The graph shown in Fig. 11.21 was obtained
during an experiment on a Zener diode.
(a) Estimate the Zener voltage for the diode.
(b) Determine the reverse voltage for a
reverse current of —20mA. (c¢) Determine
the reverse current for a reverse voltage
of —5.5V. (d) Determine the power dissi-
pated by the diode when the reverse voltage
is —6'V.

Reverse voltage (V)

-8 -6 —4 -2 0

/’,f

-20

—30

-40

Reverse current (mA)
Figure 11.21

Practice Exercise 63 Short answer
problems on semiconductor diodes (Answers
within pages 143 to 154)

1.

A good conductor has aresistivity in the order
of ...... to...... Qm.

of ...... to ...... Qm.

10.
11.
12.
13.
14.

15.
16.
17.

18.

19.

20.

21.

22.
23.

Over a limited range, the resistance
of an insulator ...... with increase in
temperature.

Over a limited range, the resistance of
a semiconductor ...... with increase in
temperature.

Over a limited range, the resistance of a
conductor ...... with increase in temperature.

The working temperature of germanium
should not exceed ...... °C to ...... °C,
depending onits ......

The working temperature of silicon should
not exceed ...... °Cto ...... °C, depending

Name four semiconductor materials used in
the electronics industry.

Name two n-type impurities.

Name two p-type impurities.
Antimony is called ...... impurity.
Arsenic has ...... valency electrons.

When phosphorus is introduced into a semi-
conductor material, mobile ...... result.

Boroniscalleda...... impurity.
Indium has ...... valency electrons.

When aluminium is introduced into a semi-
conductor material, mobile ...... result.

When a p-n junction is formed, the n-type
material acquiresa...... charge due to losing

When a p-n junction is formed, the p-type
material acquiresa...... charge due to losing

What is meant by contact potential in a p—n
junction?

With a diagram, briefly explain what a deple-
tion layer is in a p—n junction.

In a p—n junction, what is diffusion?

To forward bias a p—n junction, the ...... ter-
minal of the battery is connected to the p-type
material.
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24. To reverse bias a p—n junction, the positive
terminal of the battery is connected to the
...... material.

25. When a germanium p—n junction is forward

biased, approximately ...... mV must be
applied before an appreciable current starts
to flow.

26. When a silicon p-n junction is forward

biased, approximately ...... mV must be
applied before an appreciable current starts
to flow.

27. When a p—n junction is reversed biased, the
thickness or width of the depletion layer ......

28. If the thickness or width of a depletion layer
decreases, then the p-n junction is ......
biased.

29. Name five types of diodes.
30. What is meant by rectification?

31. Whatis a Zener diode? State a typical practi-
cal application and sketch its circuit diagram
symbol.

32. What is a thyristor? State a typical practi-
cal application and sketch its circuit diagram
symbol.

33. What is an LED? Sketch its circuit diagram
symbol.

34. What is a varactor diode? Sketch its circuit
diagram symbol.

35. What is a Schottky diode? State a typical
practical application and sketch its circuit
diagram symbol.

Practice Exercise 64 Multi-choice questions
on semiconductor diodes (Answers on
page 431)

In questions 1 to 5, select which statements are
true.
1. In pure silicon:

(a) the holes are the majority carriers
(b) the electrons are the majority carriers

(c) the holes and electrons exist in equal
numbers

(d) conduction is due to there being more
electrons than holes

Intrinsic semiconductor materials have:

(a) covalent bonds forming a tetrahedral
structure

(b) pentavalent atoms added
(¢) conduction by means of doping

(d) a resistance which increases with
increase of temperature

Pentavalent impurities:
(a) have three valency electrons

(b) introduce holes when added to a semi-
conductor material

(c) are introduced by adding aluminium
atoms to a semiconductor material

(d) increase the conduction of a semicon-
ductor material

Free electrons in a p-type material:

(a) are majority carriers

(b) take no part in conduction

(c) are minority carriers

(d) exist in the same numbers as holes

When an unbiased p—n junction is formed:

(a) the p-side is positive with respect to
the n-side

(b) a contact potential exists

(c) electrons diffuse from the p-type
material to the n-type material

(d) conduction is by means of majority
carriers

In questions 6 to 10, select which statements
are false.

6.

(a) The resistance of an insulator remains
approximately constant with increase
of temperature

(b) The resistivity of a good conductor is
about 107 to 10® ohm metres

(c) The resistivity of a conductor
increases with increase of temperature

(d) The resistance of a semiconduc-
tor decreases with increase of
temperature
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7. Trivalent impurities: 9. When a germanium p-n junction diode is
(a) have three valeney electrons forward biased:
(a) currentstarts to flow in an appreciable

(b) introduce holes when added to a semi-
conductor material

(c) can be introduced to a semiconductor (b)
material by adding antimony atoms
to it
(©

(d) increase the conductivity of a semi-
conductor material when added to it (d)

8. Free electrons in an n-type material:

amount when the applied voltage is
about 600 mV

the thickness or width of the depletion
layer is reduced

the curve representing the current flow
is exponential

the positive terminal of the battery is
connected to the p-type material

(a) are majority carriers 10. When a silicon p—n junction diode is reverse
. . . biased:
(b) diffuse into the p-type material when
] o g (a) a constant current flows over a large
a p—n junction is formed
range of voltages
(c) as a result of the diffusion process (b) current flow is due to electrons in the
leave the n-type material positively n-type material
clirraed (c) currenttype is due to minority carriers
(d) existin the same numbers as the holes (d) the magnitude of the reverse current

in the n-type material

flow is usually less than 1 pA

For fully worked solutions to each of the problems in Practice Exercises 61 to 64 in this chapter,

go to the website:
www.routledge.com/cw/bird
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Chapter 12

Transistors

Why it is important to understand: Transistors

The invention of the bipolar transistor in 1948 started a revolution in electronics. Technical feats previously
requiring relatively large, mechanically fragile, power-hungry vacuum tubes were suddenly achievable
with tiny, mechanically rugged, power-thrifty specks of crystalline silicon. This revolution made possible
the design and manufacture of lightweight, inexpensive electronic devices that we now take for granted.
Understanding how transistors function is of paramount importance to anyone interested in understand-
ing modern electronics. A transistor is a three-terminal semiconductor device that can perform two
functions that are fundamental to the design of electronic circuits — amplification and switching. Put
simply, amplification consists of magnifying a signal by transferring energy to it from an external source,
whereas a transistor switch is a device for controlling a relatively large current between or voltage across
two terminals by means of a small control current or voltage applied at a third terminal. Transistors can
be mass produced at very low costs, and transistors are the reason that computers keep getting smaller
yet more powerful every day. There are more than 60 million transistors built every year for every man,
woman and child on Earth. Transistors are the key to our modern world. This chapter explains the
structure and operation of the transistor, incorporating some simple calculations.

At the end of this chapter you should be able to:

e understand the structure of bipolar junction transistors (BJT) and junction gate field effect transistors (JFET)
e understand the action of BJT and JFET devices

e appreciate different classes and applications for BJT and JFET devices

e draw the circuit symbols for BJT and JFET devices

e appreciate common base, common emitter and common collector connections

e appreciate common gate, common source and common drain connections

e interpret characteristics for BJT and JFET devices

e appreciate how transistors are used as Class-A amplifiers

e use aload line to determine the performance of a transistor amplifier

e estimate quiescent operating conditions and gain from transistor characteristics and other data

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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12.1 Transistor classification

Transistors fall into two main classes — bipolar and
field effect. They are also classified according to
the semiconductor material employed — silicon or
germanium, and to their field of application (for exam-
ple, general purpose, switching, high frequency, and so
on). Transistors are also classified according to the appli-
cation that they are designed for, as shown in Table 12.1
below. Note that these classifications can be combined
so that it is possible, for example, to classify a transistor
as a ‘low-frequency power transistor’ or as a ‘low-noise
high-frequency transistor’.

12.2 Bipolar junction transistors

(BJTs)

Bipolar transistors generally comprise n—-p-n or
p—n—p junctions of either silicon (Si) or germanium
(Ge) material. The junctions are, in fact, produced
in a single slice of silicon by diffusing impurities
through a photographically reduced mask. Silicon tran-
sistors are superior when compared with germanium
transistors in the vast majority of applications (par-
ticularly at high temperatures) and thus germanium
devices are very rarely encountered in modern electronic
equipment.

The construction of typical n—p—n and p—n—p transis-
tors is shown in Figs 12.1 and 12.2. In order to conduct
the heat away from the junction (important in medium-
and high-power applications) the collector is connected
to the metal case of the transistor.

Table 12.1 Transistor classification

Base Emitter

Oxide layer —p
(insulation)

Metal case __g
(conductor)

Collector

Figure 12.1

Base Emitter

Oxide layer —=
(insulation)

Metal case __g
(conductor)

Collector

Figure 12.2

The symbols and simplified junction models for
n—p-n and p—n—p transistors are shown in Fig. 12.3. It is
important to note that the base region (p-type material
in the case of an n—p—n transistor or n-type material in
the case of a p—n—p transistor) is extremely narrow.

Low-frequency  Transistors designed specifically for audio low-frequency applications (below 100kHz)

High-frequency  Transistors designed specifically for high radio-frequency applications (100 kHz and above)

Switching

Low-noise

High-voltage

Transistors designed for switching applications

Transistors that have low-noise characteristics and which are intended primarily for the
amplification of low-amplitude signals

Transistors designed specifically to handle high voltages

Driver Transistors that operate at medium power and voltage levels and which are often used to
precede a final (power) stage which operates at an appreciable power level

Small-signal

Transistors designed for amplifying small voltages in amplifiers and radio receivers

Power Transistor designed to handle high currents and voltages
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Collector

Collector

Base Base

Emitter

Emitter
(a) n—p—n bipolar junction transistor (BJT)

Collector
Collector
Base @ Base
Emitter
Emitter

(b) p—n—p bipolar junction transistor (BJT)

Figure 12.3

12.3 Transistor action

In the n—p-n transistor, connected as shown in
Fig. 12.4(a), transistor action is accounted for as
follows:

(a)

(d)

(e)

the majority carriers in the n-type emitter material
are electrons

the base—emitter junction is forward biased to these
majority carriers and electrons cross the junction
and appear in the base region

the base region is very thin and only lightly doped
with holes, so some recombination with holes
occurs but many electrons are left in the base
region

the base—collector junction is reverse biased to
holes in the base region and electrons in the
collector region, but is forward biased to elec-
trons in the base region; these electrons are
attracted by the positive potential at the collector
terminal

a large proportion of the electrons in the base
region cross the base-collector junction into the
collector region, creating a collector current.

The transistor action for an n—p—n device is shown
diagrammatically in Fig. 12.5(a). Conventional current

Emitter Collector

Base

A——fif

(a) n—p—n bipolar junction transistor

Emitter Collector

“——I|F

(b) p—n—p bipolar junction transistor

Figure 12.4

Emitter Collector
n p n
Ie m Ic

(a) n—p—n bipolar junction transistor
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—

Emitter Collector
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o
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a—a =

o

fe+

(b) p—n—p bipolar junction transistor

Figure 12.5

flow is taken to be in the direction of the motion of
holes, that is, in the opposite direction to electron flow.
Around 99.5% of the electrons leaving the emitter will
cross the base—collector junction and only 0.5% of the
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electrons will recombine with holes in the narrow base
region.

In the p-n—-p transistor, connected as shown in
Fig. 12.4(b), transistor action is accounted for as
follows:

(a) the majority carriers in the emitter p-type material
are holes

(b) the base—emitter junction is forward biased to the
majority carriers and the holes cross the junction
and appear in the base region

(c) the base region is very thin and is only lightly
doped with electrons so although some electron—
hole pairs are formed, many holes are left in the
base region

(d) the base—collector junction is reverse biased to
electrons in the base region and holes in the collec-
tor region, but forward biased to holes in the base
region; these holes are attracted by the negative
potential at the collector terminal

(e) alarge proportion of the holes in the base region
cross the base—collector junction into the collec-
tor region, creating a collector current; conven-
tional current flow is in the direction of hole
movement.

The transistor action for a p—n—p device is shown dia-
grammatically in Fig. 12.5(b). Around 99.5% of the
holes leaving the emitter will cross the base—collector
junction and only 0.5% of the holes will recombine with
electrons in the narrow base region.

12.4 Leakage current

For an n—p—-n transistor, the base—collector junction is
reverse biased for majority carriers, but a small leak-
age current, Icpo, flows from the collector to the base
due to thermally generated minority carriers (holes in
the collector and electrons in the base), being present.
The base—collector junction is forward biased to these
minority carriers.

Similarly, for a p—n—p transistor, the base—collector
junction is reverse biased for majority carriers. How-
ever, a small leakage current, /cgo, flows from the base
to the collector due to thermally generated minority car-
riers (electrons in the collector and holes in the base),
being present. Once again, the base—collector junction
is forward biased to these minority carriers.

With modern transistors, leakage current is usually
very small (typically less than 100 nA) and in most
applications it can be ignored.

Problem 1. With reference to a p—n—p transistor,
explain briefly what is meant by the term ‘transistor
action’ and why a bipolar junction transistor is so
named.

For the transistor as depicted in Fig. 12.4(b), the emitter
is relatively heavily doped with acceptor atoms (holes).
When the emitter terminal is made sufficiently positive
with respect to the base, the base—emitter junction is
forward biased to the majority carriers. The majority
carriers are holes in the emitter and these drift from the
emitter to the base.

The base region is relatively lightly doped with donor
atoms (electrons) and although some electron—hole
recombinations take place, perhaps 0.5%, most of the
holes entering the base do not combine with electrons.

The base—collector junction is reverse biased to elec-
trons in the base region, but forward biased to holes in
the base region. Since the base is very thin and now
is packed with holes, these holes pass the base—emitter
junction towards the negative potential of the collector
terminal. The control of current from emitter to collector
is largely independent of the collector—base voltage and
almost wholly governed by the emitter—base voltage.

The essence of transistor action is this current con-
trol by means of the base—emitter voltage. In a p—n—p
transistor, holes in the emitter and collector regions
are majority carriers, but are minority carriers when in
the base region. Also, thermally generated electrons in
the emitter and collector regions are minority carriers
as are holes in the base region. However, both major-
ity and minority carriers contribute towards the total
current flow (see Fig. 12.6). It is because a transistor
makes use of both types of charge carriers (holes and
electrons) that they are called bipolar. The transistor
also comprises two p—n junctions and for this reason
it is a junction transistor; hence the name — bipolar
junction transistor.

12.5 Bias and current flow

In normal operation (i.e. for operation as a linear ampli-
fier) the base—emitter junction of a transistor is forward
biased and the collector—base junction is reverse biased.
The base region is, however, made very narrow so that
carriers are swept across it from emitter to collector so
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(a) n—p—n bipolar junction transistor
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(b) p—n—p bipolar junction transistor

Figure 12.6

that only a relatively small current flows in the base.
To put this into context, the current flowing in the emit-
ter circuit is typically 100 times greater than that flowing
in the base. The direction of conventional current flow
is from emitter to collector in the case of a p—n—p tran-
sistor, and collector to emitter in the case of an n—p-n
device, as shown in Fig. 12.7.

(b) p—n—p bipolar junction transistor (BJT)

Figure 12.7

The equation that relates current flow in the collector,
base, and emitter circuits (see Fig. 12.7) is:

Ig=Ig+Ic

where [g is the emitter current, Ig is the base current
and /¢ is the collector current (all expressed in the same
units).

Problem 2. A transistor operates with a collector
current of 100 mA and an emitter current of
102 mA. Determine the value of base current.

Emitter current, Ig =Ig+Ic
from which, base current, Ig = Ig — Ic
Hence, base current, Ig =102 —-100 =2mA

12.6 Transistor operating

configurations

Three basic circuit configurations are used for transistor
amplifiers. These three circuit configurations depend
upon which one of the three transistor connections is
made common to both the input and the output. In the
case of bipolar junction transistors, the configurations
are known as common-emitter, common-collector
(or emitter-follower), and common-base, as shown in
Fig. 12.8.
Qutput

Common
Input

Input

® Qutput
Common P

(a) Common-emitter (b) Common-collector

Input Output

Common
(c) Common-base

Figure 12.8

12.7 Bipolar transistor characteristics

The characteristics of a bipolar junction transistor are
usually presented in the form of a set of graphs relating
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Figure 12.9

voltage and current present at the transistor’s termi-
nals. Fig. 12.9 shows a typical input characteristic
(I plotted against Vgg) for an n—p—n bipolar junction
transistor operating in common-emitter mode. In this
mode, the input current is applied to the base and the
output current appears in the collector (the emitter
is effectively common to both the input and output
circuits, as shown in Fig. 12.8(a)).

The input characteristic shows that very little base cur-
rent flows until the base-emitter voltage Vpg exceeds
0.6 V. Thereafter, the base current increases rapidly —
this characteristic bears a close resemblance to the
forward part of the characteristic for a silicon diode.
Fig. 12.10 shows a typical set of output (collector)
characteristics (/c plotted against Vcg) for an n—p—n
bipolar transistor. Each curve corresponds to a different
value of base current. Note the ‘knee’ in the characteris-
tic below Vcg = 2 V. Also note that the curves are quite
flat. For this reason (i.e. since the collector current does
not change very much as the collector—emitter voltage
changes) we often refer to this as a constant current
characteristic.

Fig. 12.11 shows a typical transfer characteristic for
an n—p-n bipolar junction transistor. Here Ic is plotted
against /g for a small-signal general-purpose transistor.
The slope of this curve (i.e. the ratio of Ic to I) is the
common-emitter current gain of the transistor which is
explored further in Section 12.9.

A circuit that can be used for obtaining the common-
emitter characteristics of an n—p—n BJT is shown in
Fig. 12.12. For the input characteristic, VRI is set at

20
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— —
2 14 —— Js=100pA
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E =
© 12
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= | 1 -
g 10 — | ,=80uA
S 8 - L
3 T I =60pA
i =EE
___._-———————‘"'——_—_— =
M — Iy ‘ 40pA
' 1 \
2 l5=20pA
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Collector—emitter voltage, Vi (V)

Figure 12.10
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a particular value and the corresponding values of Vgg
and Ip are noted. This is repeated for various settings
of VR1 and plotting the values gives the typical input
characteristic of Fig. 12.9.

For the output characteristics, VR1 is varied so that
Ip is, say, 20pA. Then VR2 is set at various values
and corresponding values of Vcg and Ic are noted.
The graph of Vcg/Ic is then plotted for Ig =20 pA.
This is repeated for, say, Iz =40pA, Ig =60pA,
and so on. Plotting the values gives the typical output
characteristics of Fig. 12.10.

12.8 Transistor parameters

The transistor characteristics met in the previous section
provide us with some useful information that can help us
to model the behaviour of a transistor. In particular, the
three characteristic graphs can be used to determine the
following parameters for operation in common-emitter
mode:

Input resistance (from the input
characteristic, Fig. 12.9)

\%
Static (or d.c.) input resistance = %
B
(from corresponding points on the graph)
AVgg
Alg

(from the slope of the graph)

Dynamic (or a.c.) input resistance =

(Note that A Vgg means ‘change of Vg’ and A Iz means
‘change of Ip’)

Output resistance (from the output
characteristic, Fig. 12.10)
VcE

Static (or d.c.) output resistance = ——
C

(from corresponding points on the graph)

AVcE

Dynamic (or a.c.) output resistance =
Alc

(from the slope of the graph)

(Note that A Vcg means ‘change of Vg’ and A Ic means
‘change of Ic’)

Current gain (from the transfer
characteristic, Fig. 12.11)
Ic

Static (or d.c.) current gain = e
B

(from corresponding points on the graph)

. . Ic
Dynamic (or a.c.) current gain = ——
Alg

(from the slope of the graph)

(Note that Alc means ‘change of Ic” and A g means
‘change of I”)

The method for determining these parameters from the
relevant characteristic is illustrated in the following
worked problems.

Problem 3. Fig. 12.13 shows the input
characteristic for an n—p—n silicon transistor. When
the base—emitter voltage is 0.65 V, determine (a) the
value of base current, (b) the static value of input
resistance and (c) the dynamic value of input
resistance.

500
|
|
400 - t
f
= 300 ' it
= 250 pA : @t
=
S of 8
3 200— et
@ i
3] — T T
@ 1 ,
| |
100 —{— $-
bl [odevi)
| = T
0_ 1 I|
0 0.2 0.4 06 | 08 1.0
0.65V

Base-emitter voltage, Vgg (V)

Figure 12.13

(a) From Fig. 12.13, when Vgg = 0.65V, base cur-
rent, /p = 250 LA (shown as (a) on the graph).

(b) When Vgg =0.65V, Iy =250A, hence, the
static value of input resistance

VBE 0.65

Ig  250x10-°
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(c) From Fig. 12.13, Vg changes by 0.06 V when Ip Hence, the dynamic value of output resistance

‘; changes by 300 A (as shown by (b) on the graph).
= AV 12
= Hence, = CE _ — = 6.67k®
ge dynamic value of input resistance Alc 1.8x10
AW 0.06
— " BE _ =200
Alg 300 x 106

Problem 5. Fig. 12.15 shows the transfer
characteristic for an n—p—n silicon transistor.
When the base current is 2.5 mA, determine (a) the
value of collector current, (b) the static value of

Problem 4. Fig. 12.14 shows th
robrent 8 shows fe current gain and (c) the dynamic value of current

output characteristic for an n—p—n silicon transistor.

When the collector—emitter voltage is 10V and gam
the base current is 80 WA, determine (a) the value
of collector current, (b) the static value of output 500 ,
resistance and (c) the dynamic value of output 5
resistance. j L I '//
S
400 7
" z O B I /,/ .
18 < 300 /1
= L280mA L—-4-——L—_#1a, b) 350 mA
16 S //
- O I 0 s = 1/
< 14 T |lg=100pA S 200
£ | / ] 3] // H
= ‘ ——_ 2 7
< | — 8 O/
g fA-g-F--1-=-r-(@, b=z 7, S
= A—£1.8 MA} = — " lp=80pA 100 74 : =
3 | LT Lo / / I
< 4oV ~
o [ N el sl /
3 T Iy =60pA
N e aam N il 0 250
© | — 0 1 2 3 4 5
= - ls ~40uA Base current, Iz (mA)
2 | Iy =20pA
. 10V T Figure 12.15

0O 2 4 6 8 10 12 14 16 18 20
Collector—emitter voltage, Ve (V)

(a) From Fig. 12.15, when Iz =2.5mA, collector
current, /c =280mA (see point (a, b) on the
graph)

Figure 12.14

From part (a), when Ig =2.5mA, Ic =280mA

. _ (b)
(2) From Fig. 12.14, when Vcg =10V and hence, the static value of current gain

Is =80 A, (i.e. point (a, b) on the graph), the

collector current, Ic =10mA Ic 280x1073

(b) When Veg=10V and Iz =80pA  then =7 25x105 112
Ic = 10mA from part (a). Hence,
the static value of output resistance (c) InFig. 12.15, the tangent through the point (a, b)
VeE 10 is shown by the broken straight line (c). Hence,
=—=——=1kQ the dynamic value of current gain
Ic 10x1073 y &

(©)

When the change in Vg is 12V, the change in Ic
is 1.8 mA (shown as point (c) on the graph)

_ Alc (460—110)x 1073 350
T Alg (44-0.75)x1073 7 3.65

96



Transistors 171

Table 12.2 Transistor characteristics and maximum ratings

Device Type Ic max. VcE Pror

Application
max. max.

BC108 n—p-n 100mA 20V 300 mW 125 General-purpose small-signal
amplifier

BCY70 n—p-n 200 mA —40V 360 mW 150 General-purpose small-signal
amplifier

2N3904 n—p-n 200 mA 40V 310mW 150 Switching

BF180 n—-p-n 20mA 20V 150 mW 100 RF amplifier

2N3053 n—p-n 700 mA 40V 800 mW 150 Low-frequency amplifier/driver

2N3055 n—p-n 15A 60V 115W 50 Low-frequency power

12.9 Current gain

As stated earlier, the common-emitter current gain is
given by the ratio of collector current, Ic, to base current,
Ig. We use the symbol Apg to represent the static value
of common-emitter current gain, thus:

Similarly, we use Ay to represent the dynamic value of
common emitter current gain, thus:

hpe = —=
fe Alg

As we showed earlier, values of hgg and hf. can be
obtained from the transfer characteristic (/c plotted
against /). Note that ipg is found from corresponding
static values while &y, is found by measuring the slope
of the graph. Also note that, if the transfer characteristic
is linear, there is little (if any) difference between hrg
and /ife.

It is worth noting that current gain (k) varies with
collector current. For most small-signal transistors,
hte is a maximum at a collector current in the range
I mA and 10mA. Current gain also falls to very low
values for power transistors when operating at very high
values of collector current. Furthermore, most transistor
parameters (particularly common-emitter current gain,
ht.) are liable to wide variation from one device to
the next. It is, therefore, important to design circuits
on the basis of the minimum value for A in order to

ensure successful operation with a variety of different
devices.

Problem 6. A bipolar transistor has a
common-emitter current gain of 125. If the
transistor operates with a collector current of
50mA, determine the value of base current.

I
Common-emitter current gain, hrg = I_C
B
from which, base current,
Ic  50x1073
=—=——"—""=400pA
B e 125 "

12.10 Typical BJT characteristics

and maximum ratings

Table 12.2 summarizes the characteristics of some
typical bipolar junction transistors for different appli-
cations, where /c max is the maximum collector cur-
rent, Vcg max is the maximum collector—emitter volt-
age, Ptor max is the maximum device power dissipation
and hye is the typical value of common-emitter current
gain.

Problem 7. Which of the bipolar transistors
listed in Table 12.2 would be most suitable for each
of the following applications: (a) the input stage

of a radio receiver, (b) the output stage of an audio
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amplifier and (c) generating a 5V square-wave
pulse.

(a) BF180, since this transistor is designed for use in
radio frequency (RF) applications.

(b) 2N3055, since this is the only device in the
list that can operate at a sufficiently high power
level.

(c) 2N3904, since switching transistors are designed
for use in pulse and square-wave applications.

Now try the following Practice Exercise

Practice Exercise 65 Bipolar junction
transistors (Answers on page 431)

1. Explain, with the aid of sketches, the operation
of an n—p-n transistor and also explain why
the collector current is very nearly equal to
the emitter current.

2. Describe the basic principle of operation of
a bipolar junction transistor, including why
majority carriers crossing into the base from
the emitter pass to the collector and why the
collector current is almost unaffected by the
collector potential.

3. Explain what is meant by ‘leakage current’ in
a bipolar junction transistor and why this can
usually be ignored.

4. For a transistor connected in common-emitter
configuration, sketch the typical output char-
acteristics relating collector current and the
collector—emitter voltage, for various values
of base current. Explain the shape of the
characteristics.

5. Sketch the typical input characteristic relat-
ing base current and the base—emitter voltage
for a transistor connected in common-emitter
configuration and explain its shape.

6. With the aid of a circuit diagram, explain
how the input and output characteristic of
a common-emitter n—p—n transistor may be
produced.

7. Define the term ‘current gain’ for a bipo-
lar junction transistor operating in common-
emitter mode.

8. A bipolar junction transistor operates with
a collector current of 1.2 A and a base current
of 50mA. What will the value of emitter
current be?

9. What is the value of common-emitter current
gain for the transistor in Problem 8?

10. Corresponding readings of base current, /g,
and base—emitter voltage, Vgg, for a bipolar
junction transistor are given in the table below:

400 8%) 0 0.1 0203040506 0.7 0.8
6 (0290 0 0 0 1 3 19 57 130
Plot the Ig/ Vg characteristic for the device
and use it to determine (a) the value of
Ig when Vgg =0.65V, (b) the static value
of input resistance when Vg =0.65V and

(c) the dynamic value of input resistance when
Vg =0.65V

11. Corresponding readings of base current,
Ig, and collector current, Ic, for a bipolar
junction transistor are given in the table below:

JP9r 0 10 20 30 40 50 60 70 80
fo 12910 1.1 2.1 3.1 4.04.9 5.8 6.7 7.6

Plot the I/ I characteristic for the device and
use it to determine the static value of common-
emitter current gain when /g = 45 pA.

12.11 Field effect transistors

Field effect transistors are available in two basic forms;
junction gate and insulated gate. The gate-source junc-
tion of a junction gate field effect transistor (JFET)
is effectively a reverse-biased p—n junction. The gate
connection of an insulated gate field effect transistor
(IGFET), on the other hand, is insulated from the chan-
nel and charge is capacitively coupled to the channel. To
keep things simple, we will consider only JFET devices.
Fig. 12.16 shows the basic construction of an n-channel
JFET.

JFET transistors comprise a channel of p-type or
n-type material surrounded by material of the opposite
polarity. The ends of the channel (in which conduc-
tion takes place) form electrodes known as the source
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Gate

Source Drain
Oxide
layer

(insulation)

n channel

p substrate

Figure 12.16

and drain. The effective width of the channel (in which
conduction takes place) is controlled by a charge
placed on the third (gate) electrode. The effective resis-
tance between the source and drain is thus determined by
the voltage present at the gate. (The +signs in Fig. 12.16
are used to indicate a region of heavy doping, thus n™
simply indicates a heavily doped n-type region.)
JFETs offer a very much higher input resistance
when compared with bipolar transistors. For example,
the input resistance of a bipolar transistor operating
in common-emitter mode is usually around 2.5kQ.
A JFET transistor operating in equivalent common-
source mode would typically exhibit an input resistance
of 100 MQ! This feature makes JFET devices ideal for
use in applications where a very high input resistance is
desirable.

As with bipolar transistors, the characteristics of a FET
are often presented in the form of a set of graphs relating
voltage and current present at the transistor’s terminals.

12.12 Field effect transistor

characteristics

A typical mutual characteristic (/p plotted against
Vis) for a small-signal general-purpose n-channel field
effect transistor operating in common-source mode is
shown in Fig. 12.17. This characteristic shows that the
drain current is progressively reduced as the gate-source
voltage is made more negative. At a certain value of Vgg
the drain current falls to zero and the device is said to
be cut-off.

Fig. 12.18 shows a typical family of output char-
acteristics (/p plotted against Vpg) for a small-signal
general-purpose n-channel FET operating in common-
source mode. This characteristic comprises a family of
curves, each relating to a different value of gate—source
voltage Vgs. You might also like to compare this char-
acteristic with the output characteristic for a transistor

20
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2
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Gate—source voltage, Vg (V)
Figure 12.17
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o
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[a]
4 Vgs=—4V
5 ﬁ GS
0 - VGS =-5V
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Drain-source voltage, Vpg (V)

Figure 12.18

operating in common-emitter mode that you met earlier
in Fig. 12.10.

As in the case of the bipolar junction transistor, the
output characteristic curves for an n-channel FET have
a ‘knee’ that occurs at low values of Vpg. Also, note
how the curves become flattened above this value with
the drain current /p not changing very significantly
for a comparatively large change in drain—source volt-
age Vps. These characteristics are, in fact, even flatter
than those for a bipolar transistor. Because of their flat-
ness, they are often said to represent a constant current
characteristic.

The gain offered by a field effect transistor is normally
expressed in terms of its forward transconductance
(gfs or Yg,) in common-source mode. In this mode, the

—
[
=
—
O
(<F]
wv




—
[
=
—
O
(<B]
(Vo)

174  Electrical and Electronic Principles and Technology

input voltage is applied to the gate and the output current
appears in the drain (the source is effectively common
to both the input and output circuits).

In common-source mode, the static (or d.c.) forward
transfer conductance is given by:

Ip
Vs

(from corresponding points on the graph)

8Fs=

whilst the dynamic (or a.c.) forward transfer con-
ductance is given by:

_ Alp
~ AVgs
(from the slope of the graph)

8fs

(Note that A Ip means ‘change of Ip’ and A Vgs means
‘change of Vgs’)

The method for determining these parameters from the
relevant characteristic is illustrated in worked Problem 8
below.

Forward transfer conductance (gr;) varies with drain
current. For most small-signal devices, gfs is quoted for
values of drain current between 1 mA and 10 mA. Most
FET parameters (particularly forward transfer conduc-
tance) are liable to wide variation from one device to
the next. It is, therefore, important to design circuits
on the basis of the minimum value for g, in order
to ensure successful operation with a variety of differ-
ent devices. The experimental circuit for obtaining the
common-source characteristics of an n-channel JFET
transistor is shown in Fig. 12.19.

I+

Figure 12.19

Problem 8. Fig. 12.20 shows the mutual
characteristic for a junction gate field effect
transistor. When the gate—source voltage is —2.5V,
determine (a) the value of drain current, (b) the
dynamic value of forward transconductance.

20

18

/ 14
12

: / 12mA,8

Drain current, I (mA)

25V = s

; /// : 725\/ | ;

0
—-5.0-45-40-35-3.0-25-20-15-1.0-05 0
Gate—source voltage, Vi (V)

Figure 12.20

(a) From Fig. 12.20, when Vgs = —2.5V, the drain
current, /Jp =5mA

(b) From Fig. 12.20
Alp  (145-25)x 1073

8fs

- AVgs B 2.5
i.e. the dynamic value of forward transconduc-
12x 1073
tance = X 4.8mS
2.5

(note the unit — siemens, S)

Problem 9. A field effect transistor operates with
a drain current of 100mA and a gate—source bias of
—1 V. The device has a g value of 0.25. If the bias
voltage decreases to —1.1V, determine (a) the
change in drain current and (b) the new value of
drain current.

(a) Thechange in gate—source voltage (Vgs) is —0.1 V
and the resulting change in drain current can be
determined from:

Alp
AVgs

8fs =

Hence, the change in drain current,

Alp = g X AVgs
=0.25x—-0.1
=—0.025A = -25mA

(b) The new value of drain current = (100 —25)
=T75mA
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12.13 Typical FET characteristics

and maximum ratings

Table 12.3 summarizes the characteristics of some typ-
ical field effect transistors for different applications,
where Ip max is the maximum drain current, Vps max is
the maximum drain—source voltage, Pp max is the max-
imum drain power dissipation and g typ is the typical
value of forward transconductance for the transistor. The
list includes both depletion and enhancement types as
well as junction and insulated gate types.

Problem 10. Which of the field effect transistors
listed in Table 12.3 would be most suitable for each
of the following applications: (a) the input stage of
a radio receiver, (b) the output stage of a transmitter
and (c) switching a load connected to a high-voltage

supply.

(a) BF244A, since this transistor is designed for use
in radio frequency (RF) applications.

(b) MRF171A, since this device is designed for RF
power applications.

(c) IRF830,since this device is intended for switching
applications and can operate at up to 500 V.

12.14 Transistor amplifiers

Three basic circuit arrangements are used for transistor
amplifiers and these are based on the three circuit config-
urations that we met earlier (i.e. they depend upon which

Table 12.3 FET characteristics and maximum ratings

one of the three transistor connections is made common
to both the input and the output). In the case of bipolar
transistors, the configurations are known as common-
emitter, common-collector (or emitter-follower) and
common-base.

Where field effect transistors are used, the correspond-
ing configurations are common-source, €oOmmon-
drain (or source follower) and common-gate.

These basic circuit configurations depicted in Figs 12.21
and 12.22 exhibit quite different performance character-
istics, as shown in Tables 12.4 and 12.5, respectively.
A requirement of most amplifiers is that the output sig-
nal should be a faithful copy of the input signal or be
somewhat larger in amplitude. Other types of amplifier
are ‘non-linear’, in which case their input and output
waveforms will not necessarily be similar. In prac-
tice, the degree of linearity provided by an amplifier
can be affected by a number of factors including the
amount of bias applied and the amplitude of the input
signal. It is also worth noting that a linear amplifier
will become non-linear when the applied input signal
exceeds a threshold value. Beyond this value the ampli-
fier is said to be overdriven and the output will become
increasingly distorted if the input signal is further
increased.

The optimum value of bias for linear (Class A)
amplifiers is that value which ensures that the active
devices are operated at the mid-point of their character-
istics. In practice, this means that a static value of collec-
tor current will flow even when there is no signal present.
Furthermore, the collector current will flow throughout
the complete cycle of an input signal (i.e. conduction
will take place over an angle of 360°). Atno stage should
the transistor be saturated (Vcg ~0V or Vps ~0 V) nor
should it be cut-off (Vg ~ Ve or Vps = Vpp).

Application

Device Type Ip max. Vps max.
2N2819 n-chan. 10mA 25V
2N5457 n-chan. 10mA 25V
2N7000 n-chan. 200mA 60V
BF244A n-chan. 100mA 30V
BSS84 p-chan. —130mA 50V
IRF830 n-chan. 45A 500V
MRF171A  n-chan. 45A 65V

200 mW 4.5 mS General purpose

310mW 1.2 mS General purpose

400mW  0.32S Low-power switching

360mW 3.3 mS RF amplifier

360mW  0.27 S Low-power switching

5 W 3.0S Power switching

115W 1.8S RF power amplifier
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Comm.on, oV

(a) Common-emitter

Common, 0V

(b) Common-collector

Common, 0V

(c) Common-base

Bipolar transistor amplifier circuit configurations

Figure 12.21

Table 12.4 Characteristics of BJT amplifiers

Parameter

Common, 0V

(a) Common-source

Common, 0V

(b) Common-drain

Common, 0V

(c) Common-gate

Field effect transistor amplifier circuit configurations

Figure 12.22

Bipolar transistor amplifiers (see Fig. 12.21)

Common-emitter

Common-collector

Common-base

Voltage gain
Current gain
Power gain

Input resistance
Output resistance

Phase shift

Typical applications

medium/high (40)
high (200)

very high (8000)
medium (2.5 kQ)
medium/high (20kQ)
180°

general purpose, AF and
RF amplifiers

unity (1)
high (200)
high (200)
high (100kQ)
low (100 Q)
0°

impedance matching, input
and output stages

high (200)

unity (1)

high (200)

low (200 Q)

high (100kQ)

0°

RF and VHF amplifiers
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Table 12.5 Characteristics of FET amplifiers

Field effect transistor amplifiers (see Fig. 12.22) _§
Parameter Common-source Common-drain Common-gate §
Voltage gain medium/high (40) unity (1) high (250)
Current gain very high (200 000) very high (200 000) unity (1)
Power gain very high (8000 000) very high (200 000) high (250)
Input resistance very high (1 MQ) very high (1 MQ) low (500€)
Output resistance medium/high (50kQ) low (200 Q2) high (150kQ)
Phase shift 180° 0° 0°
Typical applications  general purpose, AF and  impedance matching stages ~ RF and VHF amplifiers

RF amplifiers

In order to ensure that a static value of collector
current flows in a transistor, a small current must be
applied to the base of the transistor. This current can be
derived from the same voltage rail that supplies the col-
lector circuit (via the collector load). Fig. 12.23 shows
a simple Class-A common-emitter circuit in which the
base bias resistor, R1, and collector load resistor,
R2, are connected to a common positive supply rail.

The a.c. signal is applied to the base terminal of the
transistor via a coupling capacitor, C'1. This capacitor
removes the d.c. component of any signal applied to the
input terminals and ensures that the base bias current
delivered by R1 is unaffected by any device connected
to the input. C2 couples the signal out of the stage and
also prevents d.c. current flow appearing at the output
terminals.

\ 4 * +Vee

R2
A1 c2

ci TR1 I
I Output

Input

o ¢ o0V
Simple Class-A amplifier

Figure 12.23

12.15 Load lines

The a.c. performance of a transistor amplifier stage can
be predicted using a load line superimposed on the rele-
vant set of output characteristics. For a bipolar transistor
operating in common-emitter mode the required charac-
teristics are Ic plotted against Vcg. One end of the load
line corresponds to the supply voltage (Vcc) while the
other end corresponds to the value of collector or drain
current that would flow with the device totally saturated
(Vce = 0V). In this condition:

Vee
Ic = —
C= R

where Ry, is the value of collector or drain load
resistance.

Fig. 12.24 shows a load line superimposed on a set
of output characteristics for a bipolar transistor oper-
ating in common-emitter mode. The quiescent point
(or operating point) is the point on the load line that
corresponds to the conditions that exist when no-signal
is applied to the stage. In Fig. 12.24, the base bias current
is set at 20 LA so that the quiescent point effectively
sits roughly halfway along the load line. This position
ensures that the collector voltage can swing both pos-
itively (above) and negatively (below) its quiescent
value (Vcq).

The effect of superimposing an alternating base
current (of 20 WA peak—peak) to the d.c. bias current
(of 20A) can be clearly seen. The corresponding
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lo(mA)
ls =40 pA

nput (base current)
signal
N —20pA

Output (collector current)
signal

Figure 12.24

collector current signal can be determined by simply
moving up and down the load line.

Problem 11. The characteristic curves shown

in Fig. 12.25 relate to a transistor operating in
common-emitter mode. If the transistor is operated
with Iy = 30 WA, a load resistor of 1.2k and an
18 V supply, determine (a) the quiescent values of
collector voltage and current (Vcq and Icg) and
(b) the peak—peak output voltage that would be
produced by an input signal of 40 WA peak—peak.

Collector current, I mA

20 :
18 i
16| 1 . i
Veo/R =1qmA[ | | ls=50RA~
14 ‘ '?;\\ ———
T ls= 40 A
12[ 7" o 4uA-
10011 = =TT ]]
= ing point- /=30 pA
8 NOperating pcitt Bf 4:3%_;:_
_ foEotiocd — 1T
leo=7-3mA Tt { o= 204A
)| 1 1T
Y raim lg=10pAT|
d /a ; s
ol [ Ve 18V
0 2 14 6 8 110 12 14116 20
33V Vgq=92V 148V
Collector—emitter voltage, Ve (V)
Figure 12.25

(a) First we need to construct the load line on
Fig. 12.25. The two ends of the load line will

correspond to Vcc, the 18V supply, on the
collector—emitter voltage axis and 18 V/1.2kQ or
15mA on the collector current axis.

Next we locate the operating point (or qui-
escent point) from the point of intersection of
the Ig =30 A characteristic and the load line.
Having located the operating point we can read
off the quiescent values, i.e. the no-signal val-
ues, of collector—emitter voltage (Vcq) and col-
lector current (Icq). Hence, Vcg=9.2V and
ICQ= 7.3mA

(b) Next we can determine the maximum and mini-
mum values of collector—emitter voltage by locat-
ing the appropriate intercept points on Fig. 12.25.
Note that the maximum and minimum values of
base current will be (30 LA +20 wA) =50 LA on
positive peaks of the signal and BOpA —20 pA) =
10 LA on negative peaks of the signal. The maxi-
mum and minimum values of Vg are, respectively,
14.8V and 3.3 V. Hence,

the output voltage swing = (14.8V —3.3V)
= 11.5V peak—peak

Problem 12. An n—p-n transistor has the
following characteristics, which may be assumed to
be linear between the values of collector voltage
stated.

Base current

Collector current (mA) for

(LA) collector voltages of:
1V 5V

30 14 1.6

50 3.0 3.5

70 4.6 52

The transistor is used as a common-emitter
amplifier with load resistor R;, = 1.2kQ and a
collector supply of 7 V. The signal input resistance
is 1 kQ. If an input current of 20 LA peak varies
sinusoidally about a mean bias of 50 LA, estimate
(a) the quiescent values of collector voltage and
current, (b) the output voltage swing, (c) the voltage
gain, (d) the dynamic current gain and (e) the power
gain.

The characteristics are drawn as shown in Fig. 12.26.
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Ic (mA) 4
6
5.83—" 70uA— L
5 e
— - = bt
4 3/3 : 304A =
3.0mA RSB 1
pk—pk | 3 , i
5 | ! 30uA
B I e = i g S AN
ol | |
1 | I |
I3 IS"l 4
0 1,2 3 4 p 6 7 Vee(V)
| 3.6V |
pk—pk

Figure 12.26

The two ends of the load line will correspond to Vcc,
the 7V supply, on the collector—emitter voltage axis and
7V/1.2kQ = 5.83 mA on the collector current axis.

(a)

(b)

(©)

The operating point (or quiescent point), X, is
located from the point of intersection of the
Iz = 50 LA characteristic and the load line. Hav-
ing located the operating point we can read
off the quiescent values, i.e. the no-signal val-
ues, of collector—emitter voltage (Vcg) and col-
lector current (Icg). Hence, Vco=3.1V and
Ico=3.3mA

The maximum and minimum values of collector—
emitter voltage may be determined by locating
the appropriate intercept points on Fig. 12.26. Note
that the maximum and minimum values of base
current will be (S0 LA+20LA) = 70 LA on pos-
itive peaks of the signal and (SOpA —20LA) =
30 LA on negative peaks of the signal. The maxi-
mum and minimum values of Vg are, respectively,
4.9V and 1.4 V. Hence,

the output voltage swing = (4.9V — 1.4V)
= 3.5V peak—peak

change in collector voltage

Voltage gain =
g8 change in base voltage

The change in collector voltage =3.5V from
part (b).

The input voltage swing is given by: iy, R;

where iy is the base current swing = (70 —30) =
40 LA and R; is the input resistance = 1 kQ

(d)

(e

Hence,
input voltage swing =40 x 1076 x 1 x 103
=40mV
= change in base voltage
Thus,

. change in collector voltage
voltage gain =

change in base voltage

AV, 35

_2'c_ —87.5
AVg 40x 1073
Alc

Dynamic current gain, hfe = ——
Alg

From Fig. 12.26, the output current swing, i.e. the
change in collector current, A Ic = 3.0 mA peak to
peak. The input base current swing, the change in
base current, AlIg =40 pA

Hence, the dynamic current gain,

Alc 3.0x107
Alg 40x10-6

hfe = =175

For a resistive load, the power gain is given by:

power gain = voltage gain x current gain

=87.5 x75=6562.5

Now try the following Practice Exercises

Practice Exercise 66 Transistors (Answers
on page 431)

State whether the following statements are true

or false:

(a) The purpose of a transistor amplifier is
to increase the frequency of the input
signal.

(b) The gain of an amplifier is the ratio of the
output signal amplitude to the input signal
amplitude.

(c) The output characteristics of a transis-
tor relate the collector current to the base
current.

(d) If the load resistor value is increased the
load line gradient is reduced.

(e) In a common-emitter amplifier, the out-
put voltage is shifted through 180° with
reference to the input voltage.

(f) In a common-emitter amplifier, the input
and output currents are in phase.
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Sketch circuits showing how a JFET can be
connected as an amplifier in: (a) common-
source configuration, (b) common-drain con-
figuration, (c) common-gate configuration.
State typical values of voltage gain and input
resistance for each circuit.

The output characteristics for a BJT are shown
in Fig. 12.27. If this device is used in a
common-emitter amplifier circuit operating
from a 12V supply with a base bias of 60 pA
and a load resistor of 1kQ, determine (a) the
quiescent values of collector-emitter voltage
and collector current and (b) the peak—peak
collector voltage when an 80 WA peak—peak
signal current is applied.

= (g) Thedynamic current gain of a transistor is output voltage when an input voltage of 2V
g always greater than the static current gain. peak—peak is applied, and (c) the voltage gain
é In relation to a simple transistor ampli- of the stage.
fier stage, explain what is meant by the 2 _—
terms: (a) Class-A, (b) saturation, (c) cut-off, B i 1 Vas =0V
. . E——
(d) quiescent point. L
Sketch the circuit of a simple Class-A BJT T —— 11 ;:_____,_ ] Vo= —1V
amplifier and explain the function of the - AT
components. L) pe———— R mmi Y
Explain, with the aid of a labelled sketch, é Z N v sy
how a load line can be used to determine the S ENERER SRR EERRE *
. . . . 4l I N _
operating point of a simple Class-A transistor ) [ E=is = Vas= 4V
amplifier. I S===ms == Vos— 5V

0 2 4 6 8 10 12 14 16 18 20
Drain-source voltage, V¢ (V)

Figure 12.28

An amplifier has a current gain of 40 and
avoltage gain of 30. Determine the power gain.

The output characteristics of a transistor in
common-emitter mode configuration can
be regarded as straight lines connecting the
following points.

Ig=20pA 50pA  SOpA

Vce (v) 1.0 8.0 1.0 80 1.0 8.0

Ic(mA) 12 1.4 34 42 6.1 8.1

20 ‘ ly=120pA

:: ' i Plot the characteristics and superimpose
o A | = 100KA the load line for a 1kQ load, given that the
=12 T L aoun supply voltage is 9V and the d.c. base bias
g ol 100 e I is S0 W A. The signal input resistance is 800 Q.
§ 8 N L k=60uA When a peak input current of 30 LA varies
g o s B PR sinusoidally about a mean bias of 50pA,
© 4 ] / 1 " ! determine (a) the quiescent values of collector

Ri= i§ & E T =2 voltage and current, Vg and Icq, (b) the out-

S AT R 16‘) s 2 put voltage swing, (c) the voltage gain, (d) the

Collector—emitter voltage, V¢ (V)

Figure 12.27

dynamic current gain and (e) the power gain.

7. The output characteristics of a JFET are
shown in Fig. 12.28. If this device is used
in an amplifier circuit operating from an
18 V supply with a gate—source bias voltage
of —3V and a load resistance of 900 2, deter-
mine (a) the quiescent values of drain—source
voltage and drain current, (b) the peak—peak

Practice Exercise 67 Short answer
questions on transistors (Answers within
pages 163 to 179)

1. In a p-n—p transistor the p-type material
regions are called the ...... and ...... , and
the n-type material region is called the .......
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10.

11.

12.

13.

In an n—p-n transistor, the p-type material
region is called the ...... and the n-type
material regions are called the ...... and the

In a p—n—p transistor, the base—emitter junc-
tion is ...... biased and the base—collector
junctionis ...... biased.

In an n—p-n transistor, the base—collector
junctionis...... biased and the base—emitter
junction is ...... biased.

Majority charge carriers in the emitter of a
transistor pass into the base region. Most of
them do not recombine because the base is

Majority carriers in the emitter region of a
transistor pass the base—collector junction
because for these carriers it is ...... biased.

Conventional current flow is in the direction

Leakage current flows from........ to...... in
an n—p-—n transistor.

The input characteristic of /g against Vg for
a transistor in common-emitter configuration
is similar in shape to thatofa............

From a transistor input characteristic,

static input resistance =

Complete the following statements that refer
to a transistor amplifier:

(a) An increase in base current causes col-
lector current to ......

(b) When base currentincreases, the voltage
drop across the load resistor ......

(c) Under no-signal conditions the power
supplied by the battery to an amplifier
equals the power dissipated in the load
plus the power dissipated in the ......

(d) Theloadlinehasa...... gradient.

(e) The gradient of the load line depends
upon the value of ......

(f) The position of the load line depends
upon......

(g) The current gain of a common-emitter
amplifier is always greater than ......

(h) The operating point is generally posi-
tioned at the ...... of the load line.

14. Explain, with a diagram, the construction of
a junction gate field effect transistor. State
the advantage of a JFET over a bipolar
transistor.

15. Sketch typical mutual and output character-
istics for a small-signal general-purpose FET
operating in common-source mode.

16. Name and sketch three possible circuit
arrangements used for transistor amplifiers.

17. Name and sketch three possible circuit
arrangements used for FETs.

18. Draw a circuit diagram showing how a tran-
sistor can be used as a common-emitter
amplifier. Explain briefly the purpose of all
the components you show in your diagram.

19. Explain how aload line is used to predict a.c.
performance of a transistor amplifier.

20. What is the quiescent point on a load line?

Practice Exercise 68 Multi-choice problems
on transistors (Answers on page 431)

In Problems 1 to 10 select the correct answer from
those given.

1. Innormal operation, the junctions of a p—n—p
transistor are

(a) both forward biased

(b) base—emitter forward biased and base—
collector reverse biased

(c) both reverse biased

(d) base—collector forward biased and base—
emitter reverse biased
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In normal operation, the junctions of an

n—p-n transistor are

(a) both forward biased

(b) base—emitter forward biased and base—
collector reverse biased

(c) both reverse biased

(d) base—collector forward biased and base—
emitter reverse biased

The current flow across the base—emitter
junction of a p—n—p transistor is

(a) mainly electrons

(b) equal numbers of holes and electrons
(c) mainly holes

(d) the leakage current

The current flow across the base—emitter
junction of an n—p-n transistor consists of
(a) mainly electrons

(b) equal numbers of holes and electrons
(c) mainly holes

(d) the leakage current

In normal operation an n—p—n transistor con-

nected in common-base configuration has

(a) the emitter at a lower potential than the
base

(b) the collector at a lower potential than
the base

(c) the base at a lower potential than the
emitter

(d) the collector at a lower potential than
the emitter

In normal operation, a p—n—p transistor con-

nected in common-base configuration has

(a) the emitter at a lower potential than the
base

(b) the collector at a higher potential than
the base

(c) the base at a higher potential than the
emitter

(d) the collector at a lower potential than
the emitter

If the per unit value of electrons which leave

the emitter and pass to the collector is 0.9 in

an n—p-n transistor and the emitter current is

4mA, then

(a) thebase currentis approximately 4.4 mA

(b) the collector current is approximately
3.6mA

(c) the collector current is approximately
4.4mA

(d) the base current is approximately
3.6mA

8. The base region of a p—n—p transistor is
(a) very thin and heavily doped with holes
(b) very thin and heavily doped with
electrons
(c) very thin and lightly doped with holes
(d) very thin and lightly doped with
electrons

9. The voltage drop across the base—emitter
junction of a p—n—p silicon transistor in
normal operation is about
(a) 200mV (b) 600mV (c) zero
(d) 4.4V

10. For a p—n—p transistor,

(a) the number of majority carriers cross-
ing the base—emitter junction largely
depends on the collector voltage

(b) in common-base configuration, the
collector current is proportional to the
collector—base voltage

(c) in common-emitter configuration, the
base current is less than the base current
in common-base configuration

(d) the collector current flow is independent
of the emitter current flow for a given
value of collector—base voltage

In questions 11 to 15, which refer to the amplifier
shown in Fig. 12.29, select the correct answer
from those given.

+ Ve

Figure 12.29

11. If Ry, short-circuited:

(a) the amplifier signal output would fall to
Zero
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(b) the collector current would fall to I,(mA)
Zero
(c) the transistor would overload 8 8opA
6 G60prA
12. If R, open-circuited:
(a) the amplifier signal output would fall to 4r S 4058
zero B 2002
(b) the operating point would be affected and 0
the signal would distort 0 2 4'; é é 1'0 1'2 VeelV)
(c) the input signal would not be applied to
the base Figure 12.30
13. A voltmeter connected across Rg reads zero. 16. The load line represents a load resistor of
Most probably (a) 1kQ (b) 2kQ
(a) the transistor base—emitter junction has (c) 3kQ (d) 0.5kQ
short-circuited . L.
(b) Ry has open-circuited 17. The n.o-s1gn.a1 collector filSSlpatlon for the
operating point marked P is
(¢) Ry has short-circuited (a) 12mW (b) 15mW
14. A voltmeter connected across Ry, reads zero. © 18mW  (d) 21mW
Most probably 18. The greatest permissible peak input current
(a) the Vcc supply battery is flat would be about
(b) the base—collector junction of the tran- (@) 30pA (b)) 35pA
sistor has gone open-circuit (c) 60pA (d) 80pA
() Rp. has open-circuited 19. The greatest possible peak output voltage
15. If Rg short-circuited: would then be about
(a) the load line would be unaffected @ 52V (b) 65V
(b) the load line would be affected (© 88V (@ 13V
20. The power dissipated in the load resistor under

In questions 16 to 20, which refer to the out-
put characteristics shown in Fig. 12.30, select the
correct answer from those given.

no-signal conditions is:
(a) 16mW (b) 18mW
(¢) 20mW (d) 22mW
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For fully worked solutions to each of the problems in Practice Exercises 65 to 68 in this chapter,
go to the website:
www.routledge.com/cw/bird Zeger
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Section 1

A conductor, 25 cm long, is situated at right-angles
to a magnetic field. Determine the strength of the
magnetic field if a current of 12 A in the conductor
produces a force on it of 4.5N. 3)

An electron in a television tube has a charge of
1.5 x 10719 C and travels at 3 x 107 m/s perpendic-
ular to a field of flux density 20 wT. Calculate the
force exerted on the electron in the field. 3)

Alorry is travelling at 100 km/h. Assuming the ver-
tical component of the Earth’s magnetic field is
40w T and the back axle of the lorry is 1.98 m, find
the e.m.f. generated in the axle due to motion. (4)

An e.m.f. of 2.5kV is induced in a coil when a
current of 2 A collapses to zero in 5ms. Calculate
the inductance of the coil. 4)

Two coils, P and Q, have a mutual inductance of
100mH. If a current of 3 A in coil P is reversed in
20ms, determine (a) the average e.m.f. induced in
coil Q and (b) the flux change linked with coil Q
if it is wound with 200 turns. 5)

A moving coil instrument gives an f.s.d. when
the current is S0mA and has a resistance of
40 Q. Determine the value of resistance required
to enable the instrument to be used (a) as a 0-5A
ammeter and (b) as a 0200V voltmeter. State the
mode of connection in each case. (8)

An amplifier has a gain of 20dB. Its input power is
SmW. Calculate its output power. 3)

A sinusoidal voltage trace displayed on an oscillo-
scope is shown in Fig. RT3.1; the ‘time/cm’ switch
is on 50ms and the ‘volts/cm’ switch is on 2 V/cm.
Determine for the waveform (a) the frequency,
(b) the peak-to-peak voltage, (c) the amplitude,
(d) the r.m.s. value. @)

With reference to a p—n junction, briefly explain
the following terms: (a) majority carriers, (b) con-
tact potential, (c) depletion layer, (d) forward bias,
(e) reverse bias. (10)

Briefly describe each of the following, drawing
their circuit diagram symbol and stating typical
applications: (a) Zener diode, (b) silicon controlled
rectifier, (¢) light emitting diode, (d) varactor diode,
(e) Schottky diode. (20)

Revision Test 3

This revision test covers the material contained in Chapters 8 to 12. The marks for each question are shown in brackets
at the end of each question.
1.

FAAN /M

/1\ AL

\l/

\/

Figure RT3.1

The following values were obtained during an
experiment on a varactor diode.

Voltage, V 5 10 15 20 25

Capacitance, pF 42 28 18 12 8

Plot a graph showing the variation of capacitance
with voltage for the varactor. Label your axes
clearly and use your graph to determine (a) the
capacitance when the reverse voltage is —17.5'V,
(b) the reverse voltage for a capacitance of 35 pF
and (c) the change in capacitance when the voltage
changes from —2.5V to —22.5V. (8)

Briefly describe, with diagrams, the action of an
n—p—n transistor. 7

The output characteristics of a common-emitter
transistor amplifier are given below. Assume that
the characteristics are linear between the values of
collector voltage stated.

Ig=10pA 40pA 70pA

Vee(V) 1.0 70 1.0 7.0 1.0 7.0

Ic(mA) 0.6 0.7 25 29 4.6 535

Plot the characteristics and superimpose the load
line for a 1.5k€ load and collector supply volt-
age of 8 V. The signal input resistance is 1.2kQ.
When a peak input current of 30 WA varies sinu-
soidally about a mean bias of 40 WA, determine (a)
the quiescent values of collector voltage and cur-
rent, (b) the output voltage swing, (c) the voltage
gain, (d) the dynamic current gain and (e) the power
gain. (18)

For lecturers/instructors/teachers, fully worked solutions to each of the problems in Revision Test 3,

together with a full marking scheme, are available at the website:
www.routledge.com/cw/bird
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Formulae for basic electrical and electronic principles

General:

Charge Q = It Force F = ma

w
Work W= Fs Power P = -

Energy W= Pt
\% \%
Ohm’slaw V=IR or [ = R or R= =

1
Conductance G = R Resistance R = ~
a

V2
Power P = VI =I?R = =

Resistance at 9°C, Ry = Ro(1 + aof)
Terminal p.d. of source, V = E — Ir

Series circuit R=R{+ Ry + R3 + ---

1 1 1 1
Parallel network — = — 4+ — + — + ---
arallel networ R R + % + R +

Capacitors and Capacitance:

14 0 0
E=— C== =Jt D=—

d \% 0 A
D An—1 1
= =goer C=M W=-CvV?2
E d 2

Capacitors in parallel C =C1 4+ C2+C3 + - -

1 1 1

Capacitors in series c-C P == ==F °°°

Ci C C3

Magnetic Circuits:

B=2 po=n 5=
A" T

T|

= HoMr
.m.f. l
S=mm _
Y HoprA
Electromagnetism:
F =BIlsind F=QuvB
Electromagnetic Induction:
E = Blvsind E Nd(D Ldl
= sin = —N—=—-L—
Y dr dr
1 NO N? a7
W=-LI?L=—=— Er= —M—
2 1 S dr
N1 N.
L
S
Measurements:
I V-1
Shunt Ry = afa Multiplier Ry = i
I 1
. . P,
Power in decibels = 10log P
1
I
=20log —
og ?
Va
=20log —
g Vi
RoR3

Wheatstone bridge Rx =

1

[
Potentiometer E» = E} (l_z)
1

These formulae are available for downloading at the website:
www.routledge.com/cw/bird
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Chapter 13

D.c. circuit theory

Why it is important to understand: D.c circuit theory

In earlier chapters it was seen that a single equivalent resistance can be found when two or more resistors
are connected together in series, parallel or combinations of both, and that these circuits obey Ohm’s
Law. However, sometimes in more complex circuits we cannot simply use Ohm’s Law alone to find the
voltages or currents circulating within the circuit. For these types of calculations we need certain rules
which allow us to obtain the circuit equations and for this we can use Kirchhoff’s laws. In addition, there
are a number of circuit theorems — superposition theorem, Thévenin’s theorem, Norton’s theorem — which
allow us to analyse more complex circuits. In addition, the maximum power transfer theorem enables us
to determine maximum power in a d.c. circuit. In this chapter Kirchhoff’s laws and the circuit theorems
are explained in detail, using many numerical worked examples. An electrical/electronic engineer often
needs to be able to analyse an electrical network to determine currents flowing in each branch and the
voltage across each branch.

At the end of this chapter you should be able to:

e state and use Kirchhoff’s laws to determine unknown currents and voltages in d.c. circuits

e understand the superposition theorem and apply it to find currents in d.c. circuits

e understand general d.c. circuit theory

e understand Thévenin’s theorem and apply a procedure to determine unknown currents in d.c. circuits
e recognize the circuit diagram symbols for ideal voltage and current sources

e understand Norton’s theorem and apply a procedure to determine unknown currents in d.c. circuits

e appreciate and use the equivalence of the Thévenin and Norton equivalent networks

e state the maximum power transfer theorem and use it to determine maximum power in a d.c. circuit

X Section 13.2 following). In addition, there are a num-
13.1 Introduction ber of circuit theorems which have been developed for

. . solving problems in electrical networks. These include:
The laws which determine the currents and voltage

drops in d.c. networks are: (a) Ohm’s law (see Chap- (i)
ter 2), (b) the laws for resistors in series and in par- . ) .
allel (see Chapter 5) and (c) Kirchhoff’s laws (see (ii) Thévenin’s theorem (see Section 13.5),

the superposition theorem (see Section 13.3),

Electrical and Electronic Principles and Technology. 978-0-415-66285-7, © 2014 John Bird. Published by Taylor & Francis. All rights reserved.
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(iii) Norton’s theorem (see Section 13.7) and

(iv) the maximum power transfer theorem (see
Section 13.8).

Kirchhoff’s* laws state:

(a) Current Law. At any junction in an electric circuit
the total current flowing towards that junction is
equal to the total current flowing away from the
Junction, i.e. X1 =0

Thus, referring to Fig. 13.1:

Ii+Iy=13+14+1s
or IW+1,—I3—14—1I5=

Figure 13.1

(b) Voltage Law. In any closed loop in a network, the
algebraic sum of the voltage drops (i.e. products
of current and resistance) taken around the loop is
equal to the resultant e.m.f. acting in that loop.

Thus, referring to Fig. 13.2:

E1—E;=IR{+IR;+1R3

(Note that if current flows away from the positive
terminal of a source, that source is considered by
convention to be positive. Thus moving anticlock-
wise around the loop of Fig. 13.2, E is positive
and E> is negative.)

A3

Figure 13.2

Problem 1. (a) Find the unknown currents
marked in Fig. 13.3(a). (b) Determine the value of
e.m.f. E in Fig. 13.3(b).

*Who was Kirchhoff? Go to www.routledge.com/cw/bird

1Q 20
4V 3V

l=2A-|>\ é
5Q gy 25Q

e 1

(b)

Figure 13.3

(a) Applying Kirchhoff’s current law:
For junction B: 50=20+1;

Hence I1 =30A

For junction C: 204+ 15=1,
Hence I, =35A

For junction D: I} =13+4120
ie. 30=13+120
Hence I =-90A

(i.e. in the opposite direction to that shown in

Fig. 13.3(a))
For junction E: I4+13=15

ie. I1=15—(-90)
Hence I4=105A

For junction F: 120=15+40
Hence Is=80A

(b) Applying Kirchhoff’s voltage law and moving
clockwise around the loop of Fig. 13.3(b), starting

at point A:
3+6+E—4=(D(2)+ (I)(2.5
+ (A5 +U)(A)
=12+25+15+1)
ie. 54+ E=2(7), since ] =2A
Hence E=14-5=9V

Problem 2. Use Kirchhoff’s laws to determine
the currents flowing in each branch of the network
shown in Fig. 13.4.

|E1=4V Ey=2V

T =l
h=2Q []f2=m

Figure 13.4
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Procedure

1.

Use Kirchhoff’s current law and label current direc-
tions on the original circuit diagram. The directions
chosen are arbitrary, but it is usual, as a starting
point, to assume that current flows from the positive
terminals of the batteries. This is shown in Fig. 13.5
where the three branch currents are expressed in
terms of /1 and /> only, since the current through R
is(l1 +1)
l1 I

- Loop
1

Loop -
R=402

n=2Q ry=1Q

Figure 13.5

Divide the circuit into two loops and apply Kirch-
hoff’s voltage law to each. From loop 1 of Fig. 13.5,
and moving in a clockwise direction as indicated
(the direction chosen does not matter), gives

Ei=hLrn+ {1+ Dh)R
ie. 4=20L+4(+ D)
ie. 61 +4hL =4 €Y)

From loop 2 of Fig. 13.5, and moving in an anti-
clockwise direction as indicated (once again, the
choice of direction does not matter; it does not have
to be in the same direction as that chosen for the first
loop), gives:

Ey=hr+ (L + )R
ie. 2=0L+4(+ D)
ie. 4L +5L=2 (2)
Solve Equations (1) and (2) for I; and I»
2x (1) gives: 1211 +81, =38 3)
3x (2) gives: 1211+ 151, =6 4)

(3)—(4) gives: =T, =2
hence I, =—2/7= —0.286 A

(i.e. I is flowing in the opposite direction to that
shown in Fig. 13.5)

From (1) 61; +4(—0.286) = 4

61 =4+1.144
5.144
Hence I = ra =0.857A

Current flowing through resistance R is

(It + 1) = 0.857 + (—0.286)
—0.571A

Note that a third loop is possible, as shown in
Fig. 13.6, giving a third equation which can be used
as a check:

E\—Ey=I1Liri—Dnr,
4-2=2L—-D1
2=211—1

[Check: 211 — 1> =2(0.857) — (—0.286) =2]

Figure 13.6

Problem 3. Determine, using Kirchhoff’s laws,
each branch current for the network shown in

Fig. 13.7.
H1= lE2=12V
05Q
[]Fi3=5 o
Ay=2 Q
E1=4VT 2
Figure 13.7

Currents and their directions are shown labelled
in Fig. 13.8 following Kirchhoff’s current law. It is
usual, although not essential, to follow conventional
current flow with current flowing from the positive
terminal of the source
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(h-ta) Let the current in the 2 Q resistor be 7, then by Kirch-
-LE2 12V hoff’s current law, the current in the 14 Q resistor is
[]FI3=50 (I —I7). Let the current in the 32 resistor be I, as

Frz- 20 shown in Fig. 13.10. Then the current in the 11 Q resis-

E-a v Loop Loop toris (I} — I) and that in the 3 Q resistoris (I — I} + I»).
b \_2 Applying Kirchhoff’s voltage law to loop 1 and moving
in a clockwise direction as shown in Fig. 13.10 gives:

Figure 13.8 54=211+11(I; — Ib)

2. The network is divided into two loops as shown in Le. 1361 —11hL =54 (D

Fig. 13.8. Applying Kirchhoff’s voltage law gives:

For loop 1:
Ei+E;=1LRi+ bRy
. 54V
i.e. 16=0.511 +21 (1)
For loop 2:

Ey=hLRy—(I1 — h)R;3 Figure 13.10
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Applying Kirchhoff’s voltage law to loop 2 and mov-

Note that since loop 2 is in the opposite direction L . LS L
P PP ing in a anticlockwise direction as shown in Fig. 13.10

to current (11 — Ip), the volt drop across R3 (i.e.

(I1 — I)(R3)) is by convention negative. gIves:
Thus 12=25L —5(I) — Ip) 0=21+32L—14(1 — 1)
ie. 12=-50I+7D 2) However I =8A
Hence 0=20+32L—-148—-1))
3. Solving Equations (1) and (2) to find /; and I»: e 161 + 321 112 @)
€. 1 2=
10 x (1) gives: 160=511 +201, 3)
. Equations (1) and (2) are simultaneous equations with
(2) + () gives: 172=27h two unknowns, /1 and I
172 ’
hence L= —=-=6.37A 16 x (1) gives: 2081, — 1761, =864  (3)
From (1): 16=0.51; +2(6.37) 13 x (2) gives: 20811 +4161, = 1456 4)
16 —2(6.37 — ives: =
I - 6.37) _ 6.52A (4) — (3) gives: 5921, = 592
o 0.5 L=1A
Current flowing in R3 = (11 — )
—652-637=0.15A Substituting for /> in (1) gives:
131 — 11 =54
Problem 4. For the bridge network shown in 65
Fig. 13.9 determine the currents in each of the L =—=5A
resistors. ~ 13
I=BA Hence, the current flowing in the 2 Q resistor
20 140 — I, =5A
5 \7-;— The current flowing in the 14 Q resistor
10 3Q =(I-15)=8-5=3A
The current flowing in the 32 Q resistor
Figure 13.9

=L =1A
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the current flowing in the 11 Q resistor
=1 —h)=5—-1=4A
and the current flowing in the 3 Q resistor

=I-L+L=8-54+1=4A

Now try the following Practice Exercise

Practice Exercise 69 Kirchhoff’s laws
(Answers on page 431)
1. Find currents /3, I4 and I in Fig. 13.11

h=4A
h=2A

le Iy

TS
Figure 13.11

2. For the networks shown in Fig. 13.12, find the
values of the currents marked.

2 50A
i
1 5!
oAl n |1 10A :
L 100A 20A
ly A2a 7
L\ fa

A3A

@) (b)

20 A

Figure 13.12

3. Calculate the currents /1 and I in Fig. 13.13.

05A 40 P
B
50 200
105V
0.2A 0.5A

Figure 13.13

4. Use Kirchhoft’s laws to find the current flow-
ing in the 6Q resistor of Fig. 13.14 and the
power dissipated in the 4 Q resistor.

40V 50
-—||----||—:}—
40
6Q

Figure 13.14

5. Find the current flowing in the 3Q resistor
for the network shown in Fig. 13.15(a).
Find also the p.d. across the 10Q and 2Q
resistors.

10Q

90 Q2

150Q

Figure 13.15

6. For the network shown in Fig. 13.15(b)
find: (a) the current in the battery, (b) the cur-
rent in the 300 Q resistor, (c) the current in the
90 Q resistor and (d) the power dissipated in
the 150 Q resistor.

7. Forthe bridge network shown in Fig. 13.15(c),
find the currents I to I

13.3 The superposition theorem

The superposition theorem states:

In any network made up of linear resistances and con-
taining more than one source of e.m.f., the resultant
current flowing in any branch is the algebraic sum of
the currents that would flow in that branch if each
source was considered separately, all other sources
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being replaced at that time by their respective internal
resistances.

The superposition theorem is demonstrated in the
following worked problems.

Problem 5. Fig. 13.16 shows a circuit containing
two sources of e.m.f., each with their internal
resistance. Determine the current in each branch of
the network by using the superposition theorem.

._LE,=4V -J_Eg=2v

R=4Q
n=2Q L=1Q

Figure 13.16

Procedure:

1. Redraw the original circuit with source E3 removed,
being replaced by > only, as shown in Fig. 13.17(a)

1 4 13 !1

E=aV = l2 E=4VE

[]R=4Q [] R=1Q 0.80Q
r=20 r=20Q

(@) (b)

Figure 13.17

2. Label the currents in each branch and their direc-
tions as shown in Fig. 13.17(a) and determine their
values. (Note that the choice of current directions
depends on the battery polarity, which, by conven-
tion is taken as flowing from the positive battery
terminal as shown.)

R in parallel with r, gives an equivalent resistance
of (4x1)/(44+1)=0.8Q
From the equivalent circuit of Fig. 13.17(b),

I — E _ 4
' F08 2408
— 1.429A

From Fig. 13.17(a),

1 1
L=——)1; =-=(1.429) =0.286 A
> (4+1) 1 5( )

9]

6.

4 4
and L=(-— )1 =-(1.429)=1.143A
441 5

by current division

Redraw the original circuit with source £ removed,
being replaced by r; only, as shown in Fig. 13.18(a)

ls Iy

o I4
ls J—E2=2V

]r1=2Q

lE2=2 Y
1.333 Q[

=10 n=1Q

7

R=4Q

@ ©

Figure 13.18

Label the currents in each branch and their direc-
tions as shown in Fig. 13.18(a) and determine their
values.

r1 in parallel with R gives an equivalent resis-
tance of 2x4)/(2+4)=8/6=1.333Q
From the equivalent circuit of Fig. 13.18(b)

_ E> _ 2
13334 133341

Iy =0.857A

From Fig. 13.18(a),

2 2
Is=|——)14s=—-(0.857)=0.286 A
5 (2+4) 4 6( )

4 4
Ie=|—— )14 =-(0.857)=0.571A
6 (2+4) 4 6( )

Superimpose Fig. 13.18(a) on to Fig. 13.17(a) as
shown in Fig. 13.19

s Is
, m—<—=yp———%1

Figure 13.19

Determine the algebraic sum of the currents flowing
in each branch.
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Resultant current flowing through source 1, i.e.

I — 1g=1.429—-0.571
= 0.858 A (discharging)

Resultant current flowing through source 2, i.e.

I — I3 =0.857—1.143
= —0.286 A (charging)

Resultant current flowing through resistor R, i.e.
I+ Is =0.286 +0.286
=0.572A

The resultant currents with their directions are
shown in Fig. 13.20

0.858A  0.286 A

ﬁ=4V| 0.572A |Eé=2v

R=4Q
h=2Q HL=1Q

Figure 13.20

Problem 6. For the circuit shown in Fig. 13.21,
find, using the superposition theorem, (a) the
current flowing in and the p.d. across the 18 Q
resistor, (b) the current in the 8 V battery and (c) the
current in the 3V battery.

| |E2=3V

E=8V
189”

3Q 2Q

Figure 13.21

1. Removing source E, gives the circuit of
Fig. 13.22(a)

2. The current directions are labelled as shown in
Fig. 13.22(a), I flowing from the positive terminal
of E;

h ’3 I 1

E=8V] Iy E= svl
2x18 _
. “139 []2+18‘1'8Q
3Q 30
(@) (b)
Figure 13.22
From Fig. 13.22(b),
E 8
L=—1" =" —1667A
3+1.8 438
From Fig. 13.22(a)
(l 667) = 1.500A
2418
) = —(1 667) =0.167A

I
and I3 = (2+18

3. Removing source E; gives the circuit of
Fig. 13.23(a) (which is the same as Fig. 13.23(b))

]1BQ

E,=3V

3x18

3+18—2671 Q

Ig

(©
Figure 13.23

4. The current directions are labelled as shown in
Figs 13.23(a) and 13.23(b), 14 flowing from the

positive terminal of E»
From Fig. 13.23(c),

E> _
242571 4.571

From Fig. 13.23(b),

Iy =

=0.656 A

18 18
Is = (_) Is = 7 (0.656) = 0.562 A

3+18

3+18

3
Is = (—) Iy = ﬁ(0.656) =0.094A
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5. Superimposing Fig. 13.23(a) on to Fig. 13.22(a)

gives the circuit in Fig. 13.24

6. (a) Resultant current in the 18 Q resistor

=h—1I

=0.167 —0.094 =0.073 A
P.d. across the 18 Q resistor

=0.073 x 18=1.314V

() (k)
(/2+ !4)
Er8 J— i Ex=3V

3Q 2Q

e

Figure 13.24

(b) Resultant current in the 8 V battery
=11+ 15=1.66740.562
=2.229 A (discharging)

(c) Resultant current in the 3V battery
=L+ I;=1.500+0.656
=2.156 A (discharging)

For a practical laboratory experiment on the superpo-

sition theorem, see Chapter 24, page 414.

Figure 13.26

3. Use the superposition theorem to find the cur-
rent in each branch of the network shown in
Fig. 13.27.

]1OQ

Figure 13.27

4. Use the superposition theorem to determine
the current in each branch of the arrangement
shown in Fig. 13.28.

5Q 6 Q
20 Q

24V 52V

Now try the following Practice Exercise

Practice Exercise 70 Superposition
theorem (Answers on page 432)

1. Use the superposition theorem to find currents
I, I> and I3 of Fig. 13.25.

45V 8.5V

Figure 13.25

2. Use the superposition theorem to find the
current in the 8 Q resistor of Fig. 13.26.

Figure 13.28

13.4 General d.c. circuit theory

The following points involving d.c. circuit analysis
need to be appreciated before proceeding with problems
using Thévenin’s and Norton’s theorems:

(i) The open-circuit voltage, E, across terminals
AB in Fig. 13.29 is equal to 10V, since no cur-
rent flows through the 2 Q resistor and hence
no voltage drop occurs.

2Q

1ovT

Figure 13.29

B

(i) The open-circuit voltage, E, across terminals
AB in Fig. 13.30(a) is the same as the voltage
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50V
6Q E E 60 E
o

(iii)

(iv)

)

(vi)

across the 6Q resistor. The circuit may be
redrawn as shown in Fig. 13.30(b)

6
E:(aﬁ)w»

by voltage division in a series circuit,
ie. E=30V

4Q
4Q A A

WO

B
(@) (b)

Figure 13.30

For the circuit shown in Fig. 13.31(a) repre-
senting a practical source supplying energy,
V =E —Ir, where E is the battery e.m.f., V is
the battery terminal voltage and r is the inter-
nal resistance of the battery (as shown in Sec-
tion 4.6). For the circuit shown in Fig. 13.31(b),

V=E—(-Dr,ie.V=E+1Ir

1 I

-7 -T7A

| |

"‘\ E f‘\

Voo Voo

r o r J

Figure 13.31

The resistance ‘looking-in’ at terminals AB in
Fig. 13.32(a) is obtained by reducing the cir-
cuit in stages as shown in Figs 13.32(b) to (d).
Hence the equivalent resistance across AB
is 7Q.

For the circuit shown in Fig. 13.33(a), the 3Q
resistor carries no current and the p.d. across
the 20 Q resistor is 10 V. Redrawing the circuit
gives Fig. 13.33(b), from which

4
E=(—_)x10=4V
(4+6)X

If the 10V battery in Fig. 13.33(a) is removed
and replaced by a short-circuit, as shown in
Fig. 13.33(c), then the 20 resistor may be

Q 3Q 3Q
18 A

5Q

o
e}
w@ >
o
e}
ny
o
O
[o}e)
w

30
A
20x5 _ 3Q+4Q
20+5 49 =7
B B
(c) (d)
Figure 13.32
6Q 30
A
5Q
2007 |10M) 30
T 20Q |40
10V 10\/'[ ETm £
0B >
(@) (b)
6Q 30 60  3Q
A A
200 {40 4Q -t
—oB —-oB

© (@)

Figure 13.33

removed. The reason for this is that a short-
circuit has zero resistance, and 20 2 in parallel
with zero ohms gives an equivalent resistance
of (20 x 0)/(20+0) i.e. 0Q. The circuit is then
as shown in Fig. 13.33(d), which is redrawn in
Fig. 13.33(e). From Fig. 13.33(e), the equiva-
lent resistance across AB,
6 x4

" era *

(vii) To find the voltage across AB in Fig. 13.34:
since the 20V supply is across the 5Q and 15Q
resistors in series then, by voltage division, the
voltage drop across AC,

5
Vac=——)20)=5V
AC (5+w)()
Similarly,

12
Veg = (—=— ) 20) =16V
B (u+3)()
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A

5Q 15Q

20V

Figure 13.34

Vc is at a potential of 4+20V.

Va=Vc—Vac=4+20-5=15V
and VB=Vc—Vec=+20—16=4V

Hence the voltage between AB is Vo — V=
15—4=11V and current would flow from
A to B since A has a higher potential
than B.

(viii) In Fig. 13.35(a), to find the equivalent resis-
tance across AB the circuit may be redrawn as
in Figs 13.35(b) and (c). From Fig. 13.27(c),
the equivalent resistance across AB

_5x15 12x3
T 5415 1243
=3.75424=6.159

A A A
59 5Q 50 15Q 50 15Q
c D C D
120 Q
2a 2a 129 3Q 3
6 B B

@) (b) (©)

Figure 13.35

(ix) In the worked problems in Sections 13.5
and 13.7 following, it may be considered
that Thévenin’s and Norton’s theorems have
no obvious advantages compared with, say,
Kirchhoff’s laws. However, these theorems can
be used to analyse part of a circuit and in
much more complicated networks the prin-
ciple of replacing the supply by a constant
voltage source in series with a resistance (or
impedance) is very useful.

13.5 Thévenin’s theorem

Thévenin’s* theorem states:

The current in any branch of a network is that which
would result if an e.m.f. equal to the p.d. across a break
made in the branch were introduced into the branch,
all other e.m.f.s being removed and repre