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Preface

Electrical and Electronic P r ln d p ln  and T x k n d ' 
o f) .  2nd edition latrotkices (he principles which 
describe the operation of d c  aad i c  ciicuita. cov
ering both steady a d  Iпишем slates. and applies 
these principles to filler networks (which ii new for 
■hit edition), operational amplifier!, three-phase Hip- 
pbes. transformers. d.c machines and three-phase 
induction motors.

ТЫ* second edition of the textbook provide» 
coverage of the fallowing:

(i) Electncal and Electronic Principles (National 
Certificate and Naiioaal Diploma unit 6 )

(ii) Further KlecUical and Electronic Principle»' 
(National Cealficale and National Diploma 
unit 17)

(til) 'Electrical and Electronic Principles' (Advan
ced GNVQ и ait 7)

(iv) 'Further Electrical and Electronic Principle*' 
(Advanced GNVQ unit 13)

(v) 'Electrical Power Technology' (Advanced 
GNVQ unit 27)

(VI) Electricity content of 'Applied Science and 
Mathematics for Engineering' (Intermediate 
GNVQ unit 4)

(vii) The theory within 'Electncal Principles aad 
Applications’ (Intermediaie GNVQ unit 6 ) 

(vilil ' Telccommumcaikm Pnnctples' (Cky 4  
Guilds Technician Diploau in Telecommum- 
cauons and Ekctronics Engineering)

(ix) Any iniroduaory/Aocesa/Eoundaiion course 
involving Electrical and Electronic Engineer 
ing

The text ia set out in three mam sections:
Part I. comprising chapters I to 12. involves 

essential Basic H M r tn l  aad Electronic 1 л ^ -  
arertag  Principles, with chapters on electncal units 
and ipaantities. introduction to electric ciicuita. reals 
lance vanatua. chemical effects of electricity, senes 
and parallel net w oks, capacitors and capacaunor. 
magnetic circuits, eledmmagaetism. electmmag 
nrbc induction. electrical measuring instmaicnis

■ 'J *
and measurements. semiconductors dkxlei and
transistors.

Part 2, composing chapter* IJ  to 19. involve» 
Farther Electrical and Electronic Principles, with 
chapters oa d c  circuit theorem», alternating volt- 
age* and currents, angle phase aeries and parallel 
artworks, filler networks. d c  transients and opera
tional amplifiers.

Part 3. composing chapters 20 lo 23. involves 
Hectrical Power Technology, with chapters oa 
thsee phase syaems. Iraaxformeis. d.c. machines 
and three-phase induction motors.

Each topic considered in the text is presented 
in a way that assumes in the reader little previ
ous knowledge of tbal topic. Thcoiy is introduced 
in each chapter by a reasonably brief outline of 
essential information, definitions, formulae, proce- 
<kires. etc. The theory is kept ю a minimum, for 
problem solving is extensively used to ealaMlih and 
exemplify the theory It is intended that leaden will 
gain real undemanding through seeing problems 
solved and thea through solving similar problems 
themselves.

'Electrical aikl Electron* Pnnciples aad Technol
ogy' contain over 400 w a ited  problem*, together 
with 340 muM-ehoIre question* (with answers M 
the back of the book). Also included sae over 420 
<4wrt answer questions, die answer* for which caa 
be determined faint the preceding material in that 
particular chapter, aad mate 560 further questions, 
arranged in 142 Exerelars. aO with answers, ia 
brackets, immediately following each qacatfon: the 
Exerciaei appear ai regular inlervala - every 3 o i 4 
pages - throughout the text 500 to e  diagram* fur
ther enhance the underaaatkng of the theory All of 
the problems - muKi-choice, short answxt and fur
ther questions - minor practical ntuatioas found ia 
electrical aad electronic engineering.

AI regular intervals throughout the teat are seven 
Assignments to check understanding For example. 
Assignment I ooven material contained la chapters
I lo 4, Assignment 2 covers the material contained 
la chapters 5 lo 7 . and so on. These Assignment» 
do not have answers given since К la envisaged that 
lectureia could *et the Assignments for student! to



*  p* bf« t:

attempt a* pan of their course structure I ecturets' 
may ubuin a comptuncnury id  of «ohlttom of the 
Assignments In an Instructor's Manual available 
from the publisher» via the interne! -  sec below.

A lid of relevant formulae are included at the 
end of each of the three section» of the b o o t 

-l-eamkw by Example' 1» at the bean of Eire 
m eal and Electronic Principles end Technology. 2nd 
edition.

John Bird 
University of ftittunouth

Instructor'» Manual
Rill wotted solutions and mait scheme for all the 
Assignments are contained in thu Manual, which i> 
available to lecturrn only. To obtain a password 
pirate e-mail J BlackfocdeEbe4er.com with the 
following detail»: ootine title, number of students, 
your job title and wort postal address.

To download die Instructor'» Manual vidt 
bnp://wwwnewacpre»»com and eater the book title 
in the search bo*, or use the following direct URL: 
l«tp://www.bh.com/manuaW075(XS $7782/

http://www.bh.com/manuaW075(XS
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Basic Electrical and Electronic 
Engineering Principles



1
Units associated with basic electrical 
quantities . ;.Ж

At the end of t i l l  chapter you should be able to:

•  stale the h o le  SI w its

•  i tcognt/е  derived SI units

•  underiUnd prefixes denoting multiplication and divtuon

•  Ш  the units of charge, force, wort and power and perform simple calculation 
involving ihese units

•  п ае  the unit» of electrical potential, e .a .f .  it-smance. conductance, power and 
energy and perforin umpie calodstions involving theie units

1.1 SI units

The кумет of uniti used in engineering and adencr 
is the Syslttne Internationale d-Unite» t International 
system of uratn. usually abbreviated to SI units, and 
is baaed on the metnc system. This was introduced 
in I960 and is no» adopted by the majcety of 
countries at the ofBctal system of measurement 

The basic units la the SI system air listed below 
with their symbols:

Quantity O t t

length metre, m
mass kilogram, kg
time second.s
electric current ampere. A
thermodynamic tempcrslare kelvtn. К
luminous intensity cudcU , cd
amount of subsunce mole, m il

Acceleration -  metres per second 
squared (m/sJ)

SI units may be made larger or smaller by using 
prefixes which denote multiplication or division by a 
particular amount. The six most common multiples, 
wllh their meaning, are listed below:

Prefix N -ne Meaning

M mega multiply by 1000000 <l.e. * I0‘ >
к kilo multiply by 1000 <i.e. • 10*)
01 miUi divide by 1000 (U  * »0 *)
* nacro divide by 1000000 (U. x lO"*)
■ nano divide by 1000000000

(U . x Ю *)
t pico divide by 1000000000000

<U. x Ю 11)

Derived SI units use coMhiaMiona of basic units 1 J  C h e rg *
and there air many o f them. Tsro examples aw: _  . . __

The unit of charge is the coulomb tC) where 
Velocity -  metre» per second (m/s) one coulomb is one ampere second (1 coulomb =
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6 24 x 10“  electrons). The coulomb is dr fined as 
the quantity of electricity which flows рая a given 
point in an electric circuit when a current of one 
impere is maintained for one second. Thu»,

charge, in codomt*

force, in newtons /■’ *

ProMem У Rod the force acting vertically 
downwards on a mats of 200 g attached to a 
wire.

Mass =  200g =  0.2kg and acceleration due to 
gravity. |  =  9.81 m/s2

Force acting l 
downwards J

where /  is the currant in amperes and I is the lime 
in seconds.

Problem I. If a current of $ A flows for
2 minutes. find the quantity of electricity 
transferred.

Quantity of electricity Q = It  coulombs 

/  m  5A .I »  2 x 60 =  120s 

Hence {? =  5 x 120 =  600C

l j  F o rce

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

-  weight

-  mass x acceleration

=  0.2 kg x 9.81 m /iJ 
=  I.M 2N

1.4 Work
The unit of work or energy is the joule (J l where 
one joule it  one newton metre. The joule is defined 
aa the work done or energy transferred when a foroe 
of one newton la exerted thsmigb a distance of one 
aietie in the direction of the fc*ce Thus

work done on a body, in joules.

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

1.5 Power
The unit of power Is the watt (W> wheir cine wan 
is one joule per second. Power is defined as the rale 
of doing wotk or transferring eaetgy. Thus.

power, in wMts.

where m is the mass in kilograms and a is the accel
eration in metres per second squared, (invitational 
force, or weight, is mg. where g =  9.81 m/sJ

Problem 2. A nuus of 5000g is accelerated 
at 2 m/s2 by a force. Determine the force 
needed.

Force =  mint x  acceleration

- 5 k g  x 2m /t2 =  10kg m /s1 ж WN

where W is the work done or energy transferred, in 
joules, and I is the time, in seconds. Thus,

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

Woik done к  force x distance 

*= 200 N x 20 tn 

=  4000 Nisi or 4kJ
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ftjwer =■ •
«oik done

4000 J 
' 25»

ш I M J / l  -  M W

Pnttem  5. A b u m  of 1000 kg i> railed 
through a height of 10 m n  20 1 . What и 
(a) Ihr work done and (b) the power 
developed?

(a) Wi.ik done =  (o u t x distance 

aad force =  н и  к acceleration 

" f " " ' =  (1000kg x 9.81 m/»2) x (10m)WOTK ООПС
а  » 100  Nm 

=  «  U N m a W I U  

work done 98100J: — а  '■
20»<b)

time taken 
: 49051/» *  4905 W or 4 905 kW

8  IVtrnrnnc (be force acting downward* on 
a mass of I500g ivapended oa a  unn^i

(14.72 N|

9  A force of 4 N move» an object 200cm ia the 
duection Ы the force. Whal amount of work
it done! |8 J |

W *  (owe Of 2.5 kN и  required to lift a toad 
ftow much work is done if the load I» lilted 
through 500cm? |I 1 5  kJ |

11 An electromagnet e v ils  a force of I2N  and 
move» a soft iron armature through a distance 
of 15 cm ■  40 m». Hud the power onuumed

(45  W |

12 A m an of 500kg t> raiaed lo a h rijfr of 6 m 
in 30» Find (a) the work done aad (b) the 
power developed.

((a) 29.43 kNm (b) 9*1 W |

1 .Д K k c tr fe a l  p o te n tia l  a n d  * ja .f .

Now try the following exercise

K xerdie 1 Further problems on charge, 
force, work and power

flake g =  9.81 m/»2 where appropriate)

1 What quantity of eleciacily i* carried by 
6.24 x I021 electrons'’ (I0M C)

2 la what tune would a current! of I A transfer 
a charge of 30C? [30 »]

3 A current of ЭА Bow» for 5 minutes Wbat 
charge I» tranaferrvd? (900C)

4 llow long muat a current of 0.1 A flow »o a» 
to transfer a charge of ЗОС7 ['minutes]

5 Whal force is required to give a m an of 20 k | 
an acceleration of 30m/s*? (600N)

6  Had the accelerating force when a car having 
a mats of 1.7 Mg increase* its «peed wHh a 
constant accekratioa of 3 m it' ( I I  kN)

7 A force of 40N aocrleialet a ma»t at 5 a*/*1. 
Determine the tea»». I* M l

The unit of cleetrte potential is the volt (V), who
ur*- volt к  one Joule per coulomb. One v o lt is 
defined a* the d iffer nee in potential between two 
pmnis in a conductor whtch. when carrying a cur 
rent of one ampere, dissipates a power of опт 
watt. i .e .

watt» joulea/secoed
volu ----------------- —---------------

amperrs ampere»
joules_________joule»

~  amperr second* coukindw

A change in electric potential between tw o  p o in ts  in 
an electoc drcult I» called a potrntlal dHfrrenci 
The elect rom atlte force l« .m j.) provided by i 
мMine Ы energy »ucb a» a battery or a geeerans 
и measured in volt».

1.7 К ск Ы аяс*  a a d  c o n d a c ta n c r

The unit uf drctrtc  m M aace  ia the o h in li 
•«ere oae ohm ia oae vok per ampere. It ii drfincJ 
aa tie  retistance between two points in a coeducn» 
when a constant electric potential of oae w t  appIn'J
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two po.nl. p ~ ta c «  » « " " •  flow *  ° *

лее. Hi siemens
1C -

whete Л it the resistance in ohms

Problem 6. Rod UK conductance of a 
cooductoi (resistance: (а) 1 0 Я (b) 3k fl
(c) lOOmn

(b) С 1
5 x 10* 

I

S =  0.2 x 10 J S =  0 2mS

<0 G R ion . 10 '
10*S =  —  S =  10 s  100

Problem 7. А и ш а  e.m.f. of 5 V supplies 
a curaem of )  A for 10 minute*. How much 
energy la provided in this lime?

-fcere V к  the potential difference across the two 
in volt», and /  is the cunvnt flowing belween

the two point». In ampere»
Tie iecipriK.il .if lestslance is calledconductance 

and to measured i n siemens (SV Thus

Eaeigy =  power x lime, and power *= vollage x 
current. Hence

Knergy =  V ll  =  5 x  J  x (10 x (SO)
=  9000 Ws or I =  *fcj

Problem I. Ал electric beater consumes
1.8 MJ when connected to a 230 V supply for 
30 minutes. Find the power rating of the 
healer and the current taken from the supply.

I4>wer =
energy

time
1.1 x 10* J
30 x 60s

1000 J/s ж 1000 W

Le. power rating of heater =  I kW

Rower /*=  VI, thus I m £  =  ^  . 4 A

Hence the current taken from the supply к  4 A.

Now try the following exercise

1Л Electrical power and energy

When a direct current of /  amperes is flowing in an 
electric circuit and tie  vollage across Ibc circuit is
V volu, then

■ Wpower, la watts

B tttr tc a l energy e= Power x lime

«= V» jouk-s

° f •* * e  l‘« le . when
la lb . W u «"nulls of energy. Use mat used
“  “ *  «*>»»" hfiur (kWh) where

• kWh = 1000 watt hour

«  1000 x .V*K)*an seconds oi joules 
«= 36000001

K im to  2 Further problems on r m i . ,  
resistance, conductance, power and energy

1 Find the conduct sace of a resistor of resistance
(a) i o n  (h) ’ kR (c ) 2 m0

((a) 0 .1S (b) 0.4 mS (c) 300 S]

2 A conductor has a conductance of 30 pS. What 
1» its resistance ’ (20k(l]

3 An e.m.f. of 230 V is connected across a  resis
tance and the current flowing through the tests- 
tance is 4A. What is the power dcvckiped?

II KW]

4 450 J of energy are converted into heal in
1 minute What power la dtsatpated? (7.3 W]

5 A current of I0A  flows through a conductor 
and I0W  is «ulpated. What p.d. exists acroas 
the ends of the conductor? [1 V]

TLFaBOOK
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6 A battery of e r o f  12V snpplirs * current 
of SA for 2 ШПШ1С1  How much energy to 
supplied in this nme7 (7 2 kJ]

7 A d.c. electric пики consumes 36 MJ when 
connected to a 290 V supply for I hour. Find 
the power rating of tie  motor and the current 
taken from the supply. |IOkW, 40A1

1.9 Sum m ary o f te rm s  units and 
their symbol*

Quantity Quantity
Symbol

Unit Unit
Symbol

Icn g ti 1 nseuc ■
Mass m kilogram kg
Time 1 second •
Velocity V metres per 

second
m/s or 
■  s '*

Acceleration a metres per 
second 
squared

IB/»J or 
« . - »

force F newton N
Hectrical Q coulomb С

charge or 
qua it tty

llectric current 1 ampere A
Resin anoe R ohm Q
Contktctance G siemen S
Electromotive E volt V

force
Potential V volt V

difference
Work W joule J
Energy E (o rW ) joule J
Power P wan W

Now try the following exercises

Exercise 3 Short answer question* on 
units associated wtth basic- electrical 
quantities

1 What does ‘SI units' mean?

2 Complete the billowing:

force ж ......... к ...........

3 What do you understand by the term 'poten
tial difference'?

4 l)etine electric current in lem s of charge atw 
time

5 Name the units used to measure:
(a) the quantity of electricity
(b) resistance

^ р а в п е Л е ^ к м п Ь  
’ IVfnc- electrical energy and state its unit
8 Define electrical power and stale iu  unit
9 What is electromotive force?

10 Write down a formula for calculating the 
power in a d.c. circuit

11 Write down the symbols for the following 
quantities:
(a) electric charge (b) w ork
(c) e.m.f. (d) p.d

12 State wtncti units the following abbreviation- 
refer to:
(a) A ft» С (с) J (d) N (e> m

Exercise 4 Multi-choice question» on units 
associated wtth basic rleetrleal quantities 
I Answers on page 375)

1 A resistance of 50 kf) has a conductance of:
(a) 20 S fb) 0.02 S
(c) 0.02 mS (d) 20 kS

2 Which of the following statements to hear-
rod?
(а) 1 N ж I kg m/s! (b ) IV  =  lJ/C
(c) 30mA ж 0.03 A (d) 1J ж I N/tn

3 The power dustpatcd by a resistor of 10  fl 
when a current of 2 A passes through it is:
(a) 0 .4W (b)20W  (c)40W  <4) 200 W

4 A mass оf 1 200 g is accelerated at 200 cm/» 
by a fore*. The value of the force requited 
to:
(a) 2 4  N (b) 2400 N
(c) 240 kN (d) 0.24 N

5 A ctiaige of 240 С to tnnsfened n  2 tmnui- 
Ihe carrel* flowing is:
(a) 120A (b) 480A (c) 2 A M) 8 A

6  A current of 2A flows for 10b through 1 
100 П rr cist or The energy consumed by <!*' 
resistor to:



,«) О.? kWh 
(О 2 kWh

(b) 4 kWh
(d) 0.02 kWh

7 Tbe unit of Я»*«ьцг » t H «tncity Uthe:
(b) coulomb

« fc b m  <<f>J°Ule

8 №cm>mo<i'e lo w  u  provided by:
E tM n c e ’

(b) a conducting p* " 1
(c) sa electric anient
(d) «  electncal шрр1у » ш ю

9  П и  coulomb is a unit of:
(a)powci
(b) voltage

10

12

(c) energy
<d) quantity of electricity

In order that work may be done:
(a) a supply of energy is required 
<b) the circuit mart hove a w itch
(c) coal must be burnt
(d) two wires are necessary

Ib e  nhm is the unit of:
(a) charge (b) resistance
(c) power (d) current

I he unit of current is the:
(a) voli (b) coulomb
(c) joule (d) ampere

TUatO O K



2
An introduction to electric circuits

__________

At the end of tus chapter you shoald hr able 1. 1:

•  appreciate that engineering ry n n i i  m»y hr represented fcy Nock dtegrams

•  recognize common electrical circuit diagram symbols

•  understand that electric current a  the rale of movement of charge and is measured 
in amperes

•  appreciate that the umi of charge is the coulomb

•  calculate charge or quantity of electricity Q  from Q = ll
•  understand dial a potential diffearnce between two points in a circul is requiicd for 

cunenl to  Dow

•  appreciate that the unit of p.d. it  the volt
•  understand that resistance opposes current flow and it measured in ohms

•  appreciate what an ammeter, a voltmeter, an ohmmeter. a multimeter and a C.R.O. 
measure

•  distinguish between bnear and non-linear device*

•  state Okra's law as V =  IR  or I =  V/Л or R =  V /l
•  use Oban's law la calculations, including multiples and neb-multiples of units

•  describe a conductor and an insulator, giving examples of each

•  appreciate that electrical power P  is given by P = VI — l*R к  V2/R  watts

•  calculate electrical power
•  deline electrical energy and stale Us unit

•  calculate electrical energy
•  Stale the three m an effects of an electric cunenl. giving practical examples of each

•  explain the Importance of hises in electrical circuits

------T

2.1 K lectrkal/eU ctronk system Meek 
diagram s

An electrical/electronic system is a group of cun  
poneals connected together № perform a desired 
function. Figure 2.1 * o * s  a simple pubkc address

system, where a nucniphone i t  used to  collect 
acouatic energy la the tona of aouad pressure waves 
m l  converts lias tn electrical energy la the Ion» 
of small vuUafra and cuiTcnti, die signal In"" 
Ibe microphone la then amplified by mean' "j 
an electronic circuit containing uaaaUonAniegn1 1 
circuits before a  is applied to tie  loudspeaker



A - b - m l t m  is a  part of a  system wtiidi per 
»  an Identilk-d  funrtion within the wbcle sys 

ihe "1 H | 2 1 ■» a" example of a

" л  М ВМ ГП1 * element 1» usually Ihe simples! 
put of а «умет wtucli has a specific Mid well 
defined function • for example, the microphone in 
He 2*1

Ihe ilhutralion in Hg. 2.1 is called a block dia
gram and ^fceai/e lec tron ic  systems, which can 
often be quite complicaii d. c;ui be better understood 
when broken down in this way. It is not always 
necessary to know precisely what is inside each 
sub-system i l  order 10 know bow the whole system 
function».

As another example of an engineering «учет. 
Hg. 2.2 illustrate* a temperature control system con 
taming a heal souivv tsuch as a gas boiler), a fuel 
controller (such as an electrical solenoid valve), a 
thermostat and « source of clectncal energy The 
system of Hg. 1 2  can he shown in block diagram 
form as in Fig. 13; the thermostat compares the

240 V

H«u« t l

There arc many types of engineering systems. 
A comraunicaMoi» system is an example, where 
a local aira network could compose a Ole server, 
coaxial cable, aetwexk adapted. several computers 
and a laser primer: an eleelм м к а М  system ia 
another example, wbcrc a car electncal system could 
comprise a bMlery, a starter motor, an ignition cod. 
a contact breaker and a distributor. All such systems 
an these may be represented by block diagrams.

2.2 Standard  avmboU Гог electrical 
component*

Symbols arc used for components in electrical cir
cuit diagrams aad some of tie  more common ones 
arc shown in Fig. 2.4

2.3 Klee trie current and quantity of 
electricity

All atom» consist of prolans, neutron» and elec
trons The protons, which have positive electrical 
charges, and the neutrons, wtuiii have no electrical 
ctuuge. arc contained within the nurletss Removed 
from Ihe nucleus are nunute negatively charged par
ticles called electrons Atoms of Afferent materials 
differ from one another by having different numbers 
of protons, neutrons and electron* An equal number 
of protons and electrons exist ««thin an atom and It 
ia said lo be electrically balanced, a t the positive and 
negative charges cancel each other out. When there 
arc more than two electrons in an Mom the electrons 
arc arranged into she lb  at various distances from Ihe 
■ucleus

All atoms are bound together by powerful forces 
of attraction existing between the nucleus and Its 
electrons. Elections in ihe outer shell of an at ora. 
however, arc attracted lo fceir nucleus less power
fully than are dectrons whose shells are nearer (he 
■ucleus.
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A te**** 9fTtX*
tot »*#d rteetof

Ctf
—H

BaMry ot 3 coat Aaomativ* ayfflM

current l> u id  to b t » current of one amperr 

Паи I ampere я  I coulomb per second or 
1A =  l O i  

Hencc 1 coulomb a  I ampere second or 

• ) f i ‘m I A.

(VneraBr. if /  to the curreat in ampere» and г ц* 
lime л  seconds duriag which the current flow t, th,„
I x  I rrpresent» the quantity of eiectiKal chary, 
in coulumba. U  quantity of electrical charge Iran; 
(need.

Q — I  X I  coulomb»

Г -  r © -

© ©
Figure 2.4

symbol

Problem I. What cutrenl mutt flow if 
0.24 coulomb» it to be transferred in 15 mi?

Since the quantity of electricity. Q =  ll. then

0.24 0.24 x 103

15 x 10 » 
240 
15

15

IftA

It to posaible for an atom to lose an electron; 
the atom, which to now called an Ion. it  not now 
electrically balanced, but it positively charged aad 
to thus able to an met an electron to itself from 
another atom Electron that move from one atom 
to another are called free electrons and such random 
motion can conunuc indefinably However, if an 
electric preuure or vollagr to applied acrata aay 
material there to a tendency for electro os to move 
in a particular direction. Thu. movement of flee 
elections, known at drift, constitutes an dectric 
cutreat flow. Thus catrrrnt to the rale i f  movrtnenl 
of r i i a r p

C onductor» air materials that contain electrons 
that are loosely connected to Ike nucleus aad can 
eaaily move through the material from one atom to 
another

Insulator» are materials whoac electrons are held 
firmly to their nucleus.

The «nk used to meature tie quaattUt of eke 
trleal charge Q  to called tbe coulomb С (where 1
coulomb =  6.24 x 10" electron!)

If the drifl of electrons in a conductor take» place 
at the tale of one coulomb per tecoad tbe teatiliiag

Problem 2. If a current of 10A flows for 
four minulet. And the quantity of electricity 
transferred.

Quantity of electricity. Q =  /(coulomb» /  = 10A 
and I =  4 x 60 =  2401 . Hence

g  =  10 x 240 =  2400 С

Now try the following exeruie

Kxrrctsc 5 rtartber problems on clmrgr

1 In what time would a current o f 10 A tia»*1'1
a chaige of 50C 7 t f ‘1

2 A current of 6  A Hot» for 10 nnu le»  What 
charge it Iranttored T (3600< I

)  How loag м м  a cutreat of 100 mA flow •>> 
as to tranifer a charge of 80 C7 (13«ln20*l



cunenl flowing through il a voltmeter mud have a
J 7 ~ l v i e n t t a l  «Mffcrenc* a n d  re* M a* c*

Л1«ю ш  cunenl lo П... between .VI.' |«m«‘ 
" " " . i S E S b —  difference . .................
* r C? ^ W , n  tla'l, .......... '•
x a z s z b * ... ....... .......^  ^ T ^ o f p d . l s i h c ™ l « .  V
‘’"и*«п- ? 5  ■*»*■ •  «*“  с.ттчч.-.! across а tlla- 
J 2 E m p  Cunenl flow. by convention. •» « * * £
£ d  aWlowia* fr»«' *<■ ,rm,inal "J "*
cell. around Ibe ciraiit W the negative terminal

The llow of dectm  cynrni is subject to fnciion 
ТЫ» friction. or opposition. is called m W an c t К 
and u  the property ..t a conductor that limit» cunenl 
The untl of lealsunce u  ilk- ohni; I ohm is dclined 
as the resistance which «ill have a cutTent ol I 
ampere (lowing through 11 when I voll ia connected 
acroaa «.

Potential difference 
c u m n t

resistance It m

An uhnimetrr il  an uutiumcat fur measunng 
resistance

A multimeter oc univerial inurnment. may be 
u»ed lo measure voltage, current and m uiance An 
Avomeler ia a typical example.

Ibe  cat bade ray aactllMcopr (CRO) may be 
used lo observe waveform» and lo measure voltages 
and currents. The display of a CRO involve! a apol 
of light moving ados» a screen. The amount by 
which the spot il  deflected from its initial petition 
<k*pends on the рД  applied lo the tetminals of 
the CRO and Ibe range selected. The displacement 
it calibrated ia 'volts per cm'. For example, if 
the spot Is deflected 3 cm and ibe volu/cm switch 
it on 10 V/cro (hen tie  magnitude of die p-d. it
3 cm x lOV/cm, le . 30 V.

(See Chapter 10 fur mote detail about elwtrical 
measuring instmments and meatiuemeM». i

2.6 L inear and non-linear devices

hguir 2.6 shows a circuit in which cunenl I can 
be varied by the variable trsuior Л;. For vanous 
«citing» of Jt2, the cunenl flowing in reaiuor Л ,. 
displayed on the ammeter, and Ibe p.d. acroas K\ . 
displayed on the voltmeter, air noted and a graph 
it plotted of p.d. againii cunenl. The tesull ia 
rixiwn in Hg. 2.7(a) where the straight line graph 
passing through the origin indicates that cunenl ia 
directly proportional lo the p.d. Since the gradient. 
Le. (p .d)/(cunenl) it constant, resisiance K\ it 
constant. A resistor is thus an example of a Ihwar 
device

23 H ask  electrical m easuring  
instrument*.

An a n m rtr r  u  aa inanmuni used to пк-амие 
mu*  ** connecicd in series w«h (he

in senes 'SUh V10* '  “П iimmrtc'r connecicd 
iL .” ”  * *  * *  l««ap m measure the current
i Z Z T Z Z T I l * " *  *  ,hr ™rn' m •» **  ctrcua 
L sw  J l 41*1’ * *  11 ™ «  have a v«y low

n A J L l ! ! ! * . * . »  « - W  »*ed to mcasuie 
of the circuit l- ra lM  »ilh the pail

”  rt4 “lr« ) ln lig  2.5. a
"“ “ «i» t h l ^ T ^  " раг*1И 4,lh lhr la*M’

P d  * * » '  « li. avoid a significant

Plgnrr 2.6

If the rcsiaior K, in Fig. 2.6 it replaced by a 
component such at a lamp then the graph shown 
ia Fig. 2.7(b) m ulls when values of p.d. are noted 
(nr various cunenl readings Since the gradient ia

TLF»*OOK
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Figure 2.7

U  Multiple*, and swb-nultiples

Cum-nts. volume» and resistances can often ^  
wry latge or vety «mull Thus multiples and luh_ 
multiples of u r n  air often uacd. as stated щ chan. 
ICT 1. Ihe mostoommon oaes. with an enamel, 
each. a ir Im etflo TM>le 2.1

changing, the lamp i i  an «am ple of a nun-linear 
device

2.7 O hm 's law

m in i's  law stales iial the cunent /  flowing ia a 
circuit u  directly proportional to the applied voltage
V and invenely piopotuonal lo Ihe resistaace K. 
provided the tempenlurr remains constant. Thus,

V V
■■ IK or *  -  J

Problem V Tbe cunent flowing through a  
resistor i i  O.SA »hen a p d  of 20 V to 
applied IVtermiae the value of the 
red nance.

From Ohm's law.
„ V 20 200 

resistance Я =  у  =  —  =  —  =  25 0

1 4. Determine the p.d. which must 
be applied la a 2kfl resistor in order ttui а 
cunent of 10 mA may flow.

Resistance R =  2кП =  2 x 101 =  3000 П

Current /  sz 10 mA
М .  Ю . or — r A or - ~  A : I05 1000

1 10 x 1 0 J A

0.01 A

From OtrnTi law. potential difference.

V =  IR  =  (0.01 M2000) =  20 V

Problem S. A coil ha* a cunent of JO mA 
flowing through it when tbe applied voltage 
to 12V. WhM to tic resistance o f the coil?

_ V 12 
Resistance. R  в  — в  —— —-г

I  JO x 10-*

12  x  10 1 12000
50

: 240 fl

ТкЫе 2.1

Prefix Name Meaning Example

M mega multiply by 1000000 2 МП =  2000000 <Ams
(1л . x 10*)

к lulo multiply by 1000 10 kV =  10 000 volts
(U. x 1 0 ')

m imlh divide by 1000 23 mA =  - ^ t A 
1000

(U . x I0 J) Ж 0.02? amperes

a nucro divide by 1000000 JO’lV « , o d l o v
«л. x  !«“*) ss 0.00009 voHi
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l я lUlllin V
* rtnw ПЯПТШ'Н' the resistance (.1 the 

5 eA  “  « ”* rfdu" d 10 
^ V  .' Ibai «111 be "«w v*luf of ,tK

flowing?

20 k£i

('uriml when voltage К teduswi lo 25V,

v  25 _  25
-V

1 x 10*’ =  125mA

Problem 7 What i» the resistance of a coil 
which drawi •  currrnt of (a) 50 mA and 
(b) 200(iA from a 12 0 V supply?

<a>
V 120 

R ««aB c* * . T ; i 5 T T F 7

<b) Resistance Jt =
300 x 10 -'
1200000 I -  !■

2
or HOOkQ or 0 .6MQ

: 600 000 Q

Problem 8 The cum-nt.solute relahon-lup 
for two tension Л ind В it at shown in 
lig. 2.8 Determine ilir value of the 
гея stance of each Ksistor

For resistor A,

20V _ 2!__ 
2 0 * д  е о tc  

= lo w  о  or U O  

For it tutor B,

jftV  u.
И  5 т Л  ~ ц т <

= *2*0 Q i 2k n

* л ,
/

i

3000
2

16000
5

Now try the following exercise

Exercise 6 Further problem* on
(Nun's law

1 The cunent flowing through a healing element 
is 5 A when a p.d. of 35 V it applied acrou it. 
Find tbe resistance of the element. (7 Щ

2 A 60 W electric light bulb is connected to a 
240V supply. Determine (a) the cunenl Row
ing in the bulb and (b) tbe resistance of (be 
bulb. |(a> 0.25 A <b) 960 П]

3 Giapba of cuncnt against voltage for two resis
tors P and Q are Aown in Fig. 2.9 Determine 
the value of each resistor. [2 ntft, 5 n i l ]

Figure 2.»

4 Determine tie  p.d. which must be applied to a 
5 left resistor such that a cuncnt of 6 mA may
flow 130 V]

2.9 C o ad ac to n  aad  insulators

A conductor IB a material having a low resistance 
which allows electnc current to flow in it. All metals

ШоЮОК
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are conductors and tome examples include copper, 
alumiaajm. brass, platinum, silver. gold and cartxxi.

An Insulator i> a mtterial having a high retis- 
lanoe which does re* allow electric current to How in 
t t  S o a r  exanpfct a t  intalKon include plank, rub
ber. glau. porcelain, air. paper, cork. mica, cenm ici 
and critain « It.

Problem 10. (^alculalr the power dintipa,. j  
when a current of 4 mA Bowi through a 
resistance of 5k$l

2.10 Klectrical power and energy 

Hectrlcal power

Power P  in an electrical circuit is given by the 
product of putentul difference V and current I, 
as staled in Chapter I. Hie unit of power is tbe 
watt. И

I W  * < = / ’*

Hence /* «  V X /  watts

prom Ohm's law. V 
equation (1 ) given

P = ilR) x  I

Le. P m !*R  waits

Le. P  -  ■

Problem 9. A 100 W electnc light bulb a  
connected to a 230 V supply Determine 
(al the current flowing in the bulb, and 
(b) the retittance of the bulb.

IVmei P = V x  I. bom which, cunent /  =  —

ia) Current /  =
100 
230 '

10 
и :

V 230 
(b) Refinance R *  — m -jj-j- :

c H A

2300
4

625Q

*  (4 x  10"V (3  x 10*)

*  16 * 10"* x 3 ж | 0! 
i № x  10_J

=  (I UK W or *0 m il

(I)

IR. Substituting for V In

Alternatively. since I »  4 x 10 J and R = 5 * | ()i 
then from Ohm’t  law. voltage

V - I R  = 4 x I0 ‘ J x  3 x 10* =  30 V

Hence.

power f> в  V x /  =  20 x 4 x 10~J 

sHOmW

Alto, from Otatn't law. I  =  V/R. Substituting for I 
in equation (I) givet:

Problem II. An electric kettle has a 
retittance of 30 R. What current will flovi 
when it It connected to a 240 V tuppft.' lind 
alto the power Ming of tbe kettle.

~  , V 240 
Current. /  =  — =  —  =  *  A

Power. P as V/ a  240 x 8 =  1920 W

a  1.92kW =  power rating of ken

There are thut three pottible formulae wtniii may 
be used for calculating power.

Problem 12. A current of ЗА flowt in the 
winding of an electric motor. Ihe retinaiHv 
of the winding being 100 f i Determine 
(a) the p.d. асшн the winding, and (Ы the 
power ditsipated by the coil.

(a) Potential difference aenxt winding.

V =  /Л  ■  3 x  100 =  380 V

(b) Power dissipated by ca i,

P = I'M  s  S1 x 100 

=  2 S » \ \  <»2 5 k *  

(Alternatively. P = V x I  = 9X> x  }

=  2M *W  o t2 .5 k *  >
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in  power пит?

Итого <*»” '* taw' v >*o
cunenl I B  f 9  <)60

ж * ж ± \  <* 0 25 A 
96 4

|4iwer rating Р ш  VI ж (2401 ( j ) - « w

H ertrkni energy

Hectrlcal i m w : power x time

Problem 14. A 12 V haitri> is connect») 
across a load having * resistance of 40 Я 
Determine the cunent flowing in the loud, 
the power consumed and the enetgy 
dissipated in 2 minutes

V 12 Cunent /  = -  B — =  0 JA

Power consumed, P •  VI =  (121(0.3) = 3  (i\V 
Energy dm i paled =  power < time

я  (3.6 W к 2 - mi si 

- 4 J 2 .l is in .v iJ  I » . ,

Problem 16. Bectrical e^uipaaent in an 
office takes a cunent of 13A from a 240V 
supply. Estiaaate the coat per week of 
electricity if tbe equipment is lord for 
30 hours eacb week and 1 kWh of energy 
costs 6p.

Power =  V I watts =  240 x 13 

=  3120 W =  3.12 kW 

Energy used per week =  power x time

* (3 .l2 k W )x (3 0 b )  

=  93.6 kWh

Coat at 6p per kWh =  93 6  x 6  ж 561.6р. Hence 
weekly cost of rkc trirlty  a  £5 62

If the power is measured in walls and the ume in 
seconds then the unit of energy is wall-second» or 
Joules If the power is measui d in kilow;itt. and tbe 
tune in houn then the unit of energy is kilowatt- 
hours often called tbe tmll uf electricity' Tbe 
electtKity meter' in the home records Ilk- number 

of kilowatt-houn uaed and is thus an enetgy meter.

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

Mwer =  2 2 E  »  I  (or W , =  1500 W
time 40 x «0 >

i-e. Power rating of healer =  1.5кW

Pow er P ж VI,
, P  1500 thus /  ss — ж ------ ж 6  A

V 250
Hence the current taken from the supply it  6 A

15. A soiree of c m f of 15 V 
“ PPhe. a current of 2 A fo,
— eh energy i ,  p ro v ed

am raL Hen^T”  * *nd P” '*rr  = «Я1Л(1с ■ 

“  Vlt a  IJ  x 2 x (6 x 60)
=  10800 Ws or J = |o  KkJ

Problem 18. Determine the power 
dissipated by the element of an electric fire 
of reasuuice 20 0  when a current of 10 A 
flows throufgt И. If the fire is on for 6 bout* 
determine the energy uaed aad the coat if 
1 unit of electricity costs 6.5р.

Power P ж 1гП ж 10* x 20
-  100x 20=:2*(KiW or 2kW 

(Alternatively, from Ohm's law,

Уж IK ж 10 x 20 -  200 V. 

hence power

P ж V x  I  ж 200 x 10 =  2000 W =  2kW).

T L f .e O O K



laergy «к-d ia 6bnun =  power x nine =  2 kW x 
6 b  =  l i  kW h

I unji of electricity *  1 kWh; be net (be number 
of и т ь  u u d  Is 12. C ad of energy ж 12 « 6  5 =  78p

Problem 19. A business use* two JkW  
fires for aa average of 20 hour» each per 
week, and six 150W lights for 30 hours each 
per week. If ibe cost of electricity is 6 .4p per 
unit, deteraiine Ibe weekly cost of electricity 
to tbe business.

Energy =  power x «me 
Energy used by one 3kW Sir in 20 hours =  

3kW x 20b =  «0kWh.
Hence weekly enetgy used by two 3kW lie s  ж

2 x «0 =  120 kWh.
Energy used by one IS0W light far 30bourn ж 

150 W x 30h =  4500 Wb a  4.5kW h 
Hence weekly energy used by six 150 W lamps m

6 x 4.5 =  27 kWh.
Total energy used per week =  120 +  27 =  

147 kWh.
I unit of electricity к  1 kWh of energy. lb»» 

werldy cost of energy at 6 4p per kWh =  6.4 x 
147 =  940 8p =  £9 41.

Now try the following exercise

Exercise 7 Further prohknw on power 
and energy

1 The hot resistance of a 250V hlsment lamp 
is 625 O. Dcicnuinc Ibe current taken by the 
lamp and Its power rating. (0.4 A, 100 W|

2 Determine Ihe im taaocr of a cod connected
lo a 150V supply when a current of

(a) 75 mA (b) 300цА tlows through iL
1(a) 2 Ш  (b)0.5M O |

3 Determine the rcsiilanue of aa electric Die 
which takes a current of 12 A from a 240 V 
aippty. Had also the power rating of the flic 
and the energy used in 20 b.

(20П. 2.88kW, 57.6kWh)

4 Deienuine Ihe power duwpded when a cur
rent of lOatA flows Ihriugh an apphanue 
having a resistance of KkO. (0.8 W|

5 >5.5) of energy sir convened id o  heat in 
9s. Wbd power is dissipaMl? (9.5 W)

A N I N T K O n X T I O N T O I L B C T t l C a a c i -гтч I

6  A current of 4A flows through a comb, 
tor and I0W  is disdpded What p.d. ехЫ, 
across Ihe ends of ihe conductor' (2.5

7 Find Ihe power dissipated when:
(a) a current of 5 mA flows through a resii

(b) a vbltage of 400 V is apphed « in . .  ,
V • .у 120 Ш  resistor

(c) a voltage applied 10 a resistor 1» |0kV 
and Ihe cutrcnt flow is 4 mA

((a) 0.5 W (b) 1.33 W (c) 40 W|

8 A battery of e.m.f 15 V supplies a cuneni ,.f 
2 A for 5 gain. How much energy is supply 
in this time? |y ij |

9  A <tc. electric motor consumes 72 MJ when 
connected 10 400V supply for 2b 30mm 
Find Ihe power rating of the motor and the 
current taken from the supply. (8kW. 20A|

10 A p.d. of J00 V is applied across the winding 
of an eleotnc motor and ihe restolarev of 
Ihe winding is 5 0 0 . Determine tbe power 
dissipated by Ibe coil. |5kW|

11 In a household during a particular wieek three 
2kW fires are used on average 25 h ea«.h and 
eight 100W light bulbs are used oa average 
35 h each. Deteimine the cost of electricity 
for the work if I unit of electricity costi 7p.

(£124*1

12  Calculde tie  power dissipated by ihe eleaierx 
of an electric Are of resistance 3 0 0  when 
a cunent o f  I0A flows in it. If the tire 
is on for 30 hours ia a week detenu in,- ihe 
energy used. Determine also Ihe weekly cod 
of energy i f  electricity cods 6.5p per ura1-

(3kW. 90kWh. £5.851

2.11 Main effects o f  clectric c u r re n t

The three main effects of aa electric current six'

(a) magnetic e lect 
(hi chemical egect 
(cl heating effect

Some practical applicdloas of the effect* 
electric current include:
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„  --------Щ Ш Ш Ш
. relays. n i.f-iv  gcn .u  I

« - * < « « *  transformers telejrfiurvs.
S J ^ n , a n d  I l f " " ! -  4

(tee Charier *1

i r t f r r i '  M M I* n  and sc.iH ukuy - I - '  -«Ы
c-hrtri« l «*«<• g ^ nVr i.llirl« (see < har«r> 41

Л .Л -  cooker' water heaters. rlrctm
H r - I n *  e f fe c t .  2 е Г , „ , п . .  kettles --nd

K*fenng in » '

PniWem 20. If 5А. ЮА and 13 A fuses 
me iv d iH e . «ate which is n»»i 1144.441.1ir 
for the following tpplun .-s which air N* 1  
connected 10 t  240V npply <a) Electric 
turner having a power rating of I kW 
lb) Electric lire having a power rating of 
3kW

Rjwer /> =  VI, from which, currrnt /  =  —

(a) For the loaner.

. f  1000 100 am ent I »  — m ■ — . —4 1 7 л
V MO 24 л

Heuee i S A f i w u ,

<h) For the fire.
I appropriate

I ж -  -  ® 00 V»1
* г “ а Г я | г 5 А

" " “ • “ A b u  том appropriate

Uy the fcllowm, „ m iv .4

Kxrretae II
1 A televiiion ael having a power rating of 

120 W aad electric lawnmowet of power rating
1 ItW are both cornirvKvd to I  250 V supply 
If ЗА. ЗА and I0A  fillet are available 
■late which is Ibe tnixt appropriate for each 
appliance. |3A , SA]

2.12 Keses
A t a c  la uaed lo prevent overloading of electncal 

TV fuar. trfiich.inudc .,1 m -rn a l having 
,l„w  melting point. ЛШ*е» ' " '41 J"
rlectnc current A flue n  p l»ed in ..n eksincal 
circuit and if the cunenl becomes loo laige the 
fuse wire tneltt and so breaks ihc circuit. A ntcuit 
diagram symbol fo ra  fete is shown in I ig :  I .'n

t'M irltc  9 Short answrr ipH-vtlons on the 
Inlroductlan to  elf elrlc l im i t s

1 Draw the preferard symbols for the follow
ing component uaed when drawing electrical 
drcuil diagram»:
(a) fixed resiator (b) cell
(c) filameat lamp (<t> fuae
(e) voltmeter

2 Stale the unit of
(a) cunenl
(b) potential difference
(c) reaittaoce

3 Slate an laatrument uaed lo meaaure
(a) current
(b) potential difference
(c) reaiatanoe

4 What ii a multimeter.’

3 Stale Ohm'a Utw

6  Give one example of
(a) a linear devioe
(b) a non-linear device

7 Stale the meaning of the follow ing abbrevia
tion* of prefixes uaed with electrical unlit; 
(a) к  (b) м (c) m (d) M

8 Wbal it a conductor',’ Give four examples

9 What it an insulator? Give four examples

10 Complete t ie  following statement:
An ammeter hat a . . .  resistance and must 

be connected . .  with the load'

11 Complete <Ы following statement
'A voltmeter has a . resistance and must be 
connected . . .  with the load'

12 Stale Ibe unit of electrical power. Stale three 
formulae used to calculate power
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(41 An electrical tnmlalor h as a high rt 
t « n

7 A cunent o f ЗА Hows for 50h through afrn 
resistor. The energy consumed by ife re„ „ (

(»; 0.9kWh (b) 2.7 kWh
(c)‘9 ) » b  (d> 27 kWh

• \ » У Ь а >  must be known in order to cakulatt th, 
'energy uied by an electrical appliance >
(a) voltage and current 
(b| cunenl and time of operation 
(Cl power and time of opr return
(d) cunenl and tendance

13 Stale two unit» used for electrical enetgy

14 Stale tbe three main effecu of an electric 
cwirnt and give two example» Ы  each

15 What n  Ihe fuacttoa of a fine in an electrical
cuvuit?

Exercise 10 VluMl-chatcc problems an k t  
Introduction In elrelrlc elrrults I Answers Ml 
P**e 375)

1 60 Its is equivalent Ю:
(a) 0.06» (b) 0.000061
(c) 1000 minutes (d )0 .6 t

2 The current utoch flows when 0.1 c«*orrib 
la transferred is  10 ms is:
(a) 1A (b)10A
(c) 10 mA (d) 100 mA

3 The p.d. applied to a 1 kSJ resistance in order 
that a cunenl of lOOpA may flow is:
(a » lV  (b) 100V (c)0.1 V (d) 10V

4 Which of the following formulae for electri
cal power is incorrect?

(а) V/ (b) j  (c) l>R (d) у

5 The power distdpaled by a resistor of 4(1 
wken a current of 5 A paases through it it: 
(a) 6.25W (b) 20W
(c> SOW (d) I00W

6 Which of the billowing easements it tree? 
(a) Electric current is measured in voks 
lb) 300 kf) real turner is equivalent lo 2МП
(c) An ammeter baa a low rrя  stance and

mutt be connected in purallel with a
d m i

9 Voltage drop is Ibe:
(a) maximum potential
(b) difference In potential between two рчмгла
(c) voltage produced by a source
(d) voltage at Ibe e id  of a circuit

10  A 240V .60W  lam phasa working ii-MMance
of:
(a) 1400 (ft m (b) 60 ohm
(c) 960 ohm (d) 325 ohm

11 Tbe largest number of 100 W elearu light 
bulbs which can be operated from a 240 V 
supply fitted wllb a 13 A fuse is:
(a) 2 (b) 7 <c) 31 (d) IK

12 The energy uied by a 1.5 kW beaut n
5 minutes it:
(a) 5 J (b) 450J
(c) 75001 (d) 450000J

13 When an «tom lotcs an electron, tlx- atom:
(a) becomet positively charged
(Ы di si meg rales
(c) experiences no effect at all
(d) becomes negatively charged



3
Resistance variation

Ai ihe end of fcU chapter У ~ »e aNe to:

.  .pprrcute Ibat electrical triUunuc depends on four tw o n  

.  арртси *  that м И * *  H =  P 4*. where p  is the resistivity 

.  , , , « « / »  typical values of resi^vity and its umt 

.  perform o k u la iio n  using R =  fit/a

•  define Й19 Iv tpcn lu ir inefficient of iratfanc*. a  

.  rrcognur typical value» for a

.  perform calculation» using R, = «oO +  a*)

•  determine U>' teaistance and tolerance of a lilted resistor from its colour code

•  deteimine the resistance and tolerance of a fixed resistor from its letter and digit

----------. .  given toe Caibon (graphite) 10 x W i l l *  (О .Ю цЯт)

code

3.1 Resistance and resistn it\ symbol p (Greek rbo). Thu».

TLfoBOOK
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Glass I x  10'*Q in (or IO% Qml 

Mica I x I011О m (or ю ’ ц О т )

Note 1h.11 good contecton of efedncaty have a low 
value of resisuvny and good intulaion have a high 
value Ы  resistivity.

(b> When I he resistance II 750 0  then 

730 =  ( * > ( ! )

In mi which

Problem 1. The resistance of a  5 in length 
of wire is 600(1. Determine (a) the 
resistance of an I n  length of the same wire, 
and (b) the length of tie same wire when the 
resistance is 4200.

Problem 2  A piece of wire of 
cross-sectional area 2 mm- has a resistance 
of 300 O. Hod (a) the resistance of a  wire of 
the same length and material if the 
cross-sectional area It 5 mm1. (b) the 
cross-sectional aara of a wire of the same 
length and matenal of ген stance 750 0.

_  600 
750 =  750 

=  U n a 1

(a) Resistance. R. i t  directly proportional to length. 
I, i.e. R  or I, Hence. 600 О or 5 m or 
600 =  (A)(5). where i  is the coefficient of 
proportionality.

600
Hence, * =  —  s> 120

When the length / is Km, then reataance 
R =  kl =  (120X8) a  960П

(b) When the resistance is 420 0 .  420 =  kl. from 
which.
. . 420 420 
length / =  —  —  =  J.Sm

я 120

Problem 3. A wire of length 8 m and 
cross-sectional area 3 a n r  has a tttiaam r 
of 0.16 (2. If the wire it drawn out uuil its 
cross-sectional area it  I mm2, determine 
resistance of the wile

Resistance R is dilectly proportional lo lengih f.i 
inversely proportional lo the croaa-iectlonal a r t  
Le.

R a l / a o r  R = кЧ/a). where * it the coeffid  
of proportionally 

Since R =  0.16, I =  8 and it =  3. then 0 16 < 
(A)(8/3), from which * =  0.16 x 3/8 =  0.06 

If (be cross-sectional area is reduced lo 1/3 ,u 
original area then the lenfth must be tripled lo  ) x |  
Le. 24 n

New tetiaance R = к (  ~ \  =  0.06 /  — )
'  a '  1 I

=  144 0

Problem 4. Calculate the resistance of a 
2km length of aluminium overhead powet 
cable if the cross-sectional area of the caNc 
it 100 mm3. Take the resist m l у of 
aluminium to be 0.03 x  10 * Q m.

Resistance R it inversely pauportiooal to cross- 
sectional area, a, i.e. R ot I/a

Hence 3 0 0 0  or Vrim: or 300 =  (t)(^ l.

from which, the cocflklent of proportional Uy. к =
300 x 2 =  600

(a) When the cross-tetnonal area а ж 5 mm1 then

R *  (*Mj)
=  (6 0 0 |ф « =  U »Q

(N oe I h a  resiiunce haa decreased at the cfota- 
seclional i t  Increased.)

Length I ~  2km ж 2000m. area a =  10 0 mi" * 
100 x  КГ* mJ and irsntivity p  =  0.03 x 10 6 Я

Resistance R -  — 
u
(0.03 x IQ-*OmM20W*> 

(100 x 10 ‘ « Л  

0.03 x 2000 ,
100

Lo =  « « o

Problem J. Cakulaie ihe crost-sectsontJ 
area, in mm1, of a piece of copper w«e. 
40 m in length and having a ivsisiance ol 
0.25 O. Ikke the resistivity of copper as
002  x 10 * О т .



- flUWVLES
в я а ш ^ ^ ^

К т р 1 / » Ь я * '^ п ‘

■  ><40 nil. (0,02 х I"
i j  * ----------- о З м ?

andtecmnoujov

. 3.2 *  10 m
,(3 .2 x 1 0  ‘ I * 10‘ mm- ■ 3.2 и

P-rf-i—  6. Tbe Ш ***1' t a t  I s of 
!? „ •of m i  i i r t l r -*  « и  "  17 n,m 14

Determine lb* irt.M i'iiy  ..I the » « e

,, К = рЦа beau- 

«и
irs»tiv*y f> *  —

m2>(150(1X0 17 X
* (Him nil

x « 017 x 10 ■ П III 

or 0.017 |1 Q 111

Problem 7. [Vlrnnltv' Ibe resistance of 
1200 m of coppcr cahle having .i diameter of 
12 mm if the reiisuvity of copper u  
1.7 x 10-*П т.

< roas-sectional area o f cable

■  30* mm2 =  Зб.т ,-.to ‘ m;

Resistance R m  S i
a

1.7 x 10 'П ш ш г о о т )

»-7 x 1200 x 10*
~  10» x Ж* П
1.7 x 12
“ Й Г  О

Now liy ihe following elcn :

b t r r i K  11 Further problem* on
m istiiace and т И 1 Л у

1 The resistance of a 2m length of cable is 
2.JO . Determine (a) the resistance of a 7m 
length of the same cable and (b) the length of 
ihe same wire when Ibe resistance ii 6.23 Q.

[(a) 8.75 П (b) 3 m)

2 Some wire o f cioss-sectional area I m nr has 
a resistance of 20 Q.
Detemaae (a) the resistance of a wire of the 
same length and material if the cross-sectional 
area is 4 mm2, and (b) the cm is-sectional area 
of a wire at the same length and material if 
the resistance is 32 (2

1(a) 5 0< b) 0.625 mm3]
3 Some wire o f length 5 m and cross-sectional 

area 2 mm2 has a resistance of 0.08(2. If the 
wire Is drawn nut until Us cron-sectional area 
is I mm2, determine tbe resistance of the wire.

(0.32 П]

4 Find tbe resistance of 800 at of copper cable 
of crnss-secaional area 20 mm2. Tike tbe resis
tivity of copper aa 0.02 мПm (0.8(1]

5 Calculate tbe cross-sectional area, in mat2, of 
a piece of ahimiatum wire 100m long and 
having a resistance of 2 П. Take tbe resistivity 
of aluminium aa 0.03 x |0 ~ * П т  |l .5 m n 2]

6  Tbe resistance of 500 m of wire of cross- 
lectional aara 2.6mm2 is 5(2. Determine the 
resistivity of tbe wire in |i(l m

|0.0261>(1 m]

7 Find the resistance of I km of copper cable 
having a diameter of 10 mm *  the resistivity 
of copper U 0.017 x I0~* (Im  10.216(1]

3.2 T e m p e ra tu re  coeffic ien t o f 
re s is ta n c e

In general, aa the temperatare of a aiaterial 
increases, most conductors iiu raae  In resistance, 
taaalators deepens? in iciMaooe. n ta la  tbe 

of seme special alloys reaudn almost

The tem peraturr corlHrlmt of r N a a m  of a 
maierial is the increase ia  the resistance of a I П

«
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m t t t x  of that nulenal when it is subjected to a 
rise of temperature of l'C . Ibe  symbol used for 
the temperature cm-flute si of tnistance it  a  (Greek 
alpha). Thus, if some copper wire of resistance 1 ft 
is heated through l*C and its resistance is that tnes- 
suied as 1.0043 ft thee a «  0.0043 ft/ft*C  for cop
per. The units are usually expressed only as 'per 
C \  U .  a  — 0.0043f*C for copper. If Ibe I ft 

resistor of copper is heated through 100Т then. |  
resistance at 1004' would be 1 +  100 x 00043 s  
1.43 f t Some typical values of temperature coef- 
O dea o f resistance measured at &C  are given 
below:

Copper
Nickel
Constant an
Aluminium
Carbon
Eureka

0.0043/*C
0.0062/'C
0
0.0038/°C 

-0.00(MH/'’C
0 .00001/* c

R , ш  Я,<1 +  нов)

where Rq =  resistance at 0*C
Re -  resistance at temperature 0°C 
a t  =  temperature coefficient of resistance

at 0*C

Problem 8  A onl of copper wire has a 
resistance of 100 f t  when its temperature t> 
0‘C. Determine k i resistance at 7V C  if t o  
temperature coefficien of resistance of 
copper at 0‘C is 0.0043ГС

Problem 9. An aluminium cable has a 
resistance of 27 ft at a temperature of зц r  
Determine in  resistance at 0‘C  Take the 
lemperature coefflacnl of resiMnce at O r  
to he 0.0038/*C

un tx  at (ГС,
P C , RtAI +  аов). Hem* ,

R0 : 27
( l+ o o f t  П +(0.0038X3?)) 

27
1+0.133 

27
1.133 : 23 83Q

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

If the resistance o f  a material at 0*C Is known 
the resistance at any other temperature can he deter
mined from:

Problem 10. A carbon resistor has a 
resistance of I kft at OX. Determine Its 
resistance at 80“C. Assume that the 
temperature coelllcieni of resistance for 
catboD at 0‘C  l« -0.0005/*C.

Resistance at temperature 0‘C.

Л» =  Яо(1 +  «о®)

te.

Re я  1000(1 +  (-0.0005 )(80 )|

=  1000(1 -  0.040) =  1000(0.96) *»Q

If the resistaace of a material at room t< 
tnre (apptoximalely 20‘C). RK . and the lemper^H 
coefficient of reaistaace at 20“C. a » .  are know™ 
the resistance Re at temperatuix- P C  is given ’У*

*>00

J
tbe I

Resiaance R, =  R,i 1 +  <цв). Heace resistance at
I00*C.

K,oo ss 100(1 4- (0.0043X70)1 

=  100(1+0.301]

Problem 11. A coil of copper wire ba* * 
resistance of 10ft at 20°C If Ihe to m e "  ul*
coefficient of resistance of copper at ?> < ’*, 
0.004/*C determine the resists гке of the '•'* 

ipeiature rises lo I00*C.
).004/*C 
when die li

Resistance at PC ,

100(1.301)- 13» I  ft *. = *»(! + • » ( « -  20)1



lie»*  * lV fC
,100 = 10(1 +  < 0 . 0 ^ " - '  2,1,1

*  10(1 +  (0.0W X*»l 

m 10(1 +  Л321 

=  10(1 . » > *  13 2 0

iZ TV  n w u »  e of a co*1 ol 
2 2 S m * w u r - 1 » 4 ' - I  V

of IV wire 1» u>crea*-sl uid (h,
E S S ,  n * s  to 240n . If IV lemperaurr
S U S m  of пшите of aluminium IS 
ОООЭ9ГСИ i r C d e e n m i i  Hi i.-iii|vi:iiu, 
10 w V fi iV  coil V s Й*»

Let the temperature tUe lo ^C . Resistance m It . 

* ,  =  * «  |1 + а ц (» -1 * > 1

2 4 0 « » 0 |l - t - (0 .r t ) '4 » (« -  IK)| 
J 4 0 - »  +  (200)(0 (H H V ii«  - lk> 

240 -  200 ш 0.7t(« -  1*1 
40 =  0.78(0 — 18)

40
0 78

31.28 s  # — 18. from which. 

в  *  51.28 +  18 =  fW2H(

llmce Hit ttm periiu rr iif ll,. пн ггмм-s
W 28 С

=  • - 1 8

*V |*  *,

Problem 13. Some copper wire has * 
resistance of 200 Й M 20*C. A cunenl il 
patted through IV wire and IV lemperaiure 
rues to 90 ’C. Determine the reiistanoe of the 
wire at 90“C, correct to the nearest ohm. 
assuming lhal IV  lemperaiure coefficient of 
resistance is 0.004/*C at 0°C.

and

Hence

Й»

* »

: 200 ft, ao =  0.004/“C 

[ I -КЮ(20)|
'  |1 + « ,< * » ]

*»H+90«4)1 
11+20001 

200(1+90(0.004)] 
[1 +  30(0.004)) 

200(1+0.361 
11+0.0») 

200(1.36)
(1.08)

251 W Q

Le. t v  r e l ia n c e  of th t wire at 90 С Ь  252 Q.
correct lo IV nearen ohm

Now try die following exercises

I f A e i r m t a n c e a O * C i in i> i  k no w n  bui is m k .w u

м у Т И Г ”  ? 4 M * * i . t b e n  Ih,- , , . ,s „ ,K . .
n> lempemure can be found ui follows:

*1 ■  Лц(1 +  «00, I 

* г т ЛХ l + « „« ;)

1 ’" 'l4ni  °°e equation bjr the « h rI р те ,.

■  lemperaiure rt.

Kxcrcbe 12 l u r t V r  problem* an IV
temperature coefficient of гЫ  stance

1 A coil of du  minium w ilt hai a resistance of 
50 f t when Mi temperature is 0*C. Determine
ill resistance a  100“С if the temperaure coef
ficient of reasunce of aluminium a  О Т ii
0 .0038/T  [ « Q !

2 A copper cable hat a resistance of 30(2 a  
a temperature o f  50”C. Determine its resis
tance a  0*C. DUte tV  temperature coefficient 
of resistance of copper а  СГС as 0.0043/*C

[24.090]

3 TV  temperaure coefficient of resManee for 
carbon а  0ГС i l  -0 0 0 0 4 8 /*C. Wbal is the 
significance of tV  minus sign? A caihon resis- 
lor has a rea stance of 500 Q a  0"C. Determine 
its resistance a  50*C. (488 П)

U f«K X >K
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4 Л coil of copper wire bat a i tw u n t t  of 
20 Q it 11*0 If ibe temperature coefficient 
of rrsittance of copper m t t 'C  u  0 00 4 /T , 
determine tbe remittance of tbe coil when the 
temperature r im  to 98*C (26.4 £1]

3 The rom ance of a coil of mckel wire at 
20*C is 100(1. Tbe temperature of the wire
IS «created and tbe resistance rises to П0 
If Ibe temperature coefficient of retistaaoe of 
nickel is 0.006/*C at 20*C, detennine (he 
temperature to which tbe co i has men

rw c i
6 Some alutrnmuni wire has a  resistance of SO (1 

at 20*0. The wire ll heated to a temperature 
of 100*0. Determine the resistance of Ibe 
wire at 1004 , assuming that the temperature 
coefficient of resistance at 0°C is 0.004/*C

(64.8(1)

7 A copper cable »  1.2 km long and baa a Gross- 
sectional area of S mm" Knd ils resistance at 
80°C if at 20*C tbe reamvity of copper is 
0.02 x 10** £1 m and Ms temperature coefficient 
of resistance is 9 004/"C |3.»5 П]

VA,'ATi<i

3.1

CoUmr StgnifKiiU
Fignrri

Multiplier

Stiver
Gold- Г 2

'2Г
Oiange
Yellow
Green
Blue
Violet
Grey
While
None

- 10 2
- 10 1
0 1
1 10
2 10J
3 10*
4 I04
5 105
6 10*
7 107
8 10»
9 10’

4l0%j
*1»*24

*o.a(
*0.1%

Problem 14. Determine the value an! 
tolerance of a  trustor having a colour u  
of: orange -orange- sil ver-bmw n.

J J  Resistor colour coding and uhmic 
values

(a) Colour cork for ftxrd re<4stor%

Tbe colour code for fixed icsistors is given in 
Table 3.1

(i) For a four-baixt fixed rm btor (Le. rettstance 
values with two si graft cant figures): 
yellow violet-orange-red indicslei 47 к 0  with 
a tolerance of ± 2 *
(Note that tbe first hand is the one nearest the 
end of the resttkirl

(is) For a flvr-hand ftafd resM ur (Le. reaiaance 
values with three significant figures): red- 
yellow-white-orange-bmwn indicate. 1Л9 к 0  
with a tolerance of * 1 9  
(Note (hat the fifth hand I* t.S to 2 times wider 
thaa the other hands)

The first two bands, ie . orange4iramte. give V fma 
Table 3.1

The tbird band, nlver, indicates a miiltiplu 
H r from Table 3.1, whicb means Ihai the 1 
tbe resistor is 33 x 1 0*  =  0.33(1

The fourth band, Le. brown, indicates a  u-let| 
of ±1%  from Table 3.1 Hence a coloui ax  
orangeHvange-ialver-brown represents a rest 
value 0.33 Q wtth a tolerance of ±1%

Problem IS. Determine the value and 
toU-ranoe of a reiistor having a colour ct 
of: brown-black-brown.

The first two handi. Le. brown-black, give 10 fi®1* 
Table 3.1

The third band, brown, indicates a ntwltif*
10 from Table J . l , which aieans that (be 
the realtor is 10 x 10 =  100 (1

There is no fourth band colour in Uuscase: 
from ftble 3.1. Ibe tolerance is ±204 
colour coding of btown-black-bniwn rrprea 
resistor of value 100 Q wttb a talcrancr «f f

Problem 16. Between what two value» 
•hou Id a resistor wtth colour coding 
brown Mack-bmw n-silver lie?



«_Ь1яск Ьг«,,А n sdxv* HHiu-'l. "

10» ,0' U ‘j 2 S  viu c COUkl he brtween 
Пй* тс»*1* ш

(1 0 0 -1 0 *  Of 100)0 

^  (100 4* 10* of 100)0
indua.es any value

ZZZXo- '" 00
(„  ,  47 к П Ь и ч » 1* 1”  I

-M b  3.1. <7 к 0  = 4 7
of%>w-v»le«.orang. * " '  • '  ' “ "'

the fourth b»»d wfll he gold 
H ence47kO ±5* hasacd o u i coding of- v«llo»-

Toknm ce is indicated as follows: F
G  =  ± 2 * .  J -  ± 3 » .  К -  ± 1 0 *  and M

Ни», fof example.

i ± 1 * .  
i±20*.

R3SM 

4R7K 

390RJ

: 0.33 0  ±  20* 

. 4 . 7 0 ±  10*

= 3 9 0 0 ± 5 *

Problem 19. Deteimine the value of a 
resistor marked a> 6K8F.

From Table 3.2.6K8F «equivalent lo: Д 8 k Q ± l ‘%

РгоЫеш 20. Detesmine Ihe value of a 
resistor marked a> 4M7M.

n u n m i 1*. Deermine the value and 
I F rance of a resistor having a colour coding 
of onu^e-jrwn-rrd-yellow-brown

ШЦ1 in tn  r r l  ]Til —• *-— H ts a live hand liv'd 
resistor aad from Tkhle 3.1. Indicat. 
with a tolerance of * 1 *
' «  « 10*0 =  3.52 x 10*0. i.e. < <: M .

From Table 3.2. 4M7M is equivalent lo: 4.7 M Q 
± 20*

РгоЫеш 21. O lom ine  the letter and digit 
code for a resistor having a value of 
68k О ±  10*.

^ J . S M U  From ГаЫе 3 .2 .6 8 k О ±  10* has в letter and digit
Hence ocange grrrn ttd -y  llow-brown indicates code °f; *** KK

J S 2 M 0 ± l rv Г ____________________________________________

<Ь| U M r  and digit rod» for rrsbtorv

Now uy the foUowing exercises

r **У of intkcatlBg Ihe valu,- oi гечч..,. i 
"» letter and digit code shown ш T *le  X2

Tabfc j j

Marked j-..

0 47 0  
lO  
4.7 П 
47 П 
100 П 
Ik f l  
lOkfJ 
10 МП

R47
IR0
4R7
47R
Ю0К
IK0
10 К 
10 M

K ttrc in  13 Further prohkim  on ггчЫог 
colour coding and ohmic values

1 Determine Ihe value and tolerance of a resis
tor having a colour coding of: blue-grey- 
orange-rcd |6 8 k Q ± 2 * ]

2 Determine Ibe value and tolerance of a resis
tor having a colour coding of: yellow-vioiei- 
gold 14.70 ± 2 0 * )

3 Determine ihe value and tolerance of a resis
tor having a colour coding of: Mue-whitc- 
black-Nm* ■ gold |640 0  ±  5*]

4 Determine the colour coding for a  31 к О 
resistor having a tolerance of ± 2 *

(green-brow norangered |



3 IX  ranine the colour coding for a I М П 
realtor having > tolerance o l ±10%

(brow n-Nack-green-silver]

6 Determine the range of values expected for a 
resistor wtth colour coding: red-Mack-green- 
Ktlver |l.H M D  to 2.2M O )

7 Determine the ran*' of vriurs expected for 4  
а resistor with colair coding: yellow -Mack- 
orange brown (39.6кЯ  to 40 4 k П)

8 Determine the value of a tesistor marked at
(a | R22G (b) 4K7F

[(a) 0 .2 2 0 ±  2 »  (b) 4 .7 k О ±  1«]

9 I>termine the letter and digit code for a 
resistor having a value of 100 к Я ±  5 *

iio »K Ji

10 Determine the letter and digit code for a 
resistor having a value o f 6 .8 M Q 1  204 

(4M8M)

8 Explain bnefly the colour coding „

9 Explain bnefly the letter and digt,  ̂
in iao ra  **

RESISTANCE VAKi

Exercise 14 Short answer questions on 
resktanee vurlutlan

1 Name four factors which can effect the aeait- 
lance of a conductor

2 If the length of a  piece of wire of constant 
cross-sectional area is halved, the resistance 
o f tbe wire i t ..........

3 If the croas-seckonal area of a certain length 
of cable la trebled, tbe reasunce of the саЫг
i a ..........

4 What ii resistivity? State its unit and the tym- 
bol used.

3 Complete the following:

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

6 What is meant by tbe ’temperature coefficient 
of resistance ? Stale its units and the symbols 
used.

7 1Г tbe resistance of a  metal at 0*C is Я*. 
Re is tbe resistance at #"C and a 0 is the 
temperature coefficient of resistance at 0 T  
then: Rh = ..........

Kkereise 15 MuHt-chotcr questlonc 
resistance variation (Answer, on pa#r ,7Jj J

1 The unit of reaiitivity is:
(a) ohms
(b) ohm milhinetre
(c) ohm metre
(d) ohm/mare

2 The length of a certain conductor of re ,
100 Я is doubled and its cross-sectional щ , 
is halved. Its new resistance is:

(a) 100 П (b) 200 Я
(с) » П  (d) 400 Я

3 The resistance of a 2 km length of i able a l 
cross-sectional area 2mm: and г г м м т д И  
2 x 10 * O n  ia:

(a) 0.02 0  <b> 20 П
(c )0 .02m 0  (d> 200 Я

4 A piece of graphite has a cross-sectional ф а  
of !0m m : . If Its resistance ia 0.1 Q ind|pf 
resistivity 10 x 10* Я т ,  its length is:

(a) 10km (Ы 10cm
(c) 10 mm (d) 10m

5 The symbol for the uau of temperature ct 
cient of resistance is:

(a) Q /‘C (b) П
(c) *C (d) a / n r

6  A coll of wire has a resistance of 10Я
If the temperature coefficient of [гмоа1* * !"  
the wire is 0.004/”C, i s  resistance at 10 0 4 ^

(a) 0.4 О (Ы 1 4 Я
(c)14 Я (d) 10 Я

7 A nickel сой has a resistanc e o f 1 3 Я at •
If the temperature coefficient of re«»<“* ^  
0‘C ia 0.006/"C. the resistance at 0 t  **•

(•) 16 .90  ( b ) i o n
(0  4 3 .3 0  (d )O lU

_#«d.violet-bU konaresis

• MBSBtfS | | |
( „ 2 7 0 * . ^

(b) 2 700  
(d) 27 О ±  10»

Y ________________ _____________________________

4 A resistor matked as 4K7G indicates a value of: 
(a) 4 7 О ±  204- <b) 4 7 k Q ±  204
(c) 0 .4 7 0 ± 1 0 «  (dl 4 .7kQ  ±  2ЯЬ

T L F e tO O K



Chemical effects of electricity

Т - Ч г -

Л1 Ibe end of tbit chapter you sboald be able lo:

•  understand electrolyiu and lU applications. including eler№opUiing

•  appreciate ibe puipote and conttructton of a simple cell

•  explain polarisation and local action

•  explain common a id  its efTedi

•  define tie  terms e.m.f., E, and iatemal resistance, r, of a cell

•  perform calculations using V m B - l r

•  determine the total e.m.f. and laul Iatemal rrmtanoe for cells connected in tenet 
and tn parallel

•  disttngwth between primary and secondary ceili

•  explain the construction and practical applications of the Leclanchl. mercury, 
lead-and and alkaline ed it

•  b it the odveiaget and diiadvataagei of alkabne cellt over lead-acid cells

•  understand lie  terra 'cell capacity’ aad state its unit

4.1 Introducttmi

A material mutt contain charged particles to be 
able to conduct electric ceurnl In toll da. the current 
ia carried by екП пни. Copper, lead, aluminium, 
iron and carbon ate tone  example* of 10Ы  con
ductors In fc|ulds and gears, the current U carried 
by the pan of a molecule whach hat acquired an 
electric charge, called lane. Ihc te  can poaaeaa a 
positive or negative charge, m i  examples include 
hydrogen ton H*. copper loo Cu”  and hydroxyl 
ion OH Distilled water a ia a n u  no ю т  aad la 
a  poor cootkictor of electricity, whereat salt water 
contain! tana and ta a fairly good conductor of 
electricity.

4 .2  Klectrt4ysL<

Electrolysis ia the decomposition of a 
pound by the passage of electric cu iren t^ ^ B
a. Practical applications of electrolysis 
electroplating a t metals (tee Section I  '  :h*  Д  
ing of copper and tile extraction of aluroi>u*^B 
Ha ore. ,

An rlectra lpe Is a compound which wiU 
electrolyiis. Bmmples include tali waiet. M  
Hilrhaie and >uk4iunc acid.

IV  rtrct ra le s  tie the two conduce"' 
current lo the electrolyte. The positive 
electrode la called the anode and the 
connected electrode the cathode

1
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4.1

Table 4.1 РШ1  of (he 
electrochemical lerie»

Puiuaum
Midium
aluminium
zinc
uun
lead
hydrogen
copper
(diver
cartoon

“  ,‘J ^  t o  i c u o M e  .1 .• fcu*) il«i .he c -h .de
connected t-> the i r g » i , 'e  'c iv.,mil |

i  dT b- и у )  gain* whd« .v»hJt k w - 
copper.

4.4 T h e  sim ple  c«ll

Hie purpose of ал «fcetrtc ceO a  (o convert chein 
к *1 energy UNO electncal eneigy 

A »Unpl» « 0  cotnpriies two dissinuliu ci.ndu. 
ters (electrode») in an electrolyte Such i c e ll in 
■bow* in Rg. 4.1. composing copper and /in> ele. 
imdrs An etectnc cunrnt I» found (о  flo« between 
ibe electrode». Other possible electriHV pair» extu 
including one -lead and anc-iron. The electrode 
pxeeial (Le (be рл1. meaiuird between ihe elec 
trodea) vane» for each pair of metals In k»,*inw 
the ej».f. of each metal with reaped (о some sun 
dMd electrode, (he «.m.f. of any pair of mem. i.m 

1-tenmned The aaodard used n  ih, Iic0: . 
cdudr The dfctrochrinhal series ii ,i u a\ . t 

• '" » , ,  • f - * ln “fder of elevtncal poteir,.», m : 
Т Л .А 1  *ow» «.um ber of « b a m .  , .u .h  ,

In a simple cell (wo Гайк» exlsl -  (Ьове Лее (о 
polarisation and local arUon

Polarisation

If (he simple ceU shown in Hg. 4.1 is left connected 
for some time, the current I decreases fairly rapidly. 
This I» because of Ihe formation of a film of hydro
gen bubbles on (he copper anode. This effect is 
known as ihe polar! sal Ion of (he cell. Tbe hydrogen 
prevents foU contact between (he copper electrode 
and Ihe electrolyte and llui increases Ihe Internal 
irsistance of (be cell. The effect can be overoone by 
using a chemical depolarising agent or depolariscr. 
aich as potassium dichromaie whkh remove» (he 
hydrogen bubbles as (bey form. This allows Ihe cell
lo deliver a steady current.

I .oval action

When commercial n nc is placed in dilute sulphuric 
acid, hydrogen gas Is liberated from il and Ihe zinc 
dissolves. The reason for das is (ha  impurities. »uch 
aa I races of Iron, air present in Ibe zinc which tel up 
small primary cells with (he zinc. These small cell» 
are short-circuited by Ihe electrolyte, with Ihe result 
thai localiied cairenis flow causing corrosion. T bs 
action is known as local action of (be cell. This may 
be prevented by nibbing a small a mourn of mercury 
on the zinc surface, winch forms a protective layer 
on Ihe surface of Ihe electrode.

When two metal» are used til a simple cell Ihe 
electrochemical serin  may he used lo predict (he 
behaviour of tbe cell:

(I) The metal ttutf it  higher In (he series acta as the 
negative electrode, and viee-vena For example. 
Ihe zinc elect rode in the cell shown in Rg. 4.1
ii negative and Ibe copper electrode u  positive

ШаЮОК
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(u) Ibe greater the separation ia the i e n a  between 
the two metals ibe girater u  Ibe e.m.f. produced 
by die cel.

Ib e  electrochemical «eric* is representative of 
the oider of reactivity of tie  metals and their 
compounds:

(i) Ibe  higher metals in the series read mole 
readily with oxygen and vice-versa.

<ii) When two metal electrodes air used in a simple 
oeM the one that is higher in the series tends to 
4 «solve in the electrolyte

4.5 Corrosion

Corrosion is Ibe gradual destruction of a metal in a 
damp atmosphere by means of simple cell action 
In addition lo the pretence of moisture and air 
required for rusting, an electrolyte, an anode and 
a ealbode air required for common. Thus, if metals 
widely spaced in the electrochemical series, ase used 
in contact with eaah other in the presence of an 
electrolyte, co m au a  will occur Bor example, if a 
brass valve is fitted lo a healing system made of 
steel, coriosion will occur.

The effects of corrosion include the weAcmng 
of structures, ibe retfciction of tie  life of components 
and mate nail. Ibe wastage of materials aad the 
expense of replacement

Corrosion may be prevented by coaling with 
paint, grease, plastic coatings and enamels, or by 
pi sting with tin or chromium. Also, iroo may be 
galvanised. i.e.. plated with aac . Ibe layer of две 
helping to prevent the iron from corroding.

4 Л K..m.f. and Internal resistance iif a 
cell

Le. approximately I МП, brace no current ii,,„ 
the cell is not loaded

The voltage available at the terminal.
(alls when a load ia connected H a t u «Wiedthe Internal resistance of the cell which t. 
opposition of the material Ы the oell to the t lV  
current. The lpteiTial resistance acts in 
other rcesie iie t in the circuit, figure 4.2 show,! 
vrtl of e a i  f  E volti and internal resist**.,
X Y  represents the terminals o f the cell.

The electromotive force (e.mX), C. of a cell is the 
p.d between Us terminals when il ia not connected 
lo a load (i.e. Ibe cell is on 'no load').

The e.m.f. of a cd l Is measured by using a high 
retfciliusee voltmeter connected in parallel with Ibe 
cell Ibe voltmeter must have a high resistance 
otberwiae it will pats cunrnt and the cell will not 
be on ‘ao-load’. For example, if the resistance of a 
cell ia I ft and Ibai o f a voltmeter I MO t e n  the 
equivalent resistance of the circuit it I MO +■ 1 Q.

■ L - С Э . ------------ !
Figure 4.2

When a load (ibown as resistance R) is 
connected, no current (lows and the temun.il p.d., I
V =  E. When R is connected a current I flowi 
which causes a vollage drop in Ibe cell, given hy 
Ir. The p .d  ivariable at the cell terminals ts less | 
than the e.m.f. of the cell and is given by:

V =  K -  Ir

Thus if a baaeiy of e.m.f. 12 volts and internal 
resistance 0.01 f t  delivers a current of 100A. the 
ietminal p.d.

V =  1 2 -  ( 100X0.01)

=  1 2 -  I as I IV

When different values of potential diilermci V 
tcross a cell or power supply are measured ft* 
different values o f current /.  a graph may be plotted 
an shown in Fig. 4.) Since the e.m.f. F. o f the cell 
or power supply is the р Л  across its letmtnab i*  
ao load (i.e. when I я  0). then £  it at tbown hi 
the broken line.

Since V =  F .-  I t  then the internal renttanu' 
be calculated from

When a current it flowing in the direction lb»»" 
i n F t g * . 2 i h e c e i t s t « t d i o b e  ЛвеЬагцп
<E> П
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Total e m f. *  e.m.1 of one cell 
Uiul internal resistance of n cells

=  ■!■ X internal resistance of one cell

PinMetn I Eight cells, each with an 
internal ttaistana- of 0.21} and an e.m.f. of
-  ’  v  a a  connected (1 ) in icrici. (b) in 
parallel. Determine the e.m.f and the internal 
retiuance of Ibe batteries so foimed

la» Wben coanected in «enes. total e.m.f 

«  sum of cell'» e.nvf.

«  2.2 x S в  17.4V 

Tbel internal leu Маасе 

=  «пт of cell’t  internal resistance
■  0.2 K l a U Q  

П») When connected In parallel, total e.m.f 

“  * »  f- of oik cell
-  *  2 2 V

Total internal resistance of & ed it
I X internal [ГЯ nance of one cell

: 0 «25 О

Problem 2. A ccO bat an internal resistance 
of 0 02 n  and an e m f . of 2.0 V Calculate its 
terminal p.d. If It delivers (a) 5 A <b) 30 A.

When a current How. in the opptwle dired io n to 
J ^ S n t  in Pi»- 4.2 the cell is said to be ctarftoC

j, acombmstion of more ilwn one cell 
а ы и е п  ПШ> be connected in »ene. or

in par «Bel

(,, Far cdl* caenectrd In «lie*:
Total em f. =  «uni of cell's e.m.f.s
Total Internal resistance = sum of cell's internal
■r n  stances

tin For cell» em ended  In parallel:
If each edl has the same e m f  and intem.il

(a) Terminal p A  V = E -  Ir  where E ~  e.m.f. 
of cd l. /  =  current flowing and г в  internal 
resistance of cell

E  =  2.0V, /  =  5 A and r  a  0.02 0  

Hence terminal p.d.

V =  2.0 -  (5K0.02) =  2.0 -  0 1 =  I.*  V

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

I.e.

V m E - I r s  2 .0 -30 (0 .02 )
V * 2 . 0 - 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 it  25 V wben no load is connected 
and 24 V when a load taking I0A  is 
connected. Determine tbe internal resistance 
of the battery.

When no load is coanected the e m f  of the battery. 
E. is equal to the terminal p.d., V. ix. E  в  25 V 

When current I as 10 A and terminal p.d.

U .

V i 

24 i

24 V. then V :

: 25 -  (10)r

E - l r

Hence, rearranging, gives 

lOr в  25 -  24 в  1 

and the internal resistance.

r - i - M Q



PruMem 4. Ten I.SV cell», cadi having! an 
internal iru s ta n r  of 0.2(1. i n  connected in 
lerir* lo a load at 51(1. Drtm m nr (a) the 
cunrm flowing ia the circu* and (b) the p.d. 
ai tbr battery Icon nab

(a) For len сев», hattery e.m.1. Я =  10 x 1.5 
15 V. and (be loial internal reiutance, r  •= 
10x0.2  =  2(1. When connected ю a 58(1 load 
the circuit и  as ahown in Fig. 4.4

e.m.f.
(unen i 1 1

total remi unce 
15

~  S8 +  2 

=  ^ = • 2 5  A

3 The p.d. ai the terminal» of a bwerv ■ _
when no load it connected and и  у  V 4!  
load taking 8A it coanected IJnem, ^ r 
internal геыИалсе of thr baUery

4 A battery of e.m.f. 20 V and inlrin.,| 
lance 0 .2 p  tuppiiet a load iakins Ю д q 
пАвс / Л  p-d ai the huticry lenmnal. Щ

> 1  rcwtance of the load ц Кч ",
•

5 Ten 2.2 V orlla. each having an internal tv 
lance of 0.1 (1 are connected in Mitei lo 
load of 21Q. Determine (a) the aim-nt g, 
mg in the circuit, and (Ы the p.d. at tbr b*  
letminals |(a | 1 A (hi ;i]

6 For the сш ащ  t a i n  in Fig. 4.5 ihe remt 
represent the interaal tewslanse of ibe halier- 
ie i  Find, ia each case:
(i) the total e.m.f acrou PQ 

(i>) the told equivalent internal restataik
the baoenev
((i) (a )6 V  (b) 2V (il) (a) 4 Я (Ы 0 2 5 Q|

C H EM ICA L И В И  1 4  , 4 l f l i <  И

<b> P .d  at battery lannnaU. V = E - l r

Le. V =  15 — (0.25X2) =  14.5 V

Now try Ibe following eieicMe

Kaerdte 1* Further p m M m  iin e jn J .
and tatem al m U a n e r  of a eel

1 TWelve celli. еаЛ  with aa mtemal гепмапсе 
a t  0.24 (1 and a* e.eif. of 1.5 V are connected
(a) in aeiiet, (bl in paralel. Determine the
e.m-f. and internal renstance of ibe battenn ao 
formed

[(a) l»V . ’ 88 0 ( b )  I .S V ,0 .02O)
2 A cell baa an internal resiaaace of 003  0  and 

an e.n.f. of 2.2 V. CalculMe in  leinunal p.d 
if t  deUven

(a) I A. (bl 20 А. (с) 50 a
((•) 2.17 V (b) 1.6 V (c) 0.7 V]

n « u R  4 .5

7 The voltage at the lem inali o f a battery >' 
52V when ao load ia connected aad 48.8V 
when a load ulaag 80 A !• connected Find ih> 
internal reaatance of air Nniery What wou№ 
be the terminal voltage when a load Ufcwv 
20A it connected? (0 ,040 . 51.2 VI
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1». Ibe
ivlnar* с“ * " , 1 | (1 „, rlertlkalS & ^ S W K - - —Г
,. inrv««bk* **£ , jui,npk-> »’i ; ‘ u'

-"ucUncW ccll and Ihc roereuiy «**•

■ *cMaoHit ccll
. M  ifch ljn it) «-Н •' 'h,,“ n ,n 1 ’t* 4,1 

A W* - u  em< "I •N*ul l<V 
***• * 'X ,  V i»  т> ,Л ' 11 mcont.miou. UK due 
• Й 2 ,  T V  h 'J'^ .-n  Him on the cartvn
iSSTfâ » **■ ih-ui c*  ̂d,k',p*,ni у
rtir depolen*1 ^  ^ c h U n ^  cfU 11 
rtv  (Е ш ка ш И * *  me. «ppl»*»"» iikludinn

lighten, « « r o l l ' » witch gear and x, un IV  
cdl в  t v  ПКИ» commonly used of primary cdfe. 
u  cVap, require» Ь«1с matolenance and ha» a »bdf 
life of ahout 2 jr««n

D p n U  

Mercury cell

A typical mcrvurv ccll I» ihown in l i t  4 7 Sudi 
a orU ban u  e.m.f. of about 13V  wtiid) remains

л а п а м  for a relatively long tune, lu  main advan
tages over the Lechlanch* оеП I» lt« «nailer »ue 
and Й» long iM f  life Typical practical application» 
include healing aid», medical electronic». camera» 
and for guided m u lle t

4.8 Secondary cells

Secondary eelk can be recharged after use, that 
ii. the oonvcntoa of chemical mcigy to electri
cal eneigy I» irvenaMe and the cell may be uaed 
many tune». Example» of icoundaty cell» Include 
the lead-actd odl and the alkaline cell Practical 
appUcalion* of Mich c rib  include car hatlcriet. tele
phone circuit» and for traction purpose» -  tuch a» 
milk debveiy van» and fork UR track».

U a d - a d d  cell

A typical lead -add  odl I» ooiMructed of:

(I) A container made of glaai. ebonite or plactic.

(ii) Lead p la in
(a) the negative plate (cathode) com IM» of 

«pongy lead
(b) tbe poaltlvc plate (anode) i» fanned by 

preuing lend peroxide Into tbe lead grid.
Tbe plate» are interleaved a* «hown in the 
plan view of Fig. 4 8 to increaae their effective 
croaa-tectional area and to minimize internal 
irnttance

Separator»

Роанмрша
(anode)

m

NaQawa plat»

PLAN VIEW Of lEAOACIOCEU. 

H g u ir  4.»

(1UI Separator! made of gla»>. cdhiloid or wood.

(Iv) An elect ndytc which I» a mixture of ntlphunc 
acid and dM tlkd water.

The relative deaut> (or • pea lie gravity) of a lead- 
acid cell, which nay  be mcaaured using a hydrome
ter. vane» between about 1.26 wben the cell 1» fully 
charged to about 1.19 wben <fc«cbaiged. The terminal 
p.d. of a lead-acid ceU I» about 2V.
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When a cell suppbee current lo a load it i t  said
lo be dscbargliiK IXiring discharge:

(i) Ibe lead peroxide (pcsntive plale (and ibe spongy 
lead (negative plate) are converted into lead 
sulphate. and

(ii) Ibe oxygen in tbe lead peroxide combine» with 
hydrogen in tbe electrolyte to Гост water. 
Ibe  electrolyte tt  therefore weakened and Ibe 
releuve density falls.

The lemunal p.d. at a lead-acid cell whea fully 
discharged is about l.»V. A cell is charged by 
connecting a d.c. supply to iu  lenninals. Ihe po*- 
iuve terminal of tbe cell being connected lo Ibe 
positive terminal of the supply. The charging cur
rent flows in the reverie direction to the discharge 
current and the cheaucal action is reversed. Dunng 
charging

(i) Ibe lead sulphate on tbe positive and negative 
plates i t  converted back lo lead peroxide and 
lead respectively, and

(ii) tbe water content of the electrolyte deareasn 
an tbe oxygen released from the electrolyte 
combines with the lead of Ihe positive plale. The 
relative density of tbe electrolyte thus increases.

Tbe colour of the positive plale when fully charged 
it  dark brown and when discharged it light brown. 
The colour of Ihe negative plale when fully charged 
i t  grey and when discharged is light grey.

Alkaline red

There ate two mam types of alkaline ce l -  Ibe 
nickel-iron cell and the nickel-cadmium cell. In 
both types tbe positive plate is made of nickel 
hydroxide enclosed ia finely perforated Heel tubes, 
ihe resistance being reduced by the addition of pure 
nickel or graphite Tbe tubes are assembled ino 
nickel-sleel plates.

In Ibe nsckel-iron cell, (sometimes called Ibe 
Kdisoa c r l  1* nlf« crlli, the negative plate it made 
of iron oxide, with the resistance being reduced by 
a little mercuric oxide, Ibe whole being enclosed In 
perforated steel tubes and assembled in Heel plates. 
In the nickel-cadmium cell Ihe negative (tale it 
made of cadmium. The electrolyte in cadi type of 
cell is a solution of potasslisai hytkoxide which 
doca nut undergo any chemical change aad Mats tbe 
quantity can be reduced lo a minimum. Tbe plates

are separated by insulating rods and aasemNed щ 
«eel containers which are then enclosed in • non 
metallic crate lo insulate the cells from one aaoth,, 
The avenge duchaige p.d. of an alkaline cell ц 
about 1.2V.

Advantages of aa alkahae cell (for example ,  
mcfcel-cadiroup cel or a aickel-iron cell) ovei a 
lead- aud otwinclude:

•T 4(1) Mere robust constraction

lu) СарПЫе of withstanding heavy charging and 
discharging currents wnhout damage

(iii) Has a longer life

(iv) Гиг a given capacity is lighter in weight

(v) ('an be left indefinitely in any stale a t  charge < < 
discharge without damage

(vi) Is not self-discharging

Disadvantages of aa alkaline cell over a lead-acid 
cell include:

(i) 1» relatively more expensive
(ii) Requires more cells for a given e m f
(iii) Has a higher Internal resistance
(iv) Musi be kepi sealed
(v) Hat a lower efficiency

Alkaline cells otay be used in extremes o t  tempci 
Mure, in conditions where vibration it expeneiu 
or where duties require long idle periods or heavy 
discharge current. Practical examplei include ira, 
lion and marine work, lighting In railway carnage 
■nil itaiy portable radios and for Darting diesel and 
petrol engines.

However, the lead-acid cell is Ihe moat common 
one in practical use.

4.9 Cell capacity

The capacity of a cell is measured in ampere-l»'" 
(Ah). A fully charged 50Ah battery rated ft* l(lb 
discharge can be discharged at a Heady currcni 1 
5A for lOh. bin If tbe land current it  increase.! I 
I0A  then the bMety it dsicharged ia } -4 b . since 
the higher Ihe dnctiargc current. the lower is >1»’ 
effective capacity of the bMety Typical dUchao 
chanctensues for a lead-acid cell ate tho»" 
Hg. 4.9
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18 State three typical applications of priaary 
cells

19 Stale three typical applications of secondary 
cells

20 In what ua* is the capacity of a cell mea
sured?

No» try the following exercises

Exercise 17 Short answer questions on the 
«brink *1 effects of ehctricllj

1 What is electrolysis?
2 What is an electrolyte?
3 Conduction in electrolytes is due t o .........
4 A positive-connected electrode is called the 

K . . . . .  and the negative-connected elcctrode
the ........

5 State two practical applications of electro
lysis

6 The putpose of an electric cell is lo convert
. . . .  l o ..........

7 Make a labelled sketch of a simple cell
* What is the electrochemical series?
9 With reference lo a simple cell, explain 

hr*tty what Is meant by
(a) polarisation (b) local action

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

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

12 Define internal resistance

•3 If a cell has an e.mX of E volts, an internal 
<*«stance of r ohms and supplies a currrnt I 
■■peres to a load, the terminal p.d. V volt. 
•» given by: V я .........

N Name the two main types of cells

1S Explain briefly the difference between pri- 
**i> and Mcoedaty cells

14 Name two type, of primary cells
W Name two types of secondary cells

Exercise 18 Multi-choice questions on the 
chemical effect* of c lcctrk tt; (Answers on 
page 375)

1 A battery consists of:
(a) a cell (b) a  circuit
(c) a generator (d) a number of cells

2 The tenninal p.d. of a cell of e.m.f. 2 V and 
internal resistance 0.1 О when supplying a 
current of j  A will be:
(a) 1.5 V (b) 2 V
(c) 1.9V (d) 2.5V

3 Five cells, each with an e.m.f. of 2 V and 
internal resistance 0.5 П are connected in 
series. The resulting baltety will have:
(a) an e.m.f. of 2 V and an infernal resistance 

of 0 .5 0
(b) an e.m.f. of 10V and an Internal resis

tance of 2.5 О
(c) an e.m.f. of 2 V and an internal resistance 

o f 0 .10
(d) an e.n.f. of 10 V and an internal resis

tance of 0.1 О

4 If the five cells of question 2 are connected 
in parallel the resulting battery win have:
(a) an e.m.f. of 2 V and an internal resistance 

of 0 .5 0
(b) an e.n.f. of 10V and an ulema! resis

tance of 2 .5Q
(c) an e.m.f. of 2 V and an internal resistance

of 0 .10
(d) an e.n.f. of 10V and an Internal resis

tance of 0.1 Q

5 Which of toe following eatements is false?
(a) A lectancM  cell is suitable for use in 

torches
(b) A nicbd-cadnium cell is an example of 

a primary cell
(c) When a cell is bong charged Its terminal 

p.d. exceeds the ccU e.m.f.
(d) A secondary cell may be recharged 

after uae

Ш .8 0 0 К



6 Which of Ihe following u n a n u  is U r '  
When two metal electrode* are u v d  ia  a 
wnptr cell. Ihe oae lhal It higher la the 
electrochemical aertea:
(a) lends lo dbtolve in Ox electrolyte
(b) is always the negative electrode 
(c* leads том  readily with oxygen 
(<f) acts an an aaodr

7 Hve 2 V cells, each having an internal *гы» 
lance of 0.2 0  are connected in sedet lo a 
load of reslHaaoe 14 Q. The current (lowing 
in (be circuit it:
(a) I0A ft)  1.4 A (c) 1.5 A (d) JA

8 Par Ihe circuit of igiestioa 7. the p.d. a  the 
hallery lemiinads is:
(a) 10V f t)  9} V (c) 0V  (d) 10$ V

9 Which of Ibe billowing statements is пае? 
(a) The capacity of a cell is measured in

m ilt
f t )  A primary cell converts electrical eaetgy 

into chemical eoergy

(d) A poaMve electrode ia leimed ihe .... 
bode

10 The greater the internal resistance of а с< ц 
(a) Ihe ggenter the terminal p.d 
(bnhe-Jba ihe ejn.f.

О - (с) Ae greater Ihe e.m.f.
"  • ^d) the leaa the terminal p.d

CHEMICAL tUBTS О» ELKTHli Ij ,

<c) <ial vanning iron helps lo prevent o.,.

II The negative pole of a  dry cell ia made oi 
(a) carbon 
ft)  copper
(c) zinc
(d) mercuiy

12 The energy of a secondary cell is usually 
renewed:
(a) by paadng a cunent through II 
ft)  ii cannot be renewed ai all
(c) by renewing its chemicals
(d) by healing il

J



Assignment 1

ц . „ ^ u n m l  eaven Uk  material contained In Chapters 1 to 4.

L  f , , ,  tach question are shown in brackets aI the end o f each question

1 An d t i l l i r n r r - ' w 1* * fofcf uf l ,N  ,nd 
move, a  sofl iron armature through a distance of 
I2rom in 50 ms. Determine the power «manned

2 A d.c. motor consume* 47.25 MJ when connected
lo a 250 V supply foi 1 hour 45 minute» Deter 
nunc the power raiing of the molar and the current 
taken fit Hit Ibe supply (5)

3 A 100 W elednc tijlhi bulb is connected lo a 
200V nipply Calculate (a) the current fWivint 
in the bulb, and (b) the resistance of the txrlh

(4)

4 Determine Ibe charge transferred wbcn a current 
of 5 aA  flows for 10 minute*. (4)

5 A curren of 12A flows in the element of an 
electric fire of iraiMancc 10П Determine Ibc.- 
powef dlaaipm,4l hv the element If the lire Is on 
•or 5 boun every day. calcalale for .. one week 
period (a) the energy used. and (b) cost of uwitu 
■e b e  If ekctnctiy cost 7p per anil. (6)

6 Calculate the resistance of 1200 m of copper cable 
of cross- sectional area I5mm: Take Ibe resistiv
ity of copper as 0 02 m О m (})

7 Al a lemperaiure of 40"C, an aluminium cable has 
a resistance of 25 ft If Ibe temper*»rr coefficient 
o f re sis lance al СГС it 0 0038/*C, calculate its 
resistance M <fC (5)

8 (a) Determine the values of the resioors with the
following colour coding:
(I) trd-red-oraage-silver

(II) orange-orangc-black -blue-green
(b) What ts the value of a testator marked at 

47 KK? (в)

9 Hour cells, each with an internal resistance of 
0 .40П and an e.m.f. of 2.5 V are connected in 
series to a load of 38 4 П. (a) Determine the 
cunenl flowing In Ibe drcuil and the p.d. at the 
battery terminals (b> If the cells are connected in 
panllel instead of is  series, determine Ibe current 
flowing anJ tie p.d aa the battery terminals

(10)

T l F a t O O K



5

Series and parallel networks 

----------------------------------  ---------------------
At the end of thii chapter you should be able lot

•  calculate unknown voltages, cunent and trxittances In a series circuit

•  understand voltage division in a aerie* circuit
•  calculate unknown voltages, currents and resistances in a parallel network
•  calculate unknown voltages, currents and resistances In sebes-paralel networks
•  understand currvnt division in a two-branch parallel network
•  describe the advantages and disadvantages of series and panllel connection of lamp»

5.1 Series d r a l t s

Hgurr S.l shows *irre resiaon Я,. Ri and Rj 
connected end to ead. I.e. in series, with a battery 
source of V wits. Since the circuit is closed a 
current I will flow and the p.d. across each aesMor 
may be determined (rom Ibe voltmeter readings Vi, 
V2 aad Vy

V -  V, +  V, +  V,

From Ohm's laiv: V| «= IRt , Vj =  IR j. V 3 =  IR 
and V =  IR  where К a  tie  total circuit reMstaiHс 
Since V =  l ',  +  V j+ V J fcen /*  =  / * , + / * .  +  /*  
Dividing throughout by /  gives

R  =  Bi +  R i  +  * 1

Thus for a scries circuit, the total rcautancc 11 
obtained by adding together Ibe values a t  the sepa
rate resistance's.

Hgurr S.1

In a series circuit

(a) the cu rren t/It the same in all pans of the circuit 
and hence the satoe sending is found on each of 
the ammeters shown, and

<b) Ibe sun  of tbe voltages Vt , V: and Vj la equal 
to tbe total appbed voltage. V,

Problem 1. For tbe circuit shown in 
Fig. 5.2, determine (a) tbe battery vobage V. 
tb) the total resistance of the circuit, and
(c) the values of resistors Ri. R: and A], 
given that the p.d-'s across R ,. R: and Ri are 
5V. 2V and 6 V respectively

(a) Battery vobage V =  Vi +  Vj +  Vj

=  5 +  2 +  6 =  U V
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(b, Tout circuit re— ™  *  =  J  =  J  =  3M  0

(c) Resistance « I = у  =* J  *  1 M  0

Resistance Rj =  —  — -  -  0.5 Q 

Vj 6
Resistance «3 =  —  =  J  =  ,  5 n

(Check: * 1  +  *J +  * ) =  1.25 +  0.5 +  1.5 
=  3.25П =  Я)

Problem 2. For Che circuil shown in 
FS«. 5.3. determine the p.d. across resistor 
Hi. If the total resistance of the circuit is 
100 O. determine the cunent flowing through 
resistor R\. Find also Ihe value of resistor R:

H p ir t  5.4

m-tuch is Ihe cunrm  in die 9 О retislar.
P.d. across the 9 0  resistor,

Vj =  /  x 9  =  0.5 x 9  =  4.5 V

Power dissipated In the 1 1 0  resistor,

P =  l :R  a  (O .S ^d l)

=  (0,25X11) =  2 75W

5.2 Potential divider

The voltage distribution for Ibe circuil shown in 
Rg. 5.5(a) ii  given by:

V, — ( * '  )  Vand V , -  V

P.d. ясноеi R). Vy s  25 -  10 -  4 =  11 V 

Current =  - ^  =  0 25 A.

whidi is the current flowing in each resistor

Resistance = ~ r  = - ~ z  =  1* 0
™  /  0.25

Itablem з a  12 V battery is connected in
•  d rain  having three series-connected 
«Wstors having resistance's of 4 O. 9 0  and 

' “  Determine ihe current flowing through, 
J™ thc P A across the 9 0  resistor Find also 
™  power d iu ipaed In the 11 О resistor

diagram is shown in Fig. 5.4 

^  ««stance R m  4 +  9 +  II = 2 4  0

I Current I ж -  „  Ii = 0 5 \
* 24 _  5A

Figure SJ

Tbe circuit shown In lig . 5.5(b) is often referred
lo as a potential dlvtdrr circuit. Such a circuil 
can consist of a number of similar dements m 
series connected across a voltage source, voltages

Ш сЮ О К
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being taken from connections between the elements. 
iTcqueatly ibe divider солями of I wo resiaors ss 
rttown in K g  5.3(b), where

r - £ £

• 'o u t  1 ( _ * _ Л v ,k
+ W + -

Ki*wrr 5Л

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

) if urr 5.6

Kguar 5.6 may be redrawn as shown in Fif. 5.7, 
and

voltage V =  ( - ! - ) < » )  =  J IV

Hfure 5.7

Problem 5. TWe re « н о т  aie connected in 
•спет across * 34 V «apply and a cunenl o f 
ЗА flowt in (he circa*. If one of the 
resistors ha> a refinance of 2 0  determine
(a) Ibe value of fee ofeer resistor. and (b) Ibe 
p.d acroie ibe 2 f t  realtor. If the circuit it 
connected for 50 hours. bow much energy 
tew ed?

The d ra in  diagram »s rtwwn in Fig. 5.1

(a) Total circuit rrwtance

'  Value of unknown resistance,

Л, =  g - 2  =  6Q

(b) P.d. across 2 f t  resistor.

V, =  /Я, =  3 X 2 =  *V  

Alternatively, from above.

V, : ,(JMv

Energy used =  power x  time 

s ^ x O x i  
=  (24 x 3W )(50b) 

m 3600 Wh =  3 6kW h

Now tty the fallowing exercise

Kxrrciw 19 Further probirtiv, aa series

1 Tbe p.d» measured across three resistors con 
netted in icnei are 5 V, 7 V and 10 V, and the 
supply current и 2A. Deieraune (a) the sup 
ply voluge. (b) the total circuit redaance and
(c) tbe values of tbe three realtors

[(•) 22 V (k> 11 f t (c) 2 .5ft. 3 .5ft. 5 01

2 For the circuit ibown in Fig. 5.9, determine 
the value of V|. If tbe total circuit mtetam 
Is 36ft determine the «apply current and the 
value of redston R i, R> and R<

(10V, 0.5 A. 2 0 0 . 10 0 . 6  01

3 When tbe switch in the circuit in Hg. 5.Ю 
is dosed the reading an voltmeter I is 30 V



■̂ .1 tN PH itTEO N K- HUNtiPLKS AMI THHNQUxn

" I 7 L  on voUmetr. 2 i .  10V. IV Ienm nc 
on thf ammeter and the value of 

, *  reading HA. 2 JO ]
l^jastoi Kt

4 Calculate ihe value of vollage V in Pig. 5.11
H5V1

И р п  5.11

S D*o resistors «re connected in series across an 
1* V supply and a cunenl of 5 A flows If one 
Ы Ibe resuton has a value of 2 4 Q drlemune
(a) the value of the other resistor and (Ы ihe 
Р-d. acmss Ihe 2.4 П resistor.

[ (a ) l 2 0 ( b )  12V)

S J  Parallel networks

Figure 5.12

In a parallel circuit:
(al the sum of tie  current 1 1,. / 3 and / j  it equal lo 

the total circuit current. / ,

i.e. / - Л + Л + Л

(bl Ibe source p.d.. V volts, i i  Ibe tame across each 
of the resistors,

Horn o h m ’s law:

V V  V V
' * - *  b - K - 1 - *

where R is the lou l drcuil oetistMcc. Since

V  V V V 
f = / , + / »  +  /! then- ж  — +  — +  —

Dividing throughout by V gives:

I  _ L . J L j . _ L

Tbit equation mutt be uted when hnding Ibe loul 
resistance R of a parallel drcuil. For the special case 
of two гп Ы о п  In parallel

1 . . L + '
R J»i J»i

*1 -I- <ti

J I 2  Shows three retuion. R,. R: and R,
r r * ' - v d  «•■«*» each other. Le. in parallel, across lienee 

" “«'■У wurce of V wits
R m R,R2

* i + * l
(Le.
1 a im  '

TLFeiOOK
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Problem 9. Glvea b u r I Q m utton. «Mr 
bow they mud be connected lo g iw  an 
overall rcnutance of <■> J Q <b) I П (с) Ц  0
(d) 21Q . *11 four re «i*oo being connected 
ia each caar.

4a) All four In parallel (tee Hg. 5.16). ainor

I 1 1 1
T +  T T i Tu *«5°

* i + ‘ +  i « 2 .  i i i  Г
te . *  =  } О ;mJ |  О in к и п  with I f t  gn,., 
I Q

Id) T w o  in  p a r a l le l ,  in  w i n  w ith  l w  In a er V ,
I V ) .  u n c e  fo e  tb e  tw o  in  parallel

Figure I I »

I X I 

l + l
■ Jf t .

and £  О , I О  and  I f t  in  te r te t  g iv c i  2  J  (1

F igure 9.1»

(b) Two In aertea, In parallel with another two 
In series (aee Hg. 5.17), tmce 1 ft and I ft to 
senes give» 2 ft. and 2 f t to parallel with 2 ft 
glvea

2 x 2  4 
2 Т2  = 4 - , Й

Problem 10. Had tbe equivalent renuance 
for the circuit shown in Hg. 5.20

Figure 5J0

I ) .  R, and Rs air connected to paralld and iheit 
equivalent reaiaance R ia given by

1 1 1 1  6 +  3 + 1  10 
К ~  3 +  *  +  18 =  18 =  18

hence X =  (18/10) *  1 8 f t  Tbe drcult ia no» 
equivalent to fuur reaitlorx in teriea and tbe equi'- 

11 + г 2 + и + 4  =  »о
F igure 5.17

4c) Three in  pandlel. In  aertea  with o n e  (ter  
H g . 5 .1 8 ) . a ince (or Ibe llaec in  p arallel,

РгоЫеш 11. ReaWancet o flO  Q. 20 ft and 
30 f t are connected (a) to aertea and <t>) in 
parallel to a J40V supply. Calculate * r  
•uppty current in each caae.

Figure 1.18

(a) Tbe aertea aicuii it  *ow n to Hg. 5.21 
The equivalent im aanue 
«т *  100 +  200  +  3 0 0  = 60(1

V 240 
Sapply current /  =  —  =  —  =  4A
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5.4 C urren t division

Bar the drcuil shown in Fig. 5.23, the total drcuil 
■синапсе. * i  и  given by

* t* i  
1 *t +  *1

TV, parallel circuit 1» shown in Hg. 5.22 
The equivalent ren t Unce Я, of 10 Q. 20 П 
ЯК1 i o n  retina nee* connected in parallel is 
*ven hy:

J _  I I I  6 +  3 +  2 II 
5 *  10 20 30*  60 "  60

AO
Ьвкг * t =  — П

SuppK current

•H
tCkeck

240
Ж ’
II

240 x II
60

44 A

240
'•  =  rI  *1 10

: Ъ . 1 . 2 £ -
I  * : 20

*s 30

■ 24 A.

12Л

8A

1J +  * =  « 4 A. as above)

and

Current

Similarly

cunent

’'-"’-'(«гЙг'
I 1 I  * ' *  ^

1 *  A, *  Л, 1 « , +  Л2 1

V I ( «I*» N 
1 *  Я г  Я 2 1 * i +  * !  1

•<*W *
Summaruing. with reference to Fig. 5.23

(1)
K t+ R i

1 , - I ' (I)
* ! + * !

Problem I I  Bor the к  net-parallel 
arrangement shewn in Pig. 5.24, find (■) tie  
supply cuireut. (b> the am ent flowing 
thiough each realtor and (c) the p.d. acmss 
each ir  tu to r

TUvtO O K
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Figure 5.24

(a) The equivalent resistance X, of X; and Xi In 
parallel is:

X,
6 x 2  

: 6 +  2 '
1 .50

2SA

Figure 5.25

p.d. across R i, IX.

V, =  « 1  =  (25X2.5) =  *2 »V 

p.d. acroaa X „ le .

V, = /X, =Д25К1.5) =  37 SV

a c iw A i.  U .

'  К/ f c /X , »  (25X4) s* WOV 
lleiux the p.d. across X;
=  p.d. across Rj =  37.5V

Ihr equivalent к  si nance R , at R ,. R, and X*
in series is:

RT =*2.5 +  1.5 +  4 =  8П 

Supply cunent

РгоЫеш 13. For Ibe circuit shown in 
Mg 5.26 calculate (a) the value of ra isio t
X, such dial I he total power dissipated in tfie 
circuit is 2.5kW. (b) tbe current flowing in 
each of the lour resistors

(b) Hie cunenl flowing through R, and Я» is 25 A. 
The cunent flowing through

=  6.25 A 

The current flowing through

(Note that tbe aments flowing through X; aad 
X) must add up to the total cunenl flowing into 
Ibe parallel anaagement. Le. 25 A)

(C) The equivalent circuit of Hg 5.24 is shown in
Hg. 5.25

(a) Power dissifiaicd P = VI waits, hence
2500 =  (250)(7)

U. I ■■
2500
2 »

From Ohm'* law.

V 250 
XT =  y  =  —  =

Ж  ЮЛ

where Xr i* the equivalent circuit реппзп- 
Tbe equivalent tvsistance of Xi and X: m ГЛ 
allel is

1 5 x 1 0  150  ж —  =  6 0  
1 5 + 1 0  25
The equivalent irsinance of ten  nor J X i *n^ *'
in parallel is equal to 2 5 0  -  6 0 .  i t |« 0
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lb c ft « г  three methods whereby R, can be
(jdrnnined 

^Icfbtid 1
Ititzi* Vl =  I* ' wbm' from aN)Ve-

^ р ! а о к б ) - « ) У .  н ю

Vi =  250V -«O V  я  190 V

— p.d. across R>

=  p.d. ««os* R,

V* 190 -  5A*r"5A
-nms П =  5A alio. since I  -  10 A. Thus

#« 5

Method 2
Since dir equivalent resistance of A, and R, in 
parallel и 19 П.

38R, / , product \19=йт«: <Le-n=->
Hence

19(3* +  R ,) =  3SR,

722 +  19Л, a  38R,

722 =  38R, -  19R, =  19R, 

at 19R,

Thus

=  ( ^ ( 1 0 )  =  6A

Rum pail (a), method I, l> a  U a  5A

РгоЫеш 14. For tbe arrangement shown in 
Hg. 5.27, find the current / , .

Figure 5.27

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

|>.»a
|> 4 S iU

Method .1

*•'» resistors h a \ ia g  ihe same \»luc are con 
**P e »l|r l  the equivalent resistance is a lu > ) t  

™  the value o f  o n e  of the resistors. ТЫ». In 
■nce * r a  19 П and R, =  38 П. ihen

* -  38 a  could h a v e  been deduced on sight

■ ( n T i o l w

* ( | ) ( 1 0 ) = 4 A

figure 5.28

From Rg. 5.28(d),

/ Ж Т 5 " 4А
From Rg. 5.28(b),

( £ ) < * > - » *

Rom Fig. 5.27

TLFeBOOK
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Now uy I he I olio wing eietcise

Kxerrive 20 Further proMrm» on parallel 
nrtw ariu

1 RmuUnccR of 4 0  and 12 ft are am nM nl 
in parallel across i  9 V battery. Determine 
(a) the equivalent circuit resistance, (b) the 
lupply current. and (c)tfie current in each
m in o r.

[(•) J П (b) J A <c) 2.25 A. 0.7SA]

2 Par the circuit 4uw n  in Kg. 5.29 determine 
(a) the trading on the ammeter, and (bj the 
value of resistor R  (2.5 A. 2.5 (]J

11.S A

П |{щ т 5.29

3 Find the equivalent геняапсс when the fol
lowing resistances are coanected (a) in lenei
(b) in parallel (a) 3 0  and 2 Q  (ii) 20 кЯ and 
40 kO (iii) 4 0 .  8 0  and 16П (iv) 8000 . 
4 Ш  and 1500 0

((a) <1)5 0  <И) 60 kO
(iii) 28 0  (iv) 6.3 kO

(b) (1) 1 .2 0  <ii) 13.33kO 
(iiii 2 .290  (iv) 461.54kO)

4 Knd the total aeiislance between terminals A 
and В of the circuit shown in Kg. 5.30(a)

f*0)
5 Find tbe equivalent miMance between ter

minals С and 0  of the arcu» shown in 
Kg. 5.30(b) (27.50)

6 Resutoi* of 2 0 0 , 20 Q trad 3 0 0  a it con
nected la panOrl. What «r «stance mutt be 
added in serin with the combination to 
obtain a total rexlitmce of 10 О  If the cwm-

r - c i ^ 3 —I

plete circuit expends a power o f 0.36kW. 
trnd the tout cunent flowing.

(2.5 0 . 6A|

7 (a) Calculate the current flowing in the 30 [2 
realtor shown in Hg. 5.31 (b) What addi 
Uonal valise of resinance would have to be 
placed in parallel with the 2 0 0  and 30ft 
rrastors to change the supply current to 8 A. 
the supply voltage remaning constant

((a) 1.6A (b )6Q |

8 For the circuit Aown ia Fig. 5.32. Sadia) V).
(b) Vj. without calculating the current (lou 
mg. [(a) 30 V (b) 42 VI

— t____ h— г— <— J ------

M-------------- 72 V------------------

П |Ш Т  5.32

Figure 5.31
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cunrrt* and voltages indicated

9 K b .  «*"*“  '•*’* "  H* 1  .
„  L  5A. /» =  2-5А. /з =  1 ^ Л. /* =  J A
' , ' Z i K / « - * * •  Vi = 20V .V : = 5V. 

| Л ’ 5Д ’ ‘  V'j =  eV ]

Ю Find Ihe c u r r e * /to  R g - 5 34 | l  &Al

now has (240/4)V, Le 60 V across il and each 
now glow» even more dimly.

(ai) If a lamp is removed from Ihe circuit or if a 
lamp develop* a faull (i.e. an open drcuil) or if 
Ibe switch n  opened, then Ihe circuit is broken, 
no current flows, and the remaining lamps will 
not light up.

(iv) L eu cable ii required for a aeries connection 
than for a parallel one.

Ibe  series connection o f lamps ii usually limited to
decorative lighting such as for Christmas tire lights.

Parallel connection
Hgure 3.36 shows three similar lamps, each rated at
240 V, connected in parallel across a 240 V supply.

F ip rt SM

H i m  ? J 4

S J  W irin g  lam p*  in  s e r ie s  a n d  in 
p a ra lle l

Serin  caaiKrtlou

liguae 3.35 shows three lamps, each rated ill 240 V. 
connected In series across a 240 V supply.

©  Each lamp has only (240/J)V . i.e. 80 V acmss
* and thus each lamp glows dimly.

• ii) If another lamp of similar raling is added in 
aenes with the « her three lamps Ihcn cadi lamp

Figure 5.36

(i) Each lamp has 240V across il and thus each 
will glow, brilliantly at their rated voltage.

(Ii) If any lamp la removed from the citcusi or 
develops a fault (open circui) or a switch is 
opened. Ibe remaining lamps a ir unaffected

(iii) The addition of further similar lamps in parallel 
does not affect the bngbtness of the other 
lamps.

(iv) More cable ia required for parallel connection 
than for a aeries one.

The parallel coanedton of lamps is the most widely
used in electrical installations.

Problem 15. If fa re  identical lamps a n  
connected in parallel and die combined 
resistance is 150 П. find the teasunce of oae 
lamp.
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Let tbe m tstance of one lamp be R. then

I 1 1 1  3 
iso = j» + *  + j f “ * '

(mm which, R =  3 x  150 =  45* Q

Problem 16. Thne ulcntical lamps А, В 
and С air connected In teries across * 130 V 
supply. Stale (a) Ibe voltage across each 
lamp, and (b) Ibe effacl of lamp С failing.

(a) Since each lamp i> identical and they aar coa
nected in teriet fcere it  l50/3V ,i.e . 50 V aciou  
each

(b) If lamp С failt, Le. open circuit!, no cumnt «111 
How and larapa A aad В will not operate.

Now try the following exercises

Kxrrriar 21 Further proM rmt on wiring 
lamps In I i r i n  aad In parallel

1 If four identical lamps air connected in paral
lel and the combined resistance it 100 (2. And 
tbe resistance of one lamp. (400 (2)

2 Three identical Itlament lamps are connected 
(a) in series, (b) in parallel across a 210 V sup
ply State for each connection tbe p.d. across 
each lamp. [(a) 70V <M 210V]

Kxrrrlsr 22 Short aaswrr questions on
aeries and paraUH networks

1 Name three characteristics of a series circuit

2 Show that for three resistors R,. R: and R> 
coanected in seoet tbe equivalent resistance R 
is given by R =  ft, +  йг +  * j

3 Name three d u n cK riftic* of a parallel net
work

4 Show that for three rrsiston R |. ft; and ftj 
coanected in parallel the equivalent irsmancr 
R ia given by

ft *  X| +  ftj +  ft,
5 Explain the potential divider arcui t

6  ( (impair the menu of wiring lamps m 
(a) aerie* (b> parallel

—  - ---------------------------------- -

B u n t e  23 MuMI-rhokr questions mi 
series and parallel networks (Answers on 
page 375)

1 If two 4 {2 resistors are connected m «enrs 
the effective resistance of the circua is: 
(a)812 < b )4 0  <с)2П  M il R

2 If two 4 О m tao rs  air connected in parallel 
the effective resistance of the dicua it:
(a )8 О (b )4 0  ( 0 2 0  Ml I 0

3 With the twitch ia Pig. 5.37 doted, the 
ammeter leading wiU indicate:
(a) 1 A 0» 75A (O J A  14) ЭА

Figure 5.37

4 Hie effect o f  connecting an addition! psral- 
lei load to an electrical supply aoanx- is № 
mere ate tbe
(a) resistance of the load
(b) voltage of the source
(c) current taken from Ibe source
(d) p .d  across the load

5 Tbe equivalent resistance when a itsisti» 
of { О is connected in parallel with I  1 0  
mjstance it!
(a) I) 0  <b)7 0  ( O ^ O

6  With Ibe switch in Pig. 5.3* closed the 
meter leading will indicate:
(a) 10* А (Ы $ А <О ЗА  (< )4 jA

7 A 6 0  tcaMor it conaected in paraOrl »<lh 
die thtee reasmre of Hg. 5.38. With
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^ . C ^ t h c  smmeter reading «Ш md.-

^ J a <b>4A <C)^ A (d>‘i A

- 0-1
п *от  *-»

8 A 10 Q ledstof is connected in parallel wilh 
a ISO  resistor and Ihe com bum ion in seties 
w*b a 12 0  resistor Ihe  equivaleni n-si»- 
ш ке of Ihe dicuit ia:
(a) 37 0  I b l l l i l  (c) 27О ( d ) 4 0

9 When three 3 0  resistors air connected in 
pvallel. tbe total resistance is:
(a) 3 0  
<e> 1 0

(b ) 9 0
(d) 0.333 0

10 Tbe total aesiiuace of two tension R, and 
Л; when connected in parallel is given by:

(a) i»i +  * i

( c ) * '+ t l

( b ) T  +  TR i « ;

(d)
K,Ri

R\Ri '  # R\ +  Л2

If in tbe circuit shown in Fig. 5.39. Ibe read
ing on tbe voltmeter is 5 V and the reading 
on tbe ammeter is 25 mA. tbe resistance of 
retistof R is:
(a) 0.005 О <Ъ) 5 О
(c) 1250  (d) 200 О

Kigurr 5.Э9
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Capacitors and capacitance 

------------------------------------ —
At Ihe end of t iii  chapter you shoald be able lo:

•  describe an electnmatic Held
•  appieciale Coulomb's law
•  deline dectric field strength E aad Hale its unit
•  define capacitance and tiale its «ait
•  describe a capacitor and draw the circuit diagram symbol
•  perform simple calculations involving С =  Q /V  and Q  =  Il
•  define decMc flux density D  an t Hate its unit
•  define permittivity, distinguishing between and I
•  perform simple calculations involving

Q V D 
D = - . £ = . 7  and

•  understand that for a panllel pi Me capacitor.

„  -  I)C .  -

•  perform calculations involving capacitors connected in parallel and in series
•  define dielectric strength and stale its unit

•  stale that Ibe eneigy stored in a capacitor is given by IV и  JCV* joules

•  describe practical types of capacitor

•  understand Ihe parcautions needed wben dischaigiag capacitors

6.1 K k c lr tM tilfc  Held

Hguie 6.1 represent* two parallel metal pbaei. Л 
and S, charged lo diflerrni potcatials. If an electron 
that h »  a negative charge ii placed between Ibe 
plates, a force will act on Ihe electron Iciwkng lo 
purii il away from tie  negative plate Я towards tic 
positive plate. A. Simlariy. a positive charge would 
be acted on by a fan* lending to move il low aid

the negative plate. Any region such as t u t  d»** 
between the p lae i in Pig. 6.1. in which an decini 
charge experience* a faux, is called an elect 
•eld  The diiwHoa of the field ia defined I* "'■* 
of Ihe force acting on a positive charge pi»™ 
ia the field In Pig 6.1. tie  dilection Ы  the f»10* 
is from the poative plate to the negative 
Such a field may be trpieaenied In magniin '■ inJ 
dueclion by Mnrs af eleclrtc force draw г bet" ■ ‘ ‘ 
the chatged surfaces The closeness of tie  In*’*
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the magnitude of their charges and inversely pro
portional to the square of the Диалог separating 
them. i.e.

force « 1 i l l

№ »*

- t o ,  of ihe field an-ngth Whenever a p.d. 
fc e e b s h e d  between two points. an electnc field

» « Я * *  field Р " 10"  for
£ t a e d  point charge, and I tg ft 2(bl shows 

Z  field pattern for adjacenl charge, of oppoMe 
“JV .jv Bectric lines of force (often called elec 
C t  flu,  lines) are continuous and stan and finish 

potm charges; also. the lines cant»* его» each 
.«her When a chaiged body is placed close to an 
unchaiged body, an Induced charge of opposite sign 
appeal on the surface of the uncharged body TWs 
is because lines of force from the chaiged body ter- 
nunate on its surface

fore* m  к *1*1

where constant * •> 9  x 10*. Ilus to known as 
Coulomb's law.

llence the force between two charged sphere in 
air with their centres 16 mm apart and each carrying 
a charge of + I j6|«C is given by:

,  (1 .6x10-*)»
force =  кЧ\<Пi r ”{̂ W)W7WW

= 4* newtons

6.2 K k c trk  Held strength

Hgurc 6.3 shows two parallel cotxfcicting plales sep
arated from each other by air. They are connected
lo opposite IrnMnals of a battery of voltage V volts. 
Their is therefore an elcctric field in the space 
between the plates. If the plales air dose together. 
Hie electric line* of force will be straight and paral
lel and equally spaced, except near the edge where 
fringing will occur («ее Fig. 6.1). Over Ihe area in 
which their Ii negligible fringing.

where if ia ihe distance between the plates. Electric 
field stn-ngih is also called potential gradient

Of field lines or lines of furcc is 
Hnwev» ™r *** F u n n ie s  of an electnc field 
«nlv a ii. i ! ! .rK)U'd ** tcmemtx-red that thev an- 

T f c t  tteaemalKKl
two - Ь м Г ' • “ * * « “  “r  «pulsion between^■PB caU v ^ _____ ____ .

t
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M  Capacltancc
Slade elect nc fields atiae fiun electric charges, 
electric field lin n  hrgiiuing and ending on electric 
charge* Thua the presence of (he Held mdkstes 
Ihe presence of equal positive and negative electnc 
chargri on ihe two ftalea of Hg. 6.3. Lei «к charge 
he +Q coulombs on one plate and -Q  coulomha on 
(he «her. The property of Ih» pair of pblei whaeh 
determines how much chaige currespondi lo a given 
p.d. between Ihe plaei it called Iheir capacitance:

•tone /to the a u ra l In aapeiea and I fee time

capacitance С  ■ a

ProNem I . (a) Determine ihe p d anon a
4 mI capacitor when charged with 3 aC  
<b) Had ihcetwrfe on a 30 pH capacitor 

ihe «Kag r applied lo it ia 2 kV

(а) С  = 4цН = 
Q = 3mC

4 x lO-4 F  and 
s 3 x 10"’ С

The anil of capacitance u Ihe farad F  (or more 
usually (iF = I0~*F or pF = I0 'I J F), »1uch ia 
defined as Ihe capacitance wtvn a p.d. of oae volt 
appeals across the plates when charged with oae
coulomb.

M  Capacitor*

Every system of devtrical conductors poaseases 
сараишке. For example, t e ir  Is capacitance 
between Ihe conductors of oveihead transmission 
lines and also between the wires of a (elepboae 
cable. In these examples the capacitance is 
undesirable but haa lo be accepted, minimt/ed or 
compensated for. IW rt are uther situations where 
capacitance is a derirable property.

IVvices specially committed lo possess oapad- 
tance are called caparMan (or condensers, as they 
used to be called). In Its simplest Гола а сараи 
lor consists of two plates which ate separated by 
an insulating maleaal know a at a dielectric A 
capacitor has Ihe abiity to store a quantity Ы  stake 
electricity.

The symbols tor a fixed capacitor and a variable 
capacitor used in electrical circuit diagraaas are 
shown in H g  6.4

V  С  4 x 10
S x 10* 3000 

= 4 x 10* *  4 
Hence p i V s  12» V or 1.25 kV

(b) C  = 5 0 p F*3 0 x  10 “  F  and
V = 2kV г  2000 V

0  ш C V  ж SO x 10 “  x 2000 
5 x 2

= _ioT!
Hence, charge g a r» . 1|SC

■ 0.1 x I0 ‘ ‘

ProNem 2. A direct current of 4 A  low» 
into a previously uncharged 20 |iF capacitoi 
for 3 ms. Determine the p.d. between 
the plates.

/ = 4Л. С  = 20цР= »  x 10 ‘ I and r = 3im
3 x 10 s». <? = /» = 4 x 3 x  I0 'J C

4 x 3 x 10-»
С  -  X  x 10-*
12 x 10*
20 x 10*

: 0.6 x 10* *  600 V

Hence, the p.d between the plates la *0U V

Problem 3. A 3|iF capaalor la chasged so 
dial the p d  between to plates Is *00 V. 
Calculate how loag Ibe capaalor can provide 
an average discharge current of 2mA

Ibe charge Q  «end Ш a capacitor и  givra by: 

Q m l X I  ciiulotnhe
Г  = 5 цН = 3 x 10* F , V  =• S00V and
I  = 2mA aa 2 x I0 "1 A.
Q шй C V  a S x  10"* x H00 s 4 x  10-*C
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L * .  а  =. It. -n»u.

i 2»

H»o><•nr
lh(. capadlor can provide »n average 

current »f Jm A  for 2*. Ilectnc flux density it also called сЬагцг den-
* J .  o.

No, try the following exercise

Kxe«i*e24 Further proNems on
К и М о п  and capacitance
1 Rod the chaise on » 10 uF capacitor when the 

applied voltage if 230V (2.5mC)
2 Determine (he voltage across a 1000pF capac

itor to charge tl with 2 tit [2 kV ]

3 The charge oa ike pi Me s of a capacitor is 6 m<' 
wben the potential between them is 2.4 kV. 
Determine the capacitance of the capacitor.

125 мП
4 For bow long must a charging currrnt of 2 A 

be fed to a 3 capacitor lo raise the p.d. 
between lla platea by 300V. [1.25ms|

3 A direct currenl of I0 A  flows into a previously 
■ncharged 3 (iF  capacitor for 1 ins Determine 
Ibe p d. between (he plates [2 kV|

6 A 16|iF capacitor is charged at a constant 
cunent of 4цА for 2min. Calculate the final 
Р-d. across the capacitor in»! the corresponding 
Aaige in coulombs [30 V . 4*0 цС)

1 A Heady cunent o f 10A flows into a ptevi- 
'“ "•у Uncharged capacitor for 1.5 ms when the 
pd. between the plaies is 2 kV. I ind the capac- 
•ante of the capacitor (7 .J|iF|

6.6 Perm ittivity

At any point id  an electric Held, tbe electric field 
■rrngth E  maintains tie  electric flux aad produce» 
a particular value of electric flux density D  at that 
pram Foe a field established in vacuum (or for 
practical purposes in air!, the ratio D /E ia а евшим
«о. i-e.

where to la called Ibe permtttlvllv of free apace or 
the free space constant. The value of eg is
8.83 x 10 i j FAb.

Wben an insulating medium, auch aa naica. paper, 
plastic or ceramic. Is introduced into the u gion of 
an electric field fee ratio of D/E Is modifled

where the niatlvc perm ittivity of the inculjuinu 
material, indscaaea Its insulating power compared 
wtth that of vacuum:

relative pemdttlvlty.

flu» ttm H y hi material

*■* Electric flux density

ц ,Т 1 “  "  ‘kflned oa eman.ii init (mm а роя 
•a - ^ * * e of * coulomb, mus electnc flu* *  
coulaeh. .1. In co“ iQmbs, and for u charge of Q 

И ? *  “ *  »ux *  .  <? coulomb. 
t n E .  о  IS the amount of
P e n JT  » defined arra .4 th»t is

lo the direction of the flux:

feu density in vaetaan

a, baa no unit Typical values of •, iaclude atr. 1.00; 
polythene. 2.3; mica. 3-7; glaaa. 3-10; water. 80; 
ceramics. 6-1000.

The product V t  la called the ahooliHr permit-
U .

Т1ЛЮОК
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The insulating medium separating charged ntrfacet 
ii called a M t r i ik  Com peed widi contact on. 
dielectric materials have reiy high rettttiviiiet. They 
are therefore uaed to tepaiate conductors at ibffer 
ent potentials. web at capacitor plates or etedlic 
power inet.

H r r t r t i  f l r l d  « rcn 0 h

V 200
*  = -7 = U  ■ ■ 2 » k V / «d 0.$ x 10 *

Problem 4. IWo parallel rectangular plain 
meatunag 20 cm bf 40 cm carry ал electnc 
charge o f  0.2(iC. Calculate tbe eledtic flux 
dentny. If Ibe plalet are spaced 3 mm apart 
and ibe voltage between them ia 0.25kV 
determine Ibe eledtic held strength.

Area = 20cm x 40an = 800car = 000 x I t  4B 3 
and diatge Q m 0.2*iC ж 0.2 x  10 ‘ C,
H re lrk  flux density

Q 0.2 x to-4 0.2 x 10*
~ A ~ tOO x 10-* *  *00 x 10̂

2000 ж .
= — х К Г 1 »  i.ttC / m 1

Voltage V = 0.25 kV ■ 230V and pi ale tpacity. 
d = 3 mm = 3 x 10'* m.

Heetrir Held strength
V 230

*  = -  = Т— Т Г 5 ■ JO kV/ai d 3 x 10 5

(a) For air: i f  *  I and -  = f0f,
I 'i r

V Hence electric flux d ra ity

P  = Ftot,
Ш <250 X  I01 X  8.45 x 1 0 11 x 1) C/nr 

= 2 2IJ|»C/m :

(h) h»r polythene. «, я  2.3 

IV f t r k  flux density

D - £*«*,
= (250 x 10* x 8.85 x I0 *u  x 2.3) C/nr 

= 5 .(**|tC /e :

Now try tbe following exerciie

Problem 5. Ibe flux density between two 
plates separated by mica of relative 
permittivity 3 la 2мСЛпг. Hind tbe vobage 
giadtem between tbe plates.

Hux density D ж 2|iC/roJ = 2 x lO ^O m 5. 
to = H.85 x 10*1J and a, = 3.D/E = «о»,, hence ••Mage gradient,

E  - О 2 x 10"*
to*, = 8.85 x 10 x 5 
45 2kV/m

V/m

ProMem & TW* parallel plalet having a 
p.d of 200V between them are spaced 
0.1am apart Wbal It the electin' field 
ttirngtb? Had alto Ibe electnc flux density 
wbea tbe dieleclitc hetweea tie plate* la 
(a) air. and (b) polythene of relative 
peraiimvity 2.3

Kxerrtw 25 Further problem! oa ib d r i
Held strength. electric lux  deadly aad
prrntttb lty

(Where appropriate lake r0 at 8.85 x 10 “ 1: I 'm I

1 A capacitor uses a dielectric 0.04 aim ihni 
and operatea at 30V. What it Ihe eles.nu lield 
strength acaoai Ihe dielectric at diit voltage?

[750kV/ml

2 A two plate capadlor hat a charge of 25C If 
the effective area of each plate it 5cm: I"*1 
the electnc flux density of the elearu fteld

|30кСЛа‘1

3 A charge of |.ЗцС ia earned on Iwv parallel 
rectangular plalet each meaaanng W>nin>
80 nun. Cakailale die electnc flux densit; J  
the plates are tpacod 10mm apart and 
voltage between them it O JkV  ieietmlM ibe 
ekctnc Held ttrength

|3l2.5|tC/m\50kV'",>

4 Two parallel platet ate tepanaed by a i * 1*" 
trie and cbaijed with I0||C. Given lb»1 1

J
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_____, 4  p la te  i. 50 cm1. calculate ihe efcc-

В - °- Ч

< Ibe electric flu* «^«"У  between two plale. 
.гг—- '1 by polyslyn-n.- of relative peimiltiv- 
J j S  it 5 i>C/m2 Rnd the voltage gnxbeni 
£,w\rn Ле I* * *  122ft kV/m]

6 T*o P -* » '1 PK*» « Р-d- of 230V
between Ihem M r spaced 1 mm apait. IX-ter- 
„ine Ibe elecloc fteld .In-ngth lin d  also 
die electric (lux densi'y when ihe dielectric 
between tbe plate• l« (a ) air and lb ) mica of 
relati" permittivity 5
(250kV/m (*) 2.213рСУпг (b) 11.063 itCVm2)

• W iC W  biMen tw plllf 
9f и м я  MdrtHMty*,

Flfgurr (.5

6.7 The p ara lle l p la le  cap acito r

For a panlM -p la? capacitor, as ibown In 
Hg. 6.Я»>, expen mem. abow that capacitance С 
и proportional to Ibe area Л ol .1 plale. inversely 
ргоролюпа] to the |*aie ipactag d  (i.e. ihe dtriecinc 
ihiiknes») and depend» on Ibe nature of the 
dielectric:

j ^paeltatM T <Г = farads j

«here io = JH 5 x  Ю 'и F/m (constant)
*i a  Rlalive petaiitivuy 
A a  ara  of one of the plales. in «•'. and 
d «  * * 1 т с  Of dielectric In m

U,el 10 ,nc,n,M' 'he capacitance is
Ten p l ^ T E " *  ‘bown ,n 6 5<b>-
J  rr *“ ’»• forming Ш  capaciuirs wiih

If ° f  ■«* ( » i  of p la it.
**•« С  lms "  Р*“ ^  'hen сараи« '" - ! ) .  Thu. capactlance

Problem 7. (a) A ceramic capacitor has an 
effective plate area of 4 cm2 separated by 
0.1 mm of ceramic of relative permittivity 
100. Calculae tbe capacitance of tbe 
capacitor In picofarads (b) If tbe capacitor in 
pari (a) to given a charge of 1.2 ( if  what will 
be the p.d between Ihe ptata?

(a) Area Л = 4cm* = 4 x I0  4 m! . 
d a  0.1 mm a  0.1 x I0~j m.

*o = *.*5 x I0 -B F/m and r, a  100

Capacilaac*.

c
-  8  * *  *  * ° ' U  X  100 x 4 x IQ-* 

0.1 x 10-1 
» « 5 x < r  

— io * -
8.85 x 4 x I0 IJ ____ ___

“ ---- i P ---- p *  ,M e PF
(b) Q a  CV  ihus

Q  1.2 x 10"*
V “  С  = 3540 x ,0 - » V - " 9V



58 OA-nUCAL AND *UCT*ONtC BUNCIPLES AND TBOtNOUXIY

Problem 8 A  «u cd  paper capacitor has 
two parallel plale*. each of effective «гг» 
800cm-’ l( Ibe capac*aikr of tbe с spool cx 
is 4425 pi determine Ihe effective tnckneat 
of the paper if lU  relaive petimtlmty к  2-5

A = 800 cm2 = «00 x lO-*!*2 = О.Овт2, С  в ' 
4425 pF = 4425 X  * 0 '1JF, «в = 8.85 x 10*2 P/m 
and c, = 2.5. Sioce

^  _  «0*аЛ ^  «oM  
~~d ^C-
8.85 x 10'u x 2.5 x 0.08 

= 4425 x 10 12 
a  0.0004 m

Hence, tbe thickness of tbe paper к  0.4 tl

Problem 9. A  parallel plate capacitor ha> 
niaetoen interleaved plate» each 75 mm by 
75 mm separated by nuca sheets 0.2 mm 
thick. Assuming the relative permittivity at 
the mica It 5. calculate the capacitance of 
the capacitor.

я = 14 thus a —I = 18,4 з  75 x 75 — 5625 am 1 = 
5625 x 10 ‘  а 2, а, ж  5, t0 = 8.85 x 10 12 Hm and 
d = 0.2 mm = 0.2 x 10'sro. Capacitance.

_ «o*iA(n — 11

8.85 x I f »  x 5 x 5625 x 10 * x I I ,
0.2 x Ю-» 

е««22 4 |»Г or 22 4 a»'

Now try the following exercise

Kxirrtae 26 Further praMcan on paraHrl 
plale capacitors

(Where appropriate take et a* 1.85 x 10"u F/m)

1 A capacitor coattttt of two parallel pUteteacfc
of area 0.01 m2. «paced 0.1 mm la air. Cafca- 
latc the capacitance in picolamh. [885 pF]

2 A  «axed paper capacitor hai two р*хацс| 
plate*, each of effective area 0.2 m2. If ltk. 
capacitance u  4000 pp determine the effcaiw 
thickness of ibe paper if  itt relative permuuv 
#yi» 2 10.885 mmj

.» CataM t-Ike capacitance of a pairtk-l p i,f 
capacitor having 5 p lain, each 30 mm ь. 
2ftmm and wpvated by a dielectric 0.75 mm 
thick bavuig a relative peiahtivit) , ,| i ,

fa.l4pP|

4 How many plales has a parallel plate capaut,,, 
having a capacitance of SaF. If cacti pi*,,
ii 40mm by 40mm and each djdectn. u 
0.102mm luck with a relative permituvty

PI
5 A  parallel plate capacitor is made from 25 

plain, each 70mm by 120mm iaerieav«j 
with mica of relative permimvev 5. ц 
Ibe capacitance of tbe capacitor it  JOOtipl 
determine lie  thickness of Ihe mica sheet 

(2.97 mm|

6 A capacitor U constructed w ill parallel plales 
and haa a value of 50 pF. What wotdd he ihe 
capacitance of the capacitor if Ibe plate irea 
ia doubled and the plate spacing U halved"

1200 pF)

7 The capacitance of a parallel plale capacila 
is 1000 pF. It has 19 plater, each 50 mm by 
30mm separated by a dielectric of thickness 
0.40mm. Determine the relative релшш'Ку 
of the dieloctric. |1-*Л

8 Tbe charge on die square plates of a a*ilii|'i* ' 
capacitor is S0|«C when the potent!a bet» cl> 
them ia 5 kV. If the capacitor hat Iveniy five 
plales separated by a dielectric of thickness
0.102 nun and relative permittivity 4.8. ik-ier- 
mine the wfckh of a plate. |40mml

9 A  capacitor it lo be constructed so iM  >'s 
capacitance «  4250 pF aad to operate at a p <*■ 
of 100V across lu  lemunals. The dMec<n>11
lo be polythene (a, = 2.3) which, after all»*, 
ing a safety factor, haa a dklectric stre"!1® 
of 20MV/a. Find (a) Ihe thickness of 
polythene needed, and (h) tbe area Ы  а

|(a) 0.005 mm (b) 19 44cm '
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- ^ n ^ r ^ n f c l e d  in p a ru lk l

g Z d # rb *

- 0 r w
AA Ицлп ttaee capactlor>. C |, C; and C,. 

Hg * * . p»nikl with a «upply voltage V

c  - *С ,+ С , + С, ■ + C .

Cl 

- Ц -

■ v̂ •flV

H*mt* (4

When the charging cumrnl / reaches point Л it 
dvidet, tome flowing into C |, some flowing into 
C ; and ю те  into C |. Hence the total chatge Q\ (=  
I x i) к  divided between the three capaciton. The 
capaciton each store a chaigc and these are shown
■ Qi- O'. •"<! O j «Mpeaively. Hence

Or *  Qi + f t  + 0)

C?T = CV, Q, = C,V . <?, = C 3V and Q t - 
CjV. Therefore CV  = C tV  + C 2V + C,V' where <
' thf loul equivalent circuit capacitance. i.e.

С e C | 4-Cj 4*C j 

"  foUow* Л л  for n parallel - connected capaoloo.

Hguir 6.7

the p.d. across ibe individual capacitor» be K|. V j 
and V j respectively as shown.

Lei the charge on plate •a ’ of capacilor C i be 
+Q coulombs. This induces an equal but opposite 
charge of -Q  coulombs on plate b'. The conductor 
between plates b' and e‘ ia electrically isolated 
from the rest of the circuit to that an equal but 
apposite charge of +£> coulombs mutt appear on 
plate c\  wtudi. in turn, induces an equal and 
apposite charge of -Q  coulombs on plae '4 ', and 
ao on.

Hence when capacitors are connected in teriea the 
charge on each it  Ihe tame. In a aerie* circuit:

V ж V, + V j + V ,
Q Q Q Q QSince V = i  then £ * £ -  + £- + £- 
C  С  Ct C2 C j

where С  It the M ai equivalent circuit capaci
tance. ix.

i - 1  + 1  + -L с c ^  с, с,
b follows that lor a arnea-connccted capacitor*:

I  _L , J .  J L  , , _L с “  с, с ,+ с ,+ "  + с.
**у^*1еп1 capacitance of a group of paralld- 

■>t the k A f * ®  *’ ,bc sunl of ,,>r capacitance* 
"w la i. iT ?  41 (Note ihai tl»« f.»
ui w tW s i^ ^  10 *** u*r‘l u* »wt‘tor« connected

" » > < * a * o , s
П|Цц .
“ ’ппесад capaalor*. С ,, C ; and C>.

tetle i aero is a supply voltage V le t

Le. for aeries-connected capacitor*. Ihe reciprocal 
of the equivaleM capacitance it equal in the sum of 
the reciprocals of the individual capacitances. (Note 
that Ihta formula it similar to that uaed for m l«or< 
connected in p araM l

For the special cate of two сарае Hors In strlett

TLF«tO O K
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He nor

С  -
C ,C j

c,+c, ( u . ^ )
1 a im  '

Pnfclem 10. Cdcubte I tv- equivaleal 
capacitance of two capaciton of 6 aF and 
4 ill connected tab in parallel and (b) ia
•cries.

С  = 6 x 4  
6 + 4

34
Ю *

Problem II.  Wkai capacitance тип be 
connected in teriet with a 30 |il capacitor for 
tbr equivalent capacitance to be 12|iF7

Let С  = 12|iF (the equivalent capacitance),
C| s  30 |iF and C j be the unknown capacitance. 
For two capaciton in teriet

1 _  1 A  1

С C i C j

Hence
I

C j

1c, C i -c 
' cc,с

cc. _____
С, - C  “  30-12

12 *  30 360
» -  = 2 0 *Г

Problem 12. Capacitance'* of I |iF. 3pF. 
5»F and 6|iF air connected m parallel lo a 
diaxt vollage nipply of 100V. Dricrmiac 
(a) foe equivalent ctruilt capacitance, (b) foe 
total chaiyc aad lc ) Ihe charge on 
cacti capacitor.

. С
u. с

> C i + C j + C j  +C<
■ l+ 3 + S + 6 =  1#|»Г

(b) Total charge Qr = CV  where С  it foe equ,v 
lent circuit capacitance Le .

10"* x 100 = 1.5 x I0-»C
ж  1 Sn C

'  'M(c) The charge on the 1 |iF capacitor

(a) la panllel. equivalent capacitance.
С = С , + C j = 6»iF + 4nF = 10|tF

(b) la teriei. equivalent capacitance С it given by:
p  C ,C ,
С  = с Г Г с Г
Tins formula it tued for the special cate of two 
capaciton in teriet. Thus

Q, = C ,V  к  I x 10-* x 100 = 0 le e  
The charge on Ibe 3 |iF capacitor 
g 2 = C jV  *  3 x 10-* x 100 = d Ja *
Ibe charge on the 5 |iF capacitor 
g , = CyV к  J  x 10-* x 100 = 0 5 «X 
The charge on (be 6|iF capacitor 
Q, = C ,V  *  6 x 10-* x 100 = « 6пС 
[Check: In a panllel circuit

Or = f t  + f t  + f t  + (V  
f t  + f t  + f t  + f t  = 0.1+0.3+0 5 + 06 

= 1.5mC = 0 r]

Problem 13. Capacitance'! of 3(iF. 6 ill 
and 12 |iF air connected in teriet actoti • 
350 V supply. Calculate (a) the equivalent 
circuit capaatanoe. (b) ihe chatge on each 
capacitor, and (c) the p.d acras each 
capacitor.

Tbe circuit diagram it thown in Kg. 6.8.

C r b f e r b fW p f
— I I — |— I I — Г-Н*

—  Ц — i —  V , U  Ц

(a) Ihe equivalent capacaance С  for four capaciton
io parallel it  given by:

Kigtirr U

(а) 1Ъе equivalent circuit capacaance С  fot л ' 
capaciton ia teriet it given by:

i K J .  + ±  + ±
С  С , С , C i
1 1 , 1 , 1  4 + 2+1 _  I  

U  C m 3 + 5 + T 2 * ~ 12-----
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НсП‘*  (hr «|U*»»kn< r t f " *  » P» — "  

H  .  1 - p rfo r 171«|»r

fb)
T b u Jd - r C ^ - C V .^

л , “ *1 0 ^ x 3 5 0

*  *  600 (Iе  0 ,0  6 ̂
«Я С С  the capacitor* arv connected ln «rtf»  
ftjroc: I» thr charge on each of them.

(c) Пн- voltage к то »  Ibe 3 Ml' capacitor.

V i3 c ;
0.6 x 10'* : 200V
3*10-

The voltage across Ibe 6 |il capacitor.

'• I

Figure 6.9

Tbe equivalent capacitance of 5/iF in aeries 
with 15 |iF U given by

J  x 15 _  7J _
5+"l5 20 **

(b) The charge on each of Ibe capaciton shown in 
Hg. 6.10 will be the same since they arc coa
nected in m v i. Let this charge be Q coulomb».

0.6 x 10*’ 
‘ 6 x 10 ‘

Then
i.e.

; 100 V

The voltage across tbe 12ц1- capacitor.

р к - »
(Check In a le iie i drcuit V = V, + V. + W  
v i + ‘'j  + V i *  200 + 100 + JO = 350 V = 
wpply voltage |

ln practice capacitor» we ratrly connected in itnt> 
they arc of thr u r ic  capacitance The reason

*  ?_* **" *** Ken *п’™ '•‘г above |m<hlrni w hen- 
me kiwea valued capacitor (i e > Ml , ha. the highest

*  <*•*■ 200 V ) whiib incan> tliji И .ill ll»- 
‘jw to e  have an kicnikal сопмпкноп Hk-v rnu i 
ш  hr " “ d ai (he highest voltage.

Q
5V,

V|
Also V| + V j 
Hence 3V2 + Vj 
Thus V2

! C| V| *  C tV i 
: 13V2
= 3V, (1)
= 240 V
= 240 V  from equation ( I )
= 60 V and V, *  180 V

Hence the bolt age acroas (M  h M V

C ,. 5MF C9 - IS |»F

— I I — T--- I I —  “

240V

}*■ Por 4* arrangement shown in 
Т». «  hid (a) tie «gmA-m (apacitamr of

(cl »  U*r УО**»г *•«>» C«- snd 
* * * ' «« capacnor

^  n |W aUd * * *  P ™  “ • equivalent
u V S  M  = ,bF ,hr ,,KU"“  •*»» ■ in Fig. ft. 10

Figure 6.10

(c) The charge on the lJttF  capacitor it 

C2V j = 1J  x I0-* x 60 = 0.9mC 
The charge on Ihe 2|*F capacitor is

2 x 10 * x 180 = 0 J*  mC
The charge on the 3 ц]' capaator is

3 x 10-* x 180 = 0 .4 mC

Ш о Ю О К
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Now try the following г к г а и

b n d H  27 Further p n M ta» on 
capacitors In paraBrl and aertes

1 ( apacilocs of 2|iF and 6|tF arc connected 
It ) in [W a in  and (Ы in r n o  Determine the 
equivalent capacitance in each caae.

((a) * mF  (b) 1.5|iF]
2 lind the capacitance lo be connected in aerie» 

wKh a lOpF capacitor lot Ihe equivalent 
capacitance lo he 6(iF (I5 |i FI

3 What value of c^acitance would be obtained 
If capodion of O .ISpF and O.IOiiF  air con
nected (a) in ien n  and lb) in parallel

((a) 0.06 |iF (b) 0.25 pF)
4 TWo 6 pF capactton ate connected In aerie» 

with one having a capacitance of 12uF Find 
Ibe total equivalent d ra i* capacitance. Whal 
capacitance maat be added in tenet lo obtain 
a capacitance of 1.3 nF? (2.4pF. 2.4pF]

5 I le i ermine Ihe equivalent capacitance when 
tbe following capttdlon are connected la ) in 
parallel and (b ) In aerie»:
Ii) 2 uF. 4 |il; and R|iF
(H ) 0.02 pF, 0.95 pF and 0.10 pF 
(Ш ) 50 pF and 450 pF 
(iv ) 0.01 pF and 200 pF 
((a ) CD 14»! (ii) 0 l7 |iF  

(iii) 50* pF (iv ) 0.0102 pF
(b) Q) 1.143pF (ii) 0.0125 pF 

(Iii) 45 pF (iv ) 196.1 pF]

6 For tbe arrangement ibown in Fig. 6.11 find
(a ) the equivalent circuit capacitance and 
(Ы  Ibe voltage aciusi a 4.5 pF capaalor.

((« ) 1.2pF (b) lO eV )

4.5uF 4.SuF 15uF

[ L m - T -
• 500 V»-

*11

7 Three 12uF capactton are connected In 
aerie» acn » i a 750V supply Calcu
late (a ) tbe equivalent capacitance. (b) the

charge oa each capacitor and (c ) ihe
i capacitor. 

1(a) 4 pF
PU

la) 4 pF (b) 3m< (cl :v ,V|
8 If  two capacitors having capadtaiiu 

3pF and 5|iF respectively are гопмом 
in a^nctacrow a 240V supply. do,nn,^. 
ia ) the p j  aero» each capaciloi aad i hi ц* 
dttiyc oa each capacitor.

V * 1 (а )  150 V . * V  (b) 0.45 mC on each)
9 In Hg. 6.12 capacitors P. Q and R an- i*n 

tical and Ibe total equivalent capacu.tr,. 
ibe drcuH I» 3pF. Determine ihe valuer of
P. Q and R И-2 |af'cacbj

Hh-
—V —
>lv>

Flgurr 6.12

10 Capacltaaoea of 4pF. 8pF and I6 p l: an 
connected in parallel aero»» a 200 V supply 
Determine ( I )  Ibe equivalent capacitsno
(b) Ihe total charge and (c) the duic> 
each capacitor

((a) 28pF (bl «Л
(с) 0 «mC. 1.6mC. 3.2

11 A  circuit consists of two capacitors P  .iihI 
in paralld. connected in senes with anot' 
capacitor Л. Tbe capacitances of P. Q and 
are 4|>F. 12 |lF and 8 »F respectively >' 
the circus I» connected across a 300 V d 
supply fiad (a) the total capacitate. .>1 r 
circuit. (b) the p.d across cacti caps1 
and (c) Ibe charge oa each capacu-x 
[(a) 5.33 pF (b) 100 V across P. 100 V son 
Q, 200 V nows *  <c) 0.4mC on P. I -

on Q, 1.6 mC i*

6.9 IMclectric dnnnlh
Tbe matimum aaanunt of M d  arength dim a A‘" 
tnc can wlihaiaad is с idled die dkkctnc 4 i. '« ,n - 
the maienal D ielectric rtreaglh.
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Г , ,A capacitor u  to he 
B * ? L i M> that iw capacitance u 0.2 nf 

, pd. of 1-25 kV асюаа it* 
«ali^Tbe didecinc is to he mu» »t«ch. 

a «afety (actor of 2. ha» a
^ 2 * 2 5 * *  01 50MV/m 1 ,nd <*»•*
* * £ . „  of ibe «яса needed, and <b> the 
“ “ f ,  .  „ute aaMtnmg a two plate 
*^ *r . ,.. n (Assume f, (Of mica to be 6).

<t>) Power = *  M kW
tame 10 x 10-*

,a) D W « 1IK sl'rn ? ,h-

V
" 1

‘ - V
1.25 x 103 
50 x 10* ' 

: 0 025 mm

(Ы O fK ilanc 

С
•о*Л

i
hence

0.2 x 10 ‘  x 0.025 x 10 *
' 8*5 x 10-4 x 6  '

C i к — - 
«0*.

i 0.09416m1 = 941 6 cm'

6.10 Energy stored in capacitor»
The energy. If . Mured by a capacitor is given by

*  m jC V J joules

(» ) Determine the energy 
Z E E  S / f i f  « Ч * * »  when charged to 
d e ve lo p  ̂  *Ь °  " *  ,vcn,? f  Po »«
‘■«•e оП О *. т " Ю  “  d“ MP»,,xl ,n * 

^ m ya lo rrd

9  "  аС у; Joule» ■ J  x  J  X  10 ‘ x  -KK»-'
3

“  J  X 16 x lo -J = 0 24 J

Problem 17. A  12|iF capacitor i* required
lo note 4 J at energy Had the p.d. lo which 
Ihe capacitor muit be charged.

Eaetgy stored

bencc

and

W = -C V1

2W

2 x 10*

2 x 4  
12 x 10"‘

M * 5V

Problem I*. A capacitor i» charged with 
lOmC. If  Ihe energy noted i* 1.2 J find 
(a) Ihe voltage and (b> Ihe capacitance.

Knew  stored V  m $CVJ and С = Q/V. Hence 

«  ^QV from which

V " T
Q s  lOraC = 10 x И Г*С  

and W я  1.2 J

(a) Vollage

.. 2W 2 x 1.2 0.24 kV or 24* V
Q Ш 10 x 1 0 1 ~  "

(b) Capacitance

_  Q  Ю X 10-* _  10 x 10* _
С  з  —  s  i ■■ ■■ F  в  ' 1 . U r

V 240 240 x 10*
= 41.67 |»F

T lfatO O K
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Now try the following ric icu r

h rM w  28 Further pnM cm  on гкгцу
ilir r f  In capaeitan

(Лапше to = * 85 x IO‘ l2fVml

1 When а capacitor is CO uncord across * 200 V- 
sapply the charge is 4 pt\ Find (а) thr capac
itance- and (b) Ibe enetgy «lured

((а) 0.02 |iF (b ) 0.4 aU]
2 Had ihe energy stored in а Ю цГ capacitor 

when charged to 2kV 120J]
3 Л 3300 pF capaator ii rrqnirrd ю жиг 0.5 mJ 

of eoetgy. Find tfx pd. to which tbe capacitor 
must be charge* (550V]

4 Л capacitor u  charged with 8 mC. If tbe energy 
Hoed is 0.4) find (a) Ihe voltage and (b* the 
capacitance ((a) 100V (b) 80|iF|

5 Л capacitor, cotmamg of iwo metal flalei 
each of area 50cm: and spaced 0.2 mm apart 
in air. it  connected across a 120 V wppl) 
Calculate (a) Ihe enetgy stored, (b) the electnc 
fax density and (c) Ac potential graven

[(a) 1.593 ц1 (b) J.3 I мС/m2 (c> 600kV/m|
6 Л bakeliie capacitor is lo be oonatnicted to 

have a capacitance of OXMpF and to have 
a aeady working potential of 1 kV вал- 
п и т Allowing a safe value of held arris 
of 25 MV/m find (a) Ihe thickness of bakelite 
required, (b) the area of plate required if Ihe 
relitive permittivity of bakelite is 5. (O  the 
maximum energy stored by the capacitor and
(d) the average power developed if this energy 
is dissipated In a time of 20ps.

((a) 0.04mm(b) 36l.6«anJ
(c) 0.021 <d) lkW |

6.11 P ra c tica l Cypts o f capacito r

Practical types of capacitor are charade rixed by tbe 
material uaed for their dietednc The maio types 
include: vanaMe air. mica, paper, ceramic. plaMc, 
trtaraam oxide and electrolytic

1. Variable air capacitors Ibese usually consul
of two set* of metal plates latch as aluminium),
one fixed, the other variable. Tbe ret of moving

plates rotate on a spindle as diown by tt, 
viewof Fig, 6.11
As Ihe moviag plates are rotated through h»ii I  
revnlattoa. the meshing, and therefore Uic 'I  
itance. vanes from a minimum lo а «па\цп*'1 
value. VanaMe air capadlors are used Ul 
and pfecUrtac circuit! where very k>u l< C vJ 
jav rajdlred. or where a van able capacitanceJ 
needed. Tbe maximum value of such ca p s , * |  
if between 500pF and 1000pp.

Rgurr 6.13

2. M k« п м сН о п  A typical older type СОП 1ПК.1 
non is ahowa in Fig. 6,14,

И*иг» M 4

Usually the whole capaator is impregnai. *6  
wax and placed In a bakelite case Mica is raa fl 
obtained in t in  dieets aad is a good Instilainr.fl 
However, msca Is expensive and is aot used i 
capadlors above about 0.2 mF. Л modifies! luj 
of mica capacitor is the silvered mica type 
mica is coated on bodi aides with a linn l*y< 
of silver which forms 8к plates. CapasiuiW 
is «able and less likely to change wilb 4» 
Such capacttors have a constant capaotano-*» 
change of temperature. a high wxirkinji "ilu f 
r ,i11 ng and a long service life and are used in •»! 
frequency arculu with flxed values of car*0 
lance up to dbout 1000 pF,

3. Paper сарае*tin Л typical paper a sp » "" !  
abowa ia H f. 615 where the length of tbe "* |  
corresponds lo tbe capaciiaace requursi 
Tbe whole is usually impregnated with 0,1 J  
wax № exclude moisture, and then ftoc*1 ’" J  
plastic or si или mum container for pn’1' '11 J
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Hfuf* 4.15 Ceramic

,w f  сдасиоо arc mad.- .n vanou» working 
^ t T u p Io  aboui ISO kV  and arc used where 
In s  kn o t vcr>' tapow m  Ibe maximum v.due 
of thto type o f  capacitor IS between 500 pF and 
10«R Disadvaniagei of paper capacitors include 
V«tattoo in capaeilsrxr with ic n f tn u it  change 
and 4 Aotier « n ic e  life than most other types
ofcafaciioi

4. Ceramic capacitor». These are made in various 
torau, each type of construction depending on 
ihe value nf capacitance required. For high val 
uea. a tube оГ ceramic maienal is used as shown 
in Ihe cross section of Fig. 6.16. For smaller vul 
uea tbc cup construction ia used as shown in 
Fig. 617, and for Mill smaller values the disc 
coaaw cuor shown tn lie  *  IK is used < eit.un 
ceramic maienals have a vety high permittivity 
and this enables capaciton. of high capacilance 
lobe made which are of small physical si*e with 
a high working voltage rating. Ceramic capaci 
ion are available in the range 1 pF lo 0 .1 и I and 
may he used in high frequency elections cncuii' 

wide range of temperature»

I

Ирм* 6.16

4 rConducing
coatings

Flfgurr 6.11

m _ L * » " rt,e"  S « e  plastic maienals such 
, » J ? * y r ^  ind Teflon can be used as
■ TTril..! ia» ° " IUUt1l,,n •» similar to the papci 
l l«4c r « t U' ln* * I*11111 him instead of papei
111 l»*l» “ ndrr conditions

W  ■«np'-tatuir provide a precise value ol

capacitance, a very long service life aad high 
reliability.

6. Titanium ovidt capacitors have a vety high 
capacitance with a small physical size when used 
at a low temperature.

7 Hfctrolvtic capaciton. Construction I i  similar 
to the paper capacitor with aluminium foil used 
for the plates and with a thick absoitieni mate
rial. such aa paper, imprrgaaled with an elec
trolyte (ammonium borate), aeparating the plates. 
The entitled capaalor is usually assembled m 
an aluminluas container and hermetically sealed. 
Its operation depends oa the fotmation of a thai 
aluminium oxidr layer on the positive plate by 
electrolytic action when a sellable direct poten
tial is maintained between the plates. This oxide 
layer is vety thin and forms Ihe dielectric. (The 
absorbent paper between Ihe plaurs is a conductor 
and does not act as a dielectric.) Such capaci
ton must always be used on d.c. and must be 
connected with Ihe correct polarity; if Ihis is not 
done Ihe capacitor will be destroyed since the 
oxide layer will be destroyed. FJearolytic capaci
tors are manufactured with waking vollage from
6 V to 600V. although accuracy is generally not 
vety high. These capaciton possess a much larger 
capacitance than other lypea of capaciton of urn 
dal dimensions due lo ihe oxide Bin  being only 
a few microns I hick Hie fad that they can be 
used only oa d.c. supplies limit their usefulness.

TU*KX>K
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6.12 Dischargteg capactton.

When a capacitor has been ditcnnncdcd (ion the 
tuppty a may Mill hr chained and H may rrtsto th» 
charge (or some conndcrtblc Ume. lin n  precaatioat 
must hr taken lo еампг that Ihr capacitor it auto
matically di «chary ed after tbe aipply 1» switched off. 
Tbit U done by conneding • high value t r t iM t  
across the capacitor terminals

Now try the following exercise*

Rxerciar 29 Short answer questions on 
mpwrllon and capwrttance

1 Explain the lean 'electrostatics’
2 Complete tbe aaletneiKs:

Lake chatget........ ; unlike charges..........
3 How can an ‘electnc held' he established 

between two parallel metal plate»?
4 What it capacitance?
3 State ihe unit of capacitance
6 Complete ibe ttaleroeni 

Capacitance ------

7 Complete tbe «elements:
(a) I  |iF = ... f  (b) 1 pF = ... F

8 Complete the ■atemeM:

Hrctnc field strength E  = -----

9 Complete tbe aatement:

Bedric flux density D =s-----

10 Draw the electncal circuit diagram symbol 
for a capacitor

11 Name two practical с samples where capad- 
laacr is preteM, allbougk andesiraMe

12 The mtulating material separating the plates 
of a capacitor »  caled tbe .......

13 10 volt 1 applied to a capacitor trntltt in ■ 
charge of J  oouUvaht What u tbe capad- 
laace of the capacitor?

14 Three 3 |iF capactton are connected in paral
lel. The equivalent capacitance it. .

13 Three 3 цГ capadlort an  connected m м  
The equivalent capacitance Is. ...

16 Su*e a disadvantage of Kifet-connrvi, j  
capadlort

17 Name ilure factors upon which capacity,

IK W hif does ‘relative prrmitimty nv.in 1
19'Oefine peraitdvily of fire space'
20 What it meant by Ihe 'dielectric stirngtb of 

a matenal?
21 Stale tbe fbnaula used to tfcteminc ц* 

energy stored by a capacitor
22 Name five types of capacitor commonK u««|
23 Sketch a typical lolled paper capauum
24 Explain baefly Ibe ootutnidkin of a variable 

air capacitor
23 State three advantages and one disadvantage 

of mica capadlon
36 Name two dttadvaniaget of paper capauim
27 Between what values of capaciun.. .« 

ceramic capadlon normally available
28 Whal maia advantages do plailic «epauiuo 

poateu?
29 Explain bnefly the construction of an rlcc- 

trolyUc capacitor
30 What it Ihe main disadvantage of elcdmlytK 

capadtort?
31 Name an unpottant advantage of efcdrolytic 

capadlon
32 What safety precautions should tie takea 

when a capacitor is dssconneded from a -up- 
Р»У?

Exercise 30 \lultl-ctwice questions <m 
capactton and eaparttaace (Answers on 
page 375)

1 Electrostalici it a branch of eledrtcit) «*• 
ceraed wutl
(a) energy lowing across a gap brt ween "Ч1-

(b) charges at rett
(c) charges in motion
(d) energy in the form of charges
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Т Щ -  of а capacitor *« <hc 1*0
2 1 »  2 ж  to p d  between plate,

<»' ~?Л_.,»ееп plates to plalc «pacing 
£ ! between pt-e- "> « **n e .. of <helec

А *  P d «сю*» » >°t*F lo dMr*e "
’  i r t  lOmCi»

(») io v

(t) IV
V W  А*ще on a 10 pi capaator when the

re applied to  ii i '  Ю kV  ia
(Ы 0.1С
(d) 0.01 цС

(b) lk V  
(d) IOV

(I) lOO|iC
(c)0 .l|iC

5 Pour :  ||F capacitors arc oonnccted in paral
le l T V  equivalent capacitance it
(( ) K|il (b) 0.5 pF

(с) 2uF «■> 6»lF
6 Pour :  |iF ca pact tors are connected in «net 

ПМ equivak-nt capacitance is
(a) 8 Ml fb) 0.5 |iF
(cl 2 m1 (dl 6 mF

7 Stale which of die following it falte.
11И «pacitance of a capacitor
(a| I» proportional M the cross-sectional area 

of the plalet 
<b) i l  proportional to the distance between 

the plates 
<«• depends 00 the number of plates

(d) it proportional lo the relative permittivity 
of the dielectric

8 Which of tftc following statement it Mae? 
(a) An air capacitor it normally a vari

able type
fb> A paper capacitor generally hat a shorter 

service life than moil other types of 
capacitor

(c) An electrolytic capacitor must be used 
only an ax. supplies

(d) Plastic capacitors generally operate tat- 
isfactonly under condHtunt of high tern 
petal upc

9 The energy stored in a 10 nF capacitor when 
charged to 500 V  is
(a) 1.25 ml (b> 0.025 | J
(c) 1.25J (d) 1.25C

10 The capacitance of a variable air capacitor it 
at maximum when
(a) the movable plalet half overlap tbe fixed 

plalet
(b) tbe movable plalet are mod widely sep

arated from the fixed plates
(c) both sett of plalet arc exactly meshed
(d) the movable plalet air closer to one tide 

of the fixed plate than to Ibe o*Kr
11 Wben a voltage of I kV it applied to a capac

itor. tbe <*arge on the capacitor it 500 nC. 
Ibe capacitance of the capacitor it:
(a) 2 x 10*F  (b) 0.5pF
(c)O .Sm F (d)0.5nF

t
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7
Magnetic circuits

At die end of this chapter you ihoakd be able lo:

• describe tbe magnetic Held around a pemuneni magnet
• Hale the laws of magnetic at traction aad repulsion for two magnets id dote 

ргоыпшу
• deline magnetic But. Ф. and magnetic flu» density. В  and dae ibeir untis
• perform simple calculations involving В  = Ф/Л
• define magnetomotive force. F m, and magnetic field stsraglb. H . and stale theu 

unit!
• perform simple calculations involving F „  = N1 and H  = N1/1 
a define permeability, distinguishing between fio. and ц
• understand the B-H  curves lor diffeient magnetic materials
• appreciate typical values of ц,
• perform calculations involving В  = /ю/i.W
• define icluctance, J .  and Male its units
• perform calculations involving

mm-f I
S = — T ~  ------T

Ф МоЧ'Л
• perform calculations on composite series magnetic circuits
• compaar electrical and magnetic quantities
• appreciate bow a hysteresis loop 1a obtained and thai hysteresis loss is proportional 

to its area

7.1 M agnetic le ld s

A  pemanent magnet is a piece of (etromagnetic 
material (suck as iron, nickel or coball) *Ы Л  has 
properties of attracting other pieces of these mate
rials A permanent magnet will position ttadf in a 
north and south dbMMDn when freely suspended. 
Tbe north-seeking end ol Ihe magnet Is called Ihe 
north pole. N. and lie  souih-secluag end Ihe south 
pole. S

The area around a magnet ia called the magnetic 
Held aad U ia in Uas area that die effects of die

magnetic force produced by the magnei can к  
detected. A  magnetic field cannot be seen. Н м  
imell or heard and therefore is difficult I# icprc^ ni 
Michael i'aiaday suggested that the magaeiu I'cU 
could be represented pictorially. by Imagining lt* I 
held to constsl of In r* of magnetic (u s  »huM 
enable* laveiUgation of the distribution aad den»n> 
of Ihe field to be earned out.

the dutnbulkw of a magnetic field can be m>‘ v 
iigalcd by using some iron tilings. A  bar ma«'- ' 
placed on a flat surface covered by. say. ca rd '' " '1 
upon whsch is sprinkled some lion ffiiiigs If
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u n m r a 
If  a number

, , ,  trn(lv upped •>"' *>U
-  ^ ^ - ^ * r 2 p w n  i« Pit- 7.1. If  
| » « *  ^different strength an- used. < is I.h iik I 

Ihe Held Ihe closer a ir Ihe lines 
flux and vice versa Ihus a magnetic 

<Л пгореяу Of « c "® ft » '« «  *■■"<"■
* М Ь -  a L  CMC by causing Ihe iron tilings lo 
rt MO the pa'lein 4>>own The slienglh o f the 
'noV'  "  (jrU  dearasei as we move a» ay from

ш

n e t И should be realized, of oouise. ibai the 
t** ii three dimensional in us effat. and
2 ^ „ „ g  in one plane as appears to he the case in 
nisenpeni*-"1

If ■ compass Is placed in Ihe magnetic field in 
vanms positions. Ibe direction of the lines of flux 
may be determined by noting Ihe direclion of the 
iximpns' pointer Ibe due. nun o f a magnetic field at 
any point ts taken as Uul in which Ihe north-seeking 
pole of s compass needle point» when suspended In 
the leld. Ibe direction of a line o f flux is from 
die north pole lo the south pole on the outside of 
the aagnet and is then assumed lo continue through 
the aagnet back lo lie  point a  which it emetged al 
the north pole. Thus such lines o f flux always foim 
complete closed loops of paths, they never intersect 
aed always have a definite direction.

The laws of magnetic ai traction and repulsion 
can he demonstrated by using two bar magnets In 
n»7.2(al. with I ml Ik , poles adjacent. attnictlun 

place Lines of flux an- imagined to contract 
*®d be magnets tiy to pull together. The mag 
wbc field is strongest in between ihe two magnets, 
“ own by ihe lines o| Rux being close logetbei. In 
Jb7.2(b), with similar poles adjacent (U . two 
* ■  H e s ), repulsion occurs, i.e. the twxi north 
J  4  to push each other арап, since magnetic 
“  fines running aide by side in the same ditve- 

• «■ p e l

7-2 M agnetic lu x  and flux d rn s lly

<амИГ1с Яи* ** ,l*: amount of magnetic field 
«H n b e i 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 wrber, Wb 

Magnetic flux density is the amount of flux pass
ing through a defined area that ia peipendicular to 
the direction of the flux:

Magnetic flux dendly a

Tbe symbol for magnetic flux density is B. The util 
of magnetic flux density is the leala. T, where
1 T = 1 Wb/m2. Hence

В  »= *  tesla

where Aim2) il the area

Problem I. A magnetic pole face has a 
rectangular lection having dimensions 
200 mm by 100 mm If the total flux 
emciging from the pole is 150|iWb. cakulMe 
ihe flux density.

Hux ♦ = 150yWb a  150 x 10 ‘ Wb
Cross sectional atraA a  200x100 a  20000mm:
30000 x 10-* m5.

hlux density. S  a  — 150 x КГ* 
20000 x 10 ‘

• M75T or 7 $mT

T lF«*O O K
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Problem 1 The п ш ю т  working flu» 
density of a lifting electromagnet 1» 1.8 Taad 
the effective area of a pole bee ia circular in 
ста*-lection. If tie total magnetic Rui 
produced ia 353 aiWb. determine tbe radiat 
of the pole face.

Них density В = IJ8 T  and flux ♦ ж 353 mWb = 
353 x 10 J Wb.

Since В  = Ф/Л, cross-sectional ana A = Ф/В

353 x 10-’ 
I.»  '

:0  19611

n u a f. Fm m Ml amperes

n u ii.  m H I Ш H I aaaperts

Problem 3. A  magnetinng farce of 
8000 АЛп ia applied lo a circular magnetic 
ciicuit of mean (Кшплег 30 cm by passing a 
cunrnt through a coll wound on ibe siraet 
If ibe end is uniformly woaat around thr 
em ail and hat 750 Mm». Bad the cunent ia 
the c«L

H = 8000 АЛп./ > wtl z  r x  30 x 10 ” я  
750 turn* Since H  = N1/1. then

H I 8000 x я  x 30 x I0  J
/ = — = — -------N 750

Ю65Л

Now uy (be tallowing exetciae

and,Ve

Ibe pole faoe ia circular, hence ana з  яг1. M tn t r 
ia the radius. Hence itr1 *  0.1961 from which, r* = 
0.1961/ж and radiui г ж J(0 .1461 /я) = 0.250m 
Le. Ihe radii» of thr pole far. b 2541mm

7..3 M agnetom otive force and m agnelk  
held strength

Magnetomotive fone (a u n .ll la tbe cauae of Ibe 
existence of a magnetic flux ia a magnetic cavuit.

where \  it the number of conductor! (or tun») 
and / is the cunenl In amperes. The unit of mmf 
ia sometimes expressed ai arapere-lums' However 
since turns' have an dimensions, the S J. anil of 
m m .f ia Ihe ampere.

Magnetic Held <4rrngth (or magnetlitn* farce).

where I is Ihe mean length of fee (lux path in atties. 
Thus

ferretse 31 f  urther problems oa
magnetic circuits
1 What It the dux density m a magix-h, held 

of cross-seoitonal area 20cm: having a flux ..1 
3mWb? |I.5T)

2 Determine tie total Пах emerging from a aug 
netic pole face having dimensions 5 cm by 
6 cm. if Ihe flux density it 0.9T (2.7 tnWb|

3 The maximam working flux density of a lifting 
electromagnet la I.9 T  and the effective am 
of a pole bee is circular In cntt-vction If 
the total magnetic Dux produced Is 611 mWb 
determine the radius of the pole lace |32cm|

4 An electromagnet of square aoaa-sectmn pro
duces a flux density of 0.45 T. If  the magnetic 
flux is 720»Wb flnd tbe dimensions ol ihe 
electromagnet cross-section (4cm by lvm|

5 Find Ibe magnetic field strength applied 1 
magnetic circuit of mean length 50 cm »h 
a coil of 4*0 turn* is apphed to it corn mj > 
cunenl of 1.2 A  I960 A/m

6 A solenoid 20aa long is wound with 500 iui 
of wire. Had (hi cunenl required 10 csuH' 
a magnetising force of 2500 A/m inside 
solenoid I1

7 A  magnetic field strength of 5000A/m 
applied lo a circular magnetic circuit of 
diameter 250 mm. If tbe coil has 500 mm» J1 
the cunrnt ia the coil. П 8-"

1 Л  Permeability aad B-H  c tin * '

H r air, or any non-magnet к  medium the # 
of magnetic IWx density lo magnetising t
coastant. i.e. B/H  = a ooauani This
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_  „гпк»Ь»Ш ) ot fr«  space (or the magnetic
**■ . ^ '* « 1  "  «Ч"*1 10 **  * 10 ,Vm-,e  

nt*-n»g>.etl. ш , * *  "* * 0

£
I I

< «  Iron 
Mild oecl 
Slll‘» a  iivn 
< »«I steel 
М ц м
Stdoy

Mr = 100-250 
Mr ■ 300-S00 
Mr — 1000- 5000 
Mr Ш 300-900 
>*,*300-5000 
Mr *  500-6000

iHhmidi «II non-magnrtic materials, including ли. 
rfi*« magnetic propettie», these can effec

‘ '| y  he neglected *
“ £  media other tb *. free space

*, is Ihe irlaUve permeabihty, and is

> p  density In material 
Них density In a vacuum

1 with Ihe type of nu^netic malertal and. 
i i  ■ ratio at flux densities. II hat no unit. 

Haa lli definition. I'" :l Vacuum is 1. 
lU lh  m  Ц. called Ihe absolute perm eahlllty 

By plotting meaautrd values of flux density fi 
igainsi magnetic field strength H  a magnrtls»- 
Itoa С Ш ! (DC B - H  curve» ii produced. Hot non 
magnetic material* this is a straight line, typical 
ain*a b r  four maenetis materials are shown in 
Kg 7.3

The relative permeability of a ferromagnetic
material ii proportional to the slope of the B-H
curve and thus vanes with the magnetic Held 
strength The approximate range of vatocs of 
"■“ •tv* penneabilit\ ji, (>i tome common magneii.

Figure 7.5

For a magnetic malertal: Й = MoM»W

t.C. ut a  ——— — .1.— . . 11—  ̂ ~ :
И' Motf (4* X 10 7><I250)

764

Problem 3. Determine Ibe magnetic field 
strength and the m.m.f. requited 10 produce a 
flux density of 0.25T  in an air gap of leaglh 
12 mm.

For air: В — imH (since /1, = 1) 
Magnetic IM d strength.

Mo
0.25 

4* x 10-* IW  940 A/m

m m f = H I я  19» 940 x 12 x JO "1 к  1387 A

Problem 6. A coil of 300 turn is wound 
uniformly oa a ring of non-magnetic 
material. Tbe ring has a atean circumference 
of 40 cm and a uniform cross-sectional area 
ot 4ams. If  the entreat in the coil Ii 5A. 
calculate (a) the magnetic field sirenjah. tb) 
Ibe flux density and (c) tbe total mugneuc 
flux ia the nag.

T it*  BOOK

A flux density of 1.2T ii 
* piece Ы  cast steel by a 
twee of 1250Л /m. Find Ihe 

»*abi#ly of Ibe steel under these
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la) Magncdc field «rcnglh

M l 300x5 
I *  40 x 10 -1 

ж  3759 AAa
(b) Ixir a nonmagnetic material f t , = I. tin t flax 

dciutty В  — /i»// -ЛрТ

Problem 8. Л uniform ring of can iron has 
a crott-tectaonal irea of 10cm2 and а mru, 
circumference of 20cm. Delcimlne thr 
m m.f nroettary lo produce a flux of 
0.3 mWb in tbr ring. The magnetite», т  
curve.foe inn it ahown oa page 7|

U . В  ж  4я x |0‘ 7 x 3750
> 4 7l2mT 

<c) Ffcix ♦ = flA = (4.712 x 10 J X4 x 10“ *) 
= 1 «*5|iW b

i  зЧосга2 *  10 x lo-*»2. I 
and ♦ = 0.3 x lO ^Wb

20 cm 0 .2,

. .  ,  _  „  Ф 0.3 x 10-» Hux denaty » x - r  — — ——  
A 10 x 10~4 10.3T

Problem 7. An lion ring of mean diameter 
10 cm и uniformly wound with 2000 turn 
of wire When a current of 0l25 A is panted 
ihnugh Ibe coll a flux dentuy of 0.4 T it M  
up in ihe iron. Fmd (*) the magnetising force 
and (b) Ihe relative permeability of the nun 
under thete condHiont.

From the nugneliulKin curve for catt m.n 
page 71, when В  ж 0.3T, H  = lOOOA/m,
11 m f = H I = 1000 x 0 2 ■ 200 A  

A tabular method could have been uted ш щ 
problem. Such t  aoluUon it thown below in Ttblr |

twi J
IkTkJ

1

I = xd = я  x 10cm = *  x 10 x 10~2 m. 
N  = 2000 tumi. I  ш 0.25 A and В  = 0.4T

, , „  АГ/ 2000 x 0.25
< () H  Ж  —  Ж  --------— -----— г

I 71 X 10 X  10 2

Problem 9. From the magnetisation .urvc 
for cast Iron, thown on page 71. derive iu  
curve of fi, against H

В  = 1чц ,Н . hence

■

(b) В
-- 1592 A/m 
= hence m,

В  0.4

В
МОH '

МОн  (4яг х 10 ’ X 1592)
= 20*

10’  В 
~  4 я  * Н

A number of co-ordinate* are selected from thr И-М 
curve and ft, it calculated for each aa shewnfl 
Table 2.

1*1* I

Put of 
clrvua

Material ♦ <Wb> A<m2) ♦ H from 
graph

Hm) ni Ш-Ш 
H <>l

Ring Cart in *  0.3 x 10-» 10 x 10~ 0.3 1000 tt2 200

Mr 2

M T ) 004 0.13 0.17 0.30 0.41 049 0.60 0.6* 0.73 0.76 7*1

200 400 500 1000 1500 2000 3000 4000 5000 601X1

^  x *  I »  259 271 239 21* 195 159 Ш  116 Ю»4я H



MAGNETIC CIRCUITS 73

,, -loiicd ag-ml «  as Aown in Rg. 7 4. 
* *  dcmonrtnMf Ihe chan*. dial ocers in 

Ib f2 e «  peimeshdny as the m gntu»™, force

7.4

Now tty Ihe following exercise

Kxercise 32 Further problems on 
dmdts

iW b e n ^ )(opruur.a»«mn-/io = 4TX 10 ’ ll/m l

1 Had the magnebe Held strength and Ihe mag 
aaomotivc force needed lo produce a flux den- 
*У  of 0.33T  ia an air gap of length I * mm 

1(a) 262 « ю л /m (h i W ‘M |
- An ш -gap between two pole piece» it 20mni 

• length and the area of (he tlux paih a w  
... **>. ** * cn>: If the flux required in Ihe 
•MgSftSO 75aW b rind ibe m in 1 neceisaiy 

123 Н70Л1

Ш Я Ь Г ! ! ! и  lW , nux ‘k ‘n s 'l > pnxhoed m an

1 °* un‘l,,n" l^ * * « | l h  of Ю оол/m (h i Iron having n
'• r n - C ,nt ,bW'U of IV l 31 “ "« 'A '™  i.
ivx ^ г * " * т : л °(•*" ,ind l,KBow In ttc  solenoid

1(a) lO.MmT (h i l.SO tT I

• a a b a o C "1' "  of malenal if
permcuhliiy is 4 0H4 . m 411 m

IИ Я

5 Find the relative permeability of a piece of 
ulicon iron if a Dux density ot I.3T  is pro
duced by a magnetic field Micngth of 700 A/m

114781
6 A sled ting of mean diameter 120 mm is 

uniformly wound with 1900 turns of wire. 
When a cunent of 0.30A is passed through 
Ihe coil a lux density of I.S T  ia set up in 
the steel. Find the relative perme*ihty of (he 
Med under these conditions. (1000)

7 A uniform nng of cast sled has a cross- 
icctional i r a  of 3 cm2 and a meaa o ra l in
ference of 13 cm. Find tbe cunent required 
in a coll of 1200 tuns wound on tbe ring to 
produce a flux of O S mWK (Use Ibe magneu- 
sabon curve for сам steel ibown on page 71)

(0.60 A ]
II (a) A uniform mdd Meel nng has a diameter 

of 30 mm aad a cross-sedioiui area o f I cm1. 
Determine Ac m m f necessary to produce a 
flux of SOgWb in the ring. (Use the B-H  
curve for mdd steel diown on page 71) (b) 
If a coil of 440 turns Is wound uniformly 
around die ting In Pad (a) whM current would 
be required lo produce tbe flux?

[(а) Н 0Л  (b) 0.23A]
9 From the magnetisation curve for mild sled 

shown on page 71. derive the curve of relMlve 
permeability against magnetic held Mrenglb. 
From your graph determine (a) the value of ц, 
when tbe magnetic field strength is 1200 A/m. 
and (b) tbe value of the magnetic be Id strength 
when /i, is 300 ((a) 390-600 ft» 2000)

7.5 R e lu cta n t*

Reluctance S lor Ям) t» the magnebe resistance’ of 
a magnetic drcalt lo tbe presence of magnetic flux. 
Rductance.

~ Ф  °  ~  ВЛ (B/H  И

Ibe unit of reluctance la I/M (or H  ')  or A/Wb 
Еегпипадогйг materials have a low reluctance 

and can be used as magnetic screens lo prevent 
magnetic Adds affecting mMerial» within die screen

■
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PnMem 10. Determine the reluctance of a 
piece of mumetal of length 14) mm aad 
спма-tccttonal am  lin o  mm-' when the 
rdativr petmeahiliiy to 4000. Find also the 
ahaulute permeabhty of thr aiumclal.

Now tty ilir following c io d K

150 x 10'*
= (4» x  10 , X4000)(I800 x  10-4) 
= M 5M /H 

A M u tt  prrm rahllty
M = (4* x 10 , K4000)

= S «27x Ю -* H/m

Problem I I.  A mild steel nng has a radius 
of 50 mm and a cross-sectional area of 
400mm1 A current of 0.5 A flows in a coil 
wound uniformly around the ring and Ihe 
flux produced it 0.1 raWh. If  Ihe relative 
permeability at tbs value of current is 200 
find (a) the reluctance of the mild Keel aad
(b) the number of turns on tbe coil.

I  = 2яг = 2 x  ж x JO X  Ю "3» . Л = 400 X  .
I  = 0.5 A. ♦ =0.1 x |0 >Wb and ,1, = 200

(a) Reluctance

*  = Mo M
2 x ж x SO x  10 *

= (4ж x  IO '7XJ0OK4OO x  10-»)

= 3 125 x »*/H
m.ntf.

(b) S = from which i a.f.

=. S♦ Le. N1 = S *
Hence, number of Маю

SФ  3.125 x 10* x 0.1 x 10'*
T  ---------- ol

a  625 (urns

Kxerttoe 33 liirtb er p n M rn  oa
Magnetic circuit*

(Where- appqpnaie. assume /*о = ж x 10 ’Н/щ,

К P ie  of a magnetic d icail i i  made from miV| 
of length 120mm. crass sectional area 15cm 
and relative permeability 800. Calculate (a) ihr 
reluctance and (b) Ibe absolute pertncahun >( 
the sled. 1(a) 79580/H (b) I  rall'm|

2 A  mild steel closed magnetic drctiit к ,, 
mean length of 75 mat and a cross-teau-.j 
area of 320.2тт2. A  cunrnt of 0.40 A floitc 
in a coll wound unifotmly around ibe circuit 
and the flux produced is 200|tWb. If  the rel
ative permeability of Ihe steel at b it value 
of current la 400 find (a) Ihe reluctance i( 
the material and (b) Ihe number of lumt o( 
Ihe coil. ((a) 466000/H <b) 2.V»|

7.6 Com poidtc series m agnetic circuits

For a series magnetic circuit having it pans, the 
rrluctanee J  It given by: S  «  S| + S j + 
(This is similar lo renaton connected in sen. 
electncal circuit)

.1
> in a

Problem 11 A closed magnetic drain of 
cast steel coataini a 6 cm long path Ы  
cross-secttoaal area 1 an1 and a 2cm path of 
cross-sectional area O.Scnr. A  coll dt  20<> 
turns is w<aad around the 6 cm length of Ihe 
circuit and a cunrnt of 0.4 A  flows 
Determine the flux deaaiiy ia be 2cm pall' 
if Ihe relative petmeabihiy of be cat! steel 
Is 750.

Far tbe a cm laag path:

Reluctance J ,  i

ft к 10
‘ (4ж x 10 ’ HTSOKi * 

= 6.366 x I0*/H
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Цг|1К«|к<' s-

2 x 10 2
= (4ir x 10 ’ >(7501(0.5 ,10 <i

= 4.244 x lO’ /H
ь- laa n iii J* = S ,+ S 2
fjjj.366 +■ 4.2441 x 10* = 10.61 x 105/H

, _ Е ^ , с Ф ^ т т ' - -  5 -  ф
200 x 0.4

Г 5 ? ’

H u ii
Ф

* = 7

1061
jiy in the 2cm path. 

7.54 x К Г 5
0.5 x 10 4

1.51 T

РюЫгт 13. A  silicon iron ring of 
а и а -tectmnd area 'em  has a radial air 
до of 2 mm cm into It If the mean length of 
ihe libcon iron path il 40 cm calculate the 
MfoetomoliW force lo pnxface a (lux of 
07 mWb. The magnetisation curve for 

i ia tbown on page 71.

Fo r  a w  i t t r o n  Iro n :

„  Ф 07 X 10 ‘я  ~  - — ---------л f ,  10 * I.4T

For the a ir gap:
The dun dcmtty w ill he thr ааак in die air gap aa 
in ihe iron. l-e. I.4 T  ПЬи и а н п  no leakage or 
flinging occurring). For m.

H = —
В

M0
1.4

4ir x 10■7 e 1114000АЛп

HIHence ibe m .n.f. for I 
1114000 x 2 x 10 * = 2228A 

Total m.m.f. lo produet a lax of 0 tnaWb s
660 + 2228 = at** A.

A tabular metiod could ban hern uted a» thown 
al Ihe bottom of Ibe page.

Ihere ale two parti lo Ihe circuit - the nlicon iron 
and the air gap The UXal m.m.f. w ill be the »um of 
the B.m.f '• of each pall.

*7°™ B-H  curve fix nhcon iron on p^e 71.
• ^T. H  = 1650/Win Hence (lie m m.f 

iron path = H I я  1650 x 0 4 = 660 A

Problem 14. Figure 7.5 thowt a ring 
foimed with (wo dtffeiml nam ali - cast 
iteel and mild tleel. The dmxmioa» are:

mean kngtfi cnm-Mctiooal
area

Mild tleel 400 mm 500 mm!
Cast tleel M0 mm 312.5mm!

Hnd ihe loul m.m.f. required to caaie a Dux 
of 500 иWb in Ibe magacttc circuit. 
Determine alao ibe loul circuit reluctance

Pan of 
circta Material ♦(Wb) в<Г) H(A/m) Urn) i jiim  f =

LW/(A)
Ring Silicon iron 0.7 x 10-1 S x |0 '4 1.4 1650

(front gmpb)
0.4 660

л*,Чар Air 0.7 x 10-* J  x 10'* U
14

4я  x 10* 
= 1114000

i  x 10->

ш

222*

2SS8A

TUotO O K
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hut of Material 
circuit

ФО^Ы AOn1) B (T ) Ш М » )
(= Ф/А) (from

graph, page 71)

»("> m.m.i

A Mild atod 
В  Caat steel

500 x I0~* 
500 x 10 *

500 x 10-* 1.0 1400 
312.5 x I0 "‘  1.6 4800^' 

--------------------------

400 x 10** 
300 x I0-J 

Total.

56(i 
1440 
2000 \

A tabular tolulioa ia tow n above.
u ( .

Far the a ir gap:
Talai circuit 
reluctance

} l - S ?

3000 
= 500 x 10 « « X  W*/H

Problem 13. A  M 'lw n through a magnelac 
cuvuM of uniforta crw-tectioaal area 2cm2 
is shown in Hg. 7.6. The cast steel cote has 
a mean length of 23cm. Tbe air gap it 1 mm 
wide and Ihe coil ha> 5000 tumi The B-H  
curve for сам steel u shown on page 71. 
Determine the current in thr coil lo produce 
a flux density of 0.80T In Ibe air gap. 
assuming that all the flux passes through 
both parti of thr magnetic circuit.

К »  thr cu t Heel «ore. when В  = 0 SOT. 
H  = 750АЛп (from page 71).

ИоМгЛ I
в

since В  = n t P 'H -ihen щ  :

Kducunce of ccar S\ ■■

(23 x 10 ’ 1(730) 
<0.*K2 x 10-*) '

IjH
Я4.

1172000/H

Reluctance. S j :

>.
. ■ (since ц, к  1 for air)

I x 10"»
= <4* x 10 TK2 x 10 * i 
= 3979000/H

Ibtal circuit reluctance

5 s  5| -f S ] в  1172000 + 3979000 
= SI5I000/H 

Flux Ф = ЙЛ =0.80 x 2 x 10~* = 1.6 x 10 *Wk 
m.m.f.

S = — •
feus

m. m.f. = >'♦ hence N1 = 5Ф

______ . 5Ф (5151000X1* x Ю 4I
гигг,п' , и  T  = ------- 3000------

S  0 .165 A

Now try the (ottowiag exercise

Kxrrriw  34 Further ргпЫспа as

I A  magnetic circuit o l ctuaa-aectional an 1 
04cm- cofMsts of oar part 3cm long 1,1 
material having relative perme*il*> l- °" 
and a second part 2cm long Ы  nutenal having 
rehilve permeability 730 Wtth a 100 lurn cod
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__-vinfl 2A. find the value of dux existing in 
£ &  I0 .l9 Ji.W b ]

,  (t \ A  caM steel n rg  has a crosm ectional area 
of tSOOnim2 ami a radius o f 25 mm. Deter- 
roii»- the mmI necessary lo establish a flux of 
nUrtiW b in Ibe ling. Use the B- H  curve for 
CJ|sl 5teel shown on page 71. (b) If  a radial air 
gap 1.5 mm w id e  u  cut in the ring of part (a) 
And the tn.m.f. now necessary to mainlaiB the 
s^ne flux in Ibe ring, [(a ) 270A (Ы1&60А1

3 a  closed magnetic circuit made of silicon 
m,n consists of a 40 mm long path of crost- 
sectional area 90mm; and a 15 mm long path 
of aoss-secUonal area TOmnr. A  coil o f 50 
turns ia wound around the 40 mm length of 
ibe circuit and a current of 0.39 A flows Find 
the flux density in the 15 mm length path if 
the relative permeability o f the silicoo iron
*  this value o f magnetising force ts 3000.

11.59 T)

4 For the magnetic circuit shown in Fig. 7.7 find 
tbe current / in Ihe coil needed to produce a 
flux of 0.45 mWb in the air-gap Ibe silicon 
mm magnetic circuit has a uniform cross- 
sectional area Ы  3 cm2 and its magnetisation 
curve is as show n on page 71 [0.13 A I

И*«ГТ 7.7

3 A ring fanning a magnetic circuil Is made 
*>m two materials; one pan I» mild steel of 
•ean length 25 cm and cross-sectional arc» 

and the remainder is cast iron of 
length 20 cm and cross sectional area 

Z.г ” ”  U *  * la M a r approach to * 1 et 
* « *  toe total required to cause a llus
™  0.30 mWb in the magnetic circuit. Find

1 'be M ai reluctance o f the circuit. Use 
В  m4»etlsaiu,B curves shown on page 71.

I550A. 1* 3 x lO’ /H]

6 Figure 7.8 «bows the magnetic circuit of a 
relay. When each of Ibe air gaps are 1.5 mm 
wide And Ibe mm I required lo produce a flux 
density of 0.75T  In Ibe air gaps Ute Ihe B-H  
curves shown on page 71. (2970A]

-c
•»#*> il®2! 

M  U ШPS
aa-

m|MI l in a
Figure 7.S

7.7 Comparison between electrical and 
magnetic quantities

Electrical circuit Magnetic circuil

e.m.f. E  (V ) 
cunent / (A ) 
resistance Я (R )

'■I
- s

7.8 Hysteresis and hysteresis lie s  

Ну sir rod* loop
Let a leiromagnrtic material which It completely 
demagnetised. I.e. one in which i s H  a O b e  
■Ejected to traraang values of magnetic held 
«length H  and Ihe corresponding flux density 8 
measured. Ihe resulting relationship between 0 and 
H is shown by tbe curve (lab in Fig. 7.9. At a

TlfatOOK
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particular value of H , thown as Oy. il b sw n ti 
diflKH» lo incieaae thr flux densiiy any farther 
Ibe  material is said to Ik taunted Thus by it ibe 
saturation (htx density

И,игг 7.»

If  Ibe value of H  is now reduced il is round 
that ihe flux density M lowt curve be. When H 
ia reduced lo aero, flux remains in ibe iroa. H is 
rrmatienl flux deMltv or remanenc* it t o n  at 
«X  in Hg. 7.9. When H  is increased ia the opposite 
direction, the flux density decarases иnul. at a value 
shown as (Id . the flux density has been reduced 
to am . The magnate field strength Od required 
to remove the residual magnetism, i.e. reduor В  to 
zero, is called the r t f r d 't  fo n t

Isrrther increase of H in the reverse durction 
causes the flux density lo increase in the reverse 
durction until saturation it reached, at thown by 
curve dr If H  Is varied backwards from Oa to Oy. 
the flux density followi the curve efgb. umtlar lo 
curve bede.

Il u  teen from Pig 7.9 the die flux deamy 
changes lag behiad tie changes in Ihe magnetic Held 
strength. Ttai effect Is called hysteresis. Ihe doted 
tigure hedtfgh is cdled Ihe bysterrris loop «or the
B/H  loop).

Hysteresis loss

A  dutathanoe la the alignment of ihe domains (U . 
groups of atoms) of a femimagaruc material causes 
energy lo he expended la lakntg it through a cycle 
of magnetisation. Iktt energy appears as heal m Ur 
specuten and Is called the hysteresis laa

Пае energy la a  aasadated «M l hyrtands la 
proportional le  Ute area of Ike hysteresis leap

Ibe ama of a hysteresis loop vanet with tlie iy_ 
of matenal. The area, and thus ihe eactgy i,
Is much greater for hard materials than l«  
materials

Hgare 7.10 tfiowt typical hysteiesu loops I,,,

ia) bardm ateftal. which has a high lemancn, 
■^aad » large coeravHy Od

(bl sofi steel, which has a large rematsrrkr ^  
small coeravHy

(cl ferrlle. this being a oeramichke mapiet k if, 
stance made from oxides of iron, nickel, cobalt 
magnesium, aluminium and mangenne; the hyi 
teresls of fertile is vety small.

ngur* 7.1#

Par ac.excited devices №e hysleresi" li»*pj 
repealed every cycle of altemating cunenl 11 
a hysteresis loop wlih a tatge atea (as with 
■eel) 1s often unsuitable since the energ) |l 
would he considerable. Sikcoo tleel has • 
hysteresis loop, and thus small byaetesis kiss an* 
mitahle for iraaaformer Corel aad rotating m *n 
araaturet.
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tto» uy ЧК folkwu*

Kxrrvi" 15

[ What is a penaanent magnet?
,  c^-tch ibe pattern of Ihe magnetic field ..« •  

dated wilta a bar msgnct М аЛ  Ihe direction 
' of ihe field 
j  Define magnetic flux
4 The symbol for magnetic flux is and ihe 

unit of flux i(  die ...
J  Define magnetic flux density
6 Ib e  symbol for magnetic flux density is . .. 

and tbe unit of flux density is
7 The symbol for m.mf. is . and the uait of

I  mm f. to the . . .
8 Another name for the magnetising force is 

H ........ i iu  symbol IS and its umt is
9 Complete the nalemcni

flux density
magnetic teld stirngth

10 Whai is absolute permeability?
11 The value of Ihe pemeahilily of free space It...
12 Whai IS a magnetisation curve?
13 Tbe symbol foe reluctance is .. and the unit 

of reluctance ia . . .

14 Make a companion between magnetic and 
«fcctncal quantities

15 Whai i» hyticrcus '
16 a typical hysteresis loop and on it 

Identify
<a> saturation flux density 
lb> remanence

coercive farce
bate ihe unit! of la) к-manence (bi coeicivr

It magnetic icreenmg achieved .' 
“ ""plete ihe itatemrni magnetic material, 
" ’ '•a irtactance;noii magnetic maienal.

-... reluctance
*ha i I OH to aaaociated with hysteresis?

Kxrrcisc 36 Multi-cheicr questions on 
magnetic circuit! I Answers on page 37$)

I The unit of magaetic flux density is the: 
(a) weber <hl wehrr ner
(c) ampere per metre (d) tesla

(b) weber per metre

2 Tbe total flux in the core of an electrical 
machine is 20mWb and iu  flux dentity to 
1T. Tbe omit-sectiooal area o f ibe core it: 
(a) 0.05 m! (b) 0.02 m2 

<c)20m2 (d) 50 m2

3 If  tbe total flux in a magnetic circuit it  2 mWb 
and the cross-sectional area of tbe circuit is 
10cm2, tbe flux density is:
(a) 0.2T  (b )2 T  (с) 20T (d) 20mT

Questions 4 to 8 refer lo the following data: 
A  coil of 100 turns is wound uniformly 
on a wooden ring. Tbe ring hat a mean 
circumference of 1 m and a uniform cross- 
sectional area of 10cm2. The current in Ibe 
coil is 1 A.

4 Tbe magnetomotive force Is:
(a) 1 A (b) 10A (c) 100 A <d> 1000 A

5 The magnetic field strength is:
(a) 1 A/m (b) lOA/m
(c) 100 АЛп (d) 1000 A/m

6  The magnetic flux density is:
(a) 800T (b)8.*5 x 10-“ T
(c) 4jt x I0 ' 7 T  (d) 40* MT

7 Tbe magnetic flux to:
(а) 0.04т |tWb
(c) 8.85 iiWb

(b)0.0 l Wb 
(d) 4л yWb

(b) 1000 H-

8 Tbe reluctance is:

4»

(с) — x IO ’ H - 1 (<•) ГТ 7 Н 1 я  8.85
9 Which of die following statements ts talse .’

(a) For non-magnetic material! reluctance 
it  high

(b) lineigy loss due to bytoeresis is greater 
for harder magnetic materials than for 
softer magnetic materials

(c) Tbe reaianence of a ferrous material is 
measured in ampere/metre

t u * k x >k
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Id) Absolute permeabihly is measured in 
brmyi per metre

10 Tbe current flowing In ■ 500 lum coil wound 
on an iron ling it 4A. Ibe  reluctance of the 
circuit is 2 X  10* H. Tbe flux produced is: 
(» )lW b  (b) 1000 Wb
(c )lm W b  <d)6Z5uWb

11 A comparison can be made between magnetic 
and electncal quantities. I-mm the following 
list, match Ihe magnetic quantities with Ibeir 
equivalent electncal quantities
la) current (b) reluctance
(c) c m.Г (d) flux
(e) m.m.f. (f) resistance

12 Tbe effect o f aa air gap in a magneac drum
is to:
(a) increase the reluctance
(b) reduce the flux density
(c) divide the flux
(d) reduce tjic magnetomotive force

13 IWo bar adgnets are placed petal lei to each 
.-othft and about 2 cm apart, such that the 
‘ n x tti pole of one magnet is adjacent lo the
north pole o t Ihe other. With this arrange 
meat. Ibe magnets will:
(a) attract each other
(b) have ao effect on each other
(c) repel each other
(d) lose their magnetism

Assignment 2

Ib is  assignment coven Ihe material contained In Chapters S lo 7.

The marks for each question are shown in brackets at the end of each question.

1 Resistances of 5 0 . 7 Я . and 8 П  are connected 
in series. If  a 10V supply voltage is connected 
aanss the arrangement determine the current 
flowing through and Ihe p.d. across the 7 Я  resis
tor. Calculate also the power dissipated in the 8 Я  
■castor (6)

2 Far tbe series-parallel network shown in 
Hg. A2.1. find (a) the supply current, (b ) Ibe 
current flowing through each resistor, (c ) Ihe p.d 
aanss each resistor, (d) the total power dissipated 
In the circuil. (e) the cost o f energy if  ihe circuit is 
connected for 80hours. Assume electrical energy 
сое» 7.2p per unit. (15)

3 The charge on Ihe plales of a capacitor is 8 mC 
when the potential between them is 4kV Deter
mine ihe capacitance of the capacitor. (2)

4 Two parallel rectangular plales measuring (0  mm 
by 120 mm are separated by 4 mm of mica 
and cany an electric charge o f 0.48 |iC. Ibe 
voltage between the plates ts 500V. Calculate 
(a) the electric flux density <b) the electric Held 
■length, and (c) iie  capacitance of the capacitor.

in picofarads, if tbe relative petmittivity of mica
ia 5. (7)

5 A  4 (iF capacitor ts connected in parallel with 
a 6 (iF capacitor Ib is  arrangement is then con
nected in series with а Юц|; capacitor. A sup
ply p.d. of 250 V is connected across tbe circuit, 
l ind (a) the equivalent capacitance of the circuit.
(b)the voltage across tbe 10|iF capacitor, and
(c) tbe chaige on each capacitor. (7)

6 A coil of 600 turns Is wound uniformly on a ring 
of non-magnetic material. Ibe ring has a uniform 
cross-sectional area of 200 mm: and a mean cir
cumference of 500 mm. If the oireent in Ihe coil 
is 4A. determine (a) the magnetic Held strength. 
(b)the flux density, and (c)tbe total magnetic 
flux in the ring. (5)

7 A  mild steel ring of cross-sectional area 4 cm3 has 
a radial air-gap of 3 mm cul into it. If  the mean 
length of the mild sleel path is 300 mm. calculate 
the magnetomotive force to produce a flux of 
0.48mWb. (Use the B-H  curve on page 71)

(8)

• W A ll

Ш «Ю О К



8
Electromagnetism

Al Ibe end of tin  chapter you should be «Me lo:

• understand Ih* magnetic Ik  Ids are produced by electric currents
• apply the screw mk to determine direction of magnetic held
• recog ns/e that the magnetic field around a solenoid is similar lo * magnet
• apply Ihe screw rale or gnp rule to a solenoid lo determine magnetic field duectmo
• recognize and describe practical appKcauons of an electromagnet. i.e. electnc belL 

relay, lilting maguet. telephone receiver
• appreciate factors upon which the fotce F  on a current-carrying coaducior depend.
• perform calculations using F  ~ B ll and P  — B ll «in в
• recognize that a loudspeaker I I  a practical application of force F
• uae Hcmtng’s left-hand rale to p«e-daemiine direction of fotce in a cunenl carrying 

conductor
• describe the principle of operation of a simple dx. motor
• describe Ihe principle of operation and сопя ruction o f a Moving coil instrument
• appreciate that force F  on a change ia a magnetic field is given by F  = Q B
• perform calculations using F  -  QvB

8.1 Magnetic le ld  due lo an electric 
current

Magnetic fields can be set up ant only by pennaneat 
magnets, aa shown ■ Chapter 7. but also by dectric 
cu neats.

let a piece of w in  be arranged lo pass vertically 
through a horizontal Лее I of cardboard on «Web is 
placed some iion tiling». si shown m Hg. &.l(ai. If  a 
current Is now passed through die wire, then the Iron 
filings w ill ft*m a definite circular field pattern with 
the wire al the cenlir. when the cardboard 1s gently 
lapped. By placing a corap»» ia different position» 
the lues of Out are seen lo have a definite direction 
as shown in Fig. 8.1(b).

Cot**

ttgorc X.I
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direction «  teverted. it»- direction of 
l f 4 l E ? .  i ,  also reversed llic  effecl on Null 

tbe axtd the i » p e .  needle disappears
№  * *  ■ "  n, „  twitched off Ihe m agnet 
•fcrt * ?  E d u c e d  by <!*- electnc "< « •  I'»  
t*H  *‘ .* *  ' produced has the tame properties 
o ^ X  .„d u ced  by a permanent magnet If  
it the *** £ incTC.'wd the- Ktrength of (he Held 
t*  M fcx l be permanent magnet. the

decrew * as we move away from tbe 
« л Ы о ! ̂ ^  pgnyint cd r tKi oic*fl« l J7 ^  eJffCl of o^y a im -, pan of

■" йеИ „  shown II the w hole le n til of
2  it nsiUariy investigated u t» founJ
7 . Е п Я К  field round a straight toM udm  

Hi* torn of concentric cylinders a, * ,.« n  
rn lig  12, ihe fWid direction depending on lb. 
^reckon of the current flow.

When dealing wtfh magnet* held* formed by 
tiectric cunenl Й ii uiual lo ponray (be effect na 
^kiwn in Fig. 13 Tbe convention adopted in:

(I) Cunent flowing away frura Ihe vie wee. I.e. uno 
the paper, it indicated by ф Thii may be 
thought of na the feathered end of tie shaft ot 
an arrow. See Fig. 8.3(a).

(U) Cunenl flowing toward» the viewer. Le. out 
of the paper, la indicated by O- Thu may 
be thought of na Ibe point of an arrow See
Rg. 8.3(b).

Щ
4 .*  /

(a) Curwt towng am 
Iromvteww

Figure 13

[ i \  ©  y ,\
\v>

о  л
t — ' J i

(btCmrtSMig

The diirciion of the magnetic linei of flux it beat 
remembered by the ю т а  rule which dates that:

If  a normal right hand thread и re* Ii scre*rd 
along Ihe сопеккЮг In Ihe direction of the cur
rent. Ihe direction of rotation of Ihe icrew it In the 
direction o f Ihe magnetic field 

For example, with currem flowing away from the 
viewer (Hg. 8.3(a))a right-hand thread screw dnven 
into tbe paper hat to be routed doekwlte. He nor the 
direction of the magnetic Add la clockwiie,

A  magnetic Held te< up by a long cod, or aalenoM. 
it tbown in Hg. 8.4(a) and It teen lo be um- 
ilar to that of a bar magnet. If tbe toknoid It 
wound on rut (tun bar. at shown in Hg. 8.4(b), an 
even stronger Magnetic Held It produced, tbe iron

.........—i.

L

■He
>1 Magnate ЯаМ «f an non о
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becoming imgnctised sad behaving like > perm» 
new magnet. The Election of ibe magnetic field 
produced by Ihe cunenl 1 In Ibe iolenoid nay he 
found hy either of two metJvxb, Le. Ihe seres* rule 
or Ihe grip rale.

(a) Ib e  aerrw rule «ale» itui if • normal right- 
hand thread screw it placed along Ihe axil of the 
solenoid and it screwed in the direction of the 
cunenl ii moves ia tbe direction of the magnetic 
held inside the solenoid. The direction of the 
magnetic field lasidr the solenoid u from south 
to aotlh Thus ia hpire* 4(a) aad (b) the north 
pole is to the right.

(b) The trip  rule «ales that if  the coil i i  gripped 
with the right band, with ihe lingers pointing 
ia the direction of thr cunent. then the liumb. 
oitstrctcbed parallel to the axis of the aolenoid. 
points in ihe (brectkin of the magnetic Held 
lasidr the solenoid.

Problem 1. figure 13 Aows a coil of wi 
wound on an iioa cote connected to a 
hmeiy. Sketch the magnetic field pattern 
associated with Ibe current carrying coil aa 
determine the polarity of the field.

I

t
F ig u re»

The magnetic held aasocuaed with the solcn„j 
Kg. * 5 is similar lo the field associated will, , h‘e 
magnet and is aa shown In Fig. 8.6 The polarity *  I 
the field is deteimined either by tbe screw nik 
Ihe grip nik. Thus Ihe north pole is at the I 
and Ihe south pole Л the top.

-------  v * » -------------------------..
K.2 Klectrnmagncti

Tbe solenoid is vety imporiam ia electronic n.-t,c I  
theory since the magnetic field inode Ibe sulenoS 
is practically uniform for a particular cum-г» ^  j 
is also versatile, inasmuch that a variaton n| it, 
cunrnt can alter the strength of tbe magnetic held 
An electromagart. baaed on the solenoid, provij 
the basis of many items of electrical equipi 
examples of w*uch include electric bells, 
к fling magnets and telephone receivers

(I) Electric beU

There are various types of electric bell, m b :щ 
(hr single-stroke beB. Ihe trembler bell, the bu//< 
and a continuously nngiag bell, but all depend i 
tbe attraction exerted by an electromagnei on .i «4 
m>n armature. A typical single stroke hall cmuii I 
«town in Fig. 8.7 When the push button is op-n 
a cunenl passes through Ihe coiL Since the ina 
cored coil is energised Ihe soft iron amuiurt i 
«traded to the electromagnet. The anaatun- il*  
carries a striker which hits the gong When '# 
circuit is brokea tbe coil becomes demagaeiw > ‘ 
the Spnng steel strip pulls the armature h»ck tol 
original position The striker will only operate 
the push button is operated

Figure U Hgur* Ш.1
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.... u  Mnular lo  an dectnc boll except dial 
A F J  opened or do*-d by operation msiead 
« * * * „ .„  being sttuck. А *УР*^ *ta>pte гс|»У •* 
d  • 5 "^ ™ -  g g, which consist* i.l a coil wouad 

iron core. When the coil it eneigised 
°*  *ымг<) soft in *  armature is attracted lo  the 
5*^та»пе1 and pushes against iwo fixed coMads 

Uwt ihey arc conneded together, thus dosing 
«her dearie* drcuil.

1  protective no»-magnet к  iheet of maerial. R The 
load. Q, which mual be of magnetic material ia 
lined when Ihe coili an- energised. the magnetic (lux 
paths. M. bang ibow i by ibe broken line*.

ttvl Telephone ircdver
Whereas a tram mater or mkropbone change» 
sound waves uao corresponding decim al signals, 
a telephone receiver converts the electrical wave* 
back into sound waves. A typical telephone receiver 
ia shown in Fig. 1.10 and cotussl* of a permanent 
magnet with л «Is wound on Its poles. A Ih ii. 
flexible diaphragm of magnetic material is bdd in 
position near lo Ihe magnetic pules but not touching 
them. Variation in cunem from the tnnsmiller varies 
the magnetic Held and Ihe diaphragm consequently 
vibrates The vibration produces sound variations 
corresponding lo those transmitted.

i№  Lifting magnet
lilting magnets, incorporating large electromagnets, 
an aaed in iron and steel works for lifting scrap 
metal A typical robust lifting magnet, capable of 
rim ing huge attractive forces. is shown in the 
«IW t ai and plan view of hg  8 9 where a coll. 
C, ia wound round a central core. P. of the iron 
casting. Over the face of Ihe elevtromagna is placed

8.3 Fort* on a current-carrying 
conductor

If a cunent-carrying conductor Is placed in a 
magnetic Held produced by permanent magnets, 
then Ihe fields due lo Ihe cutrent-carrying conductor 
and Ibe permanent magnets interact and cause a 
lorce lo be excited on the conductor. Ibe force on 
die current-car lying conductor in a magnetic Odd 
depends upon:

(a) the flux denniy of the field. 8 teslas
(b) the strength of Ibe cunenl. I  amperes.
(c) the length оf  the condudor perpendicular lo the 

magnate Add. I mares, and
Id) Ihe directions of the field and the current.

When ibe magnetic field, the current and Ibe 
conductor are mutually at tight angles then:

Foret Г  m B ll newton*

Figure M O
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W b »  the conductor and Ihe field are al an angle У
lo eacb other then:

Г о ш Г »  W f* « M « lu n >

Since when Ihe magnetic field, cunenl and 
conductor ate mutually al right angles. F  *  B ll, 
the magnetic flux density В may he defined by 
В  e  ( f  )/<//t, ie . the fhix denaity ia 1 T lf  the lone 
exerted on 1 ai of a conductor when Ihe conductor 
catries a cunenl of I  Л ia I N.

I .oudr.prakrr

A ample application of Ibe above force is the 
moving cod loudspeaker The loudspeaker ia uaed 
to convert electrical signals into sound wavea.

Hgttie 8.11 shows a typical loudspeaker ha vug 
a magnetic circuit comprising a permanent magnet 
and soil iron pole pieces so dial a strong magnetic 
field is available in the short cylindrical airgap A 
moving coil, called Ibe voice or speech ootl, is 
suspended from Ihe end of a paper or plastic coae 
ao that il lies In Ibe gap. When an electric cunenl 
flows through Ihe ooll И produces a force which 
lends to move Ihe cone backwards and forwards 
according to the durction of Ihe cunenl. Thr coae 
acts aa a piston. transfetring ills  force lo the air. aad 
producing Ihe irquised sound waves.

Problem 2. A conductor catries a current of 
20Л and is al rî a-aagles to a magnetic 
field having а Пая density of 0.9 T. If Ihe 
I eng*) of Ibe conductor in thr field Is 50 aa . 
calculate Ihe bice acting oa toe conductor. 
Determine also ibe vriue of *e  force If Ibe 
coodnctor IS  incluted al an angle of JO- to 
the direction of *e  field

В m 0.9T, / *  20Л aad I = 30cm = 0 v, 
Force F  = B ll «  (0.9И20КО.») aewtoit, 
conductor ia al nghl-angles u> die field, as tho^. 
Kg. 8.12(a), i t  F  -  S.4N.

Flgurr Я. 12

When Ibe conductor it inclined rt W  lo the hr 
as shown in Fig  8.12(b). then

Force F  = B ll яп 0
= (09K20)(0.30) sin 30“

Le. F  = 2 7N

If Ihe current-canyiag conductor thown in Fig
(a) is placed in Ihe magnetic field sho»n 
Pig. 8.13(a). then the two fields intend and i 
a force to be eaeried on the conductor .is shown j| 
Pig. 8.13(b) The field is strengthened above ihe cc 
doctor and weakened below, thus lending in me 
•к conduclor downwards This is the baste ршк 
of operation of the electric motor (lee Section »■ 
and ibe moving-cotl imtnimrnt (see Section 8.5) j

(a)

ol conductor
m

Hgurr 8.1Э

The direction of Ibe force exerted on a о  
can be prr-deteanined by using Hmalng's led 
rale (often called the motor role) which «a»1*''

Let the llumb, first finger and second Jinn '1 
left hand be mended ju t *  that they are all * ' m 
angles to each other, (as shown In Fig $.1*11' 
first finger points 1я Ihe direction o f the tndf1
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---- ’Z ^ Z n Jfin g tr  points m ihe direction of the
JlfM  lhe thumb will pot* in lb,- Jircrtu,,, of

4  to  € ****> '

O p " 1*
8 p ril tag" ■ Etekl
К  Second linger - Cunrnl

Problem \ Determine the cunrnl requiird 
in • 400 mm length of conductor of an 
electnc motor, when the conductor is Htuaied 
at right angle» to a magnetic field of flux 
density 1.2T, if a forte of 1.92 N if to be 
exerted on the conductor. If the conductor ii 
vertical, the cunrnt Rowing downward, and 
thadhrciKin of tie magnetic lield it from left 
to right, what ii ihe directum of the force'.’

Ш | : = 4A

y ® ^ ® “ rrnl now» downwards, the direction of 
i4. M d  due to II». cunenl alone will
of ь Г * '" 4' ,‘ hcn v* » « ) aN»e IV  Itiks 
m ... Mrifmve (Le. strrngihen, lhe m*n
w u H jT , M •* hack of the conduct!» and 
йем> Hn °PPo«4oa In the front (i.e. weaken lhe 
hr tnm .'!!”  ,h* , , r "  M1 conductor will 
T b iT ZL* 10 *• "* <*•*• «ownrd tbe .Icwerl 
Hen*».. ' ma> *1*0 have been deduced u»lng

4  * left-hand role.

Problem 4. A conductor 350mm long 
came> a cunent of 10A and n at 
right-anglei to a magnetic Held lying between 
two circular pole facei each of radius 60 mm. 
If Ihe total flux between the pde faces ll
0.3 mWb. calculate the magnitude of the 
force exerted on the conductor

I = 330 mm i 
lace A = яг2 -
0.3 x 10-J Wb

Force F  s

= 0.35m. / = 10A. area of pole 
ж(0.0бЯ m2 and *  в  0.3 mWb =

H ll. and 8 *  — hence

force F  = ~ ll  

<0.3 x IQ 3) 
Ж0.06)1 

L*. fore* = *153 N

(10X0.35) newtons

= 1.92N, I .  400mm = 0.40m and 
*  "  I-2T Since Г  я  H I. then / = F/B I hence

Problem 5. WUh reference to Pig. 8.15 
determine (a) the direction of the force on 
the conductor Ul Fig. 8.13(a). (b) lhe 
direction of the force on tbe conductor in 
H g  8.13(b), (c) the direction of the cunrnl 
in Fig. 8.13(c). (d) Ihe polarity of tbe 
magnetic sytfcm In Fig. 8.13(d).

n
Q O 0  •

(a) (W
Figure 8.18

0 ^ 0

W>

(a) Ibe direction of tbe main magnetic fleld is bom 
north to south. i.e. left to right Ibe currenl is 
flowing lowaida the viewer, and usiag the screw 
rule, the direction of the Add ia anticlockwise. 
Hence either by Fleming's left-hand rule, or 
by sketching lhe interacting magnetic field at 
shown in Hg. 8.16(a). tbe direction of tbe force 
oa tic  conductor is seea to he upward.

(hi llaiag a sia ila i method lo pan (a) 8 ia seen that 
the force on tbe conductor ll lo the right - aee 
Hg. 8.16(b).

TUfeBOOK
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* ningletum coil. Ilrik'c force on cul 
f  = 300 B ll =300 x0.0012 = 0 3* is

Now iry dir following ги та ir

□ S O
Ki(urr 8.16

(c) llang Firming'» left-hand rule, or by sketching 
ai in Pig. 8. 16(c). II is »een (hat Ihe current is 
toward the viewer, U . oul of Ihe paper.

(d) Similar to pan (c). tbe polanty of the magndic 
system is as sbown In fig. 8.16(d).

Problem 6. A ooil is wound on a 
rectangular former of width 24 mm and 
length 30 mm. The funner is pivoted aboor 
an axis passing through Ihe middle of the 
two sboner sides and is placed in a uniform 
magnetic field of flux density 0.8T. tbe axis 
being perpendicttiar lo tbe field. If Ibe coil 
carries a current of 50 mA. determine the 
force on each cod side (a) for a single-tum 
coil. <b) for a co l wixind with 300 turns.

(a) Них density В  ж 0 81. length of cotkkidor 
lying at right-angles to field I  = 30 mm ж 30 x 
10~’ m and сипом I = 50mA = 50 x W * A  
For a single-tun coll. force on cadi coll aide

Г  Ж B ll ж O S x 50 x И Г1 x 30 x 1 0 ° 
m 12 X 10 J N. or 0 0012 N

(b) When there arc 300 turns on Ihe coil there me 
effectively 300 parnlel conductors each carry
ing a current of 50 mA. Ibus the total force 
produced by Ibe current is 300 limes that for

rrtta e rf Further problems oa lb. (,,r, t 
on a nsm iH -fim lsd  «mdurtor

1 A conductor carries a current of 70 A at ngl»' 
angles lo a magnetic field having a flax den ' 
of 1.5 T. If  the length of tbe conducts 
field is 200mm calculate Ihe force acting i» 
the conductor. Whal is Ihe force «ten u* 
conductor and Held are at an angle o< 45 ?

[21.0N. I4.KN]
2 Calculate tbe current required in a 240 n 

length of conductor of a d.c. motor «hen 
conductor In ulluraed at rigM-anglrv in 
magnetic Odd of flux density 1.25 T. if a M
of I.20N is lo be exerted on Ihe coaductorl

14.0Д
3 A conductor 30cm long is situated at twj 

angles to • magnetic field. Calculate 
strength of the magnetic field if  a curi. tit
15 A in Ihe conductor produces • force on I
of 3.6 N. [0.Ю'

4 A conductor 300 mm long carries • cun 
of 13 A  and Is at rigfr-anglcs to a mapnc 
field between two circular pole faces, e 
of dtameler 80mm. If  Ihe total flux hetw 
tbe pole faces Is 0.75 mWb calculate the И 
exerted on tile conductor. |0.58214

5 (a) A  400 mm length of conductor cany 
a current of 25A is situated at rtglu-ang 
to a magnetic field between two pole» of г 
electric motor. The poles have a drculsi > it 
section. If  tie force exerted on die conJ»c 
is 80 N and the total flux between the F' 
faces и  1.27 mWb, deienninc Ihe diameter J 
a pole face.
(b) If tbe conductor in part (a) is vertical.1 
current flowing downwaids and tbe duvet 
of Ibe magnetic field is from left to rigtii 11 
is the direction of Ibe 80 N force?

((a) 14.2 mm (b) towards the «еч
6 A coll Is wound uniformly on a lormet b;1'  

a width of 18mm and a length ‘>f - a 
The former Is pivoted about an axis ps*» 
through the middle of the two shortei
and it placed in a uniform magnetic field1
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0.75T. the axis being peipendicular 
coll carries a current of 

to •** .vtermine I tie force exerted on each 
dde (»> for * Mngle-lum coil, (b) for a coil 

K « | b  400 turns.
* °" 1"  ((a) 2.25 x 10 ' N (b) 0.9N]

r j""p rtn c i[» le  Ilf  operation o f a sim ple
d.c* m otor

A ectangulat coil which is fire lo rotale atyiul
■ j K t  axis >• shown placed inside a magnetic 
fcld produced by permanent magnets in 1 tg H 17 
\ direct cunenl is fed imo the coil via carbon 
м Д м  bearing on a commutator, which consists 
of a metal ring split into two halves separated by 
Ii»ulaln«. When current flows in the coil a magnetic 
held It set up around the coil which interact» with 
Die nagnctR field produced by the magnets lias 
cause» .1 force F  lo be exerted on the current 
canytag conductor which, by Fleming'! left-hand 
rule. U downwards between points A and II and 
upwsgf between С and D for Ihe current direction 
shout. This cause» a torque and the coil rotates 
anudockw ise. When ibe coil has turned through VO" 
(mm tie position tlown in Hg. 8.17 the brushes 
onneecd lo the poailive and negative terminals of 
Л* Wfpty make contact with different halves of the 
«>mmutat..r ring, thus reversing the direction of Ihe 
eune* How in the conductor If  the current is not

icveined and ilte coil пи ale» past this position the 
forces acting oa it change direction and il rotates in 
the opposite durction thus never making more than 
half a revolution. The cunenl direction ia reverted 
every lime the coil swings Ihrmgh Ihe vertical 
position and thus Ibe coil rotate» ami-clockwise for 
aa king as the current Dows. This is Ihe principle 
of operation of a dc. motor which is thus a device 
that takes in electrical energy and converts ft into 
mechanical energy

8.5 Principle of operation of • 
moving-coll instrument

A movtng coil instrument operates on the motor 
principle. When a conductor carrying current is 
placed in a magnetic field, a force F  is exerted on 
the conductor, given by F  = B ll. If  the Bux density 
В is made constant (by using peimaaent magnets) 
and the conductor Is a fixed length (say. a coil) then 
the force will depend only on the curreni flowing in 
the conductor

In a moving-coil Instrument a coil ia plaocd cen
trally in the gap between shaped pole pieces as 
thown by the front elevation in Hg. 8.18(a). (The 
sir-gap is kept aa small as possible, although for 
clarity it is shown exaggerated in Fig. 8.18) The coil 
it supported by steel pivots, resting in jewel bear
ings. on a cylindrical iron con. Current is led into 
and out of Ibe coil by two phosphor bronze spiral 
hairsprings which air wound in opposite direoions
lo minimize the effect of temperature change and
lo limit the cot swing <l.e. to control the move
ment) and return Ibe movement to zero position 
when no cuireii flowt. Current flowing in the coil 
produces forces aa shown in Hg. 8.18(b), Ihe direc
tions being obtained by Fleming's left-hand rule. 
The Iwo forces, F A and F j.  produce a torque which 
will move the coil in adodcwiae direction. Le. move 
the pointer from left lo right. Since force it propor
tional lo current the scale is linear.

When the aluminium frame, on which the coil 
it wound, it rotated between thr poles of the mag
net. small currents (called eddy currents) are Induced 
into the frame, and this provides automatically the 
■ecessaiy damping of the system due lo thr reluc
tance of Ihe former to move within ihe magnetic 
fidd. The moving-aRI InstromeM will measure only 
dnect current or vokage and tie terminals sie 
marked positive and negative lo ensure that Ihe cur- 
real pasaes throngh Ibe coil in the correct direction
lo deflect Ihe pointer 'up Ihe scale’.

t

TLfelO OK
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Tofquil

M
Figure H.18

Ihe range of Ihu sedan ve instrument ii extended 
by uang shunts and ouluplict* (к г  Chapter 10)

8.6 Force on « charge

When a charge of 0 coulomb* is moving al a 
velocity of e Ri/ft in a magnetic held of flux density В 
teslas, the charge mating perpendicular lo tbe held, 
then the magnitude Ы the face F  exerted oa the 
charge is given by:

(W

K «rd M  38 F urther problem» oa Ike forer 
on a charge

1 Calculate Ike force exerted on a dut)ic nl 
2x 10"“  С travelling al 2 x 10* m/s perpendic
ular to a IMd of density 2 x 10 7 T

|t x 10 ** N|
2 Determine tie  «peed of a 1 0 1* С chaijn trav

elling perpendicular lo a fleld of flux density 
10-<T, If  Ihe force on the charge is 10 1 N

il0*m/»l

F  m Q/B orwlons

Ihoblem 7. An electron ia a televiaion Oibe 
hat a charge of 1.1 X 10 17 coulomb» and 
ttaveb al 3 x 107«/i perpendicular to a held 
of flux density U  JgT. Determine Ibe fon* 
excited on Ihe electron in lhe fleld.

iTom above, force f  ш QvB newtons. wherr Q = 
chaise in coulombs ■ 1.6 x Ю ^’ С, v  = velocity 
of charge = 3 x lo’ m/i. and 8 = flux density =
18,5 x I0"*T. Hence force oa electron.

F  = 1.6 x 10 *  x 3 x I07 x 18.5 x К Г *
= 1 .4 x3 * 11.5 x 10 "  
к  88 .8 x 1 0 " s= 8 88 x Ю 17 N

Now try the folkmng exercises

Exercise 39 Short answer question! on 
electrnmagndlmi

1 The direction of Ihe magnetic field ;uwind 
a cunrnt-oarrymg conductor may he remem
bered using: tbe........ rule.

2 Sketch Ibe magnetic field pattern «мой»*** 
with a solenoid connected lo t  b«lei> 
wound on an iron bar. Show the direct i''11 «  
tbe fleld

3 Name three applications of efcctromsMr» " m

4 Stale wh« happens when a cunenl 
conductor ia placed in a magnet к  t i " 1 
between two magnets.

5 The force on a cunrni-varrying oond«cu’( 
in a magnetic Held depends on four foil»1* 
Name the*.
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.  TW  direction of UK fore» o n »  conductor in
6 - ..n et* tiHd may he predetermined u>mg 

* П - m | •
fV iro "?...........

,  three applications of the f w  *>" a
7 im m -n u ty*"»  ««du cio r
.  R.u iv H I9 Ло*<  a simplified diagram of 

r t t fx m  through tbe coll of a m ovingoxi 
L in im en t For Ihe direction of current flow 
i> » n  in * e  coil determine the d iiw iion  ihat 
be pointer w ill move

1. 1»

9 Explain, with Ihe aid of a sketch, the action 
of a simplified 4 c. motor

10 Sketch and label the movement of a moving- 
coil instrument Briefly explain the principle 
of operation of such an instrument

kxrrdw 40 MuM -choice qun tlons on 
eleetlvinagnetbm I Answers ua page 375)

1 A conductor carries a current of 10Л at 
<Jhl angles to a magnetic Held having a 
Itax density of JOOmT. If the length o f the 
«■Kkicu.t in tbe field is 20 cm. ihe force on 
te  conductor t»:
(«) 100kN (b) Ik N (c ) 100N <d) IN

2 I I *  ««xluctor is horizontal. the current 
flowing fram h i  |0 and ,hc direction
*  tt* «irroumling magnetic field is from 
•O W  to below, the force exerted on the 
вотккич it:
<*) from left to right 
•b) fmra below lo above
Ч  ***У from the viewer 
Щ  fowardi tbe v|«wer

be cutreni-canying conductor lying in 
^ Г™ **пИ|с field shown in Fig, 8 20(a). the 
"» c llo «  o f the force on tbe conductot is:
“  « « " le ft  (b, upward,

W F ’ 10 ,hc right |di downwatdt

4 For the currcnt-carrylag conductor lying in 
the magnate field shown in Hg- * 2(4b>. tbe 
direction of the current in the conductor is:
(a) towards the viewer
(b) away from the viewer

Q  0 О О(•)

<Ь»
figure». 30

3 Figure 8.21 shows a rectangular coil of wire 
placed in a magnetic field and free to rotate 
about axis ЛВ. If  Ibe current flowi into tbe 
coil at C, the coil will:
(a) commence to rotae anti-clockwlie
(b) commence to rotate dockwiac
(c) remain In  Ibe vertical position
(d) experience a force towards the north pole

figure 1.21

6 Ibe force оя ал electron travelling Ы 101 m/s 
In a magnetic Held of density 10 |»T ia 1A  x 
I0 ‘ 17 N. The electron has a charge of:
(a) 1.6 x 1 0 *  С (Ъ )1 .бх  10"15 С
(с) 1.6 x I0  WC (d) 1.6 x I0 - »C

TtfvBOOK



92  B-BCTUCAL AND К Ц К П К Ж К ' PRINCIPLES AND TBCW OlOCfY

7 Aa electric bell depends for iu  action on:
U ) a permanent magnet
(b) reversal of cuncnt
(c) a hammer aad a gong 
id) aa electromagnet

8 Л relay can be used to:
(a) decrease ibe cunrnl In a circuit
(b) control a circuit more readily 
<c) increase tbe cunrnl in a circuit 
Id) control a circuit from a distance

9 There l> a force of Ыtraction between two 
current-carrying conduct on when the cunrnl

m them is:
(a{ in opposite directions 
<b) in tbe same direction
(c ) of different magnitude
(d) of Ibe same magnitude

10 The таш кис field (toe to a cunrnl-cun 
conducAe takes tbe form of:

\ la) «Mangles
(b) conceofric circles
(c) wavy line i
(d) straight lines redialing outwards



9
Electromagnetic induction

At ihe end of Ih ii chapter you ihould he able to:

• understand bow an e.ra.f. may be induced in a conductor 

.  Hale Fn d a y 'i law» of elecuomagnctic induction

.  dale L a u »  law

.  me Heeling » right-hand rale for irlative directions
• qipreciaie that tbe induced e.m.1, E  = B lv  at E x  0/t ипв
• calculate induced e.m.f. given 0 .1, t> and 0 and detetmine relative direction» 
.  define inductance L  and dale iu  unit

• define mutual inductance
• appreciate that emf

d<t> d/E . - N —- = - i-  dr di
• calculate induced e.m.f. given N. I, L. change of flux or change of current
• appreciate factor» which affect the inductance of an inductor
• draw the circuit diagram lymbol» for inductors

• calculate the energy stored in an inductor using IV = Joule»

• calculate inductance I  of a coil, given l. x  ЛГФ/7
• calculate mutual inductance unng E< ш —M«U|/d/>

v 1 Introduction lo eleitn>ma)tnetic 
hducti.H i

1о ~ '«со о Л кп ,,1 II  moved acioss a magncin tkkl 
w ^ * > cul Uuwugh the lines of force (or llux).

h ra  (e je .f i и pntluivd in the 
caraTT i lf “ *  «Wduuor formt [Kill of a closed 
ctirrt— em f produced cause» an rkctiv
I«xj a° *  found the ciicua llence an e m I
** * re«ibĈ ?TI’t| *  'induced' in the conductor 

° ‘ #» eovement acmss the mafneuc

field. 1U> effect It known an 'electronuignrtlc 
tnduetlon’.

f igure 9.1 (a) (bows a coil of wire connected 
to a centre-aero galvanometer, which I» a «eneuve 
ammeter with tbe zero-current position ia tbe centre 
of tbe icak.

(a) When tbe magnet i> moved at constant speed 
toward» the coll (Hg. 9.1(a)), a deflection и 
noted on the galvanometer dewing that a cur
rent has been produced in tbe coil.

TLFatOOK
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1= P—

tc)
Flgurr f.l

9 J  Ijm s of clectroMagnetk indui hi,,, 
Faraday's law» of rUrtm«Mui>fllf mdu,n_
rf.tr

-UP. I

(b) When (he magnet u  moved al the same speed at
i i  (a) but away horn the coil Ibe tame defection 
is noted bul ia in Ibe opposite A  rectum (see
Hg. 9.1(b))

(c) When Ibe magnet is held stationary, even within 
Ibe coil, no de (lection is recorded.

(d> When die coil ia moved al Ibe same speed at 
ia (a) and the magnet held stationary the same 
galvanometer deflection is aoted

(e) When Ihe relative ipeed it. say. doubled. Ibe 
galvanometer deflection is doubled.

(f) When a stronger magnet is used, a greater gal
vanometer deflection it noted.

(g) When the number of turns of wire of the coil it 
increased, a greater galvanometer deflection it 
noled.

(i) Ля iuduced e.m f is set up »b m nn  thr- 
nrtu field taking that circuit chmgei

lift J b e  magnitude of the induced e.m.f. m am 
tnUis proportional lo Ihe rate of change ,,/i/J 1 
magnetic flux linking Ihe drcuil.

Lea l's  law stales:
The direction of an Induced e.m.f. is always such ih# 
it lends lo sei ifi a turreiif opposing ihe тпц,,„ J  
ihe change <4flux req>onsibie for inducing that m } l  

An alternative method lo Lenz's law o( deiej 
mining relative directions is given by HcnUngj 
Ktght-louul rule (often called the fene£aloi rule) 
which stales:

1st the thumb, first finger and second fing< i oft I 
right hand be extended such that they are all ш rig 
angles lo each other (as shonn in Fig. V.2) If il 
first finger points In Ihe direction of Ihe mugnn 
field and Ihe thumb points in Ihe direction of molu 
of Ihe conductor relative lo the magnetic tn-IJ rfc 
ihe second finger will point in Ihe direct it:: of ij 
induced e.m.f.
Summarising:

lin t  tinger - tield 
IhuMb -
SEcond faget - fi.m.f.

lia ise  9.1(c) shows Ihe magaetic Odd associated 
with Ibe magnet. A t the magnet is moved towards 
Ihe coll. the magnetic tux of ibe magnet moves 
acmst. or culs. Ihe cod. И is thr relative movement 
of the aiagnrttc Пик and the cull that caaaea a i 
c jn J. and thus current, to be laduced ia thr cot 
lb s  effect is knowa as elecuumagneiic indaction 
The laws of electsomagneiic induction Hated In 
tecUoa 9.2 evolved from experimenu such at those 
dc ten bed above. H*nrt *.J
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H . __ujrtn f conductors fonntng an electnc cu
to''niose through J  tmgia-nc Held Ну 

Л1И ■ *. . w m c m.( I» induced in lhe conductor* 
' K)UIVf  of e.m.f. is created. A generator 

* *  -«bantcai energy mu. dectncal energy 
J i J j E i o i i  of a ample a.c. «m entor is desenbed

m l E  let up between tin- ends of 
ictor show» in Hg. 9.Э I» given by:

(a) If the endi of tbe conductor are open circuited 
no currrnt w ill fl«w even though 1.5 V  has been 
induced.

(b) From Ohm'* law, 
l.S

R  30
0.07J A or 75mA

Problem 2. A l what velocity mud a 
conductor 75 mm long cut a magnetic lidd 
of flux denaity 0.6T if an e.m.f. of 9 V  ia to 
be induced la it? Aiiume the conductor. Ihe 
fleld and the direction of motion are 
mutually perpendicular

Induced e.m.f. £  = B lv. hence velocity v m E/Bl 
Thus

9
V -  (0.6Ц75 x 10 J )

9 x  W J 
= 0.6 x 75 
= 200 m/a

where 8, the flux density is measured in teslas.
I. tbe length of conductor in the magnetic lield. is 
measured in metre», and v. the conductor velocity, 
is measured in metres per lecond

If the conductor moves at an angle (f to the mag
nebc Odd (instead of at 90“ as assumed above) then

Problem I A conductor MX) mm long 
move» at a uniform speed of 4 m/s at
[Я Ш |1 еа  to a uniform magnetic lield of 
^ d en sity  1.25T. IVlenm ne the cunent 
“ " " • I  in the conductor when ta) us ends 
■ JJet-cucum d (h i iu  end* are и >nnetted 
a load of 200 Krittance

^"••eotH brciot laovei in :i magnet к  held it vstll 
induced in и l>ut this e m l can only 

f  •eurtent tf there is a dosed circuit Induced

( 1 .2 3 )  (S-) (4 ,=  1.5 V

Problem 3. A conductor move» with a 
velocity of 15 in/» 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 leasing a pole 
face is 5 |iW K find Ihe magnitude of the 
induced e.m.f. In each case.

v = 15 m/s. length of conductor in magnetic Held, 
I = 2cm = 0.02m. A = 2 x 2an2 = 4 x 10 4m: 
and Ф = 5 x 10 ‘ Wb

(a) £-» = Bl v*in 90*

= (  *)/ i.u n 9 0 *

(°0 2 ) (15) (1)

= 3 75» V

(b) E № = 8Vrtm 60* = Ечо sin60*
.» J.7 J stn60° ж i  JSm V

(c) E K  «; В / гм  К Г  = Е »  an 30‘
= 3.75 sin 30* = I 875 mV

ТШ КХЖ
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km m 1 hv = 400—  x 1000r— x ■ —  
h km 60 x 60i

_ (-ЮО К10001
«00

_  4000
36

m/s •)

Hence ,  / 40004 
:« .= < 4 0 x l0 - ‘ K36 )( —  )

: 0.16V

Problem 5. Tbe diagrams shown in Rg. «.4 
ri*pn*senis the gcaeralion of e.m.f». 
Determine (0  the direction in which the 
conductor has to be moved in Rg. 9.4(1),
(ii) the dt tret ton of the induced e.m.f. in 
Rg. 9.4(b). (Ш) tie polanty of the magnate 
system in R g  9.4(C)

Q  1
© r*loF~ i □
(•)

Kigurr 9.4

□
0 -

□
«*

□
© —

(c)
Figure I i

□

£

The direction of the e.m.f.. and thus Ihe current due
lo Ihe e.m.f. may he obtained by either Leoz'i law 
or Fleming's Eight-band rule (U . Gene&lor tukk.

(i) Hang I eiu 's law: The held due lo Ibe mag
net and the М Л  doe lo tie current-carrying 
conductor are ibown in F ig  9.5(a) and arc

seen lo reinforce lo Ibe left of Ihe conJui* 
Hence the farce on tbe conductor I» to tho nR—  
However Leoz'i law mates that the dm » n '»<» L 
the induced e ra.f is always such ш to "I'Г<*Ш 
the effect producing it Thu» the . ..оЛкШ И 
will have to be moved lo Ihe left

(U> Using Fleming's right hand nlle:

Fttn linger - field.

i.e. N -* S. or right lo left;
IhuMb - b t°ti« l. ix . upwards;

Second tinker - Ji.m.f.
i.e. towards the viewer or out of lb. P ‘^ '1  
as shown in R g  9.5(b)

(iii) The polarity of tbe magnc
R g  9.4(c) ia shown in Figmmr ____________ __^  9.5(0
ubunned using Fleming's nghi-hand
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N.« „у  the following exercise

Kurt hr г pp>M'-nt' mi Induced
p in * '—
« jM
■ A  c o n d u c to r of length I5cra in moved al 

1 1 0  mm/s a> nght-angles lo  a unifonn flux 
a lL t v  o f 1.2T Detennrne tlk- e.m.f. induced 
££ec< *ductor 10. U S  V I

i  find the «peed that a conductor of lenglh 
ISO mm must be moved al nghi angles to a 
_ aanetic held of flux denMtv 0 61 lo indusr
5 *a n e .m f.o f I l>\ [23тЛ1

3 A 25 an long conductor moves al a uniform 
_ ^ .j of 8m/i through a unifonn magnetic 
fc ld  of flux density 1.2 T. Determine Ihe cur- 
irni flowing in Ihe conductor when (a) its end» 
Ul. rt[x.n on anted, (b) its ends air connected 
to a load of 15dtims resistance

1(a) 0 (b ) 0.16 A }

4 A straight conductor 500mm long is moved 
with constant velocity at nglii angle» both to 
to length and lo a unifotm magnetic field 
Given that the e m.f. induced in the conductor 
is 15 V and the velocity I» 5m/«. culculaie 
UK flux density of Ihe magnetic tield. If Ihe 
conductor lotms part of a doted circuit of tiXal 
IM fstark о 5 ohms, calculate the force on Ihe 
conductor [ IT . 0.25 N|

5 A car is travelling al K0 km/h Assuming Ihe 
back axle of the cm is 1.76m in length and 
ibe vertical component of die earth's magnetic 
field is 40uT. find Ihe e m.f. generated in the 
**k due lo motion. |1 .5 6 eV ]

6 A Conductor moves with a velocity of 20 m/s 
"  *n angle of <«) 90” (b ) 45" (c ) 30*. lo « 
JMfneiic tield produced between two square 
У  Р“ 1е» uf side length ? 5 cm II the flux on 
j**P °* r f“ce is ftOmWb. irnd ilk- magnitude 
" f  Ibe inAiced e.m.f. in each caw .

((a ) 48 V  (b ) 33.9 V  (c ) 24V1

^  fcductance
the name give» u. ihe pioperty u( a 

u,'ua b»^k * " * rc ** “  °  m.I induced into the 
a cvirr» 1  ctan»c of flu* lutkages pnxlucrd by ц^~~ ~Дце
ttl*  *  * P 8-*~m,f' Ь  *Я*к»1 m the same circuit as 

w  cunrni is dianginir ih.- propem i -

called arlf Induct an » . L  When the e.m.f. is induced 
in » circuit by a change of llux due to сшгем 
changing in an ad|acrnt circuit. Ibe pruperty is called 
mutual Inductance, M. The uml of inductance is 
the henry, H.

A drcuil hai an vubulanct of one henry when 
an e.m.f. of one vnfr i.t Induced in il by t  cur 
rent changing Ш Ihe rate of one amperr per second 
Induced e.m.f. in a ooil of N  tuns.

where аФ is ihe change ia flux in Webers, and dt ia 
the time taken lor the flux lo change ia second» (i.e. 
I f  is the tale of change of flux).

Induced e.m.t in a coil of inductance L  bemyi.

df£ - - l_ v » H s

where d/ Is ihe change in cunenl ui amperes and dt
ii the time lakea for Ihe current lo change in seoonds 
(i.e. Jf is the пае of rftange of current). The minus 
agn in each of the above two equations remind ui 
of iu direction (given by Lenz's law)

Problem 6. Determine tbe e.m.f induced in 
a coil of 200 turns when there is a change of 
flux of 25 mWb linking with it in 50 ms

Induced e jn X  E  = - N —  dt
^  /25x I0  »\

=  - ( 2 0 0 ) f » T i o ^ >

= —100 volts

Problem 7. A  flux of 400 (iWb passing 
through a IVi-tum coil is reversed in 40 ms. 
Hnd the average cjn.f. induced.

Since the flux reverses, the flux changes from 
+400 uWb lo —400(iWb. a loul chaage uf flux of 
100 и Wb.

Induced e j» .f. E  = - A f^  
dr
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- - < !» )(
S00 x M>-‘
40 x 10- 

1 »  x  aoo x  io* 

40 x 10*

Hence. Ihe average f  iu i. Induced. £  :

; )

Problem 8. Calculate (he e.m.f. induced ia 
a coil of inductance 12 H by a cunent 
changing *  the cate of 4 A/s.

Induced e.mf. E  m я  -(12X4) 
di

= -48 \olts

Problem 9. An e.m.f. of 1.5 kV is induced 
in a ootl when a current of 4A collapse* 
uniformly lo zero in 8 mi Determine tbe 
inductance of tbe coll.

Chatifc in current, 41 я  (4 - 0 ) я  4 A. 
d/ = К ms = 8 x 10'*»,

dI  
dr

4
: 8 x 10-* 
= 500 A/i

4000
t

tune d i я Ш  (0.15M12)
Iffl 40 

= *  0451 (» 4? та

-JvoHs Now uy tbe following exercise •rj_________
P P ------

Mercfce 42 Further problem» oa
Inductance

1 Find the e.m.f. Induced in a coil of 300 tun* 
when there it a change of flux of JOmWh 
Unking with 111» 40mv I-I50V ]

2 An e.m.f. of 23V is induced in a coil ,,f 
300 turns when the Dux linking with it chwgr, 
by 12 inWb. Find the lime, in tm llixuind „ 
which the tux makes tbe change. ( 144 ms]

3 An ignition coil having 10000 tun* lu- ш 
e.m.f. of 8kV induced in 11. What rate of 
change of lux il required for thii to happen ’

|0.8 WNt|
4 A  flux of 0.35 tnWb passing through a 125- 

tum coil It reversed in 25ms. Find the mag
nitude of (hr average e.m.f. induced IJ.5VJ

5 Calculate the e.m.f. induced in a coil of indue-1 
lance 6H by a current changing at a rale nf
15 A/s |-40V|

and

Since

E  = 1.5 kV с  1500 V 

1*1 = L - ,

inductance. L = \E\
(df/dn

1500
300

)H

(Note that |£| means Ibe 'magnitude of E ' which 
<k«regards the minui sign)

Problem 10. Aa average e.m.f of 40 V  ia 
induced in a coil of inductance l50mH when 
a current of 6A la reversed Calculate the 
time taken for the cunent lo reverse

|£| з  40V. I  = ISO mil к  0.15 H and ctumge In 
cuireat. d/ = 6 -  (- в ) я  12 A (since die current is 
reversed).

dI
S in »  If| >

9.4 Inductors
A component called an inductor it used when br 
property of inductance is required in a circuit T 
basic form of an inductor is simply a coll of 
Factors which affect the inductance of aa indue 
include:

(i) the number of turns of wire - the more 11 
tbe higher ibe inductance

(ii) the crocs-scctional area of Ibe coil of win 
greater the croat-seciioaal area the blgl*'1

(Ml) the presence of • magnetic core - when it*' j  
is wound on an iron care the same cunvn' 
up a more oo tier titrated magnetic Held >■№ 
inductance is Increased

(iv) tbe way the turns are arranged - a A™ 1 
coil of wire has a higher inductance than » “  
thin one.
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_oir« of practical inductor air shown in
* S m *  dcc,nc*1Я » ?• *  f„ w r-c<*ed and iroa-cored indictort an-

J o » "  , n  h ?  4  7

L*mn«i#d

9.6

9.5 Energy stored
Ал inductor possesses an ability lo ли г energy. 
Tbe enetgy stored. W . in Ibe magnetic field of an 
inductor i i  given by:

W  =  J / J 3 joules

Problem 11. An 8H inductor has a current 
of ЗА  flowiag Ihmigh U. How much energy 
it stored in toe magnetic fleld of tbe 
inductor?

Rnergy stored.

W -  ж $<») (3)3 . : Ml joule*

Now try the following exerase

HguK «.7

А» iron-cored inductor is often called a choke 
since, when used ia a.C. circuits, il hat a choking 
effect, Mmiung the cunenl flowing through И.

Muctaim- is often undesirable in a circuit To 
ггЛм* InAictaivv lo a minimum the wire may Iv  
bent back on Usdf. as shown in Hg. 9 S. so that the 
magnetising tfTect of one conductor is neutralised 
J2 of the adjk-enl conductor Ihe wire mty 
“ ceiled around an insulator as shown. without 
“Kreaani; the inductance Standard resslor» may ho 

wcand la th is m annei

b tr t it t  4 ) fu rther problems on energy 
stored
1 An inductor of 20H bat a current of 2.5A 

flowing In II. Hind Ibe energy stored in Ibe 
magnetic fleld of Ihe inductor. I62.3J)

2 Calculate lb? value of tbe enetgy stored when 
a current of 30mA it flowing in a coil of 
inductance 400mH (0.18mJJ

J  The energy stored in tbe magnetic fleld of an 
inductor it 80J when the current flowing in 
the inductor la 2 A. Calculate Ihe inductance 
of the coil. |40 H)

9.6 Inductance of a coil

If a current changing from 0 lo I  amperet. produces 
a flux change from 0 to ♦ wehers. then 0J ж I  and 
d<t> = <t>. Then, from section 9.3,

„ „ Д Г# u
induced e.m.f. E  ж —  ж —

I i
from which. Inductance i f  e«U.

. henry.

Ш .К Х Ж
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Problem IZ  CA ntoe the coil inductance 
wfaea a current of 4 A ia a uuil of *00 tuns 
produces a llux of SaW b  linking with the
coil.

lo r a coil, inductance

Л'Ф (Ю0К5 x I 0 1) IH

Problem 13. А Лих of 25 mWb hnkt w *  a 
I300tunt coil when a current of ЗА  pastes 
thnaigh the coil. Cakultte (a) the inductaoce 
of tbe coil, (b) the energy stored in the 
magnetic held, aad (c) the average e.m.f. 
induced if the current falls lo zero in 130 ms

(a)
. N *  (1SOOK23 x 10 ») .....L  — —-- s  —— - — -̂------= 12 5H

(b ) Кпсгц) rto rtd ,

W m \U* Ш JU 2 .JK 3 )2 = »  25j 
(cl Induced rinf.

« . - i g . - O M j f - J Z ®  )dr
= —250 V 

(Alternatively.

dI

130 x 10- 
= -250V

since if tbe cmrent tallt Ю zero to does tbe lux)

РгоЫеш M. When a cunent of 13 A 
in a coil tbe flux linking wiMi the coil it 
90 и Wh. I f tbe coal induct woe it  0.60 H. 
cakxiUte Ibe nunther of turn of the coll.

For a coll. L m Tbits

U  (0A K I.3 )

Problem IS . A  730turn coil of inductance
3 H carnet a cunvnt of 2 A. Calculate tf* 
flux linking lie  coU and Ibe e.ia.f. mdu^j 
■he coll when tbe current col lapses to 
20 ms

-------------------
OfiSTinductance. L  m —  bora which. Bui 

(3X2)

Induced e.m i

— I — ( & , )
= -304V 

(Alternatively.

.,4 *  x 10 » \
E  = ~N ~T ж  - I™ »  ( ~ — ГГТ  A  1 20 x 10-’

*  -304V )

Now try Ibe (allowing exercise

—  «  —— ГГ-2 -  10000»ипмФ 90 x Ю~*

n I
Ji I

• ' Щ

Kxfrchr 44 Further problem  oa Ihe 
Induetanee of a call
1 A  flux of 30nWb links with и 1200ч 

coil when a current of ЗА  is passing Пичи] 
the coll. Calculate (a) tbe inductaixv of 
coil, (b) the eaerjy stored in the map 
Held, and (c ) ttie average e.m.f, indu>. J  if 
tbe current it reduced to zero in 0 2"

|(t) 7.2H (b) 90J (cl IW'VI

2 An e.m.f. of 2kV is induced in a coil «Ik »» 
current of 3 A  collapses uniformly И '> "'9
10 ms. Determine the inductance of the > *

average e.m.f. of 60V it  induct '» * 
I of inductance 160 m il when a cun' "1*  

i, t ,n *
I4" " I

3 An
COU w  iiiu p v t p  <7 iifunm  т к «  «• »••• ^
7.3 A it rev* tied. Calculate tbe time lab* *  
die current lo reverie.

4 A cod of 2300turns has a flux of Ю » 
linking with II when carrying a cunert w  - 
Calculate *w coil inductance and Ihe ' 
induced in tbe coll when the curreni < 
ю aero in 20 mt.

a (lux of
ng a сигтеш 1' * I  
ncv and lls “ I  
iru in riH " ,l;-1 yi I

[12.3 H. 1- 2 Щ
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T Z jn b r  ibe co l ieducunce when a current 
? J  a 0*1 of 1 ° ° °  pn«*«-e' » П*« 

%  J* W b  bilking *>,h ,Ье со“  |1ЛН|

ж  a. « « 1 1, w < »nd * ' *  ft0 0 lum s “ d ha5 *  v ‘ "  
lance of 2 5H W ta. cunenl muM flow

JJje t  up я flux of 20mWb ? |4.*A]

.  а м  a cunenl of 2 A  flows in а сой. Ihe
7 ST hnkm g  w*b the «*1 is *0 MWb. U lhe 

E  in d u c ta n ce  I I  0.5 H. calculate the number 
112 5001

* A coil of 1200 turn* ha* a llux o f !<»>Wb 
hnkm  ̂with и when canning a current of 4Л 
S c u la ie  Ihe coil laducuuice and the e m I 
S e e d  m lhe coil when ilu- cum-nl to llapvn 
Ж ю Ь .2 5 » . [4.5H. 730V I

9  A  coil has 300 turns and :ui induct ante of
4.5 m il How many turn* would be needed 
to product a 0.72 m il coil assuming the .unto 
tore is used 7 |48eirn»|

10 A * a d ) cunenl of 5 A  when flowing In a 
toil of 1000 turns produces a magnetic llux 
of JOOm'VK Calculate lhe inductance of the 
coil. The cunrnl of 5 A  is then reversed in 
IZSm s. Calculate the e.m.f. induced in Пь
ем! |0.111. W) V |

9-7 Mutual Inductance

Mutually induced ejn.f. in Ihe second coil.

Induced e.m.f. |£,| »  Md/,/di. I.e. 1.5 ж M(200). 
Thus mutual inductance.

M  = ^  к  0.0075 H or 7 5 mH
200

Problem 17. Ibe mutual inductance 
between Iwo coils is l8 iaH . Calculate Ibe 
steady rale of change of cunrnl in one coil
lo induce an e.m.f. of 0.72 V  in Ibe other.

Induced e.mX |£j| *  Af—- at
Hence me of change of current

40 A/id/, 
d /

If j l
M

Д. 72 
' 0.01*

Problem 18. TVo cods haw a mutual 
induct ante Ы  0.2 H. If  lhe cunrnt in one coil 
is changed from 10A lo 4A In 10ms. 
calculate (a) the avenge induced e.m.f. in 
lhe second coil, (b) tbe change of flux linked 
with Ihe second coil if  it is wound with 
500lums.

(a) Induced e.n.f.
d/t

“ J *  *e  mutual Induclancr between I v i n  

Ы 111 °*nry>. and «1/, /dn is the tale of i h.tnf e 
^ " t a f h e  dm cod

1Г*ц * in  a ° fl) * ° n m u,u«ll in Jlik  la in  C IS U4-J in 
"™ * rt ret chapter 21. page 303)

(b) Induced e.iaf.

|£j| = N ^ - . hence d *  =

Thus the change of flux.

< W g (13 0 X .0 x |0-, ) . 1 4M W b

Now try lhe following exercisei

f t # »  C fc rt- e ,h e  mutual
» cun.-nl

«-«*/u ? i 5  V '* *  “ " 1 induces anv  in ifae other.

b rrrtae  45 I ’urtbrr prahlem  on mutual

1 The mutual inductance between two coils is 
150nH. Find the nagnilude of Ibe e-tn.f.

ПЛОООК
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tnduccd in one coil when die current in the 
other 12 increaiing at a rate of Э0Л/».

14.5 V ]
2 Determine tbr mutual inductance between two 

coda when * m ntni changing at 50 A/« tn oae 
cad induce» ш  c.m t  of Ktm V in the «Лег.

(1.6 m il)
3 Two coil» have a mutual inductance of 0.75 H. 

Calculate the magnitude of the e.n.f. induced 
in one cod when a cunrni of 2.5 A  in the other 
coil is reversed in 15 m» [250V]

4 The mutual inductance- between two сой» U 
240 ml I If Ihe cunrni ia one coil change» 
fmm 15 A to 6A  in 12 m*. calculate (a) the 
average e.m.f. induced in tbe other call, (bl the 
change of flux United with die other coil If it 
is wound with 400 turn».

[(a) —180V (b) 5.4iaWb|
5 A mutual inductance of 0j06 H exisu between 

(wo coils. If a current of 6 A  in one coil 
1» reversed in 0.8» calculate (a) the average
e.m.f. indiced ia ibe other coll. (Ы  Ibe пою her 
of turn» on the other cod if the flux change 
linking with the other coil is 5 mWb

|(a) -0.9 V  (b) 144)

Kxerdae 44 Short answer questions on 
electromagnetic Induction

1 What is elect пипа gne uc induction?
2 Stale Faraday's law» of electromagnetic 

induction
3 Stale Lcnz'i law
4 Explain briefly the principle of the gerealtor
5 Tbe direction of an induced e.m.1. ia a gen

erator may be determined using Fleming'» 
........ rale

6 Tbe t.nt.1 F. induced in a moving conduc
tor may be calculated uung tie fotnula
F. -  Bit'. Nane tbe quantities represented 
and thru units

7 What i» •elf-inAictancr? State us symbol
8 Stale and define tbe unit of inductance
9 When a circuit has an indactanoe I. and ihe 

current change» at a rale of (di/df > the* the 
induced e.m.f E  ii given by Е ж ........ «oil»

10 If  a cunrni of I  amperes flowing In а соц 
N  turns produces a flux of ♦ webers. ii*. . 
inductance t  la given by L ж ........hc»y/

11 Tbe energy W stored by an inductor is Ul. 
by W  = ........ joule»

12 What If mupfal inductance ? Slate its synt^ 
Ц -Tbe mutual inductance between two a ,ĵ

M. The e.aif. E i induced in one cod by ц,с 
cunenl changing al (d/,/d>) in the o il*, „  
given by Ег ж ........ soils

Exercise 47 Vtidfl-choler questions 
eieetromagndlc Induction I Answers an 
page 375)
I A  current changing *  a rate of 5A/s In a 

of induclaace 5II induces an e.m.f. of:
(a) 25 V la die same durction at lb -  appln 

voltage
(b) IV  tn the same direction a» the appli, 

voltage
(c) 25 V  In tbe opposite direction ю t! 

applied vokage
(d) I V in tbe opposite direction to tbe appli

vokage
2 A  bar magnet ia moved <■ a Meads 

of 1.0 m/» towards a coil of wire winch I» 
connected to a centre-?eto galvanotis t, i T 
magnet i l  now withdrawn along ihe <ai 
path al 0.5 m/i The deflection of Ihe gt 
vanometer 1» In the:
(a) tame direction as previously, wiili < 

magnaude of tbe deflection doubled 
(bl opposite direction a» previously will'd* 

magnkude of the deflection halved 
(C) same direction as previously, with 

magnkude of Ihe deflection halwd
(d) opposite direction at previously, with ** 

magnaude of the deflection doubled

3 When a magnetic flux of lOWb links 
circuit of 30 turns in 2 s. Ihe induced in ' J- 
(a) IV  (b )4 V  <C)I00V <4)4001

4 A cunrni of 10A ia a cod of 1000 ы 
produce» a flux of lOmWb linking m  
coll. The cod inductance ia:
(a) 10* H < b)lH
(с) I |iH (d ll mil

5 An e.m.f. of IV  i i  induced In a oofldac 
moving at lOcm/l in n magnetic fiefcl 1
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a5T
T V  effective length of Ibe conductor in
V u e  field «

__ , „  <b) 5m- ir iii 20 cm
M <d) 50 m
( c l » 1»

eW h K li- rf'h ' (allowing «  U lse ')
. . .  F lem ings left-hand rale or U n /Ч law 

may be used to determine Ihe direction 
I  ,r >n induced e.m.f
a i  An induced e.m.f. i* set up whenever 

die magnetic field linking thal circuit

fc) T tT iitc tio n  of an induced e m.f. i« 
always sudi a» to oppose «к- effed pn>-

I  dicing it
(d) Ibe Induced e.m.f in any circuit is pro- 
¥  portions! lo Ibe rale of change of ilk-
I  magnetic flux linking the circuil

7 The effect of inductance occurs in an electri
cal circuit when:
(a) the rciutsoce ц changing 
lb) ihe (lux i i  changing
(c) Ihe curreni u changing

8 Whuti of Ihe following statements is falie’’ 
ТЫ inductance of an inductor increase!:
(a) with a thou, thick coll
<Ъ> when wound on an iron core

(c) aa Ihe number of turns increaiei
(d) as the cross-«ечЛопа! area of the coil 

decieaaei
9 The mutual inductance between two coils, 

when a cunenl changing al 20 A/i in one coil 
induces an c m. f. of 10 mV in the other, it: 
(a) 0.3 H (b)200mH
(c) 0.5 mH (d )2 H

10 A strong permaneni magnet i i  plunged into 
a coil and left tn the coil. Whal is Ihe effed 
produced on Ibe coil after a short lime?
(a) There It no effect
(b) The insulation of the coll bums out
(c) A  high voltage is induced
(d) The coil winding becomes hoi

11 Self-inductance occurs when:
(a) the curreni is changing
(b) Ihe dncuil Is changing 
<ci the flux i i  changing
(d) the resistance is changing

12 Fandny'i law» of electromagnetic induction 
are related lo:
(a) Ibe e.m.f. of a chemical cell
(b) Ihe e.>.f. of a generator
(c) Ihe current flowing In a conductor
(d) Ihe si length of a magnetic field

t

ШаЮ ОК



10
Electrical measuring instruments and 
measurements A

Al Ibe end of this chapter you shoakl be able to:

• recognize Ibe importance of letting aad measurements in electric a m i
• appreciate tbr essential devices comprising an analogue tastnimcni
• explain tbr орла»on of an attraction and a rrpulsio» type of moving-iron instrument
• explain the operation of a raovtag-coil rectifier instrument
• compare moving-coil, moving-tini aad moving coil recttter instruments
• calculate values of shunt» for ammeten and multiplier» for voltmeten
• underaland tbe advantagel of electronic instruments
• undentand tie operation of an (tmmeter/megger
• appircule tbe open*ion of muhimelcn/Avimieien
• undentand tbe operation of a wattmeter
• apprecute insirumcni 'loading' effect
• undentand Ibe operation of a C JtO , for dc. and a.c. measurements
• calculate periodic lime, frequency, peak to peak value» from wavefonni on a C.HO
• recognur harmonics preaent in complex waveform»
• determine ntioa of powen. cuirrnt» and vokage» in decibels
• undentand null methods of теашгетем for a Wheatstone bridge and d r. poten 

Dome lor
• undentand tbe operation of a.c. bridges
• undentand Ibe operation of a Q-tueter
• appircule the moat likely source of (iron  ia measure тем»
• appircule calibration accuracy Ы  instruments

10.1 Inlroducttun
Тея» and measurements air important in designing, 
evaluating, maintaining and acrvidng electrical 
circuits and equipment In onto to delect electrical

quantaie> lucb at curreat. vokage. le ii'i» "1* !
power, к it necessary lo tramform .m е)л1«
qttantay or combtlua into a visible indicaii' " _
il done with tbe aid of instalments (or meter’1 
indicate the magnitude of quantities eithc'
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„ f  a pointer moving over graduated scale I 
г „  analogue МПНПеП | or In Ihe f,>rm o f a 

num ber ica*ed a  <*gital insinimeni i

l(U  Am M u*  UMfrumtnts
дл «alogue cl« JfK « l indR.iiniy instruments
xq& t three cs»eniial device»:

(а) А  deflecting • pelting  d«vfc* A mechanical
force I» produced by the euirenl or vohagc 
« tec ti cann  Ib r pamtci lo  deflect from * 1 « to

State

r—
iM АсоШпИИпц desire The controlling fa te  ails 

^apposition 10 ihe deflecting lour and ensurrs 
Dial 11 te deflectiun shown on the meier i- аЫну» 
the w ine foe a given mcawnrd quantity ![ also 
p»vnna fte power »l»a>-going i.. the n,»i 
imum deflection Their air two main types of 
CM Iinllin? device - spnng control and gravity 
soauol

(cl A damping device The damping force ennurrs 
ibal the pointer outlies u> rrst in H> tmaj position 
qaiddy Kid w about undue cxcillalion lhetr 
arc ttuee man type» of damping used - eddy 
cum * damping, air-fnclton damping and fluid 
Mction damping

В» REPULSION TYPE

Figure 10.2

cuirrnt flow» in Ibe solenoid. a pivoted aofl- 
iton disc If attracted toward» Ibe solenoid and 
the movement causes a роме* lo move acrosa
• scale.

(b) In die rrpiriatMi type moving-iron Inurnment 
shown diagnunmatically ia Pig. 10.2(b). two 
piece» of iron are placed inside Ihe aolenoid. one 
being fixed, and Ibe other attached to tbe spin
dle carrying Ihe pointer. When current раме» 
through Ihe aolenoid, Ibe iwo pieces of Iron are 
magnetized In Ibe same direction and therefore 
repel each other Tbe pointer thus moves acrosa 
tbe scale. Tbe foaee moving Ibe punter ia, in 
each type, proportional lo /’ and because of 
this tbe direction of current does not mailer. The 
moving-iron inatnament can be used on dx. or 
a-с.: ibe aerie, however, is non linear

• * °v»»K-triin instrum ent 
•a) a « m» _

^ J J r * c,k*,i ')►* >4 moving 
®agrammain.iH\ in I

iron inatmmcni u
Hg. 10.2(a). When

10.4 The m ovlng-cntl re c tifie r 
instrum ent

A moving-coll malmment. whach measures only 
4x.. may be used In conjunction with a bridge 
nvnlier circuit и  sbown In Fig. 10.3 lo provide an 
indication of afeemaling cuirents and vokagei (aee 
Chapter 14). Tbe average value of Ihe full wave 
rd ified  current ia 0 .6 3 7 However, a meter being 
used lo measure a.c. is usually cahhraled in tlD J.

tr basically iwo types of Malt - linear and I 
non-linear. A linear scale is 4wwn in Pig. 10.1(a).
'•heir tbe division» or graduations an- evenly 
spaced. Tbe voltmeter shown has a range (l- l(K ) V. 
U . • M*cak- dc flee hob (f s d l of 100 V A nop- 
bear ам к is shown m Fig. 10.КЫ where the аЫе 
и cramped ai Ibe beginning ukI the graduations an- 
I'lX'vtn fcmugl.sjl the range Die ammeter shown 
•“ » a l» 4. of 10 A

iu.1

TUvlOOK
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туре оГ tiMiumeM Movngcoil Moving-iron Movtag-ooil rectificf

SuiuMe for

Scale
Method of control 
Method of damping 
Frequency hntiis

Advantages

Disadvi

Hired current I 
voltage

Linear 
Hairs pnngi 
Eddy current

1 Linear scale
2 High sensitivity
3 Weil shielded 

from stray 
magnetic fields

4 Low power 
conmm plion

1 (taly suitable for 
de

2 More expensive 
than moving iroa 
•УР*

3 Kaaily damaged

Direct and altertufcag 
cuneats and voltage 
(reading in mu value)

I T
i  ■
Non-linear
Hainptings
Air
20-200 H i

1 Robust construction
2 Relatively cheap
3 Measures dc and ac
4 In frequency range 

20-100 Hz reads 
rms corrocUy 
regardless of supply 
wave-form

1 Non-linear scale
2 Affected by stray 

magnetic fields
3 Hysteresis etroti in 

dc circuits
4 Liable lo 

lemperature erran
3 Due to the 

inductance of the 
solenoid, readings 
can be affected by 
variation of 
frccpiency

Alternating cunrni 
voltage (read» 

average value bur
scale ia adjusted i0 
give rms value fc„ 
siausoidnl wavefonnv, 
linear 
llainpnags 
Bddy current 
30-100kHz

1 Linear scale
2 High semifivii)
3 Well rfuelcWl fnm, 

«tray Ц веМс fields
4 Lower power 

consumption
3 Good frequency 

range
1 M on expennv, 

than moving Iron 
•У!»

2 Errors causod »trn 
supply is
non-sinuwml.il

10.5 Comparison of moving-cntl. 
movlng-lnin and moving-toil 
recti tier Instruments

See Table above. (For the principle of opersu-’" < 
a aoving-cal instrument. see Chapter 8. peg* * '

values. For unusiadal quantities ibe indteaaon u 
(0 707/,.)/(0.637/„) U . I . I I  Hues the mean valae. 
Reoitier instruments have scales calibrated ia r .n J. Aa 
cpianttues and it ia assumed by the manufacturer thru 
the ax. is sinusoidal.

10.6 Shunt» aad multipliers

which measures current. ba> a
resistance (ideally zero) aad must be conned 
series wtfti the circuit

.-red I
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_Ю пс«г wtach measutrs p d . has a high 
C ^ . (ideally me™in and musi (у  connected 

j  »iih  Ihe pait of Ihe ch o il whose p.d i«

Г Ш м г  is •» «кГСекпсс betwwn ihe basic muni 
lomeasusr .m m  mid voltage «inc.- both 

,  ^ibaninriei as Iheu hast. lbs. n a
" L , *  iminimeni which give» I к d f.u m n> 

a few miliumpercs. When an ammeter is 
^ K id  to measure cJJrienls of larger magnaude. a 
Z K b o n  of die cunrni it (livened ihrnugh a lew
I slue (MWance connected in parallel w iih ihe meler 
Such a Averting re**o r ii called a shunt 

Rnni Hg 10.4(a). Vpp *  V'ns 
lle w  U r. = / Л -  Thus Ihe value of the shunt

*
V - lr .

ohn

Hfurr 10.5

current flowing in шмгшпем = 40 i>A = 0 04A,
I, = cunenl flow ing in Фиш and I  = U i l  cnviut 
cunenl required lo give f.s.d = 50A.

'/ , + /. then /, = / - / , 
50 - 004 = 49 96 A.

V = l.r , i

о l,r ‘« . = —  = 
h

hence
(0.04X25)

49.96
0.02002 a

The M il M l n r ‘ГГ I i  convened into a voltmeter by 
H I T "  • * Ugh value resisance (called a mul
tiplier ) In >erie> with II a» shown in Fig. 10.4(b) 
From Hg 10.4(b).

V = V .+  VM » / f, + /*M

Thus tbe value of Ihe multiplier.

. 20 02 mO

Thui for Ihe movtag-coil instrument lo he used u  
an ammeter woh a range 0-50A. a resistance of 
value 20.02 m l) need» ki be connected In panllel 
wuh the instrument

Problem 2. A moving-cod Imaiumenl 
having a resistance of 10 П, gives a f.s d 
when Ihe cuiren u 8 mA. Calculate tbe vatoe 
of the multiplier to be connected ia senes 
with ibe inwumem »o dial II can be used a< 
a voltmeter lor measuring p.d». up lo 100V

" ‘I* 1*  1 A moving soil insimmeni gives 
**4. when Ibe cunenl I» 40 mA »nd us 

2 * * Л с “  250 Cdculale Hie value of die 
- T  lo be connected in parallel with ihe ■
lo t__e**ble (  |o be used at an ammeter |
^ * * "« n n g  curwm» up lo 50A

The d atn l diagram is shown la Hg. 10.6. wbeie 
r, -  ir si stance of instrument = 10 Q. Ku — 
irsistance of multiplier I  m loul permitdbie mslni
ne ni cunenl a  8mA z  0.008A. V a  loul p.d. 
acquired lo give f.a.d *  100 V

V ж V, 4- VM a  Ir . + IRu
Le. 100 = (0 .008X 10) + (0.008XIm 
or 100 -  О.Ов в  0 ООН . thus

99.92
0.008

■ «  124900 = 12 49 kO
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lienee (or the movuj-cnil inanuncnl lo be used м 
a voltmeter with a range 0-100 V, a resistance of 
value 12.49kO irn k  lo be connected In seriet wuh 
lhe inatrumem.

Now try Ihe following exercise

Exercise 48 I'urtbe r pruNems i
and multiplier»
1 A moving-coil instrument gives f.s.d. (or a 

cunrnt of 10mA. Neglecting tbe resistance 
of tie  instalment. calculate the approximate 
value of series resistance aoeded lo enable Ihe 
laanimem lo measure up u> (a) 20V (b) 100 V
(c) 250V ((a) 2kO (h) Ю кО (c) 25kO|

2 A meter of resistance 500 has a f.s.i. of
4 mA. Detemuae the value of shunt scsls- 
tancr required in older ibat f.s.d should be
(a) 15 mA (b) 2» A  (c) 100 A

((a) 18.180 (b) 10.0 0 mO (c) 2.00m0 |
3 A moving-coil instrument having a resistance 

of 2 0 0 . gives a f.t.d when tbe current It
5 mA. Calculate the value of tbe multiplier lo 
be connected In series with tbe instnimcat so 
that it can be used al a voltmeter for meaiaring 
p.d s up lo 200V |39 .« kO)

4 A moving-coil imminent has a f.s.d of 20 mA 
and a resistance of 250. Calculate the val
ue! of resistance required lo enable tbe iastnt- 
mcni to be used (a) as a 0-10 A ammeter, 
and (b) as a O-IOOV voltmeter. Stale the 
mode of resistance connection in each caae.

((a) SO.lOmO in parallel
(b) 4.975 kO in series)

5 A meter has a resistance of 40 0  and reg
isters a maximum deflection wben a cur
rent of 15 mA flow i. Calculate tbe valae of 
ressstance that converts ihe movement ink)
(a) an ammeter with a maximum deflecuon of 
50 A  (b) a voltmeter with a range 0-2J0V

|(a) 12 00 mb ia parallel
(b) 16.63 kO in series)

input resistance (some as ЬДО as 1000 MO la ^  J
handle a much wider range of frequency i fn^  ^
qp to МНг). « I

IV  digital vollaicter (D VM ) is one « l . 
provides a digital display of Ihe voltage hem, . 
■Mad Advantages of a DVM over analog,
т**п!ч itv lthi* htirfbr bviirai'v anH nx.j. . J*• Ы&С1 accuracy and readm it M 
olwetvgrinnal or parallel errora (see scan*, i>, ^  
and a vety h ijii inpul resistance, constant ,4, ' !  
ranges. 111

A digital multimeter is a DVM with addtti,)tl-l 
circuitry which makes it capable of MMuriag 
voltage, dc. and a.c. cunrnl and гея stain.

Inslmmenls b r ax. measuremenls .ire genenu* 
calibrated wtth a sinusoidal alternating waveform i, 
indicate r.m.s. values wben a sinusoidal signal ц 
applied to tbe instnimeni. Some inslnitn.-ni 
afc IV  moving-ison aad electro-dynamic iMiumenn, 
give a I me r.m.s. indication. With otVt instruments 
t v  indication it el tier scaled up from Ihe meat 
value (such as with tie rectified moving-coil тмщ. 
ment) or scaled down from tbe peak value 

Sometimes qaantities to be measured haw a>nJ 
plex wavefotms (see section 10.13). and whenever 1 
Ifiantily is nofl-sinusoidal, erron in instninu nl read] 
mgs can occur Ы tbe lnsliument has he ев caltht net) 
lor sine waves only. Such waveform enon. c;ui ha] 
largely eliminated by using electronic instruim ntv I

10Л The obmmcter

An ohnmieter la an instrument for теампщ 
electrical resistance A simple ohmmetci circu 
is shown in Fig. 10.7(a). Unlike IV  агопнм i 
wJtmeier. the ctimmeter circuit does not receive iht 
enetgy necessary for its operation from the cucu 
under test. In tbe ohmmeicr this enetgy is suppbe 
by a self-contained source of vohage. such a- * 
batleiy. Initially, teimlnalx X X  air short-cmu>le*

10.7 Kleclronk instrumenb

Hectruosc measuring muniments have advantages 
over msi turn eras mch as Ibe movtng-iion or
moviag-cuil meters, in that they have a much higher
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■ 10 give (>d. on It»' milliatntnrlcr II
Гшш I » maximum saluc >nd ..Ллце F  u

ltk-fl resistance *  = M l  “  •» .• minimum 
• J^ ^ h u s f id . oa the aMlhanunelet iv mad.- л-n.

re s is ta n c e  «calf When terminals X X  air 
J^ H - in te d  no cxrrrnl do», am] К ( = E/U\ u

TEfm illianim cter .an thus he calibrated dmvth 
л  oteii- Л .tamped (non-linear) scale results and is 
■back to front'. a» shown in Fig. 10.7(b) When cal- 
M a d  an unknowa гея nance is placed between 

xx  and Mi value determined Cram the 
цщЩ- ol the poialer on Ihe scale. An ohmme 
57*»ign<-d for meaaunng km values of resis- 
lace i> called a continuity tester An ohmmetri 
ilfdgr~‘ measuring high values of resistance 
lie  Megohms) I» called an bisulatiun resistance 
Inter (e g. ‘Megger*).

10.9 Multimeter*

ln ttm m cn is are manufactured that combine a 
movtag-coil meter with a number of shunls and 
series multipliers, lo provide a range of readings 
on a tingle scale graduated to irad cunenl and 
voltage If a batleiy Is incorporated then resistance 
can also he measured Such instalments un
called multimeters or universal instruments or 
пиМгагще in strums-ills An Avom eler' i« atypical 
example A particular range may be selected either 
by the use of separate terminals or by a selector 
switch. Only one tueasur.-m. ta can he perfomied al 
a lima. Often such Instruments can be used in a с as 
well M tic. circuits when a rectifier is incorporated 
ui the Inslniment

10.10 Wattmeters

L

supplied to a load. Ibe instalment has two c a d s

(I) a cunrni cad. winch is conaeded in aetlea with 
the load, kke an ammeter, and

Ш) a voltage aril. v.tu.ii is connected in parallel 
with the load, like a voltmeter

10.11 Instrument 'loading' e#Tect

Some measuring tnstntmenu depend for their oper
ation on power takra from tbe circuit in which 
measurements are being made. Depending oa the 
'loading' effect of the indmment (i.e. the current 
taken to enable il lo operate). Ihe prevading circuit 
conditiona may change.

The rmstance of voltmeters may he calculated 
■nee each have a staled senattvity (or 'figure of 
merit'), often stated tn 'kQ per vok' of f.Ld. A vok- 
meter should have »  hsgh a resistance aa possible 
(- ideally infinfee). la a.c. circuits the impedance of 
die inslniment varies with frequency and thus the 
loading effect of tbe instrument can ctiaage.

Problem J. Calculate the power dissipated 
by the voltmeter and by resistor R in 
H g  10.9 when (а) Я = 250 П
(b) Я = 2 МП. Astatine that the voltmeter 
sensitivity (sometimes called figure of merit) 
is Ю кП/V

toov
200V I

Figure 10.9

^ W K ttH rr \s an instrument for measuring rledn 
•■fewer in a circuit lig  10 8 shows typical coo 

Of a wattmeter used for measunng power

(a) Resistance of voltmeter. A, = sensitivity x
f.s.d. Hence. A , sa (lO kQ /V) x (200V) = 
2000 k f) «  2 M fl C urrent flowing ui voltmeter.

/ , * 1 *  j  =  5 0 x ! 0 - ‘ A 
Л, J x  10»

Power dissipated by voltmeter

■ V I, •  (I00KS0 x 10**) sa * mW

When Я ж 250 Q. cunenl in resistor.
V 100

* = if  = 250 “

TLfvBOOK
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№ wci dtssipaled m load ю |и «  Я  = W , с  
(100X0.4) я  4»W  Tbe* the powet dl.itpucd 
ia die vnk meter u  »  signal* snt lo сипралюг 
«mb the power thtapaUxl ia the load.

(b) When Я  = 2MQ. сипя» io resistor.

• - l - i T W - » * " - 4 *

ftiwer dissipated in load resistor Я — V lt  = 
100 x SO x 10 * в  S ■ *  In (hu саке Ihe higher 
load reautance reduced die power disapoted 
*ch  Ih ji Ihe vedt meter и using as much power 
«  the load.

PnMem 4. An ammeier baa a f.t.d of 
100 mA and a resistance of 50 £1. The 
ammeter ti used lo meaiuir the cunent in a 
load of resinance 500 П when Ihe supply 
voltage it 10 V. Calculate (a) Ihe ammeter 
trading expected (neglecting its resistance),
(b) Ihe actual current in Ihe circuit, (c) Ihe 
power diulpaied in the ammeter, and (d) the 
power diulpaied In the load.

From Hg. 10.10.

Figure 10. 11)

(a) expected ammeter reading i 
20 nA

Problem 5. A  voltmeter having a f.td  , j  
100 V and a «eniltivny of I .6U2/V it Ulc0 
to measure milage V, ia the circuit of 
Rg. 10.11 Detenaine (a) the vilae of volt,, 
V i with Ihe voltmeter not connected, and (b, 
Ihe \oltagc admated by the voltmeta ' 
ixjnpacted briween A and В

jb i d '  a «0 no

E toov
IOlI I

(a) By voltage dtvtaon. 
40

V* .
^ 5 o T e o ^ l 0 0  =  4 e v

(b) The tenstaace of a voltmeter having « lonyl
l.sd and seraltivity I.6k fl/V  it I0 0 V H  
l.6kO/V m ISO Ш . When the voltmeter 
connected acroat tbe 40 kQ resistor th.- circi 
it a> shown to Fig. 10.12(a) and the e41m.1l 
resistance of die parallel nelworic it  given by

Vi
Г 40x160 
40+160 

i 40 x 160 
200

)k O  U .

)  kfi = 32 Ш

The circuit It now effectively as sbo»n a 
Fig. 10.12(Ы. Thus the voltage indicated on ihe 
voltmeter it

f— )1 32 + 60 1
100V  c M T IV

V/Я = 10/900 sa

(b> Actual ammeier reading = V/(R  + / ,) с  
10/(500 + 50 )»  lll» m A  Thus the ammeier 
«•elf hat caused Ihe circuit conditions lo change 
horn 20mA 10 ll.llm A .

<c) ftiwer dissipated m d r ammeier ж /*/, m
( I I  IS  x 10 V (5 0 ) ■ l i  U a W

(d) Power dissipated in the load reslaor я  I 1 Я н 
(11.18 x 10-V<S00) = ItS Ja iW

A considerable e r a  It thus caused by the ) 
mg effect of Ihr vohmetcr on tbe circuil Ihe > 
it reduced by using a voltmeter with a hi» 
sensitivity.



B-ECnUCAL MEASUWNC В«Т»1ПИЕ>ГГ5 AND MEASUSEMENTS 111

I r t i A  current of 20 A flow»

E £ n e  I be power dissipated in the load 
S J^ aM io e ie r. whose current ooi has *

Л "  ы  0 о, Q „  connected as Show n in 
■ j O I J  Determine the wattmeter reading

r tty ihe follow ing exercise

Kxmiw 49 Further problem* on
M n ro tn l 'lutiding' effects
1 A 0-1 A ammeter having a resistance of № П

I i  Med lo штампе Ibe cunent flowing in a 
lk fi resistor when Ihe supply voltage u 250 V 
C fcu U f (a) tbe appmxitnalc value- of ciuienl 
teglectinii ihe am met 01 resistance), (hi the 
•*tal cunent m Ihe circuit. (c> the power 
•■ipated in the ammeter. (d) the power chs- 
"»"ec! ,n the I M l resistor

[(a) 0.250 A (h) 0.2*8 A 
(C) 2.83 W  (d )V .M W |

2 (a) A current at 15A flow» through a load 
■**ng a ir»ma*cr of 4П Determine the 
g * rI *snpaied in Ifv load (b> A wattmeter 
r * D‘c CUI" «  coll has a resistance of 0 02 П I»

^■ ■ ««ed taithuw ninhg  lo I ' »i«> nieaxjn* 
t f ° * e r  ia Ihe load Determine the wattmeter 

iming Ihe curreni in Ihe load it still15л
1(a) 900W (b) 904.5W ]

3 A voltage of 240V Is applied to a circuit 
сопя sling of an 800 П resistor in leriei with 
a I 6kfl realtor. W ha is ihe voltage across 
the 1.6kf) m inor? The p.d across ihe 1.6kQ 
resistor la measured by a vohmeler of f.s.d 
250V and leiuitiviry 1000/V. Deieimine(he 
voltage indicated [160V; 156.7V)

„ I  Power diiaipaed in Ihe load. /> = l :R = 
^ f c ) J , 2 )  = «00W

(b) W illi Ihe watmeter connected in the circuit Ihe 
resiil апое Лг 1» 2 + 0.01 = 2.01 О. The 
ier readies ii thus I*Rt = (20)J (2 01) =

W

10.12 The cathode г»у oscilloscope

The cathode ray oscilloscope (С.Г.О.) nay he used 
in ibe observation of waveform» and for Ihe mea 
jurement of voltage, cunent. frequency, phase and 
periodic time. For examining peaodk waveforms 
Ihe electron beam Is deflected horizontally (i-e in 
Ihe X direction) by a sawtooth generator acting aa 
a umebase The signal to be examined is applied to 
the vertical deflection system (Y  direction) usually 
alter amplification.

Oaalloacopes normally have a Iranaparenl gnd 
of 10mm by It n n  squares la front of the «area, 
called a gratcule. Among Ihe timebase controls ia 
a 'variable' iw tch which gives the sweep speed aa 
tune per centimetre, fht» may be in i/cm. ms/cm 
or us/cm. a large nuntber of switch positions being; 
available Also on the front panel of a c.r.o. is a
Y amplifier iwkcb marked in volts per centimetre, 
with a large number of available awiich positions

(i) With d im * voltage measurement», only the
Y amplifier vohs/cm' switch on the cxo. ia 
used. With no voltage applied to the Y plates 
the position of the spot trace on Ihe screen ia 
noted When a direct voltage it applied to the
Y plales the new position of Ihe spot trace to 
an mdicatiae of the magnitude at the vokage. 
For example, in Fig. 10.14(a). wuh no voltage 
applied lo ihe Y  plaes. the spot trace is in Ihe 
centre of tbe screen (initial position) and then 
Ibe spot trace moves 15cm lo the final position 
shown, on application of a dc. vokage. With the

• volts/cm' switch oa 10 volts/cm the magnitude 
of tbe direct voltage i i  2.5cm x 10 volts/cm. i.e. 
25volti.

№) With alternating voltage ronssurrments. let a 
sinusoidal waveform be displayed on a cxo. 
screen as ibowa in Hg. 10.14(b). If  the ttme/cm 
switch to oa. му. 5mi/cm then the periodic
time T of the sine wave is 5ms/cm x 4cm. i-e. 
20 та  or 0Л2 s. Since frequency

ш .аоок
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j ; ; : ; ; : ; ; ) '
l l

TUming И lo m o  ensure» no iiynal

Ftfurr 10.14 

1
/  = f  fiequwcy -  —  -  50H«

If tbe volu/en)' switch it on. u y . 20 voiu/cm 
iben die amplMudt or peak sable of Ihe 
unewave show a I i  20 volu/cm x 2 cm. le. 40 V. 
Since

u u .  voltage a  ***1‘ (lfe  chapter 14).
v2

applied to Ihe X-plates. The Y-p|u,. 
и left open-orvtated 

(Iii) Set Ibe intensity. X-sbift and Y-«h,« *  ■ 
Irola to about Ibe and-range position,, n'|

(iv ) A spot trasWlwuUl now he Ascis,
Jba а ж а *  If  not. adjust eithei
V  lhe X  and Yahift controls I V  X

* control vanes IV  position of IV  spot ,
Ui a horuoatal direction whilst (V  V 
control varies iu  vertical position 

<v) Use tbe X  and Y-shift controls lo bnnt 
spot lo the centre of Ihe screen and use 
tocas control lo focus tbe election v  
Into a small circular spot.

(Ы  To obtain a continuous horizontal I mu' 
screen IV  same procedure as in (a) it i 
adopted. TVn lhe iuneha.se control i- »\ 
to a suitable position, initially IV  aulli
11 me base mage, lo ensun- lhal IV  repcin 
of IV  sawtooth is sufficient for IV  pen 
of Ibe si non time of IV  screen phosptioi 
a given trace

voltage a 40 2i 2* volts

l>ouhlc beam oscflowapcs an- useful wVnever 
IWO signals arc lo he compared amultancouily. T V  
CJ-.a demands rrawnaNe dull in аф ш лим aad 
use. However Iu greatest ads usage is In observing
IV  shape of a waveform - a feature not possessed 
hy other measuring instil me no.

РгоЫет 7. Describe how a simple c.r.o. Ii 
adjusted to give U ) I  spot trace, lb ) a 
continuous horuoatal trace on tV  screen, 
explaining IV  functions of *e  various
controls.

Problem t. For tV  c.r.o. square vokage 
waveform rtuwn in Fig;. 10.15 determine lai 
IV  регкхЬе time, (b) tie frequency and (cl 
IV  peak4o-peak voltage. T V  1tme/cm‘ (or 
umebase coat roll switch is on I00|u/cm and 
tV  volts/cm' (or signal amplitude contoil! 
switch U on 20 V/cm

Figure №11

I/я Л (purer 10.1 J  *> 10.1» 
Лони an lem ty  I cm)

(a) To obtain a spot trace on a typical с .гл. screen:
(I) Switch on IV  c-r.o.
(■) Switch tV  timrbasc conttol to off. Tbs 

control U calibrated ia tiatc per ceatuar- 
ites - for example. 5 ms/cm or 100 las/cm

lhal ’><• 4 " ‘rtt I  

-(a) Tbe width of one complete cycle 1» 
Hence tV  prnodic lime.
T  = 12cm x 100 x 10 ‘  s/cm = • .И "1'

(Ы  Frequency./-  ^ = 5 ^ 5 - I « k lII*.
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'''Т Т Г ^ Г р .- А  height of toe display is 3.ftctn.ifcrSpS**"*grfK*1
_  3.6 cm * 20 V  Arm 72V

■  I  -  9. For «he c.r.o display of a pul* 
«wfisTD show n in Hg. 10.16 Ih e  iiim rm  
switch a  on JO ms/cm and toe 'voUa/cm' 
sw itch  ii on 0.2Vfcm. Dele mu no (a) Ih e  
p c n o d u  lime. rt»> ihe frequency, (c) to e  

^Kamtude of the pube voltage

5.71 H*.

(c i Ibe height uf a pube is 3.4 cm hence Ihe niagm 
twJe of ihe pulse vollage =  ̂4cm ■ 0 2 V cm

ftoblrm 10. A  sinusoidal voltage Iracc 
displayed by ■ c j o ,  b tow n  in Fig. 10.17 
•fib* ’lime/cm' switch is on nod
'■ПвЬа/спГ switch is on ? V/cm. tind. for 
to ljH vefumi, (a| the frequency, <b) the 
РЭДКо-рсак voltage, (c) the amplitude.
I J )  toe r.m.i. value

--------

■ p .

- Й

1 -
X

t

> WLI7

(a) The widto o< ом  complete cycle и 4 cm. Hence 
Ihe penodic time. T  it  4 cm x 500|ia/c«i, i.e.
2 ms.

I 500 He

(h) Tbe peak-lo-peak height of the wavrfoim ia 
$ cm. Hence Ibe peak lo-peak vollage
= 5cm x 5V/cm = 25V.

(c> Amplitude = J  x 25 V  = 12 5 V

(d) The peak value of voltage ia the amplitude. i c. 
115 V. and r.m.t.

voltage :
peak voltage 12.5

— 7 Г - Ж 7 ? -
8 84 V

(al The width of one complete cyde is 3.5 cm 
Hence the penodic time. T -  3.5cm x 
Sms/cm = 175ma

Problem 11. For the double-beam 
oscilloscope displays toown ia Fig. 10.11 
determine (a) their frequency, (b) their r ms. 
value*, (c) ibelr phase difTcrenoe Tbe 
'lime/cm' switch is on 100 pa/cm and the 
volts/cm' switch on 2 Vfati.

Figure 10.1»

(a) Tbe widto of each complete cycle it 5 cm for 
both waveform s. Hence toe periodic time. T. of 
each waveform Is 5 cm x I00|ia/cm. i.e. 0.5 ms. 
Frequency of each waveform.

f -  1 I
1 ~  T  "  0.5 x 10 ^

2 kHz

ft») The peak value of wavefoon A i l
2cm x 2 V/cm в  4 V. hence ibe r.m.». value of 
waveform A
= 4 / (Л )- 2 1 Э У
Tbe peak value of waveform В  ia
2.5cm x 2V/cm = 5V. hence ihe r.m.«. value
of wavefona В
= 5/< Л) = 3 54 V

TlfetO O K
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(c) Siac* 5cm represent! I cycle, then  ̂cm rep
resents 36O', U . 1 cm represents 360/5 = 7T . 
The phase angle ф «0 .5  il«
= 0.5 cm x 72"/cin = 36‘ .

H u n  waveform A lead» waveform В h> M ’

Now try the following excicue

Exercise SO lurcher proM ew on Ibe 
cathode ray osciloseofe

1 Fur the squire voltage wavefona (fcsptoyed 
on a c.r.o. ahoavn la Fig. 10.19, find (a) 11» 
faequency. (Ы  in  peak-lo-peak voltage

1(a) 41.7 Hz (b) 176 V ]

Kgarr 10.1»

2 Fix the pulse waveform ifcown in Fig. Ю.20, 
Imd (a) lit frequency, (b) tie magnitude of the 
pulae vobage

|(a) 0.56 Hz (b) 8.4 V )

in

Flgon №2»

3 Foe the unuwidal waveform iho4.
Rg. 10.21. determine (a) Ha htqueiK-y -
peakto-peak voltage, (c ) the cm *

[(a) 7.14 Hz (b) 220 V (* )7 » T jJ

-
/ \

1 n  * </
l /

H«uir 10.21

Г .

10.13 Waveform harmonics

(i) Let an imMMaaeous vultagc t> be n-prvsc* 
by i '* V ,  «а 2яП volts. This is a ws 
which varies tinustadaOy with time », 
frequency / . and a maximum value V, UK» 
naung voltages are usually assumed in lux 
wave ihape» which are linutoidal ahere 
one frequency is present. If the waveform 
not sinusotdal it is called a complex «ак. 
and, whatever its shape, it may be >plii tp 
mathematically into component» called the 
dame ratal and a number of ham wul.'  Пае 
process is called harmonic analyst» lb 
mental (or Itral hannorac) it sinusoidal ап4Щ  
Ihe supply frequency . / ; the othei lurrw
are also noc waves having (requeiuies V--- ... • Л
are integer aiuliiples of / . Ihus. tl tlx И# 
frequency is 50Hz. (hen the Ibnd harm onic 
queacy ii 150 Hz. the dfth 250 Н/. aad <° *

(ii) A complex waveform composing d* Ч" * Я  
the fundamental and a third harmonic ol 
half the rmyiiiudc of the fundamental I- ■!’® "  
ia Hg. 1 0 .»»). both wavefonn* being " ‘“ J  
in phase with each other If blither 
momc waveform» of tie appropriate л т р т ^ И  
are added, a good approximation to а «I
wave reaufcs la Fig. 10.22(b). the 1111,11 
momc is shown having an initial ph** ^  
placement (Rim the fuadarm-tiLil IV
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___ „.j.-  half cycles of each of the с
^vefornis A o w "  ,n  f ig u re *  10.22<a)

tbit it a featureР*** ^kfciitiad и» Ларе- and
containing Ihe fundamental and

^  M  ham wRt

(hi) A com pi x waveform compnnng the sum >4 
■he Auidameniai and a second harmonic ol 
* u  balf the amplituil- ol tin- tundamen 
W  U damn ta F ig I0.22(ci, each wavefotii. 
J J I  Initially in phase with eaih otbet II 

even turraonu ■ ol apprupnate ampli 
lilw * re added а ц<кн| appiuximahu* to a 
У » и1-“  »ave results In hg  10.22(0. ihe 

cycle. If reverted. .,r|4-ais a» „ mu 
« u o a je  of the positive cycle about point A 
"V jH - 10.22(di ihe second harmonic i> -4s »n 

(nuial |ha«- dispU iti. nl It..in Uk lun 
«■aeni.il and the p..sn,v,- .«yi n.-it»tiv. hall 

are dutwnilai 
<lv) Д .

*  e*c * waveform compnnng the sum 
a i*7  i ^ ndomrnl-'l a second hnrmonK and 

harmonic it shown in Rg. 10.22(e), 
iw Vt  ,™  bciD* »И*Иу ‘ia-phnte-. Ihe 

half cycle, if  reversed, appeats as

a minor image of the poult ve cycle about 
point B. In Rg. 10.22(f), a complex wave
form compnting die ram at tbe fundamen
tal, a second harmonic and a (bird harmonic 
are riiown with initial phase displacement. The 
poniive and negative half cydei are seen lo he 
dittimilar.

Tbe fealuret mentioned relative lo Rguret 10.22 
(a) lo (f) make «  potsihle lo recognize tbe ham on 
m  prrtenl In a complex waveform displayed on 
aCRO.

10.14 Logarithm ic ratios

In electronic lyilcm t. the ratio of two uaiilar quan 
Uties measured at different pointi in tbe tyttcm, ate 
often expreued in loganthmtc units By definition, if 
the ratio of two pow ers P, aad Pi it to he expretned 
in decibel idBl unit» then the number of decibelt, 
X , it given by:

( 1 )

Thus, wben the power ratio, P:/P\ = I thea the 
decibel power ratio = 10 lg 1 = 0, when the 
power ratio. Pi/P\ = 100 then the decibel power 
ratio = 10 lg 100 в  +20 (i.e. a power gain), and 
wben the power ratio, Pt/P\ = 1/100 then the 
decibel power o lio  = 10 lg 1/100 = -20 (i.e. a 
power lost or aaenuation).

Logarithmic unlit may alto be used for voltage 
and current tabnt. Power. P. It given by /■ = /•* 
or P = V}/H. Subttituting in equation ( I )  give»:

X = 10 lg dB

or

If

then

*И,°“
X *  10 lg

X =  10 lg

dB ot

dB

Ш .Ю О К
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Le.

Ю К

(bom Ihe laws of logarithms).
I Tom eifulioo (1), X  devrfvls ia a logaiMtatnc 

ratio of I wo Bimlar quantities aad 11 not aa absolute 
unit of mrasurmcat II ia therefore necessary to 
■Ute a reference Itv ri to пеамие a number of 
decibels above or below that reference. The noat 
widely used reference level far power la I mW. aad 
when power levels are eipirsscd in decibels. *ove 
or bdow the 1 mW reference level, the unit given 
to Ihe new power level it dBm.

A voltmeter can he re-scaled lo indicate the power 
level directly in d ecM i. Tbe scale is generaly cal
ibrated by taking a reference level of OdB when a 
power of I mW is dissiptfed ia a «00 0  traitor (lbs 
being the natural impedance of a simple transmis
sion line). Tbe tr Terrace voltage V is then obtained 
from

" T
. V J

1 “  10 *  «00
from which. V ш 0.773 volts In general, the mimhei 
o f dBm.

* = 20“^
Thus V  = 0.30V corresponds to 20lg

* 0.77S 1
= -11.77 dBm and

V  = 0.90 V corresponds to 20 Ig (  — \
'  0.77S 1

= + 1.3<ffim. and so on.

H i Mem 12. Tbe ratio of m  powen и
(a) 3 (b) 20 (c) 4 (d) I/ »  Determine tbe 
dodbd power ratio in each ewe.

horn above, the power m io ia decibels X is 
by: X =  10 lg (**,/!>,) " Ч

(a) When ^  = 3.
r  I

Х я  lOlg ( J)=  10(0 477) 
я  4.77 dB

(b) When —  я  20. 
P  I

X  я  10 Ig (20) = 10(1.30) 
я  11 OdB

(c) When - i я  400, 
“ t
Х я  10Ig  (400) =  10(2.60) 

я  JtO d B

(d) When ^  , 1 , 0.05,
P\ 20

X я  10 Ig (0.05)= 10(—1.Э0)
I >0,111

(a), (b) aad (c) represent power gans and , n » » |  
КПП a power loss or «leaualmn

Atypical drcflselmc4er.ordBmc1er.icak Isifcown
in Hg 10.23. Erron are introduced wah dB melers 
when Ihe drcuil impedance is ant 6000.

Problem 13. Tbe current input to a ivsiitaj 
ia 5mA and Ihe cunrn output is 20тЛ  
Hnd Ihe decibel cutrrta ratio assuming,bf 
input and load irstinaiices of the system »'e 
equal

H on above, thr decibel cuirrnt ratio is

» * ф - а о ц ( 2 )

■ 20Ig 4 = 20(0.60) 

= 12 dB gain



B LK T U C A L M EASIW N G  tUSTttUM DITS AND M EA SU RElO fTS 117

U  a *  o l  * *  Р °* ег "V f" * 10 “
i W W TLLm,  » l Kx- a » IP " '  len n in a l»

‘ё л Е Я *  p °* "  i0- *  ‘fcabdt

IM 1I п о « я  *nd Pi = « « I* "  power then 
\ lP \ * m

Z l „  —  = о »  
f t  К »

B k M  B  101» ( ^ )  = io is Ю061 
« » « л »  ft

.  |0<-1.222) = - l2  22dB

Де drrtbd power lo». or attenuation. 1%

power !*H> = 12 + 15 - 8 = It  dR gain.

Ihus 19 я  10lg (

from which I9  = l g ( £ )

and 10“  = £  = 794 ft
Thus the u ir r t l power gain, y- ■ 7» 4
(For the fit* stage.

12= Ю1» ( £ )

Problem 15. An шярШкг has a gain of 
|4dB and IU input power is 8 mW. Hnd 11»

Decibel power ratio = 10 lg (/>j/ft) where /*, = 
input power = 8mW. and P, = outpul power 
lienee

from which

» «  -115.85 

Similarly for thr second stage.

b „ „ . .

14- 10ll f^'j

•hat.

1.4:

■d 101 ‘ s  —  definition
Г  pt of a kiganlhm

u f  25 12 я £i
Л

M i'S a f0* 0  f t  «  25.12 /*, = (25 12 X 8)

£ *- 3 1  .«2

and for the third stage.

^  =0.1585 
“ t

The overall power паю is thus
15 85 x  31.62 x 0.1585 =  7» 4]

Problem 17. The output voliage from an 
amplifier ll 4 V. If «he voltage gain is 27 dB. 
calculate the value of the input voltage 
assuming that the amplifier input resistance 
and load resistance are equal.

2 ^ ®  16 Detrinam- in decibels the 
^ o f  output power to input power of .1 ' 

2JV«inm unlca«i.>n» system, lhe stagei 
2 * 4  gain* Of 12dH. 15dll and -Hdl)

L  * ° *e  overall power gain

Voltage gain in dcctbels = 27 = 20 lg (V 1/V1) : 
20 lg (4/V,). Hence

i-»W
lot ta ]
p o *^ ?*  "**0  may he used to tind lhe oserall 
pow l r ! °  "*  » cl* n  pis hy adding the drcihcl 

¥  ‘ «ogethrr Hence tlx- overall decibel

U .

Ib is

к
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Hence I hi- Input vrflagc V, к  0 179 V.

Now try tbr following exercise

Kx n rt*r S I Kurt hr r pruMrnr. on
logarithmic ratios

1 Thr ratio of two powcn ii (a) 3 (b) 10 (c) 20 
(d> 10000. Determine tbr decibel power ratio 
for each.

[(a) 4.77dB ft!) 10dB (c) 13dB (d) 40dB]

2 The ratio of two powcn is (a) <b) J  (e) ^  
(4) jjj. Determine Ihe decibel power ratio for 
each.

((a) —lOdB (b) —4.77dB 
(C) —16.02 dB (d) -20dB|

3 Thr input and output current! of a tytieas ate 
2nA  and 10n>A respectively. Determine the 
decibel cunenl ratio of output to input сштеШ 
assuming input and output resistances Ы  tbr 
system aie equal. [13.98dB|

4 5** of the power supplied to a cable appear* 
at the output terminals. Determine the power 
Ion  in decibels. (13dBI

5 An amplifier has a gain of 24dB and its input 
power u  10 mW, Find Its output power.

12.51 W ]

6 Determine, ia deahds. the ratio of Ibe cMput 
power lo input power of a four stage system, 
the stages having gains of I OdB. 8dB, -5dB 
and 7 dB. Had also tie overall power gau

[20 dB. 100)

7 The output voltage flora an amplifier la 7aV . 
If tse vuluge gate la 25 dB calculate tbe value 
of tbe input voltage assuming that Ihe anpMer 
input resistance and load resistance an equal

[0.39 mVl

8 Tbr voltage gain of a number of cascaded 
amplifiers are 23dB. -S .td B . -!2.5dB and

3£dB. ('«Iculale Ihe overall gain In de^h,., ] 
assuming that input and load resisteCTl , U I 
each «age a *  equal If  a vokage of 15 mV I 
applied to the input of ihe «ytiem. А ,п „ ”  1 
the value of Ihe output voltage

m dB' "'V| J
9 Ibj^acale at a voltmeter has a dec#v| .. ... 

addad 10 lu which is calibrated by i» ^ ' 1 I 
reference level of OdB when a power of 1 „ду I 
Is dissipated In a 600 Q resistor. Deicrnunrl 
the vollage al (a) OdB (b) 1.5dB (c) ^  I 
(d) What decibel reading correspond. t,,|
0.5 V ? I 1

[(a) 0.775 V (b) 0.921V 
(C) 0.138V (d) -3 807dB||

10.15 N u ll method o f measurement

A null method vt measurement Is a simple
me and widely used method which depend, 
instrument iraikng being adjusted to read кю  с 
•rat only. Tbe method assumes:

(I) if there is aay deflection al all. then some cun 
Is flowing:

(ii) if there is ao deflection, then no current I 
(Le. a null condition).

Hence к is unnecessary for a meler sensing cu 
low 10 be calibrated when used in thn way. Л » 
tve nulliammetrr or microammeter with cenin 1 
guaihon tening Is caied a galvanomrtrr l.xa 
where Ihe method It used are i l  the Whca 
bodge (aee tectum 10.16). in the d.c. рлепп» 
(see section 10.17) and with ax. bndge» <se-' 1 
non 10.18)

10.16 W heatnlonr bridge

Hgure 10.24 (hows a Wheatvtiim bridge c *  
which conparat an unknown reasuncr X, * 
«hers of kaowi val.es. L& * , and wbtc *' “  
fixed values, and which is varidNe J*> I* '*  
M il гею deflection u obtained on Ihe gal' «я*1"  . 
a  No current then flowt through the torier. . 
У». and Ihe bridge it said to be ■balanc'd
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,11124

lg. In * Whealsume bridge 
A [XT) > galvanometer is connected belwcen 
A and C, and • battery between В and I). A 
minor of unblown value i i  connected 
between Л and B. When the bridge it 
balanced. Ibe resistance between В and С !• 
100 Q. that between С and D is 10 fi and 
■M between D and A is 400 R. Calculate the 
value of the unknow n resistance

(100)(400) 
(100К400)

: 4000(1

10.17 D .C  potentiom eter

Ibe Ac. p o t fH tto m H r r  la a null balance instru
ment used for driertnimag values of e m f.'i and 
pal. s. by comparison w uh a known e.m.f. or pal. In 
Hg. 10.26(a). usuig a standard cell of known e.m.f. 
E l. the slider 5 la noted along the side wire until 
balance is obtained (I.e. the galvanometer deflection 
is zero), shown as length l\.

(a)
Пцип I0.M

Л)

The standard cell ia now replaced by a cell of 
unknown e.m.f. E j (ace Hg. 10.26(b)) and again 
balance ia abtrined (shown as l } \ Since E\ ot l\ 
and E t ot /3 then

Tbe W l»itM "iv hndge u shown in Fig. 10.25 whete 
** '*'*■  n resistance. Ai balance. equating
■he products of opposite raho ams. gives:

A potentiometer may be arranged aa a resistive two- 
element potential divider in which the division ratio
ii adjustable to give a simple variable d.c. oipply. 
Such devices nay he constructed in tbe form of a 
lenitive element canying a slidiag contact which 
it adjusted by ,a rotary or linear movement оf  the 
control knob

РгоЫеш 19. In a dc. potentiometer, 
balance is abunned al a length of 400 mm 
when using a standard cd l at 1.01*6 volts 
Determine t v  e m.f. of a dry cell if balance 
la obtained with a length of 650 mm

тЫ а п с т  * ,  = 4kQ E | = 1.0186 V, l| m 400 mm and h  *  650 mm
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Wiih irfetencc lo Hg. 10.26.

L  i i  
* 1 ,

from which.

4 ,
1 *55 tcfti

Now try the following cxemac

b u r in  5 ] Furtbrr problems oa Ihe 
Wheatstune bridge and d r. potentiometer
1 Id a Wheatstone bridge PQRS. a galvanometer 

is connected between Q and S and a vtitage 
source between P  and R. An unknown m a n  
Л, is connected between P and Q. When the 
bodge is balanced, the resistance between Q 
and R is 200 n. that between R and S is 100 
and tint bet wee» S and P is 1500. Calculate 
tbe value of it, (ЭкЩ

2 Balance is obtained in a dc. potentiometer at a 
length of Э1.2са when using a aundairi cell of
1.01 *6 volts. Calculae the e.m f of a dry cell 
if balance ia obtained with a length of 46.7 cm

[1.5M V)

When Ihe potential difieirncca across 7  
Z . (or acroaa Z, and Zj> are equal 
m l phase, then the curreni dowing ibn*,/ 
galvanometer. 0 , ia «еда. A l balance. 2 ,г  ■>" 
bom which ’ M M

There an many forma of ax. bridge, and i„ 
include: Ihe Maxwdl. Hay. Owen and HeavS 
bridges for measuring inductance, and the De' 
Schering and Wien bridges for meaning 
lance. A commercial or universal brfcfc, ,s'|  
which can be used Ю measure reaialarKr i n , ! „ 
or capacitance. A.C. bridges require a knowledge < 
a  implex numhera (U . j  notation, where )  -  4

A Maxwell-Wen bridge for measunny the , __ _
lance L and iraaatance r of an inductor it »hu» 
Hg 10.2*

10.1Я A .C . bridges

A Wheatstone bodge type circuit, shown In 
H |. 10.27. may be wed In I t  cirnitit to deleimiae 
unknown values of inductance and capacitance, as 
well aa resistance.

luturr itka

Al balance tbe products of diagonally ‘’11*“  
anpedancea are equal. Thus

Z ,Z 2«  ZtZs
Uang complex quanutles. Z t = Л ,. Z j = *;■

p ro *^ \
3 -  IX . 1 sura 1*1 -У Х с 

I Z4 m r + jX\_. Hence

M i (r+  JXi 1

Hguar 10.27

«> -  JX c
s. Л |«а(*1 - Д с )« (- / * 1*гН г + У ^ ' 

* t* j« j -  JKxHtXc в -frR tX c -
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IN- гг,л1 (ми- k iv .--

■  K,K}Ki *  M>XcXi 
rHaawbKii t i  = - j-

U . -■"I *  h v v •>/<
5 7 7 ?

H em  Inductance

t  = #;#;< hrnrl 

B fM k |  Ilk- imaginary рая» g ive .

- Л | й ;АГс =  -гй>Х,
••■Which. rrsulaace

PnbU-ni .'0. Far the a.c. bridge shown in 
lig  10.28 deterreine lhe value» of Ihe 
inductance and resistance of Ihe coil when 
Л, «  R, = 400 П. Л, = 5 Ш  and С = 7.5 |iF

from equation (2) *ove. inductance

4Ь*,*,С *< 400И 4(Ю К7 5 - 10 ". 
= 1.2 В

(тощ equal...n (3) tf>ov«, resistance.

Я ,* . (400X401)1
5000 ■ 32Q

fra» eq u al,.,2 ,.

* , = _ L  
*,<

•dfrwn

• H ,

equation (J),

* J *»

A, *  * l _ L  =, L
r K,C  Cr

If Ibe frequency it  constant then Я> or L/r ot wL/r oc 
Q-factm (see Chapters 15 aad 161. Thai the bridge 
caa be adjusted lo give a direct indication ofQ-factor 
A O-meter is described in section 10.19 folkiwiaf.

Now try the following exercise

(2 )

Kxereise 53 Further proMem oa u .

I A  Maxwell bridge circuit ABCD haa the fol
lowing arm impedance»: AB. 250Q resistance 
BC, 15 pF capacitor in parallel with а Ю кП 
resistor: CD. 400 Q trustor: DA. unknown 
inductor having inductance I, and resistance 
R Determine tbe values of L  and R assuming 
the bndgc is balanced. fl.SH . 10(2]

( J )

10.19 Q-meter
The Q-factor for a series L-C -R  circuit it the 
voltage magnification at resonance, i.e.

voltage across capacitor 
supply voltageQ-factor a

у
s  у  (tee Chapter 15).

The simplified circuit of a У -meter used for mea
suring Q-factor. it shown in Fig. 10.29. Current 
from t  variable frequency oscillator flowing through 
a very low resistance r develops a variable fre
quency voliage. V,, which it applied lo a aeries 
L-R-C  circuit. The frequency is then varied until 
■rsonancr causes vobage V, to reach a maximum 
value. At resonance V, and Vc lire noted. The»

Q-factor -  —  —V-iacwr -  h
In a practical Q-meter. V, la maintained constant and 
the electronic voltmrter caa be caMbnted to indicaie 
the Q-factor dtsectly. If  a variable capacitor С  it 
used and tbe oscillator is set lo a given frequency, 
then С can be adjusted lo give resonance. In this 
way inductance I  may be calculated «sing 

Q  -  —£-•  

then R may be calculated.

TLfeBOOK
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frequency

Cofl

U . 4 . . J

С Г(у)

Problem 21. When conocoed lo * Q-moier 
an inductor u made lo resonate al 400 kHz. 
The Q fador of fee circuit it found 10 be 100 
and tbe capacllafcT of tbr Qmeter capacitor 
it  tel to 400 pF. Deirimine (a) the 
inductance, and Hi) the resistance of the 
inductor.

Кем want frequency. / , в  400 kHz = 400 x Ю» Hz. 
Q-fador * 100 and capacitance. С  с  400pF = 
400 x 10 UF. The circuit diagram of a Q-meter it 
thown in Fig. 10.29

(a) A l

for a teriet L-C -R  circuit Hence

2 *f,
1

7 B
ftoai which 

and htduetanee.

L  = (Б Г л Т с

“  (2jt x 400 x 10^(400 x I 0 I J ) H 
= 3*61» 11 or • JH  mH

(b) Qfactor al resonance = 2жf,L/R  bx>m w

2n fJL

2*<400 x W 'lfO  346 x 10-»)

- A » .» S 0
100

Now Iry ibe following exercise

H g u rr 10.2»

Qaietcrx operate al van oat frequencies aad 
inttnanenu exin wnb frequency ranges from 1 kHz 
lo 30 MHz. Errort In meatuirment can exit! wuh 
Qmetert a nee ibe ooil hat an efledive parallel sdf 
capaalance due lo capacitance between turn*. The 
accuracy of a Qm cirr It approximately ±5*.

Exercise 54 Further problem on the

I A Q-meter meatares tbe Q facior of a >ene> L. 
C-R drcuil lo  be 200 al a retonant frequency 
of 230kHz. If Ihe capacitance of the Q-meter 
capacitor it tel to W0pF detetminr (a> the 
inductance L , aad (b) tbe retistancc Я of ihe 
indudor. [(a) 1.351 mH (b) 10 61 Q)

10.20 Measurement errors

Knots are alwayt introduced when uwng Instn 
trn li lo measure clcdncal quantities, lb- errne 
d m  likely to occur in measuirmenu are thua 
*ac lo:

(i) Ihe hmilatsura of lie  instrument.
(ii) the operator:
(Ш) ihe instrument disturbing Ibe drcuil

• ) Em »rs In tbr IM IattM K  ,4 Ibe ta tn m »"1 
The calibration accuracy of an iniliurort 

4-pendk on toe precision with wbtcli 1' 
constructed. Every instmmert has a ataijin 01 
error which it explested as a perce mag of ,h* 
instruments full к а к  deflection. For example 
industrial grade instruments have aa accu i»' '  
± 2* of f.t.d. Thut if a voltmeter has a f t.d ™ 
100V and it iadiulet 40V say. ihcn Ihe acw* 
milage may be anywhere between 40±(2‘* »'f I0"*  
or 40 ±2. U  brtween 3*V and 42 V. ,

When an inHninMnt it calibrated. II it «imp-111” 
against a tundard instmmeni and a graph I* dr>“ * 
of •error' against meter deflection A lygtcal !‘п‘|
It shown in Fig. 10.30 « trie  к is teen thal ' *  
accuracy varies ever Ibe sole length Tbsi* » IIK'
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----- 7 -  r u t  accuracy would tend lo have an
*’,b *  l i l  -h »  itwch hctk-r l Ьлп ±2<J f »d over
*c u l» 0 '
5 S 3 ' * '  p

IN) ftro rs  by the ..p»n*lnr
It to easy lor an operator lo misrr.*i .in instrameni 

^ ^ k r >  ica lti Ihe valuei of the nib-divisioas
—  ааош Ы у ему lo determine non linen side 

^ L d i arc mare difficult lo estimate Alio. 
I  diner from inamment lo instrument and tome

____в  hive more Ihui one scale (as w ith  muktme-
lenl and mistake! Ш reading indications are eaaly 
made. When reirkag a tneler icale II ihoald be 
newad (ran an angie perpendicular lo Ihe airfacr 
of ihr Kale ai ihr location of die pointer a meter 
•cafa iboulJ not be viewed ‘a  an angle'.

M  Ern>n due to Ihe Im tnjnirnt disturbing

-n 22. The cunrnt fVtwing through a 
_  ’  of 5 k fl ± 0.4* Is meaiured ai 
±0 sa * " *“ Л1Г* 'У "> measurement of 

iViemtior ihe noinnul value of the 
“ * » »  the truitot aad it» accuracy

H h -
(a) m

K lg u rr 10.31

Voltage, V = /* = (2.5 x 10 ‘MS x 10*> *  12.5 V. 
The maximum poiitble error ii 
0.4» + 0 5 * = 0.9*.
Hence the voltage. V = 12.5 V  ± 0.9* of 12.5 V  
0.9* of 12.5 *  0.9/100 x 12.5 = 0.1125V = 
0.11 V  correct lo 2 lignilicanl figures.

Hence the vokage V may alio be expressed 
aa 11911.11 volt< ti.e. a vokage lying between 
12.39 V and 12Л1 V).

Ащ  instrument connected into a drey* will 
Affect that circuit to ю те extent. Meter» require 
M W  power to operate, hui provided thii power 
u nu ll pared with the power in the meaiured 
errant, then link etror will result. Incorrect pon 
uoniag of initrumeais In a circuit can be a юигсе 
"I errots. For example, let a resistance be mea
sured by the voklMter-am meter method aa shown
*  * У  10.31 Assuming 'perfect' instruments. the 

*ould be gtwn by the dimeter read 
■» *vided by Ihe ammeier reading (i.e. К =
1 .TfHowever. in Fig. 10.31(a). V/l = К + r. 
■jd ■ fig. 10.31(h) Uie current through ihe amme

*  *“ • through the m inor plus ilial through
i . ' I J * " 1'1''1 Hence Ihe voltmetei reading AuJe>!

“ meter reading will m« gjve the ink- 
* W ® f Uie reiiitansv Я for eithet method of 

■ h i

Problem 23. Tbe current I  flowing in a 
resistor Л u meaiured by a 0-10 A ammeter 
which gtvei an indicatioo of 6.25 A. The 
voltage V across the к  tutor U meaiured by 
a 0-50 V voltmeter. which gives an 
indication of 36.5 V. Determine tbe 
reaaance of Ihe ictortor. and lU accuracy of 
meaauremenl if both uutnimenu haw a limit 
of error of 2 *  of U d  Neglect any loading 
effect! of Ihe inammenii

Resistance.
36.S

* = 7 - 6 .2 5
5 М П

Voltage error ia ± 2* of 50V с  ±1.0V and 
expressed ai a percentage of Ihe voltmeter reading 
p v a

±1
36.5

x 100* = ±2.74*

Curreni error i i  ± 2* of 10 A = ±0.2 A and с»pres» 
ed as a percentage of the ammeter reading gives

±0.2
6.25

x 100* *  ±3.2*

Maximum relative etror ■ «га of erron ж 
174* + 3.2* -  ±5.94*. 5.94* ol 5.»4 ft *  
0.347ft. Hence Ibe mtaanoe of Ibe realtor may 
he expressed at:

5 *4 0  ± 9.94% or 5 M  ±  О Л5 Q

(rounding off)
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24. The мак of a WbraMonc 
bndgc AIM 'D have thr following remittance»: 
ЛВ: Л, = 1000 0  ± |.0«; BC:
*. с  100 Q ± 0.5»; CD: unknown retulance 

DA: Й, = 432.5 0  ± 0 .2*. Determine 
Ur value of (hr unknown reatsiaace and iu  
aoaracy of тгашгепкш

H r WbeaUtone bodge nelwiirk ii shown In 
Hg 10.32 and u  Mamx:

U  R,

* i* i =
<2*j (IOOK432.3) 
Й1 *  1000

И*ш» I0J1

Thr над] mum relative error of X , Is given by Ibe 
sum ol thr three individual enon. i.e. 10 *+ *.5»+
0.2» = 1.7* Kent*

*, = 4325 0 * 1 7 %

1.7* of 43.25 0  a  0.74 О (rounding off). Thu» * , 
may tbo be expretted at

Д, = 43 25 ± 0740

No» try the following exercise»

h n d *  55 Kunher problem. oa

I Thr p d  acroaa a reuaor is meaatrcd at 37.5 V  
w *  an accuracy of ±0 5». The vdue of lhe 
ги Л » it 6kO ( 0 И  Dcirrmnu' the cunenl

flowing la «he геаяог and iu  aeakan 
meanremca. °f

(6.25 mA ± 1.3* or 6.25 ± o.o* mA,
2 Tbe voltage across a trustor ia m ea»,,d hv , 

75 V  f.td . wsltmrtci, which gives an M W u-i! 
of 52 V. T h e '^ a in l flowing in ihe гемм,,
IS го д о м * by t  20 A U d  animrvi »hidi 
give» ЬпТа^саНоп o f 12.5A. Detemiinc ihe 
resistance of Ibe re tutor and iu  a a v iin  lf 
ЬяА instruments have an accuracy of ±>4 ,,r 
f.td . [4 .1 6 0 *6 .0 8 * or 4.I6±o.25q|

3 A 240V «apply It umneck-d across |„*| 
resistance t . Alto connected across « „  J 
voltmeter having a f id . of 300 V and a Iwure 
of merit (Le. tentiilviiy) of 8kQ/V Calculate 
lhe power AttipMed by Ihe voltmeter .,ml hv 
Ihe load refinance if (а ) Л a  1000 (Ы  R -
1 MO. Comment on the tetulu obtained 

((a) 24nW , 576W  (b) 24 mW, 57.6mW|

4 A Whealttone bridge PQRS ha» the folkming 
ana retitiaaccs PQ, 1 k fl± 2 * ; QR. 10t»n± 
0.5*: RS.anknown resistance. SP, 273 лп± 
0.1». Determine lhe value of lhe unknown 
resistance, and its accuracy of measurement

[27.36 0  ± 2.6» or 27.36 О ± 0 71 0)

kxrrrtse 56 Shari answer questions on 
eiee«rical meaturlng Inatrianents and

1 What it the main difference between an ana
logue and a digital type of measuring instnM 
mem?

2 Name the three eweahal device» Iu» all am 
kigue electrical indicating instrument

3 Complete (be following aalemenb i
(a) An aauneter hat a ........ reaaance md |

u coanected........ with the atv.ui> J
fb) A vtitmeter ha» а ........ ItriawK* »»

it coanected........ with the atcuii
4 Stale fwo advantage» and two duadvanUf 

оI  a mo Mag ceil tmlrament
5 What effect doet tie connection of <“ * L  

shunt (b) * multiplier have on a eUD a»"*" I  
lef?

6 State two advantage* and two disadsanui** | 
of a moviag ceil imuament
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__  _  „  idvamate* <>f electronic meaaur-
7 «Ш . n * m , c<»l

moving in- irutninv-no 
а Briefly «Р*«-  ‘be principle of operation of 
; M  ohmmeier
I  и *  л type of ohmmeier used tor measur- 
E ? 5 i )  to» resistance values (b> high k s is- 
. ЦП,,- values 
Ю What II » mufctneler?
„  W h e n  may a acctlfier inatnimenl be used m  
К  Mcference to either a moving coll or moving 
K l  tainim ein 7
12 Name live quantities >hat a c.r.o. is capable 

d  measunng 
,1 What is harmonic analysis?
14 Whal it a feature of waveforms containing 

toe fundamental and odd harmonics?
15 Express (he ratio of two powers P, and P] 

in  decibel unit»
16 Whal does a power level unit of dBm indt- 
lw «ate'
17 Whal IS meant by a null method of measure- 

■eni-
(  Wbeataoae bndge circuit used tor 

iiittg an unknown resistance in a d.c. 
and Mate the balance condition

19 How may а 4.С. potentiometer he u»od to 
ai^eaiure p.d.'i
20 Nam.- flve types of ax. budge used for 
Bfceasunng unknow n inductance, capacitance

«resistance
-1 Whal is a universal bridge?
a  Slate Ibe name of an ax. bridge used for 

inductance
:«y descrihe how the measurement of Ц- 

may he achieved

do lnstmmeni erroo occur w hen mea- 
l»» coaipiei waveforms?
fine 'calibration accuracy' as applied lo a 

ring instrument
■e three main areas where errors are most 
*ly lo occur ui measure me nu

Kae reive 57 Mulll-ehoicr quollons an 
(iretrtcal measuring lurtrumcnis aad 
Brasurrnirnt» (Answers oa page J7S)
1 Which of the following would apply lo a 

moving ooil instrument?
(a) An uneven scale, measuring d.c.
(b) An even scale, measunng ax.
(c) An uneven scale, measuring a.c.
(d) An even scale, measuring dc.

2 In question I. which would refer to a moving 
iron inslniment'

J  In question I . which would refer lo a moving 
cod rectifier inslniment?

4 Which of Ihe following is needed lo eslend 
ihe range of a rniUiammeter to read voltages 
of Ihe oider of 100 V ?
(a) a parallel Wgh vahie resistance
(b) a scries high-value resistance
(c) a panllel low-value resistance
(d) a series low-value resistance

5 Fig. 10.3J shows a scale of a multi-range 
ammeter. Whal is the cunenl indicated when 
switched lo i  23A scale?
(a) IM A (b) 5ЛА (с ) 14A (d) *.4A

t-igurr 10Л

A sinusoidal waveform ia displayed oa a 
c.r.o. screen. The pcak-to-peak distance is
3 cm and the distance betweea cycles is 4 cm. 
The 'variable' switch Is on lOOps/cm and 
the 'volts/cm' switch is on 10 V/cm. In ques
tions 6 to 10. select tbe correct answer from 
the followtag:
(a) 25V < b )JV  (c) 0.4m*
(d) 35.4 V  (e ) 4 ms <f) 30 V
(g) 230Hz (h ) 2.5V (1)2.5 kHz 
Ц) 17.7 V

6 Determine Ihe реак4о-реак vollage
7 Determine the periodic tane of the waveform

ти*КХЖ
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8 Determine t v  мхипиш value of Ihe vutiage
9 Determine tbe frequency of Ibe waveform

10 Uriennine die r j i. t  valve of fee waveform
« *  10.34 thorn duublr-beam c.r.o. wave- 
fotm trace» Pot ihe qualities staled in ques
tion» 11 lo 17. aeled Ibe coneci answer Гюго 
■be following:
(• )30V  (b) 0.21 (t)SO V

■  ■ | .....  - f'
(hi 100m.  (1) - ^ V

I к I lOktlz (1) 7 JV

<л 75
( f )  15 V 

0> 250V 

(ail 40(U

25 .,

Зя __ 
<■) -ĵ  » !•

(о) (p) 5 Нг (Я) ->»v
1 Ж

I  * 01‘.С г .м

• ©  “ В ;
*>»* • I/ * '

H | N t  10.34

11 Amplitude of waveform P
12 lYak-to-pcak value of waveform Q
13 Penoikc time of hah wavefoimt
14 l-irquency of bath wavefoan»

15 ILm.t. value of wavefomi P
16 R ai l  value of wavefonn Q
17 Phate displacement of waveform о  r, i« „  

lo wavefona P
IS  Ihe  inpul and «dpm power» of a tyuera 

’ i* * a n d  Itm w  respectively Ibe deciM 
pocvsi laOn of oulpm power lo input poWcr 
К
(a) 9 (b) 9.54 (C) 1.9 M l lv.oi

19 Tbe input aad ouipui voltage» of a n tn n  
500 цУ and 500 гаV respectively Ihe 4eCT. 
bel voltage ratio of output lo inpu voltaic 
(assuming input romance equals load irsis 
urnce) is:
(a) 1000 (b)30 (c )0  M l Ml

20 Tbe inpul and output cunenU of a system arc 
3mA and 18mA respectively The decibel 
ratio of oupui lo input curreni (aaiutmn; the 
inpul and load resistances air equal I it:
(a) 15.56 (b )6  (c)1.6 M l 7 78

21 Which of tie  following tlalemenu It lik e ’
(a) The Sdieriag bridge it normally u»-d lor 

measuring unknown capadlanct >
(b) A.C. electronic measuring inurnment* 

can handle a much wider range of fre
quency than tbe moving coil tnstiuiikni

(c) A  complc* wavefonn u one which it 
non-iMutoldal

(d) A  square wave normally comain. ihe 
fundamental and even Ьалпото

22 A voltmeter haa a f.ta l of 100 V, a icnuuvay 
of 1 кП/V and an accuracy of ±24 of f s-d 
When the voltmeter it connected Mo a cir 
cuil ii indicate* 50 V. Which of Ihe folio» "41 
Male menu it Mae?
(a) Vokage trading ia 50 ± 2 V  
(hi Voltmeter resit lance is 100 kfl
(с) Vtabage reading it 50 V ± 24 
(dl Vokage reading ia 50 V ± 4 *

23 A potentiometer it uaed Ю : 
la) cnnpur vollaget
(hi meatutr power factor
(c) compare cuneats
(d) measure phase sequence
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Semiconductor diodes

Al tbe cod of ibis chapter you should be able lo:

• classify material* as conductors. semlconduclon or insulator»

• appreciate tbe importance of silicon and germanium

• understand о-type and p-»ype materials

• understand ibe p-n junction

> appreciate forward and reverie bsai of p-n junctions

• draw the circuit diagram symbol for a semiconductor diode

• understand how half wave and M l wave rectification is obtained

Insulalon:

Glass > 1010 О m 
Mica > 10" О  m 
PVC > 10n ftm  
Rubber (pure) 1012 to 10м Om

In general, over a limited range of tempetaaires. 
die resistance of a conductor increases with temper
ature increase, the resisunce of insulators remains 
approximately constant with variation of temper
ature. The resistance of semiconductor materials 
decreases as Ibe lemperature increases. For a spec
imen of each of these materials, having the same 
resistance (and thus completely different diincn 
aons). at say. 1ГС . the variation lot a small increase 
in lemperature tu I ‘C is as shown in Pig. 11.1

11J  S ilk o a  and germ anium

I V  most important aermconductors uaed iu the elec- 
Uoaics industry are xbcon and germanium As the 
teiapersture of these materials is raised above room 
lemperature. the resistivity is reduced and ultimately 
a point is reached «here they effectively become

11.1 Types of m aterials

Maenab may be classified as conductors, 
■ ■ trandurtur' .i insulators lhe ilatsiOcatwn 
depend* on the value of resistivity of the material 
<ioo4 conductors are usually metals and have 
■ riaivities in the order o f 10 7 lo 10 * Om. 
«■conductors have resistivities in the order 

to Э X lo 'O m  Ib e  reaistivM ei of 
are in tbe order o f 10* to 10“  П т . 

typical approximate values at noimal room 
llin i arc

“ »«m 2.7 x 10 * П т
(70CW30ZB) » х 1 0 * П т  

(pure annealed I 1 .7 x1 0 * П т
(mild) 1 5 x1 0 * П т

(•ri:

•nium «Л*0’0- } m2rc0.45 Q m J
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Татрам**» *C

Hguir tt.1

conductors. Foe ihn reason. silicon should n<« oper- 
ate al a working temperature in excess of 1S0*C 
lo 200‘C  depending on its purity, and germanium 
should nol operate al a working temperature in 
exoe» of 7S*C lo 90*C. depending on its punt у At 
the temperatun of a semiconductor ii reduced below 
normal room temperature, the resistivity increaaes 
until, at vety low lemperaluirs the semiconductor 
becomes an tnaulalar.

11.3 n-type and p-fypt m aterials

Adding extremely m all amounts of impurities lo 
pure nemicooductoni In a controlled manner ia 
called doping Antimony, anetuc and phtMfbonis 
are called n-type impurities and form an as-typc 
m alrrtal when any of these impurities air added 
to nlioon or getmaauim. The amount of impurity 
added uaually vane* fnan 1 pan impurity in l(r  
pans semiconductor material lo 1 pan impurity lo 
10* pant semiconductor m artial, depending on Ibe 
rraistivily required. Indium, aluminium and boron 
air called p-type imputitles and form a p-type mate
rial when any of these impunUet air added lo a 
semi conductor

In semiconductor maienals. there art veiy lew 
charge earner» pet uati volume free to conduct. This is 
because Ihe four elftctrun structure' in tie outer shell 
of the atoms (called vaieacy electrons), form stroag 
covalent bonds with neighbouring stoma, trsuking In 
a tetrahedral strucnac with the electrons heM fairly 
ngidly m place. A Iwo-diraensioaal diagram deptcuag 
this is 4»wn (or germanium in Fig. 11.2 

Arsenic, antimony aad pbosphoms have eve 
valency electrons and when a semiconductor is 
doped with oae of in e  sub«anoes. tome Iiapunty 
atoms air incixponted Ш die tetrahedral tfracfflir 
Tbe llth ' valency electron la nol rigidly bonded 
and it free to conduct. Ihe Impurity atom donating a 
charge carrier. A  iwo-dlmemmnal diagram depicting 
this is shown ia Hg. 11.3. in which a phosphorus

tlgurr 114

aom has replaced one of Ibe germanium Moms 
Tbe irsubing material Is called n-type mstenal. .ind 
contains free elect mas

Indium, aluminium and boron have thtee valency 
electrons and wfcen a semiconductor is toped with 
one of these substances some of the sentcondu, i.< 
atoms an replaced by iiapunty atoms. One of the 
(our bonds associated with the sermcondactoi mate 
nal is deficient by one election aad this deflcteno 
ia called a hole.

Holes give Пае to conduction when a polrnti.il 
difference exists across the semiconductor material 
Ate to movement of electrons froat oar holr lo 
another, aa thown in Hg. 11.4. In this ftgunv an



SBM CG N D UTC * П О О П  129

move» from A to B. giving On* appcarana* 
*^ rh e  bole move* from [* u> A. Then electron 
J r L v o  to A, gi«"H «*' appearance lhal lhe M (  

c .  tod * ' fh*' re«ulirn|i malenal 1» 
malrltal ennuining boles.

p-lyp»

11.4 The p-n junction

Д p a Junction u • Ц М  of semiconductor m jlcn.d 
,n Iwbtcb pul of the material rs p-type am) purl is 
*lype In order lo exaaiine the charge HUM ton. 
наилк- lhal separate blocks of p-lype and n-lypc 
^ en a ls  an- pushed together Also n u u n  lhal a 
bole it a poalise charge earner and that an electron 
и a negative charge carrier 

A< tbe junction. *ie donated electron* in lhe n 
type material, called nu^ortH carrier*. diffuse into 
ihe p-lypc material (diffusion is from an area of 
lay I density to an area of lower density) and the 
«crptor holei in Ibe p-iype material dtffuic into lhe 
n yp e  material м *o w n  by ibe am i» i in Hg. 11.5 Пцигг и.»

©*© О ©1о' ©
о о О ©! © ©
о о О © • ©. ©
О. G О ©!©.©

CV

«Яо тРЧ *0 * 0  G O O ©  

О О О © © © 
© ©* ©'© © *© > ♦ • • * . 
o .o  q T ^ ;  ©  ©

Ирип* Hama

п *и к  11.5

•e the (Hype material ha* loit elecuoni. ii
-  , - t t  a positive potenual with rripecl to ibe 
Hype material and tbui lend» lo prevent further 

Movement of election*. The p-type material ha» 
•atned electron* and becomes negatively d u rjc '1 
With respect lo the a-typc malenal and hence tends 
~  retain holei ТЫ» after a short while, the move 
■ent I.f electrons and bote» (top* due to Ihe potential 
•flereace across the jtsacboa. called the oartart 
JttHentlal Ihe area ul Ibe region of the junction 
becomes depleted of holes m l electron* due lo 
уоюп-Ьгйе reuombuialions and is called a t 
" on layer, aa shown in ll* . 116

11.5 Forw ard  and reverse М м

When, an external vobage I» applied lo a p-n junc
tion making Ihe p-type malenal poatlivc wllh respect 
lo Ihe n-type material, al ihoun in Pig. 11.7. the 
p-n junction Is forward biased, lh e  applied voltage 
oppoaes the uoalact potential, and. in effect, closet

(ИИ»
/ м м

©  © • © ! 1©  ©  ©

о  ©  © ] !© • ©  ©

©  ©  © ! |©  4 ©  ©

© . * © . © ! ! © . © . ©

- +

Figure 11.7
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the depletion layer Hole» and electron» can now 
arm  etc (unction and a a u ra l flow».

An increaee in tor appttc-d vokage above lhai 
rrquued lo nariDW' tic  depletion layer (abota 0.2 V 
(or grrmaiuum and 0.ЛУ foi iqbo>a). resuks ia a 
rapid пае in йж current flow d rift»  dcpicuag Ihe 
cunrnr voltage relationship (or forward biaaed p-n 
junction», (or both geinianium and slioon. called tbe 
(orward characteririira. air ihow n 1a Fig. 11.8

■ normal room temperature certain electron» „ 
covalent hood lattice acquuc sufficient епсгц . |tl * 
•к heal avatUMc to kave tbe taMtce. genera,n" 
nuN k electron» and bole». Thu росе» i i  1лц,* 
elcction-hole gene n il on К  thermal emaatiun 

Tbe electron» in фё p*>pe material and hoi,-» IQ 
tie n-type notarial oausod by thermal eiaiaiion . 
called mbwrlfy carriers aad tbete will he attract 
by tbe applied vokage. Паи. ia practice. a »m.j| 
cunrnt of a few microampere» (or germanium and 
Its» than one mictuampete (or altcon. a  ik.ehlj 
mom tempeialwr, flow» under reverie K u  conil, 
hoiu. Typical n n m  charactrristks aar ihw o  ,„ 
Hg. 11.10 (or both germanium and silicon

Figure 11Л

When an enlenul voltage и  applied to a p-n 
junction making the p-type пыиепа! negative with 
respect to the n-type malertal as ia shown ,n 
Hg. 11.9. tbe p-n JantUon is rrv m t biaaed Ibe

rvt»a

‘O’; О о О © ©-
o.| © о © © ©;
o’! o о о © '©.• ♦! P..O о оX—© .©*

11.6 Sem iconductor d iodes

A semiconductor diode ia a device banng a p-n 
junction mounted in a container, suitable !•« con 
ducting and diiaipallng Ibe beat generated in opct 
Mion and haviag connecting leads. In operating 
characteristic» arr aa ibowa in Rga. 118 and 11.1» 
I V i i circuit diagram lymbols (or Mateoflducin 
dudes arr in commoa пае and are и  Ли*п in 
Hg. 11.11. Sometime! the ayraboli are encircled aa 
in Fig. 11.13 oa page 132.

- Й -
1LU

Figure II.»

applied vokage и aow In the saaie tense aa Ibe 
contact potential aad oppoaet tbe moveateni of 
holes and electroni due lo opening up tbe depletion 
layer. Thus, in theory, ao сигтгм flow». However

Problem I. 1 jvplmn briefly the term» given 
he low wben they are aaaociaied with a p-a 
ju action: (a) conductiim in inlrintk 
semiconductor» <b> majority and minorily 
camera, and tc) diffusion

Cun*»

**aga(V|
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Г  в1кяв or germanium with no doping atoms 
added alt c*,w  intrinsic semiconductors Al

I  roam •епЧн' гаП1а я,пи' of |,К 1'|ос,,,,пч •c4ulri' 
«flic ien i energy for I hem lo  break the covalent 
bond between Лот» and become fire nubile 

В  election* Ib is it  called thermal generation of 
К election bole per* Electroos generated ther 
I  mally create a gap in the crystal stmcturc called 
I a hole, the atom aaaoctated with Ihe bole being 
I  M N y  enlarged, «псе u has lost an electron

■  то »  fo r th *  charge may atlract another clec 
I  non released from another atom, creating a hole 
В  efcewhere
В  When a potential It  applied acttvs. the semicon
■ (kictoi material, hole» dnfl towaids the negative 
I  tennm.il (unlike chaiges attract), and electrons
■ towards ibe posilve terminal. and hence a small 
I  current flows.

(b) When additional mobile electrons arc introduced 
by doping a semiconductor material w i*  peo- 
tavalent atoms (atoms having five valency elec
trons). these mobile electrons arc called majority 
earner* The relatively few holes in the n-type 
aatenal produced by intrinsic action air called 
minority carriers.
lor p-type materials, the additional holes ап

ис»! by doping with trivalent atoms 
(atoms having three valency electron). IV  
bole* air positive mobile chaiges and are 

Ity earners In the p-type material. Tbe 
lively few mobile electrons in the p-type 

Benal produced by intrinsic action a ir called 
rity earner*

Mobile boles and electrons wander freely within 
^ ■ • a y s ta l lattice of a semiconductor material.
I  There art more fire electrons in n-type material 

•laa holes and molt bole* in p-lypc material 
Jh»a electrons. Thu*, in iheir random wander 

T P '  °n  average, holes pass inlo tbe n-type 
■**»t»l and electrons Into the p tvpe material

• prooesi и  called diffusion

»  2 Explain briefly why a junction
_ __ *cn Р-*Уре and n-type materials creates

« s’ »ilact potential

semiconductors have resistive properties. in 
*" voltage across the malenal is

How i " J )0**rt,> * a |nrnl <4 the same magnitude 
b “ PP0" *  dl tret ion When a p-n junction
r  ■ Ibe resistive property is replaced by

a rectifying property, that ia, current passes more 
easily in one direction than Ihe other.

An n-type material can be considered to be a 
«anonary crystal matrix of tiled positive charges 
together with a number uf mobile negative chatge 
camera (electron»). The total number of podtive and 
negative charges are equal. A p-type material can 
be considered to be a number of stationary nega
tive chatge* together with mobile positive chatge 
camera (holes). Again, the total namher of poaltive 
and negative charges are equal and the malenal it 
neither positively nor negatively charged. When the 
maienals air baiught together, some of the mobile 
electrons In tbe n-type material diffuse into the p- 
type material. Also, some of Ihe mobile boles in the 
p-type material diffuse into ibe n-type material.

Many of the majority carrien In the region of 
the junction combine with the opposite carrien to 
complete covalent bonds and create a region on 
either side of fee junction with vety few earners 
Tbit region, called the depletion layer, ads as an 
insulator and ia in the order of 0 5 tun thick. Since 
ihe n-type material has lost electrons. И becomes 
positively charged. Also, the p-lype material has lost 
holes and becomes negatively cluuged. creatmg a 
potential across the junctio*. called Ibe banter or 
contact potential.

Problem 3. Sketch Ihe forward and reverse 
characteristics of a silicon p-n junction diode 
and detcrihe the shapes of Ihe characteristics 
drawn.

A typical characteristic for a silicon p-n junction 
having a forward bias is shown in Pig. II.Hand hav
ing a reverse bias In Pig. 11.10. When the positive 
lemtinal of Ihe battery Is connected to Ihe p-lype 
malenal and ibe negative tcnninal to the iHype 
material, tbe diode is forward biased. Due lo like 
charges repelling, the holes In the p-type malenal 
drift towards the junction Sim ilarly Ihe electrons 
m Ihe n-type material are repelled by Ihe negative 
bias voltage and alto drift towards the junction. The 
width of the degteuoo layer and sin  of the contact 
potential are reduced I-or applied voltages from 0 ui 
about 0.6 V , vety little current flows. A l dboul 0.6 V. 
majority carrien begin to cross the junction In large 
aimhen and cmtrM stalls lo flow. A t tbe applied 
vollage it  raised above 0.6V. die cunrni increases 
exponentially («ее Fig. 11.0 When the negative ter
minal of the battery is connected to Ihe p-type 
malenal and the positive terminal to the n iype 
malenal the diode Is reverse biased. The boles in the
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p-type malenal art attracted towards I hr negative 
termtnal and (be elections ia Ibe n-type material 
are attracted towards ibe portuve terminal (anhkc 
charge» attract). This dnft increase* Ike magmtttdc 
of both Ibe contact potential and Ihe thickness of Ihe 
depiction layer, so feat oaly very few majority earn
er! have sufficient energy lo шгпкаии lhe juactna.

Ibe thermally culled minority earners, however, 
can crow ihe junction Mace it ia, in effect. forward 
biased for these earners. Ibe ■ovemeal of msaonty 
camels rrsulls in a small cunuaM cunrnl Bowing. 
As thr magnitude of the reverse voltage и increased 
a point w ill be re felled wbrtr a large cunrnl sud- 
drnly starts lo Kow. The voliage m which thisoccun 
is calod ihe breakdown voltage This cunrnl и  doe
lo two effects:

<l) the zencr rfTrrt, mulling from the applied 
voltage being aifficienl to break some of the 
covalent bonds, and

(ii) the avalanche effect resulting from Ihe charge 
earner* moving al sufficient speed lo break 
covalent bonds by collision.

A ceaer diode Is used for voliage reference piaposes 
or for vobage stabdtsalion. T*o common drcut 
diagram symbols for a lencr diode are shown In 
Hg. 11.12

- Ы ----w-
Kgiire 11.12

is switched on and шгтеш r flows. When /• 
negative with reaped to Q. diode D  is switched off 
Transformer T isobars Ibe equipment Iron, j,,,. 
connection with Ihe mains supply aad еааЬк-ч ’ 
mruns railage lo be changed. l\*o diodes nay £  
uaed as shown in Fig. 11.14 to obuun hill 
nretHteatioa A arnUe-UppgdlnuH form a Г и ин-j 
When P  is sulVcjeitly poertvr with irspeci ,, 
diode D, sxmdurf» and current flows (shown by th* 
bfoken line ia Pig. 11.14). When S it positive » щ, 
rspect to Q. diode D] conducts and cunent (Km, 
(shown by ibe continuous line in H g  11.14). Ц * 
cunrnl flowing in J? I* in tbe same dacctmr, 
hah half cycles of the input. Ibe output waveiona 
is thus as shown in Hg. 11.14

11.7 Kectlficatton

Ibe process of obtaining unidirectional currents aad 
voltages from alternating currents and voltages is 
called rrcintcattan Automatic switching in drcuiu 
is carried out by diodes.

I'rang a single diode, at shown in Fig. 11.13, 
half-wate гг critical kin it obtained When P  it 
sufficiently positive with reaped to Q. diode D

Four diodea вау be used in a bridge irctittt r i 
cuil, aa shown la Fig. 11.13 to obtain fu l wave ret- 
•Healkm As far the recHlier shown in Fig. 11.14. 
Ibe cunrnt flowing in к  is in tbe same durcuon 
for both half cyd n  of thr input giving the output 
waveform shown.

Figure 11.13

lb  smooth the o il pal of the recaber» described 
above, capacitors having a large capacaancr may 
he connected across lhe load resistor It. Ibe effect 
of this ia showa on lie  output in Fig. 11.16
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Exercise 5* Further problems on 
gmlconduiior dlades
1 Explain whal you undcrsiiind by the term 

intrinsic semiconductor and bow an innnac 
semiconductor i< turned into either a p-typc 
or an n-type material

2 Explain whal it meant by minority and 
majority cameo In an n-type material and 
■tale whether tfte numbers of each of Леж 
earners ал affected by temperature.

3 A  piece of pure silioon it doped with 
(a) pentavaleni Impurity and <bt trivalerM 
tmpunty Explain Ibe effect these impurities 
have on Ibe fonn of conduction in silicon.

4 With Ibe aid of simple sketches, explain bow 
pure germanium can be treared in such a 
way dial conduction is predominantly due lo
(a) elections aad (b) boles.

5 Explain Ihe terms pven below when used in 
semiconductor terminology:
(a) covalent bond
(b) trivaleni impurity
(c) penlavalen impurity
<d) electron-bule pair generation.

6 Explain briefly why although both p-typc 
and n-type materials have resistive properties 
when separate, they have rectifying proper
ties when a junction between them exi»s.

7 The application of an external voltage lo 
a junction diode can influence Ihe drill of 
holes and electrons. With tbe aid ol diagram» 
explain this slauwnt and also how Ihe direc
tion and magnitude of the applied vintage 
affects ihe depletion layer.

* State briefly wtiM you understand by Ihe 
imns:
(•> reverse Mas 
<bj forward hire 
(c> contact potential

(d) diffusion
(e) minority carrier conduction.

•» Explain briefly Ihe action of a p-n junction 
diode: (a) on open circuit. <b) when provided 
with a forward bias, and (c) when provided 
with a reverse bias. Sketch Ibe characteristic 
curves for both forward and reverse bias 
conditions.

10 Draw a diagram illustrating Ibe charge sit
uation for an unbiased p-n junction. Explain 
Ihe change in Ibe charge ntuition when com
pared with that in isolated p-type and n-type 
materials M alt on ihe diagram Ihe deple
tion layer and tbe majority earners in each 
region.

11 Give an explanation of the principle of oper
ation of a p-n junction as a rectifier. Sketch 
ihe сигтсИ-vollage characteristics ihowing 
the approximate values of curreni and voltage 
for a silicon junction diode.

Kxrrctoc 59 Short answer problems on 
semiconductor diodes

1 A good conductor has a resistivity in the 
order o f ........ lo ..........Rm

2 A semiconductor has a resirtmty in tbe order 
o f ........ lo ..........ft m

3 An insulator has a resistivity in the order of 
........ to ..........Rm

4 Over a limited range. Ihe resistance of an 
insulator . . . . . .  with increase In temperature.

J  Over a limited range. Ihe resiaance of a semi
conductor ........ with increase in tempera
ture.

6 Over a limited range, dx resistance of a con
ductor ........ wi№ increase ia temperature

7 Name two semiconductor materials used in 
Ihe elect rum c i industry

ft Name two insulMcn used ia the electronics 
industry.

9 Name Iwo good conductors used in Ibe elec
tronics industry.

TlfetO O K



134 B-BTTtlC A L AND ELBC TBD N f U llH C lPLES AKU TECHNOLOGY

10 The wortung temperature or germsosum
should nol exceed .......*C  lo ........ ,’ C,
tfc pending on its ........

11 Tbe working temperature uf silicon should
nat exceed........ ‘ C lo .......,*C. dtfKtdny
in  U s........

12 Antimony is called........ impurity
13 Anenic has........ valency elections.
14 When pbosphonu is imrotkiced into a semi

conductor malenal. mobile .........result.
15 Boron is called a ........ impurity.
16 Indium has........ valency elections.
17 When aluminium Is introduced into a semi

conductor material, mobile........ result
18 When a p-а junction is formed, the n-typc

material acquires a ........ charge due le los-
‘« 8 ........

IP  When a p-n Junction is formed. Ibe p-type
malenal acquires a ........ chatge due I*  lov
Щ ........

20 To forward bias a p-n junction, the ........
terminal of Ihe baaery ia connected to the 
p-type material

21 To irvetie bias a p-n junction. Ihe putftive 
terminal of ibe battery is connected to the 
........ material

22 When a germanium p-n junction i* forward
biased, approximately ........ mV must be
applied before an appreciable cunrni ttarti 
lo How.

23 When a silicon p-n junction is forward
biased, approximately ........ mV must be
applied before an ippirciA le current Mans 
to flow.

24 When a p-n (unction is reversed biased, 
ihe thickness or width of the depletion 
layer ........

25 If  die Ibsckness or width of a depletion layer
decreases, then the p-n junction it ........
tinted.

26 Draw an appropriate vmnu diagram suitable 
for half-wave rcctlOration

27 How may full-wave recti Ocatioa be achie
ved’

28 Whal is a simple method of smooching цу. 
output of a rectifier?

b e  retse «0 ЧмШ -сМге question. on 
w m lrouductaH iw iti (Answers oa
p * r  375) '  T
In questions I lo 3. select which statement). are 
Hue.

1 In puir silscon:
(a) the hotel air the majonty carrien
(b) the electrons are die majority earner.
(c) the tides and elections exist In equal 

numbers
(d) conduction is due lo there bong more 

elect гам than holes
2 Intrinsic semiconductor maienals have

(a) covalent bonds forming t  letrahedr.il 
structure 

(bi pentavnlent atoms added
(c) conduction by means of doping
(d) a irsialance which incrrates 

with increase of temperaure
3 Penuvalett impurities:

(a) have krre valency electrons 
(bi Introduce holes when added le a temi 

conductor malenal 
(cl are ittroduoed by adding Aunimunt 

atoms to a semiconductor malenal
(d) increaae the conduction of a semi

conductor material
4 Free electrons In a p-type material:

(a) ate majority canters
(b) take no part in conduction
(c) air rmnonty earners
(d) exist at (be same numbers at holes

5 When an tabiased p-n junction is farmed
(a) Ihe p-ade Is positive w iili trspect to ihe

n-nde
(Ы  a contact potential exists 
<c) electrons diffuse from the p-type matenul 

lo the n-type material
(d) conduction it by means of major 

Ity canters
lo quesltons 6 to 10. select which statements nr
Use.
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A It ) The resistance of an insulator remains 
ipproximalely constant with increaae of 
temperature

fl,) Tbe resistivity of a good conductor it 
aboul 107 lo 10* ohm metres

(C) The resistivity of a conductor increases 
with incretae of temperature

(d) The resistaaoe of a semiconductor de
creases with increase of temperature

7 Tllvaient impurities:
(a) have three valeney electrons
(Ы  introduce holes »ben added to a semicon

ductor material
(e) can be imtoduced to a semiconductor 

material by adding antimony atoms lo tt
(d) increase the conAictmty of a semiconduc

tor material wben added to it

g Free electrons ia an n-type material:
(a) are majority carriers
(b) diffuse into be p-lype material when a p-n 

junction It formed
(c ) as a result of the diffusion process leave 

the n-type material positively charged
(d) exist in the tame numbers as the holes In 

the n-type material

9 Wben a geimamum p-n junction diode ia 
forward biased:
(a) currra itails to flow ia an apprecia

ble amount when the applied voltage it 
about eOOmV 

(Ы  Ibe iMcfcnesi or width of the depletion 
layer ■> reduced

(c) the curve representing the curreni flow it 
exponential

(d) Ihe paaitivc terminal of the battery it 
conneded to the рчуре matenal

10 Wben a dicon p-а junction diode ia rcveree 
Mated:
(a) a conatant current flows over a large 

range at voltages 
ft») currem flow is due lo electrons ia Ihe 

n-type material
(c) currem type it due lo minority earners
(d) Ibe magnitude of tbe reverse currem flow 

it  usurfly lets than I цА
11 A recufler conducts

(a) direct current! ia one direction 
(bl alternating current in both direction!
(c l direct current ia both directions
(d) alternating currents in one direction
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12
Transistors

i -  '  T

At Ihe end of tin  chapter you shoald be able lo:

• understand the slrudure of a bipolar junction transistor
• understand transiaor action for p-n-p and л-p-n types
• draw Ibe circuit rfcagram lymbols far p-n-p and it-p-n tnastston
• apptrciale common-base, common-emitter and cummon-coilector transistor 

connections
• interpret transistor characteristics
• appreciate how the transistor i i  used as an amplifier
• deierniine Ihe load line on translator characteristics
• estimate cunrnl. voltage and power jams front transistor charadenstics
• understand thermal runaway In a transistor

12.1 The b ip o lar Ju n ctio n  tran sisto r

lhe bipolar junction transistor consists of three 
regions of semacoaductor malenal. One type is 
called a p-n-p Iran*stor. in which two regions of 
p-type malenal sandwich a vety thin layer of n-type 
malenal. A second type Is called an o-p-n transistor, 
m wtach two region* of a-type malenal sandwich a 
vety thin layer of p-type maenal Both of these 
types of transistors consist of two p-n junctions 
placed vety dose la one another in a back-to-back 
arrangement on a single piece of semiconductor 
maternal Diagrams depicting these two types of 
transistors are show* in Hg. 121 

The two p-type material regions of the p-n-p Iran 
sistor are called the emitter and colcftor and the 
П-type material Is udled the haac Similarly, fee two 
n-type material region» of the a-p-n transistor hr- 
called tbe emitter aad collector and the p-type mate 
nal region is called Ihe base, as Aowa in Ha. 12.1 

Transiston have three cMmectatg lead» aad 
in opemion aa electrical iapat Iu oae pair e l 
connections, say Ihe emitter aad base connections 
can control tie output from another pair, му *e 
collector and emitter connections. Thu type of

Figure 111

operation ia achieved by appropriately biasing 'J*  
two internal p-n Junctions When bsasem'' iU“* 
m inors are connected lo a p-n-p transUMi *  
diown in Hg 13.3(a) Ihe baae-emilter JuncB»" “  
forward biased and Ihe base-cotledui jundion “  
reverse Maaed 

Stnalarly an a-p-a tnaastor has ita baseenutnT i 
jaadion lorwatd Maaed and IU bnae-coUcdor |UtR- 
tion reverse blaaed when Ihe batteries arc connect 
aa shown in Pig. 12.2(b).
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Em rft#f Вам ColMtor
•

г
n

t
Load 1 mWvl

- » k -
(b) n-P-n trai| ( i )  p-n-p rr*n^*Jcx 

figure 12.2

K* a ttlicon p-n-p tiansistor. biased as shown in
&  12-2(11), if Ihe bate-emitter junction Is consul 

ecd on iu own. il is forward biased and a current 
(lows, ТЫ» «  depicted in Fig. 12.3(a). For example, 
if Kt 1» 1000 n . Ihe battery is 4.5 V and the voltage 
drop across Ihe junction is taken as 0.7 V. Ibe cur 
■cm flowing it given by (4.5-0.7)/|000 = 3 SmA 
When the base-collectot junction is considered on Its 
own. ai thown in Big. 12.3(b), n is reverse biased 
aid Ihe collector current is something less than 1 iiA

ЬяШч В— ■ C o M o t

07V

(a) The majority carnets in ibe emitiet p-lype maae- 
nal are boles

(bl Tbe base-eamer junction u forward biased lo 
Ihe majomy earners and Ihe boles cross Ihe 
Junction and appear I* Ihe base region

(c) Tbe base repon ia vety thin and is only lightly 
doped with electrons so all hough some electron 
hole pain asc loaned, many boles aie left in the 
base region

(d) Tbe base-cdledor giactlon is reverse biased lo 
elect rom in the base region and holes ia Ihe 
collector героп. tail forward biased lo boles in 
Ihe base region; these boles air attracted by ibe 
negative potential al the collector letminal

(e) A large proportion of the holes in the base 
region cross tbe base-collect» junction into the 
collector region, creating a collector cunrni; 
convention^ current flow it ia  Ibe direction of 
bole movement

The transistor action ia thown diagrammatically 
in Fig. 12.4. Far transistors having vety thin base 
■rgioni. up to 99.5 per cent of the holes leaving the 
emitter crou thr base collator junction.

Emmr Вам GolactK

H fU„  IU

*-_ p fa w evet when both eU rin a l circuits are con 
■Oed to Ц,, uansiitor, niovi of the 3 h т Л  ol cur 
У  lowing in the en iuu i w lud i |ч.-чоичЬ How,-,I 
" j j » U ie  base connection now ll w . out iln.>u«h 0. 
H *  ечтаесооа due to irsnsinor action.

, i2  Т гам Ы и г action

Iram irtur, connected as shown In 
—( “ ». transient action Is accounted fot as

Hgurr 12.4

In an n-p-n I rails 1st и r connected a* thown in 
Hg. 12.2(b), transistor action a  accounted for at 
follows:

(a) The aiajonly earners tn foe n-lype emitter male
nal air electron!

<b) The base-emtter Junction it forward biased to 
these majority earners and electron! cross the 
Junction and appear ia Ihe base region

(c) Tbe base region u vety « in  and only lightly 
<k>ped with boles, ao some recombination with 
boles occun N il many elections ate left in Ihe
L . . . ___ _

(d) Tbe Ьаае-совесюг juaotioa ia ncvrne biased 
to holes In ihe base region and electrons in

Т1АЮОК
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the collector regioa. but ia fcirwaid biased Ю 
electrons in lb< base region; these electrons an- 
attracted by fee positive potential a fee coUector 
terminal

(e) A large proportion of ibe dectrona ia Ihr bate 
region сто*» Ibe baae-collector junction talo fee 
collector legion, ciraing ■ collector current

The transistor action is ibown dugnmmatically in 
H (. 12.5 Aa uated in Section 111, conveational 
cunrai flow ii lake* lo be in fee direction of bote 
flow, that ia, u  fee opposite direction to (lection 
flow, bence fee diraclions of ibe conventional cur
rent flow are aa ibown ia hg 12.5

camera, but a an all leakage current. /(lk) n iu _ 
from tbe collector lo tbe haae due to feeim«ih 
generated minority camera (bolei in Ihr co llct,, 
ant elections in the baa.-1. being prraenl. The hav 
oullector junction u  ty ran t biaied lo tbeae minonu 
earners U k  prapotflon. at. of ibe electron! pa ищу 
through fee Nu#-ematter junction alao pass lltniuyi, 
tbe baae-crulector juactioa then Ihe currerm flowing 
n  an n-p-n Iranautor are ax ibowa in Pig. |2.ft(bi

Problem I. Wife refcteace lo a p-n-p 
transistor, explain briefly whal is meant by 
fee term transtaor action and »hy a bipolar 
junction Iranaiaior ia ao named.

Figure 1X5

For a p-n-p lianatalor. fee baae-collector Junction 
ia reverse biased for majority camera. However, a 
small leakage curreat. to o  flowa from tbe baae lo 
tbe collector due to thermally generated minority 
camera (electrani la fee collector and boles in the 
baae). being present.

Ihe base-collector junction u forward biaatd to 
these nunoniy carries If a proportion, a. (having a 
value of up to 0.W5 in modem transition), of the 
boles passing into fee base fuwn fee emitter, pass 
through fee base-collector junction, then fee various 
currrati flowing ia a p-n-p tranaistur are aa feown 
in Hg. 12.(4al.

Emnar Baaa Collector
p n 4

к / /c*o
lc k

n p 4

-Co

« (*»

Figure IX *

Similarly, for aa n-p-n liansislar. the base 
collector junction ia reversed biased for mafoiiiy

For the iranastor as depicted in Pig. 1Z«. fee emit 
ter ia relatively heavily doped wife acceptor atom» 
(holes I When fee emitter terminal la atade aufh 
dently positive with respect lo the baae. fee base 
enutler junctioa ia forward biaaed to fee majority 
earners Tbe majority camera are holes in the emit 
ler and iheae daft from the emitter to fee base Ih r 
baae region ia relatively lightly doped wife donor 
aoros (electrons) and although some dtctim-boi,- 
B4'omhtnatton‘i  lake place, perhaps 0.5 percent, 
moa of fee holes entering the baae. do net combine 
with electrons.

Tbe baae-ooBectnr junction ia reverse biased to 
electrons ia Ihe baae region, but forward biased to 
holes in the haar region Since the baae ia vety feta 
and now is packed wife holes, these holes pass the 
baae-emitter juactioa towards the negative potcnii.il 
of fee collector terminal. Tbe control of cuixeni 
bum emiller to collector i i  largely «dependent 
of the oolector-baae vokage and alme* wholly 
governed by tbe et»tter base vokage. Hie eaaence 
of tnatiaor action is this current coottd by means 
of tbe baae-emiBkr voltage.

In a p-n-p tranaiaor. boles in the emitter aad col
lector regions aae majority camera, but art- minority 
camera when in fee base region. Alao. therm ally 
generated electron! in the enuaer and cdlecto 
regions are minority carriers aa are boles ia Ihe ba.se 
argion However, hath majority and minority car
riers contribute towards the total carrel* flow (ace 
Hg. 12.6(a)). It la bacaiae a transistor makei use of 
both types of diarge carriers (holes and electrons) 
that they are caked bipolar Tbe iranautor also com
prises two p-n Junctions aad for feia reason it is a 
jnaction iranalstor. Hence fee name bipolar juactioa 
tnasiaor.
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12.3 T raasb to r symbols

Symbol» «re uaed ю represent |> n-p and n-p-n 
uinMMors in dm i* diagrams and are a* shown in 
H i 1X7- "П* ало» head drawn on the emaier of 
lhe symbol и In the direction of conventional emitter 
cunrnl (hole flow). Hie potentials marked al lhe 
collector. base and emitter are typical value* for a 
fUis'on transistor having a poienlial diflerence of в V 
between its collector and iu  emitter.

(c) common-collector coafiguration. Aown lo Pig 
12.8(c)

(OBV)
•fOV)

NPUT OtfTPI

w

J r
- H O  алNPUT V“4

.— ъ _

INPUT

o utput

output

<0V) 
n-p-n tfanntley

Rfurr 117

lhe voltage of OAV across the base and emitter 
is the required lo reduce the potential bamer and if 
it ii mired slightly to. му. 0.62 V . it is likely fcai the 
collector current will double to about 2 mA thus a 
small change of voluge between the emtner and the 
haac can give a relatively large change of cunrnl In 
the emitter circuit: because of lbs. Hamilton can 
he uied ai amplifier» (we Section 12.6).

>2.4 Transistor ctm im tions

There are three ways of connecting a transistor, 
depending on the aie to which it ii being put. 
The ways are clashed by the electrode which is 
°отпюп to both Ihe input and the output They are 
called:

<») common-base configuration, shown la Pig 
12.1(a)

(h) common-emitter configuration. Aown in Fig 
ll*b >

№)
Figure 111

These configurations are for an n-p-n transin or The 
cunrnt Rows tfuwn air all reversed for a p-n-p 
uaniinor.

Problem 2. The basic construction of an 
n-p-n in iu iao r makes It appear that Ihe 
emitter and collector can be interchanged 
Explain why this it not usually done

In principle, a bipolar junction transistor will work 
equally well wuh either tbe emitter or collector act
ing as the emitter. However, tbe conventional emit
ter current largely flows from lhe collector through 
the bate to tbe emitter, hence the emitter region 
ia far more heavily doped with donor atoms (elec
trons) than tbe base is with acccptor atoms (hale*). 
Also, the baae-ooUector junction ii normally reverse 
biased and in general, doping density increases the 
electnc Held ia Mae Junction and «о lowers Ле break
down voltage. Thus, to achieve a high breakdown 
voltage, the collector region it rrtalvdy lightly
4m m

In addition, in most transistors, the method of 
production it lo diffuse aooeptor and donor йота 
onto tie n-type semiconductor matenal. one alter 
the other, so that one overrides the other. When this
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u Лате, the doping density tn tbe hate re pun U 
not uniform but decaeates lin n  etn tia lo coftector. 
ТЫ» m u к i  ia increasing tbe effectiveness of Ibe 
transistor Thus. became of Ibe doping densities In 
tbe dure regions and tbe normmforrn density In 
Ihe bnae. Ihe colleaor and emitter terminal* of a 
transistor ihould net be tntenhanged when Baking 
transistor connections.

12.5 T rass 1st or characteristics

The effect of changing one or more of Ibe vari- 
out voltages and current! associated w uh a transistor 
c itv u a  can be shown graphically and Ihete graphs 
are called Ihe characterMte* of Ihe transisuir Aa 
there ate live varuMei (collector, baae and emit 
ter currents. and vrttages across the collector and 
baie and emiller and baae) and also three conOgu- 
raUoas. many chararteriutcs are possible. Some of 
Ihe possible characteristics are given below.

la I Comm on-hast configuration

hat link effect oa Ibe characteristic А нищ 
characteristic can he obtained fu r a p-n-p Uatant,* 
tirie  having reversed polarities.

(n i Output cfumirteristtrv The value of ihe cu|. 
lector current /<- it very largelŷ  determined by it, 
emitter cunenl, /g. 14» л  gifen value of /Е lllr 
collector-base vollafe. Vq̂ , can be varied sad 
bttle effect on *tr vnlue of l c . If  Vcs is mmv 
slightly negative. Ihe cuUector no longer istracn 
tie majority earners leaving ihe emitter ind I, 
tails rapidly lo Jerix A laauly of curves for \;ц 
ioat values of 1щ are possible and tone of ibese 
ate shown In Hg. 12.10. Hgure 12.10 it called the 
output characteastlcs for an n-p-n transistor bavin,, 
common-base amflguntioa Similar characteristic, 
can be obtained for a p-n-p transiflor. these having 
■evened polarities.

(i) Input rhanxSeiiaic With reference lo 
Hg. 12.8(a). the input lo a common-base Itansisior 
it the emitter current. fE, and can be vaaed by 
altering Ihe bate cnuticr voltage Va . Tbe bate 
emitter junction it essentially a forward Mated 
junction diode, so м  it varied. Ibe cunenl 
flowing i i  timilar to that for a junction duxk. 
as shown In Fig. 12.9 for a silicon translator. 
Hgute 12.9 it called the input characterinic for an 
n-p-n traniislor having common-base configuration. 
Tbe variation of Ibe collector-base voltage Vcs 111*

<b>C* n-emlitfr roattgurallon

Hgurr I I *

0) Input character*!* In a conmon-enuter con- 
tigaratioa (tee Pig. 12.1(b)). Ihe baae ament It now 
tie input cuiret* A t V o  is varied, die cbnractenM 
dbutned It  tinalar in shape to the input Aat:w 
ten tbe for a common-base eonflguiatto* thown in 
Hg. 12.9, but tbe values of cunenl are far leas With 
reference la Hg. 116(a). aa long aa tie  Junctions ate 
biased at deacebed. the three current! fa, lc  and 
I t  keep the ratio l» :(|  -  в), whichever conligun 
•on it adopted. Ibut tbe baae carreM changes are 
much smaller tmn Ihe correspond»; emitter cur 
teat changes and the input duracteriatic tor an n-p-n 
masislor I* as *own in Hg. 12.11. A M alar char 
actenstic can be obtained for a p-n-p translator Ibete 
having reverted polarities.



TlAN9STO (t 141

Problem 3. With lhe aid of a circuit 
diagram, explain how U r input and output 
characteristics of an n-jvn tranaflt* having a 
common-baae coeftgurelioe can be obtained

I
I
3

1X11

(ii) Output characteristic» A family of curves
can be obtained. depending on the value a l bate 
cunent /a and tome of these for an n-p-n transistor 
ate shown in Hg. 12.12. A similar set of character 
istks can be obtained for a p-n p transistor. these 
having reversed polarities Theae characlensties dif
fer from lhe com шоп base output characteristics 
in two way»: Ihe collector current reduces lo w  
wuhout having lo iwene Ihe collector voliage. and 
the dsaractcnstics slope upwards indicating a lowei 
output resistance (usually kiM m s for a coaim on 
emitter configuration compared wilh megohms for a 
common-base configuration!

n «“ "  1111

Л circuit diagram for obtaining the input and output 
characteristic* lor an n p-n transistor connected in 
common-baae oafipiration is shown in Hg. 12.13. 
Ibe input characteristic caa he obtained by varying 
X|. which vane* Vq . and noting tie corresponding 
values of /g. Thu u  repealed for various values of 
Vc*. ll wtU be found that tie mpul chanctetlslic is 
almost independent of Vq  and H ia usual lo give 
oaly one charatsenstic. as shown m H g  12.9

% 'c

n x P - R
1 н | , Г Т - i

R g u n  I1 U

To obtain Ihe output characteristics, as shown in 
Hg. 12.10, /g it act lo a suitable value by adjust!^ 
ff|. For various value* of V'r». art by adjusting Rj. 
Ic  it noted. This procedure it repetted for various 
values of /g . To obtain Ihe №11 characteristics. Ihe 
polarity of battety V ; has lo be revetted lo reduce 
Ic  to иго. ТЫ* must be done vety carefully or 
else values of lc will rapidly increase in the reverse 
direction and bum out the transistor

Now try lhe following exeroac

Kw rriw  61 Further problems an 
transMors

1 Explain With lhe aid of iketdie*. the oper
ation of aa n-p-n translator and also explain 
why the collector cunenl I» vety neatly equal 
lo tbe emtter cunrnl

2 Explain whai la meant by the term ‘tnaautor 
action'.

3 Describe tie bask pn ample of operation of 
a bipolar Junction transistor including why 
majority carriers croattag into ibe base from 
tie emitter past to the collector aad why lhe
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collector currem It almoal unaffected by Ihe 
collector potential

4 Ног * transistor connected In солшюа- 
cmttier configuration. tkelch Ihr on pul 
ihoractenUKs relating collector curreni and 
d r m llrcior-rem rr voltage, lor vanous 
value* of hate current Explain Ihr shape of 
the charartensacs

5 Sketch Hie inpal characteristic relating m il
ler curreni and Ihr emitter-base vokage for a 
transistor connected in common-base config
uration. and explain ill 4iape.

6 With ihe aid of i  circuit diagram, explain 
how Ihr outpm characteristics of an i-p-n 
transistor having onunoi l w  configuialion 
may be obtained and any special precautions 
which should be taken.

7 Draw sketches to diow the direction a l the 
flow of leakage curreni in both n-p-n and 
p-n-p tnmiston. Hxplaia the effect of leak
age current an a transistor connected In 
common-base configuration.

8 Using Ibe circuu symbols for Iranaialon (how 
how (a) common-base, and (b) comaion- 
emitter configuration can be achieved. Mark 
on the symbols tie inputs, tbe outputs, 
pul an ties under normal operating conditions 
lo give correct biasing and curreni (krecNon.

9 Draw a diagram showing bow a Iranautor 
can he used la common emitter configura
tion. Mark on the (ketch die inpul. отри, 
pularitics under normal operating condaiont 
and current directions

10 Sketch die arcud symbols for (a) a p-n-p and 
(b> aa n-p-n iraaaldor. Mark on the emitter 
elect rodet the direction of conventional cur
rent How and explain why tbe canenl lows 
la Ibe direction indicated.

12.6 The transistor as м  am pUflrr

Ibe amplilying properties of a trams stor depend 
upon Ihe fact that current Игану in a low-remstaacr 
cttcua ia transferred lo a lagb-irsiMancr circuit 
with negligible change la magatiude. If  Ihe cwrreal

then Bows through a load resistance. 4 vukao. 
developed. Tbit voltage can be many times J L “  
than the Input vokage which caused the оп»,Л  
current flow. 41

la) i'sm tnta-haa ampUflrr
Ihe baasc circuit for a ttjnuslor it ihown
Hg. 12.14 wtK0H№ l̂ s-D transistor it bused vs щ ,  
batteries b, and H  sinusoidal alternating Imxi, 
signal, ц . it placed in seiies with the input but. 
voltage, and a load reastor. R i. is placed in senei 
wiih the coUector bias voluge. Tbe inpu чд. 
aal is therefore the sinusoidal cunent I, resulting 
from the application of d r sinusoidal voltage r, 
superimposed on Ihe direct current /e eatahlishej 
by the ba*e-em*ter vokage Vb*.

Let the signal voltage ц  be lOOmV and the bme- 
emitter circuit resistance be 500 Then Ihe ennttri 
agnal current wall be 100/90 = 2mA. Let the kiad 
resistance <L a  2.3кП. About 0.99 of the emitter 
curreni will flow in R l Hence Ihe collector signal 
curreni win be abotf 0.99 x 2 = 1 98 mA and the 
agnal voltage aoota the load will be 2900 ж I 98 . 
10"5 = 4.95 V. H as a signal voltage o f lOOmV 
a> the emitter has produced a vokage of 4950 mV 
acroat the load The voltage amplification or gain 
it drtefore 44JO/10() с  49.5 times. Thu example 
41 ustrales d r action of a common-base amplifier 
where the input signal ia applied between rm inri 
and baae and die output ia taken final between 
aillector and baae.

(hi C omm on-cnlllrr ampUflrr

H r  basic circuu anangement of a сотпмп-emittei 
atnphfier is damn ia Hg 12.15. Aldwugh two bai 
lenes air shown, к it  more usual lo employ only 
one to supply 41 ibe neceaaaiy bus. The inpat sig 
aal It applied between baae and conker, and the 
load resistor Я, la connected between cidlesloi and 
emitter Lei the bate bus hattery provide a voltage 
which caases a base current 1% ol 0.1 mA Ю fl»» 
Thta valir of baae carrent determines the mean dc.
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U i die italic cunrni gain of Ihe transistor, og. 
be 50. Since 0.1 mA la Ihe ateady baae current, 
ibe collector cunei* lc  will he ore x /» «  30 x
0.1 = 3 mA. ТЫ» curreni m il flow through Ihe 
load reaialor *[.(■  I kf7l. and there will he a ateady 
voltage drop acroaa Rk given by /C*L = 3 x
10 3 x 1000 = 3V. The vollage al Ihe coieclor. 
Vci. w ill therefore he Vac -  Ic R i -  12 -  3 = 
7V. Thu value of Vcg ■» the mean (or quieacem > 
level about which ihe output signal voltage will 
•wing alternately poalUvr and negative. Thla ia Ibe 
eoUrelor voltage <Lc. aprrallng point Both of 
Ibese dc. operating points can be pin-poimed on 
Ihe input and output cbancteriaica of the Iramalia 
figure 12.16 ahows the It/ V ц  characteristic with 
Ihe operating paint X  positioned al l t  s  0.1 mA. 
V *  a  0.73V, aay.

Va (V)

Figure 12.17

Vcc instead. Hie aimpleat way lo  do Ih li il lo 
connect a bias reilitor Hh between tbe podtiue 
terminal of the V(t tupply and Ihe baae aa ahown in 
Hg 12.lt The «ealator must he of audi a value that
il allowa 0.1 mA lo flow in the baae-emitter diode.

figure 12.17 allow« tbe Ic / V a  characteristic*, 
ihe operating pom Y positioned л  /< «  5 mA. 

*4* ”  7 V. h la usual lo dxna* the operating pram 
J " ,newhere near die centre of the graph 
П II poiaihle lo remove the bias batteiy VM  and 

obUun baae biaa from Ihe collector supply battery

Figure 1111

For a aUicon nnalalor. Ihe vollage drop aouaa Ihe 
junction for forward bias oondttloaa 11 about 0.6 V. 
The vollage aonaa Яв mu at then be 12 -  0.6 =
11.4 V. Hence, (he value of RH must be nicfa tlui
/ » x * B = ll.4 V ,U -

«в =* I I .«//» •» 114/(0.1 x 10-*) в  ll4 kQ .
With ihe tndudon of Ihe 1 kO load reiialor. 
a ateady 5 mA coUeclo» curreM. and a oollector- 
emitter voltage of 7 V . the dc. co n M tw  are eatah 
labed

An akcmallag inpul aignal <t\) can now be 
applied In order №* lo Auurb Ibe biaa condition 
eiaabliihed al tbe baae. tbe inpul muat be fed lo the 
baae by way оГа capacitor С i . Thii will permit tbe 
alternating atgnal to ран to Ihe baae but will prevent 
the paaaage of direct cunrni. Ibe reactance of dua 
capacitor muat be Mich dim it ia vety small compared 
with ihe input aeaialaace of Ihe taanttor. Ibe dr- 
cun of Ibe amfMler i i  now as shown in F l|. 12.19 
Ibe a.c. condition» can now he determined.

When an alternating tigrud voltage щ ia applied lo 
thr baae via capacitor C i Ibe haae current ik vanea 
When tbe input nglul awtî a poamve. tie baae cur
rent lacreaaea. when Ihe aignal iwinga negative. Ibe 
bnae cunenl deoeaaei. Tbe baae current conaaata of 
two componenta: l t . Ihe aaOc baae biaa established
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■taigbl Inc which o n  be wrillrn n  Ibe » к  * ,  + r
fonn Transposing Va  »  Voc -  le lt i fat /c give,'

Vcc -  V a  Voc
--------------------------------- 9  —

u .

ft- . j  * .

'c— (jV«»x

V a
*L

by Kt . and it. ibe signal cunenl The cunrnl valua
tion it, will in Uirn vaiy ibe collector cunrnt, ic- T V  
relationship between Ic  and is is given by ic к  o,i». 
w V tr O, u ihe dyntunk currm t *»ln of ibe in i-  
sistor and i i  HOI quae ibe u rn  u  ibe static current 
gam a, , ibe Л (Terence is usually imall enough lo be 
insignificant.

Thr cunrnl through Ihe load retailor Ri also 
consists of two components: fc . lhe static cdledor 
cunrnt, and Ic, Ihe algnal cunrnl. Aa it increases, 
ao doea i, tutd mi dpea lhe voltage drop across Ki 
Hence, from (hr dretrit:

Vet *  Voc - O c  + <0*1

Ibe d.c components of this equation. thou^i nee 
eaaaty lor tie ampUiet lo operate at all. need not 
be cunndered when lhe ax. signal oonduona air 
being examined. Нокс. Ibe signal vobage variation 
relationship ia:

Vcg = -H i x ft x Kl  = i( «L

the negative ugn being added because Vcc 
dectrases when it increases aad vice versa. T V  
signal output and mpul voltages are of opposae 
polaniy I.e. a phase shift of IDO* baa occunrd. So 
lhal the cotecwr d* potential ia not passed on Ю 
IV  fallowing stage, a second capacitor. C j. is added 
as shown In Pig. I2.IV. This remove* the direct 
component but permit IV  signal voltage u. ж IcKl 
to paas lo tV  oulpm letnunali

117 The load line

T V  irlatiombip between IV  colector<nuitat volt
age t V, > i and codecUir cam * (/c I la g»en by 
IV  equation: Va  ж Vcc - IcM i In terms of IV  
ic .  caudHlutit Since Vex and Ri air constant in 
any given circuit, tu t reptrseaia tV  equation of a

winch is of IV  straight liae form jf » m + r .  hence 
Ы Ic  *  ploned vertically and V «  horizontally then 
thr giatVnl 1a give* - (l/ * t I and Ate vetticd 
axis intescept is Vcc/*t- 

A  family of collector static characters Ю  drawn 
on tuch axes b shown ia Hg. 1112 on page 141. 
and ao tV  line may V  wpenmposed on lV>e as 
diown in Pig. 12.20

Kgurr 112»

T V  reason «Ay dus line is necesaaiy is bccause 
tV  static curve» relate l c  lo V<j for a senes of 
txed valaet of /». When a signal la apfdied lo the 
baae of IV  Irmnanor. IV  baae cunrnl vasles and caa 
mstananrously lake any of IV  valves betworn IV  
extremes shown. Only two points are nrceissn to 
*aw  IV  line and these caa V  found convrafcntly by 
considering extreme condluons. From IV  equation

Vci “  Voc - /с* l

(I) when Ic  ж  0, Va  *  Vcc

(a l when Va « 0 . l c  = —
»L
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-•«Vpk ph

Figure 1121

H iui the poinu A and H reipectively are located 
an the u e i of Ihe Ic/Vct chaaacteriitics. Ik *  line 
it called Ihe load line and * l> dependent fur lu 
position upon ihe value of Va - and for ill gradient 
upon ML. A i the gradiem ii given by - (l/ # i). Ihe 
■lope of Ihe line it negative

For every value assigned lo in a particular 
circuil there will he a com-sponding land different) 
load line. If  Vcc la maintained constant, all Ihe 
possible line» will nan ai the same point (01 hut will 
cut the /(• axii al different points A. Increanng * L 
will reduce the gmfcent of the line and vice-venut 
Qiite dearly the collector voltage can never exceed 
Va? (point B ) and equally the collector cunent can 
never be greater ihaa thm value which would m at' 
V (I *ero (point A).

IMng the circuit example of Fig. 12-15. we have

V a  = Voc *  12 V, when lc  -  0

,C = * T
12

1000 ж 12mA. wben Vcs ■ 0

Tbeload line u drawn oa the characiendKs shown
*  *'ig. 12.21 which we assume are charactertitio 
•or the transistor used la the circuit of Hg. 1215 
“ Лег. Notice (hat tie load line pansei through the 
opc™ ‘ii8 point X  aa it should, нпсе every position 

™  '‘ne repsesent. a relauonstup between Va 
“ “  'C  for Ihe particular values of Va  and * i 
*>vm. Suppose that the bate cunent is caused to

vary ±0.1 mA about Ihe dc. baae but of 0.1 mA. 
The remit is l t  changes from OrnA lo 0.2mA and 
back again lo 0mA during the course of each input 
cycle. Hence Ihe operating point moves up and down 
(he load line in phase with tbe input current and 
hence the input vokage. A anusoidal input cycle ia 
ihown on Hg. 12.21

12.8 C urrent and > ullage gains

The output signal vokage (Vc*> and current dc) 
can be obtained by projecting vertically from the 
load line on 10 V a i *nd lc  axei respectively. When 
the input current i» vanes nnuudally as shown n  
Hg. 12.21. then Vat 'v ie »  «nuioidally if the points 
E  and F al ihe extremities of the input variation» ate 
equally spaced oa etthet side of X.

The peak-io-peak output voltage la aeea lo he
8.5 V. giving aa r.m.1 value of IV  (Le. 0.707 x 
I.S/2V The peA-lo-peak output cunent ia ».75mA. 
giving an м а л  vakie of 3,1 mA From theie 
figure» ihe milage and carrrm ampkAcations can 
be obtained.

The dy namic current gain A| (ж  ц ,) aa opposed
lo the sulic gaia tag, is given by:

ТЫ» always leads to a dUTereni ligure from that 
obtained by Ihe direct division of #c//g which

TU
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m u m  that (hr collector load resistor и ro Pro®
I Ig 12.21 thr peak tap'll c a ra t it 0.1 bl\  aad the 
peak output cunenl I» 4 )75 raA. lienee

A =
4 )75 x 10- .4 )7 9
0.1 x I0  ‘

Thr voltage gabs A . ia given by:

A* >

Then
change In I t

and ц ж ijlf-  and u. = ic* i

-  ‘•-$-1
Hot a lenitive load, power gain. A ,. is given by

4^ ■ A* X At

Problem 4. An n-p-a traniinor has the 
following characteristics which may be 
assumed lo he linear between the value» of 
collector voltage «rated

Base current CoUedor cunrni (mAt for
(|lA ) collector voltages of

IV 5V

30 1.4 1.6
50 3.0 3.5
70 4.6 5.2

Tbe translator ii wed aa a cum mon-e milter 
amplifier with load m inor К, ж 1.2кП and 
a collector sapply of 7 V. The signal inpia 
п-имапсе a  I kfl hattmaie tbe vokage gam 
A ,, dir current gala A, and tbe power gala A , 
when an inpw сune at of 20 »A peak vane» 
nmwoidally aboul a tacaa biaa of 50|iA.

Tbr charart ensues ale drawn ia 1 tg. 1122 The load 
Пае rquaioa is Vlv  = V«, + l ci i  which enable 
№r eHirmc pouai ot the line to be calculated

Whenяпеп lc  ж  0. V ts » V c  = 7.0 V 

sndwhea Уа  я ф § - 5 ^ - S O  

= 5.83 mA

ym *)
ТЫ» cannot be cakulated (пив the data available, 
but if we amume dial the baae cunrni flews in 
thr iaput reitnance, then tbe base voltage c m  be 
delerauned. The inpul mistance can be determined 
hum an input charademtic such as waa shown

Hgurr 1122

The load line is shown superimposed on the chai 
acterislic craves with tbe operating point maikrd V
■ thr intersection of the Une and the 50цЛ char:» 
ten sue

From tbe diagram, the output vollage swing u
3.6 V peak-lo-peak. The iaput voltage swing is ijt , 
«here ^ Is Ihe baae current swing and A, Is tbe input 
n i  stance.

Therefore l t a « x  I0  ‘  x I X I01 ш 40mV 
peak-to-peak Hence. voltage gala.

A , i
output volu 
input volts

3.6 
40 x 10-»

Note that peak-to-peak values are taken 1  both inpul 
and output Then is no need to convert lo r.its. a> 
only ratios are Involved.

From the diagram. Ihe output catreat swing u 
3.0 mA peak-lo-fcak. The inpul base cunrni «wing
ii 40gA peak-to-podt lleace. rurrrnt gain

input current

J  X 10-» „  
40 x I0-4 *
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К» » 
Jjvcn by

(TSisUDce k»d *L Лс power Rain

: volume gain X cunrnl gun 
e A* x Л, = *> x 75 t= 67ЗД

Therm al runaway

When a transistor К  used a* an amplifier II Is neces- 
u n  to ensure that it does noi overheat. Overheating 
a a  arise from cause» outside of the transistor use», 
such a» the proximity of radiators or hot resistors. or 
within Ihe transistor a» Ibe result of dissipation by 
the passage of current Ihnxigh it. Power dissipated 
within the transisior which is given approximately 
by Ihe product lcV<X is wasted power; it contributes 
nothing lo Ihe signal output power and merely raises 
ihe temperature of tie  transistor Such overheating 
can lead lo very undesirable results 

H *  increase In lhe lemperature of a Iransislor will 
give rise lo the production of hole electron pairs, 
hence an increase In leakage current represented 
by die additional minority carriers. In turn. this 
leakage current leads lo an incrcaae in cdleclor 
M M  and this increases the product /( V(> Ibe 
whole effect thus becomes self perpetually and 
results in thermal runaway This rapidly bids lo 
■he destruction of tbe transistor

Problem J. Explain how thermal runaway 
might be prevented In a transistor

1*0 baaic methods are available and either or both 
may be used in a particular application.

Kigurr 13.23

Hence lhe collector cum-at Ic  x  or ь/ь will also fall 
and compensate for the original increase 

A commonly used bias arrangement l> shown n  
Hg. 12.24. If Ibe total resistance value of resistors 
Ri and Rj is such th« the cunrnl flowing thioufto 
the divider ia Urge compared with Ihe dc. bias 
cunrnl /». then the base voltage V k  will remaai 
substantially constant regardless of variations in 
collector curreM. Ibe emitter resistor Ry in mm 
determines the value of emiaer cunrnl which Bow» 
tor a given base voltage al the junction of R\ and Ri. 
Any increase la /< produces aa iaaeaae ia I t  and 
a corresponding increase ia Ihe voltage drop across 
<1 This reduces tbe forward bias vokage Wu  and 
leads to a compcnsanag reduction in Ic

ngure 1124

Method I

*** approach is in toe circuit design Itself. The u»e 
a single biasing retistor Я» as shown earlier In 

Rg 12.1* is not panicularly good practice. If Ihe 
temperature of Ibe transistor increases, tbe leakage 
aurmt also increases Ibe collector current, collec
tor voltage and baae cunrnl are thereby changed, the 
®“ e cunrnl decreasing as lc increases. An altema

* “  *bown in Hg. 1123 Here Ihe resistor R , is 
jJJ^ned. aoi to Ihe Vcr Нас. hui to Ok cxArctor

If Ihe collector currrnt increase', for any reason. 
™  «oBeslor vokage V a  wiU fall Therefo». Ibe 

c ■»* ament / , w ill faU. since /, = VCT/*t>

Method 2

A second method concerns some means of keeping 
the transistor lemperature down by external cooling. 
Bor this purpose, a beat sink is employed, as toown 
m Hg. 12.23. If toe transistor is dipped or boiled to

THICK M.UMNXJM 
0«00Я»£Я PVA1*
SO W tR TTtANSISTOfl 
BOLTCD TO THE PUtTE

Flgurr 1125

TLfvBO O K
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■ laije  conducting aira of akinmum or copper pWe 
(whiib may Imvc cooling tin»), co o lly  u achieved 
by convection and radiation

Ileal M b  arr usually blackened lo asslK lad!» 
Bon and arr normally u rd  where large power dlsn- 
pation'i are involved. With m all liaanaan. heal 
links an unnecessary. Silicon iransuton particn- 
lariy have aucfa im sil leakage currents that thermal 
problems rarely arise.

Now try the following exercises

Kaenlse 62 Further problems on Ihe
Irw M s r  aa an atnpMer
1 Stale whether the following statements are liue 

or false:
(a) The purpose of a tranustor amplifier is lo 

increase ihe frequency of an input signal
(b) Tbe gain of an amplifier is Ibe ratio of the 

output signal amplitude lo the input agnal 
amplitude

(c) The output charactenatcs of a iranastot 
irUte Ihe colector current lo ihe baae wou

ld) Ihe equalioo of Ibe load line Ia
Vcj =  Voc -  W l

(e) If ihe load resistor value it increased the 
load line gradient it reduced 

(0  In a commoa-enatter amplifier, tbe oalpul 
voltage is shined through ISO* with refer
ence ю Ihe inpul voltage 

<g> In a commmvcnutier amplifier, the snpul 
and output owreMs are in phase

(h) If  the temperature of a transistor increases. 
VK . I  с and all Increase

(i) A  heal sink operaei by artificially increas
ing ihe surface area of a transistor

(j) The dynamic current gain of a tranamor Is 
always greater than the aaiic current 
((a) false (b) true
(c) falae (d) tnie
(e) liue (ft Hue 
(g) Ime (b) false < Vgf decreases) 
(ik tme (j) Uue|

2 An ampbAer has А, в  40 aad A, »  30 Whal 
is tbe power gain? (1200)

3 Whal will be tbe gradient of a load line for a 
load resMor at value 4kQ? Whal unit la Ihe 
gradient measured in?

(-1/4000 sicaen]

4 A transistor amplifier, snppiied from a 9 V bat 
lery, require! a d.c. Mas curreni of 100 цA 
Whal value of Mas m inor would he con
nected from Mae lo the V'oc line (a ) if V'(> 
is ignored « !) If Va  to 0 6 W

^  f(aT*0kfi (b) 84k(2|

5 The out pal characteristics of a traasmoi in
соттоп-епШег conligurauon can be regarded 
aa straight knea connecting the following 
points

#» = 20|iA 50|iA 80 uA 
Vet (V ) 1.0 10 1.0 8.0 1.0 8.0 
lc  (mA) 1.2 1 4 3.4 4.2 6.1 8.1

Pkn the cfaaiacteiiaUcs and niperinposc Ihe 
load hne for a 1 Ю  load, given thal toe luppb 
voltage is 9 V  and the d.c base Mat ia 30 |iA 
Tbe signal lapul resistance is 800(1 When a 
peak input ourreai of 30 |>A vanes oaaaoidalh 
about a mean Maa of SO uA. determine (a) the 
quiescent collector currem (b) the curreni gan
(c) Ibe voltage gain Id) the power gan

Ha) 4mA (b ) 104 (c ) 83 Id ) (6321

Kxerctse 6 ) Short answer questions an 
tranrfstors

1 In a p-n-p transistor the p-type material
regiont air called the .......and ..........and
ihe n-type material region is called die .......

2 In an n-p-в transistor. Ihe p-type material
region It called Ihe ........  aad tbe n-type
material regions an called the........ and the

3 In a p-n-p transistor, ihe Mae-emaiet Junc
tion ia ........  Mased and the Mue-coUrctor
junction is ........ biased.

4 In an n-p-n transistor, tbe baae-collector Junc
tion it ........ biased and (he Mne-emitier
junction I t ........ Mated.

5 Majority ctuugr cameo hi the emitter of a 
uanaiitor paas into d r base region Most of 
them do not recomhine because the baae is 
........  doped.



I 6 Majority earner, in the rmillet region of 
a transistor pass tl>e baae-colledor junction 
because for these carrien II i s ........blase J

7 Conventional cuirenl flow is in ihe direction
Ы  . . . . .  e °w

g Leakage current flows from to
in an n-p-n transistor

9 The input characteristic of /,. against V'hj, for 
a transistor in common has.- contigurauoo i» 
similar in shape to that of a

10 The output rriislsike of a transistor con
nected tn common-emiiicr configuration ii

' ........ than that of a transistor connected in
common-base configuration.

11 Complete the following statements that refer 
to a translator amplifier
f«) An increase in base current causes col

lector current to
(b) When brue curtent increases, the wdlage

drop across the load resistor........
(t ) Under no-signal conditions the power 

supplied by the battery lo an amplifier 
equals the power dissipated in the load 
plus the power dissipated in the 

M ) Tbe load line has a gradient
<e) The gradient of the load line depends

upon tbe value o f ........
(0  Tbe position of the load Une depends

“P ° " ........
(g> Tbe curie* gain of a common-emitter 

amplifier u always greater than 
<h) The operating point is generally posi

tioned at the of Ihe load line

12 Draw a drcuil diagram show ing how a Iran 
aislor can be used as a common-emitter 
amplifier. Ijiplain briefly ihe purpose of nil 
Ihe components you show in your diagram

13 Explain briefly what is meant by 'theimal 
runaway'.

Kxrrdsr *4 MuW-chotc. problems an 
transistors I Answers an pa«e 375)

In Problem» I to 10 select the correct answer 
from fcose given
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1 In normal operation. the junctions of a p-n-p 
transistor me:
(a) both forward biased 
(bl base-emitter forward biased and base- 

collector teverse biased
(c) both reverie biased
(d) base-ooilector forward biased and base- 

rmines reverse biased.
2 In normal opetation. Ihe junctions of an n-p-n 

transistor are:
(a) both forward biased 
<b) base-emitter forward biased and base 

colledor reverse biased
(c) both reverse biased
(d) base-ooUector forward biased and base

e n  tier reverse biased
3 The cunenl flow across the haae-eminer junc

tion of a p-n-p transistor consists of
(a) mainly electrons
(b) equal «umbers of boles and electron»
(c) mainly holes
(d) tbe leakage cunenl

4 The curtetl flow acmss the base-emilter junc
tion of aa n-p-n transistor consists of
(a) mainly electrons
ft») equal «umbers of holes md electrons
(c) mainly holes
(d) the leakage curtent

5 In normal operation an n-p-n transiaor con
nected in common-base configuration has
(a) the erattler ■ a lower potential than the 

base
(b) tbe colledor at a lower potcntid than tbe 

base
(C) the base at a lower potential than tbe 

emitter
(d) tbe collector at a lower potentul than the 

emitter
6 In normal operation, a p-n p transistor con

nected In oommon-haae configuration has
(a) Ibe e ran let ■ a lower potential than the

base
(bi the coiedof at a higher potential than ibe 

base
(c) the baae al a higher potential than tbe 

emu ter
(d) tbe collector at a lower potential than ibe 

emitter
7 If  the per unit value of electrons which leave 

the emitter and pats to the collector, a. is 0.9
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i i  an п -p n transistor and A t emitter cunrnl 
la 4nA . then
(a) Ihr baae cunrnl Is approximately 4.4 aiA 
(Ы  the collector cunrn is approximately

М и »
(с) Ibr collector cunrnl ii approximately

4.4 mA
Id) I he baae cunrnl It approximately V» mA

8 Tbe baae region of a p-n-p transistor is 
<a> vety (bin and beavily doped with boles
(b) very dun and beavily doped with elec

trons
40 vety thitl and lightly doped with tides 
<d> very thin aad lightly doped with eleanora

9 The v ok age drop across the baae-emitter 
junction of a p-n-p silicon transistor in nor
mal operation ia about
fa) 200 mV (b)600mV
(c) zero (d) 4.4 V

10 For a p-n-p tniniialor.
(a ) the number of aiajooty camera сiwung 

the baae-emitter junction largely depends 
on tbe collector voltage 

lb) in common-baae configuration, the col
lector current is proportional lo the 
collector-baae voltage

(c) in com man-emitter configuration, tbe 
base cuneat is less than tbe baae cunenl 
in commoo-baae configuration

(d) the collector cunrnl flow is independent 
of the emkter cunrnt flow for a given 
value of collector-base voltage.

In questions 11 lo IS . which refer to the 
amplifier Aown in Hg. 12.26. «elect tbe cor
rect answer from those given

11 If  <i short-circuited:
(a) the amplifier signal output would fat to

zero
lb» the collector cunrnl would fall lo aero 
fc l the transistor would overload

12 If  R ; open-circuited:
(a) the amplifier signal output would fall lo 

m u
ft» tbe operating point would be affected and 

the signal would distort 
(cl tbe input signal would not be appfced to 

Ibe base

13 A voltmeter connected across Kg reads tern 
Most probably
(a) the transistor haar-emitter junction lias 

short-orculled
(b) R i has open-drctnted
(c) R i hat short-circuited

14 A voltmeter connected across flL reads иго. 
Most ptobaNy
(a) the Vgc supply battery is (1st 
<b) Ihe baae collector junction of ibe trim sis 

lor has gone open ciraill
(c) R[ has open-a ranted

15 If  Ru short-circuited:
(a) the load line would be unaffected
(b) tbe load line would be affected
In questions 16 to 20. which relrr lo the 
output characteristics shown in Fig. 1127. 
select tbe correct answer from those giwn

16 The load lne represents a load resistor of 
(a )lk O  (Ъ )2 кЯ  (c)3kO  (d) 0.5 kfi
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n  Ib f no-»!*"»1 «oOecttr dissipation far Ihe 
a p c .- ^  P '* “ * n - r t c d P »
ID  12 mW < b)l5-W
(O lH m W  («0 21 mW

IR H r  greatest pomi»«iblc peak input currrnl 
would be about
(»)30|iA  (b) 35 цЛ
(C) 60 цЛ (d)M»MA

19 The gtrarx  puMtMe peak output voltage 
wuuld then be about
(a) 5.2 V  (b) 6.5 V
(c) 8.RV <d> 13V

30 H r  power dluipattd in the load m bior 
under no-ugnal condition* n:
(a) 16 in W (b) 18 nW
(c) 20tnW <d) 22 »W



Assignment 3
- Л У *

1 A conductor. 25 cm long i> situated ■ ngtt 
aagles to a magnetic to ld  Ddemuac the 
strength uf Ibe magnetic tield if a cunenl Ы 12 A 
ia ibe conductor produces a force on il of 4.5 N.

(J)
2 Ал  election In • television tube hai a charge 

of 1.5 x aad travels al 3 x lO’ m/s 
perpendicular lo a Held of Лих density 20 gT. 
Calculate ihe force exerted on die dec non In 
ihe field. (3)

3 А киту Is traveling al lOOkmA. Assuming Ihe 
vertical component of tbe earth’! magnetic field
ii 40|iT and the back axle of tbe lorry It I9«m . 
had the e m f generated in the axk due ю 
motion. (5)

4 An e.m.f. of 2.5kV U induced in a coll when a 
current of 2 A collapies to too  in 3 m«. Cajca- 
lae tbe inductance of Ihe co il (4)

3 TWo coili. P  and Q. have a mutual indudancc 
of 100mH. I f  a current of ЗА  in co l P  it 
■evened in 20au. detcnUne (ai ibe avenge 
ejn.f. induced in coil Q. and (bi ibe flux change 
baked with coil Q  if il wouad with 200 turn!

(J)
6 A moving ceil tartmmeni give! a f.i.d  «ten Ihe 

cuttrnt ii 30mA and has a resistance of 400. 
Determine Ihe value of ir *  stance required ki 
enable the inurnment to be used (a) a  a 0-5A 
ammeter, and fb> as I  0-200 V voitaaeler Stale 
the mode of coanedksa tn each case. ( i )

7 An anpliher has a gain of 20 dB. Its input power 
is SmW. Calculate Ils output power. (Э)

* A anuiotdal vokage trace displayed on a c.r o. 
is shown in Figure A3.1; the ttmeAm' swuch is

on 50 ms and the 'volts/cm' iwiicb lio n  2 V/cm. 
Determine for the waveform (a) Ibe frequency
(b) Ihe peak-lo-peak vollage (c) the amplitude
(d) the r.m.s. value. (7)

M
A Уa

Hpirr АЗ. I

9 Explain, wkb a diagram, bow KOtoonducti* 
dtodes may be used to give full wave recti Ii 
catioa. (3)

10 The output chanclenttics of a common-cmttu-i 
Iransisior araphder are given below. Assume tba 
Ihe chandcatatia n r linear between the values 
of colledor «ullage staled.

/»slO |> A  40 цА 70 цЛ 
V a tV ) 1.0 7.0 1.0 7.0 1.0 7.0 
/сОпА) 0Л 0.7 2.5 Z9 4.6 5.35

not die characteristic» aad supenmpov the load 
line lm a 1.5 kQ load realsur and coleclur sup 
ply voltage of IV . Thr ssgaal input iraaance u
12 kQ. Determine (a) lie  vokage gain (b) the 
curma gain (c l lie  power gain when an inpul 
current of 30 цА peak vanes ainusailaUy about 
a mean bias of 40 цА



Formulae for basic electrical and 
electronic engineering principles

OEMCRAI

Charge Q = It Force F  = ma

- ИWortt W = F i ftiwer P  = —  

Energy W = Pl

Ohm'. l*w V ' = lR o f/  = ^ o r * = j

| Ы
CoiKkictancr G  = — Resistance R = — 

R a

Riwer P  = V I = Г-R = —

Re*i*ancc ш 9"C. А, = Яо< 1 + ao») 

Terminal pd. of tourer, V = К  -  Ir  

Scne. circuit R = R, + R2 + * , + ...

^ ra lH  netwoit i . i  + J-  + 1 + . . .
А Я| A j A3

CAPACITO RS AND CAPACITANCE:

° = , „ f с . r..1?

Capacitor» In parallel C * C |  + C j + C i + ..

M A G N ETIC  C IRC U IT S!

® = X H-T Г

ELEC TRO M A G N ET ISM :

F  = Bi/ nn « F  = C i i  

ELEC TRO M A G N ET IC  IN IH ICTK»N :

4Ф d/
£  =  B l v u n t  Е ж - И — ш -L— <u w

W = l-U ' Lm"-± E

M EA SUREM EN TS:
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Fkwcr ia drcibeU = 10 log ^  
“  i

. »  u « ! i

V,
' 9 k * v x

Wbotetnor hndgc K\

Л *сп1д о«с1ст Ej  =  Ei



Section 2______________________
Further Electrical and Electronic 
Principles



13
D.C. circuit theory

Ai tic  end of A it chapter you shoald hr able lu:

• «ate and u>c Ю гсМ ю ГГs law» to detertroac unknown currents aad voltages in d.c. 
d iciiiu

• understand the supcrpoutioa theorem and apply к lo And currents in d c  dream
• understand general d.c. d rcu l theory
• understand TVvenni'» theorem and apply a piw.edutr lo detmnnr uricnowa 

ounrnla in dc. circuits
• rrcogm/r the circuil diagram symbols lor ideal votuge and carrrnt m u c c i

• understand Norton's theorem and apply a procedure to determine unknown cunrnts 
ia dc. circuits

• appreciate and use tbe equivalence of the IV vrn tn  and Norton equivalent networks
• «ate Uv maximum power transfer theorem and uae it lo determine maxunum power 

in a 4x. circuit

I .V I Introduction
Ib e  laws which delemune the ctmrals and vok
age tfcopa in dc. naworts arr: (a) Ohm’s law (see 
Chapter 2). (b) Ihe lawa for srsiston in senes aid 
in parallel (aoe Chapter 5), and (c) Kirchhoffs laws 
(arc Hectioa 13.2 foflowing) In addition, their at* a 
number of cucun theorems wbadi have been devel
oped for solving problems in electncal net»otto 
Ihese include:

(i) the superposition Ibcorria («ее Section 13.3),
(ii) IV vem a s theorem (see Section 13.5),

(iii) Norton’s theorem (see Section 117). and
(iv ) ihe maximum power transfer theorem (see Sec

tion 13.8)

112 k irc tih o rr*  law»

Klrchbuff's laws Itatrl
(a) Carrrnt Law. Al m y Junction la an electric 

circuit the total current flmrmg towards that

junction h  ct/ual lo ihe tout current jk>*vtg 
away from the Junction. I.e. X I = 0

Thus, referring lo Fig. 13.1:

I i  + /j * l»  + /« + /j 
or /| + /j — /j —1< — / j * 0

Kigurr 1X1

(b) Voltage I j«» la any doted hop la • network. 
Ihe algebraic mm of the voltage drop* (Le. prod 
ucu of current aad гешаапсе» taken around ihe 
loop и  equal Ip  Ihe remit ant е ж }, acting in that 
loop.

This. referring lo Pig. 13.2:
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(Note iba> if currcnt flowt «way from the ров- 
Uve temanal of a « ч т -c. that sourer u consid
ered by eonvrn*on lo be рою live Thu» moving 
ejUclockvcise uound the loop of Hg. 13.2, E\
IS positive and f j  it negative)

Probk-ш I. (a) Find the unknown currents 
matted in Hg. 13.3(a) (h) Determine the 
value of e.m.f. £ in Hg. 13.3(b).

(al (Ы

Figure 13. J

(a) Applying KirchholTs cuncnt law:
For junction Й: 50 = 20 + /|.
Hence I,  с  JO л
for junction C: 20 + 13 a  /2.
Hence /j m 3S A
For junction I*  f  | •  I f  + 120
Le. 30 > /j + 120.
Hence I j b - N A
(Le. in the opposite direction to that shown in 
Hg. 13.3(a))
For junction E: /« + /> = 15 
Le. I ,  m 1J  -  (- « ) .
Hence It  a  105 A
For junction F: l20 = /j + 40 
Hence f| = *0 A

(b) Applying KvchbofTs voltage law and moving 
clockwise around the loop of Fig. 13.3(b) tutt
ing at point A:

3 + 6-*-E-4 = (/X2) + (/)(2.S)

+  (/KI.J) + (/Hl)
= 1(2 + 2.5 + 15+ 1 )

Le. 5 + E  = 2(7), rtnce / = 2A
Hence E  = 14 -  5 = »V

Problem 2. Ute KirchhofTi lawn lo 
determine the currents flowing in eadi 
branch of thr network diown л  Fig. 13.4

Procedure

I Ute KirchhofTt cunrnl law and label силен 
direction! on the onginal circuit diagram. The 
directions choten air aibitraty. but it it usual, 
at a starung point, to attume that current flows 
from the potflive tenranalt a l the battenes Tbit 
it shown la Fig. 13.5 whete tbe three branch 
cunrnti air expressed in tetmt of l t and /; only, 
since the cunrnt through К  it (/) + / j)

2 Divide the circuit into two loops and apply 
KirchbofTs voltage law to each, burnt loop I of 
Hg. 13.5. and moving in a clockwise direction aa

Т1Л Ю О К
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unhealed (tie  durvtion cbuaen doet nol matter), 
gives

E\ ж h 'l + (/| 4-/,)й 
U . 4*2/,4-4(/,4-»i> .
le . 6 I, + 4/2 m 4 ( I )

Prom loop 2 of Fig. 13.S, and moving In an 
anuciockwisc directioa as indicated (once again, 
(hr choice of directaoa dors nol matter: К don not 
have lo he in (he same director at (hal chosen 
for Ibe fln l loop), gives:

Сг “ / л  + (/1 + / |)*
i*t J a f |  + 4(1, + / ,)
U . Alt + Ы 1 m2 (2)

3 Sdve liqualiona ( I ) and (2) for /| and /,
2 *  ( I )  gives: 12/, 4-8/, = 8 ( J )
3 X (2) gives: 12/, + 15/, = 6 (4)

(3) — (4) givet: -7/j = 2

hence / , я -2/7 at - О  2X* A

(i.e. /, it flowing in Ihe opposite direction Ю ibM 
thown in Pig  13.5)

Prom (1) 6/1 + 4 (-0.286) = 4 
611 * 4  4-1.144 

S. 144Hence I,  ж = «  *57 A

Current flowing through ггмапсе ■ it
(/, 4-/,) = 0.857 4-(-0.286)

= 6 571A

Note lhal a third loop il puatiMe. at shown in 
Hg. 13.6. giving *  third equation which can be 
lined at a d a d :

E l -  £ } * / |f|  -  f ir j 
4 - 2 .2 / ,- / ,

2 * 2 / ,- / ,

[«"heck: 2/ ,- / , = 2(0.857) -  (- 0 J8 6 ) m 2)

«.•4

W<

H pirt 1.V6

ProNem 3. Driermrnr, using KirchhofTi 
laws, each branch cunrni for (hr nelwoit
shown in H g  13.7

I Currenli. and iheir diirctioni are thown Irfiellrd 
in fig. 13.8 killowing KirchhofTi current law U 
it usual, although not essential, lo follow conven 
lional cunrni flow with current flowing from the 
positive terminal of the source

■ <y *>

**•50

W «ure  1.VS

2 The network u  divided into two loop* at ihuwa 
ia fig. 13.1 Apjtymg KirchhofTi voltage law 
givet:

Por loop t:

i.e.
£ i 4-C, *  / ,* , 4-/,Я,

16 = 0.5/, 4- 2/, (1)
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К »  loop 2:

Ei a  /2X2 -  V i ~  h)R>

Note lhai anoe loop 2 is in Ihe opponir direction 
ю currem (/, -  / jl. ihr «Я1 drop flCfOM X , (U . 
(/, - / 2XXз)>1» *У convention negative.
ТЬ.» 12 a  2/2 -  5U, -  h )
U . 12 *  -5/, + H i (2)

3 Solving Equation» ( I )  and (2) to find /| and /j:

V-W

H Q

10 X (1) give»: 140 = 5/, + 20/j
(2H-(3> give»: 172 a  27/j

. 172 hence /2 = — = 637A

Prom (I): 16 = 0.5/, + 2(6.37)

16 -  2(6.37)

(J)

0.5
6 52 A

Current flowing In X } = (/, -  / j)
= 6.52-6.37 : Q U A

Problem 4. For the Nidge network ihnwn 
in Fig. 13.9 detemune ihe current» in each of 
the rediion.

1*8 A

M il

H fu rr IX *

Let tbe cunent in tie 2 £5 resistor be /,. then by 
KirchhofT* cunent la»'. Ibe cutrent In the 14Я 
realtor it (/-/ ,). Lot the current in the 32 П trststor 
be /2 aa ihown in Hg. 13.10. Then Ihe current in Ibe 
И Я  resistor is (/j — /2) and Ibal in tbe ЗП  traiator 
*» (/ - /, + I  j). Applying Kircbhofl'» voltage law
lo loop I and moving la a clockwiir durctiun as 
*own in H g  13.10 gives:

U .
54 a2 /, + ll< / i- h )  

l i/ , - t l/ j  = 54 ( I )

l*W

И*шт Ш 0

Applying KircbhotT J  voltage law to loop 2 and 
moving in a anticlockwise direction a» shown in 
Hg. 13.10 gives:

0 a  2/, + 32/j -  14(/ - # ,) 
However / a  8 A 
Hence 0 a  2/, + 32/j — 14(8 — /,)
i.e. 16/, + 32/j a  112 (2)

Equations ( I )  and (2) an stmullaneoui equations 
with two unknown». /, and /j.

16 x ( I ) gives: 20*/, -  176/j = «64
13 x (2) gives: 20»/, + 41611 = 1456 
(4) -  (3) gives: 592/j = 592

f] в  IA

Substituting (or 11 In (1) gives:

13/, -  I I  a  54

(3)
(4)

» 6 5

1 *  13 '
5A

Hence, die cunent flowing in the 2 Q resistor 

a i ,  a 5 A 

the cunent flowing In the 14 S2 resistor 

= (/ — /,1 = 8 — 5 = ЗА  

the cunent flowing in the 32 П гея slot 

a  /3 a  IA  

the cunent flowing In fee I I  Q reastor 

« ( / , - / , ) a 5 - 1 .4 A  

and the cunent flowing in the 3 Q teaiMnr 

= / - / l+ / j = 8 - S  + | a 4 A

TUs
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Now tty thr following eiercue

b m t »  65 Further p raM m  on 
KlrcMiuff's lawi

I* • 4A

I/j =
1% -2 A

h
, 1

t , ; w

- IA . /« = 3A|

Fmurf 13111

2 For Ibr networks shown in Hg. 13.12. tod the 
values of the currents marked.

[<■)/, « 4 Л . /. I л / = IJA
(b )/, * 4 0 A ,/2 = 60A .I t -  120A 

/4 = 100A. I ,  = -»0A |

I0A j»»
% M

| l A

w

1X12

3 Use KirchhofTi bw i to find Ihe curreni (ow 
ing in the 6 R  im ulw  of Fig. 13.13 and thr 
power dissipated in tie 4 Q realtor.

12.162A. 42.07WI

.4 0  V
r - f - М Ц

4 Find the cuncnt flowiag in Ihe 3 П m iuor fo, 
the netwotk shown in Fig. 13.14(a). Pind a |h , 
the p 4  across toe IOO and 2Si testators

[2.715 A . 7410 V, 3.94H Vj

H fu n  13.14

5 For the network shown in Hg. 13.14(b) And:
(a) the current in the battery, (b) the current in 
the 300(2 resistor, (c) the current in the 40 ti 
resistor, and (d) the power tfcsslpMrd in the 
IS0 Q resistor

[(a) 60.3* mA (b) 15.10mA
(c) 45.2* mA (d) 34.20 mW|

6 For toe bridge network shown in Hg. 13.14(c). 
find the cutrents /1 to 1 5

(/, = 1.26A, /2 = 0.74 A, /3 ж  0.16Л,
I ,  = 1 .4 2 A ./ j» 0 .»A |

13.3 The superposition theorem 

The suptrposMan (heorrm statn:

In any network made up of Untar restslani'fs and 
conuminf то п  that one sonrce of a.m./.. Ihr m ul 
lam current flontn/ in any branch u  Яке а1цеЬгш, 
nm  of the current) lhal would flow in lhal bramh 
f  each source war considered separate!} a ll other 
sources being replaced at that lane by Ihetr respec
tive Internal resistances.

The superpostaoa theorem is demon* nurd m lhe 
following worked problems
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Problem s. R | “ ** 13-15 »how> a a  ran I
coMlairang iwo source* of e.m.f., each with 
ihrtr internal resiiunce. Determine the 
cunrni in each branch of tbe netwoifc by 
u„ng the superpoution theorem

L |*-10

Figure 131 IS

1 Redraw the original circuit with source Е г 
removed, being replaced by n  only, an «hown 
in Fig. 13.16(a)

f .- « v i *» I
П я-4оП »*'о  T  Ao

'- l0 D J ».-*«□

11 и  ■ 4

»i+o.i = j+o*
в  1.429A 

•tow Hg. Ц .|вЫ ,

■ Ш - в  7(1429) = 0 286 A

and /, -  (  /, .  ^(1 429) z  1.143 A
by cunenl division

3 Redraw ihe original arvwfl with н ш т  E  i 
im >vtd, being replaced by rj only, aa ibown 
inH g. 13.17»)

4  ,

Па- lo  |
* - 4  0

| «fK >

»
figure 13.17

" 0
W

,-*v

•to

4 I abel tbe current! in each branch and their direc
tion! a i ihown in Hg. 13.17(a) and determine 
their valuei
Г| ia parallel with К jpve» an equivalent resinanoe 
of (2 * 4 )/(2 + 4) = t/6  = 1.333 О 
From the equivalent circuit of Hg. 13.17(b)

From Hg. 13.17(1).

<a> *)
Figure 13Ll«

2 Label tbe cunenli in each branch and their direc
tion» ai shown In Hg. 13.16(a) and determine 
their values. (Note that the choice of cunenl direc
tions depends on ihe battery polarity, which. by 
convention is taken as Howing from the positive 
baeery terminal as ibowni 
Л in parallel with r: gives an equivalent resistance 
°f (4 x l)/ (4 + l)« 0 .8 n  
Гтот tbe equivalent d raw  of Hg. 13.16(b).

1(0.857)1
О

0.286 A
- W '
It = (  /< = |(0 .»S7) = 0.J71 A

5 Superimpose Hg. 13.17(a) on to Fig. 13.16(a) as 
ibown ia Hg. I3 .lt

6 Determine tbe algebraic sum of tbe current! Bow
ing in eacb branch
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ReMdUM сштгп flowing ihruugh m u x  I, i.e. 
/, -/« = 1.429 -0.J71

= • Н5КЛ tdlarharglag)
RciuJiani current flowing through aaurcr 2. i.e. 
1 ,- 1 , ж  « 857- 1.143

=  -  0 2 * * Л (charging)

K n itan i current flowing through routor Л. U . 
/2 + Л  =0.286 + 0 2I6 

=  «1571A
Ih r rrsuhart cunrriKi with tbrir ArecUan» o r 
shown in pig. 13.19

0 М в A 0 J H A

M » J^
т*г

0.572 A F , . j y

! 1 * .4 П
W u f l V  lit

Figure H I *

Problem 6. For «hr circuit shown in 
Hg. 13.20, find, wing Ihr luperpoalion 
theorem, (a) ihr currrtu flowing in and Ihr 
p.d arc»» ihr 110 irsiuor. (b) Ihe currem 
in ibe 8 V  battery and (c) ibe currrtu in Ibe 
3 V  battery.

E,*»V

ЗП

ТЕpJV

K ll

K.( yrv 13k»

f,- *V

1. .
> 0  1tau

/  I"
| M M il

(a* *1T
И p u r 1^21

/, = з Т П ж^  = ,в67А
From Hg 13.21(1).

'1 = ̂ rriî , = S<,e67,“ ‘-500A
and /, = (  /, = ^ ( l . « 7 )  -  0.167 A

3 Rrmonng uurce E , give» tbe drain of 
H g  13.22(aHwhlcb u  the u rn  at Hg. 13.22(h))

1 -
£-»v j

1,0  Й
1 . <• £ 0 -

O "
Ирот 1122

1 Removing nuiur E l give» Ihr dream of 
Hg. 13.21(a)

2 Ihr cunvat Jirrdiona air Uw llcd aa ibown in 
Hg. 13.21(a). /, flowiag (run Ihr ponbvr im ni 
nal of E\
Horn Hg 13.21(b).

4 Ih r  carrrnl dtaxaons air labelled а» Aown la 
Figure» 13.22(a) and 13.22(b). It  flowing bora 
ihr poMive terminal o( £ }
From H g  13.22(c).

, <  =  2 Т Т 5 т Г в Ш “ О М 6 А

Hum H g 13.22(b).

/ 5 = ^ з Т Я ^ , 4  =  ? < 0 6 Ж ,  =  0 , в 2 А
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/,ш ^ Г П в ^ 4* ^ <0A56, = 00WA
5 Superimposing Hg. 13.22(a) on lo Fig. 13.21(a) 

gives ibe circuit ia Hg. 13.23

6 (a) Resultant cunrni la Ihe IK П resistor 

= / )- / *
= 0.167 — 0.094 = 0 073 4 

P.d. across Ihe 18(2 resistor 
= 0.073 к 18 = 1.114 V

(b) Resullanl cunrni la Ihe 8 V  bailer)
= /| + I ,  m 1.667 + 0 562
= 2 229 A Kfcdiarglngi

(c) Resultant cunrai la the 3 V  batter)
= l 2 + l t = 1.500 + 0.656
= 2.156 A (dkcharglng)

Now try the following exercise

Ew relsr 66 Further prohtems on the 
■iperposttion thevmn
1 U«e the superpotiikia Iheurem to find current» 

/|, /j and l j  of Hg 13.24
(/, - 2 A . /2 = 3 A ,/ j = 5A]

М киг» 1X24

2 Uae Ihe superposakia theorem lo lind Ihe car- 
irnl in the 8 ft resistor of Hg. 13.25

10.385 A |

Figure 13.25

3 Use the superposition theorem lo find the cur- 
rent in each branch of tie network shown in 
Hg. 13.26

[tO V batlety dischaiges al 1.42ЧЛ
4 V battery chaiges a  0.857A 

Qirreni through 10 ft resistor is 0.572 A )

a

F ig u re  13.26

4 Use thr superposition tieoirm  lo determine 
the current in each branch of the arrangement 
shown la Hg. 13.27

(24 V battery charges al 1.664 A 
52 V hallery discharges at 3.280 A 

Ourrrnt In 20ft resistor is I.6 I6 A ]

Figure 1X27

13.4 General d c . c ircu it theory

The following point» Involving <Lc. drcuil analy- 
*a need lo be apprrcaMcd before proceeding with 
problems using Tblvenin's and Norton's theorems:
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(0  The opcn-ctrai4t voltage. F  аскш  terminals 
AB in Hg 1) 28 is equal lo 10 V. six* ao 
cunrnl flows through the 2 О reusloi aad 
hence no voltage drop occurs

A

« I

(SOI

40 Q4q
I  A

г - J
f  . V

f И1

03 1
x

T

(iv ) The m istMcr 'looklag-in' Ш la a iiu ), Ah 
in Hg. 13.31(a) Is iftuined by reducing it* 
circuit in stages as ituwn in Hgures 13.310,,
lo (dV I Inter tic rtfuivnlrnl rest sinner асп>м 
ЛВ is 7 S .

Hfurr I V 2*

(Ul Tbe open-araul voltage. E . across terminals 
AB in Fig. 13.29(a) is tbe same as Ihe voliage 
across the 6 0  resistor. The circuit may be 
redrawn as shown in Fig. 13.29(b)

f D m

Щ
30

1*120 . 4 11Иго ♦
3 0 . 4 1 )

70

К  voltage division in a series circuit. Le. 
В  =30V

M M
K ip irr I3 J1

(v) For the drat» shown in Fig. 13.32(a). the 
3Q resistor carries no cunrnl aad the p.d. 
aaoal the 200 trustor is 10V. Redrawing 
Ihe ciicut gives Hg. 13.32(b). from which

X 10 = 4V

M  (M
H furr 1 1 »

(iii) For tbe circuit shown in Fig. 13.30(a) 
representing a practical source uipptytag 
energy. V  = t  -  Ir , where £ ia Ihe battery 
em f., V  is tbe Naiery terminal voltage aad 
г U Ihe internal resistance of the hnttery (as 
shown in Sreaon 4.6). For the arcuu shown 
in fig. 13.30(b),
V - E - ( ,- l) r .  Le. V = £  + /r

(v i) If  tie lO Vbatle iy iafig . 13.32(a) is removed 
and replaced by a shon-circuit, as shown in 
Hg. 13.32(c), then the 200 resistor may he 
removed. Tbe reason for Hiss is tbm a short 
circuit has aero resiitance. and 200 in pnrallel 
w iti zero ohm» gives an eqtuvalent rriistaiv r 
of (20 к  0)/(20 + 0) Le. 0 0 . The circuit

C E Q - f i S b

Hgurr I3.3U I U J
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(Vil)

.. tlten as shown in Fig. 13.32(d). which is 
Irdrawn in Rg  13.32(c>. From Rg. 13.32(e).
tbr equivaleal resistance across AB.

, _ i i i  + J  = 2.4 + 3 = 54Q ' 6 + 4 
lb  lind Ihe voltage across A B  in Fig. 13.33: 
Since tbe 20V supply i* across (he 5 0  and
15 О resistors in aeries then, by voltage divi
sion. ibe voltage drop across AC.

v * - ( y n j W - » v

Figure Х Х У У

Sim ilarly.

Va = (ТгУ (20) = 16 V. 

Vc Is al a potential of +20V.

VA = VC- V ac

and V» = Vc -  V*c

= + 2 0 -3 =  15V 
= +20-16 = 4V.

Hence the vokage between AB is Va - V» =
15 -  4 = 11V and current would flow from 
A lo В  since A has a higher potential tun В

• (v iii) In Rg. 13.34(a). to lind the equivalent 
resistance across A B tbe circuit may be 
redrawn as in Rgs. 13.34(b) and (c). From 
Rg. 13.26(c). Ihe equivalent resistance across

5 x  15 12 x 3 
; 5+ 15 + 12 + 3
■ 3.75 + 2.4 = 6 15 0

AB :

(in) In tbe worked problems ia Sections 13.5 
and 13.7 following, il may be considered 
that Th<venin'« and Norton's theorems have 
no obvioas advantages compared with. say. 
KiichbofTs law». However, these theorems 
can be used lo analyse pan of a circuit 
and in mach more omphcated networks Ibe 
principle of replacing the supply by a constant 
voltage source in series with a resistance (or 
impedance) it very useful.

13.5 T M vtn in N  theorem

Ih rirn ln ’s theorem slates:

The current in any branch of a network is that и huh 
would result if  an t.tnf. et/ual to the p.d. across 
a break made In the branch, were introduced into 
the branch, all other e.mf. '» being remcned and 
represented by the internal resistances of the sources.

Ihe procedure adopted when using TW vm in 'i 
theorem is summarized below. To determine Ihe 
currem in any branch of an active network (I* , one 
containing a scarce of e.m.f ):

(i) remove the resistance Я from that branch.

( i )  determine Ihe open-citcuit vokage. £. across 
tbe break.

(iii) remove eadh source of e.mf. and replace them 
by their internal resistance! and Ihe* determine 
the геаммке, r. 'loo king-In' at the bleak.

(Iv) determine ihe value of Ihr current from the 
equivalent circuit shown in Rg. 13.35, Lc.

-.fe

Hgur* 13LM Figure 1X35

Ш .ВОСЖ
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PraMcm 7. Um  TM vrm n'i theorem lo tad 
tbr current Hewing Ю thr 10П mtolor tnr 
thr circuit shown to Fig 13.36

« 2 ,

(w o

K igu fT  I3 lJ6

(Ш) Remiving toe «ouicr of e.ra.1. give* ih,.
of H*. 13.37(1» Rewuncr. V  C‘| " '

r - * ,  + - b £ L . J + § J L i  
*t + *1 2 + Ш 

= 5 + 1 6 = 6 6 0  • j r

(iv> The equivalent T W vaA T i crcuit »  * o W„ 
Hg. 13.37(c)

C'unrn I  ж

following thr above prweduir:

(I) Thr 10 О rrnitancf ii removed from thr circuit 
u  toown in Hg. 13.37(a)

s - » e
1°V | _ .  с з — ■ I 

'г-го h - » o

«  

я,- so

Я + г 10 + 6.6 16 6 
»  0 4*2 A

Hence thr cunenl (lowing in the 10П resiMor 
of Hg. 13.96 ii 0.4*2 Л.

РгоЫгт t . For the network *ow  n in 
Hg. 13.3* determine the cunt И in thr 0.»f2 
iraaux using Tbivemn i theorem

•■ IM

*,-га
П р п  1 JJ*

* , . * < ) _

04

Urt- eeu

Following thr procedure:

(1) Tbr 0 .IQ  т м и  ii removed from the circuit 
«• ibown to Hg. I3.39(*>-

611

(•)
Hgurt I.VJ7

(k ) Therr il ao cunenl (lowing in ibe 3 R  rrvaior 
and cuirrm 11 ig given by
. 10 10
' • ' ■ * Г Г * “ Г м “ ,А
Pd. acruaa * ) ж / ]* : = 1 x 8 *  * V Hence 
pd. acrow A8. t.e. tbe open-circuit vollage 
ncroai the break. Е ж  IV

’" f o p
(■)

f  ,o U 4uu
«В

№>

*1)
H#U7T 1 J J *
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‘ TT =■ 1.2Л
_  12

M )  ОМИ®* “  j + J  + 4 = 10
p j  пего» 4П trsistoi = 4/, = (4K I 2) = 
4 'gV. Hence p.d. ас ross A B. l.e. the open 
(iitm i voltage «его» AB, E  = 4 8V

I M i) Removing Ibe юигсе of e.m f. gives the circuit 
ihown in Rg. 13.39(b). The equivalent iln .u l 
of Fig 13.39(b) I* Aown in Fig 13.39(c), from 
which. reainance 

4 x 6  24 
" * 4  + 6 *  10 

( „ )  lhe equivalent TWvemn't circuit in shown in 
Hg. 13.39(d), tom  which, curirnt 

E  4 8 4 8
,= I г + Л *  2.4 + 0 * 3  3.2 

= 1.5А ж  cunrnt In thr II 8Q resistor

1 —  ж 2.4 П

Problem 4. Use TWvemn i theorem lo 
determine the cutrenl / flowing in the 4 П 
resistor >hown i i  hg. 13.40. Find alio the 
power disit psled in the 4 n  resistor.

E . . 4 V J

'.-2 0  ft

Kigurr 13.40

f 1

f
н

Я-40

Follow ing tlr procedure:

(Й) Current /1

. 4 - | (2 ). 4 '

-m
(W

Г Рr.-SuN U * .i5 “

(Ы

: f T -
«В

Я-4Н

(i) The 4 R  resistor Is ir moved from the ciK iiil a* 
•hown in Fig. 13.41(a)

f .  4 - 2  2I —— —  = ---- s  — A
Г1 + Г2 2+1 3 

P.d. across AB,

1---- is
* )

Hgurr 13,41

(iv) The equivrienl 'Hievemn's circuit is shown m 
Hg. 13.41(c), ftwn which, current,

■ t  2 } g/3 £
= r + R “  J+ 4  = 14/3 = 14

= 0 571A
ж cunrnt In thr 4 Q mfcstor

ftiwer dissipated in tbe 4 Q retistor.

P  = l 2R = (0.571 |J (4) = 1 304 W

Ы *  Section 13.4(Ш)). (Alternatively. p.d 
aero». AB, E  ж E , + Л г, = 2+ } ( l )  > 2 j  V)

0*0 Removing the «wives of e.m.f. give» the circuit 
<*»wn In Pig. 13.41(b). from which. irsMancc

г ж 111 ж la  2+1 3M

Problem 10. IXennm e die cunrnl in the
5 П resistance of the net wort shown in 
Hg. 13.42 iiung Ihevemn's theorem Hence 
find the cuirents flowing in the other two 
branches.

13142



following Ibe procedure:

(0  Ih r 5 П tcsislaace »  moo m l Гпмп Ihr circuu 
«  shown in Hg 13.43(a)

:0  4Q

4-0.74lleaoe current. / , .  — -  —  

Aim  from Hg. 1343(d),

D C  c in c in  m < * r  le g

* .« A
3.26
0.5

V *  - E i + ./»Jy 
0 7 4 jb ^ «  + ̂ K 2 ) 

12+0.74 12.74
2 — - ~t 4 J7  A

|Theck. from Hg. 13.43(d), / * = / »  + /, coned lo
2 significant figure» by Kuchhoff'f cutiem law |

V «n

<“ > < '« "«  '|  “  = 6 4A

P.d. across AB.

£  = £ i - / |f) si 4 -  (64И0.5) = ОНV
(mc Section 19.4(iti)). (Alternatively, £  = 
- £ j + /,n  ■ -12 + (6.4X2) = 0 »V )

(iii) Removing the sources of e.m.f. gives the circuit 
shown in Hg. 13.43(b), bom which resistance

-  0 il< 2  _ L
Г = 0 .J + 2 ** 2.5

(iv ) Ih r equivalent Th<vrmn s circuil is shown In 
Hg. 13.43(c), bom which, cutrent

i E  0 »  0 *
“  7 + 1  “  o T + 5  “  M  =

= current In <h« 5 О т Ы о г

Н о т Hg. 13.43(d),

voltage V m I t ,  m (0 I4*«5| к  0.74 V 

Н о т Section 13.4(Ш>,

U . 0.74 «  4 — (/a MO-5)

Problem 11. Use 1 
detrmine the ctirrrn 
resistance of tbe art 
Hg. 13.44. The volti 
internal res usance

. . j t i j ' i f o j  с

tevrm n’s sheoresi to 
it flowing ui the 3 Q 
wort shown in 
sge source has negligible

) l » v

Hgum 1X44

(Note the symbol Ibr aa ideal voltage source la 
Rg 13.44 whi<* may he used as an alternative to 
the hatlety symbol.» 

following the procedure

(I) Ib e  3 П resistance is i t  moved bom ihr ciivua 
as shown ia Hg 13.45(a).

(ii) The I  $ П semstancv now catties no currrrn

P.d across 10П msissor

10 +
(see Sectiw  I3.4(v)). Hence p.d across AB. 
£  = 16V.

(Ш) Removing fee source of em f. and rplac 
mg U by its internal геяНапсг means that 
the 20Q reM stance is dxxt-drcutted as shown 
in Hg. I >.45(b) since its internal resistance 
is arm. The 20R resistance may thus be 
removed as shown la H g  13.45(c) (see Sec
tion 13.4 (« )),
Proa Hg. 13.4X0, irsistance,

.2  10 x 5 . 2 50
r* j Ji+j“ i 15"

т. L̂ mnnk
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ц о  * e  Ae— Й Ь т С ^ — 1 

' т ю ufl *> cfl П 10 °

H f in  I3L45

(iv) The equivalent Th*vemn's circuit и thown In 
Hg. 13.45(d), from which, cunenl.

.  E  16 16 n  / s --- - ж  - ' =  —  = 2 A
r + R 3 + 5 8 

ж cum nl In tti« 3 О т Ы м о т

Problem 12. A Wheatstone Bridge network 
is ibown in Hg. 13.46. Calculate tbe cunrni 
flowing in Ibe 32 Я  resistor, and its direction, 
using TWvemn'i theorem. Assume Ihe 
source of e.m.f. lo have negligible rest Маасе

Following Ihe procedure

(I) Tbe 32 П re ii nor it removed from the circuit 
as shown la  Hg. 13.47(a)

(ii) The p.d. between A

v Ac = ( i- r « :^

1C.

(£ ) : <гУ(54)R\+R*
Ж S. 34 V  

The p.d. between В  and C,

ж 44.47 V
Hence the p.d. between A and В  ж 
44.47 -  8.31 ж 36 I t  V 
P<»nt С ii al a potential of +54V. Between 
С and A  if a voltage drop of 8.31 V . Henoe 
ihe voltage al point A  is 54 -  8.31 = 45.69 V. 
Between С and В  il a voltage drop of 44.47 V. 
Hence the volume al point В  is 54 -  44.47 ж 
9.53V. Since Ihe voltage ■ A ii greater than
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al В. cunrnl гамм tow in ibr direction A lo B. 
(See Serf ion 13.4 (vil))

(iii) Replacing lhe aouace of tm l weh a shod- 
C K U «  (Lc. ien> inlcmal resistance) give* tbe 
ciacuil Лоwn in Fig. 13.47(b). Tbe circuit 
и  redrawn a d  amplified as ihown in 
Hg. 13.47(c) and (d). from which tbe resistance 
between terminals A and B,

2x11 14x3 
, =  2 + l l  14 + 3

22 42
*  13 17

= 1 «12 + 2.471 
= 4 163 Q

(iv ) Thr equivalent TW vrm n't circuit is shown in 
Hg. 13.47(e). bom which, cuncnt

/ *  
r + R)

36.16
4 163 + 32

Kxerctse 67 Further proMcni* on 
Tbevrnbi's theorem
I Use Thtvemn's theorem lo find the current 

flowing in tbe 14 Я  reaislor of tie  network 
shown in Hg. 13 4* Find also tbe power dis
sipated in Ibe 140 resistor.

10.434 A. 2.64 W ]
10

Figure 1X4*

2 Use Ih l wain's theorem lo find ibe current 
flowing in tbe 6 0  resistor shown in Hg. 13.49 
and the power dissipated in (be 4 Q resistor

12.162 A. 42.07W]

Hcncr the current In Ibr 32 Q resialor i f  Fig. 
13.4* la 1 A. flowing from A to В

Now try the following exeicuc

3 Repeat problems I to 4 of F.xrKise 66. page 
164. using TW  veilin'! theorem

4 In thr network shown in Hg. 13.50, the taller} 
has negligfble internal rcsrataace. Find, unny 
IV vrm a i theorem, thr curreal flowing ia the
4 О resistor. (0.91* A |

I0Q *0

26V

Figure I.V5U

5 For Ihe bridge network shown in hg. 13.51. 
find the current in tbe 5 0  resistor, and its 
direction, by using IV ven tn 't theorem

(O.I53A frota В  lo A l

Figure 1X51

13.6 Constant-current soarcc

A source of electrical energy caa be reparser»ed by 
a source of e.Bkf. in series with a restsume In 
Section 13.5. the 'IVvrm n const ant-volume source 
и »n«ed of a constant e m f. E  in series with ao 
aaemal resistance r. However tMs is aot thr onl> 
fcrm of represeauuun A source of electrical energy 
caa alao be represented by a constant-current sourer 
m parallel wiib а гМйаксе. ll may be shown dial 
the two iorau are «qutvalenl An Idral eotwtant- 
taitage gencratw  »  one with zero internal resis 
taace to tbst a supplies the sane voltage to all
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An Ideal eoetUiM-t urrenl grnrrator »  one
*ith infinite internal resistance to that H supplies the 
„„к- «w m t to all load»

Note tbe tymbol for an ideal current tourer <BS 
3939, 19*5). shown m Hg. 13.52

13.7 N orto n ’s theorem  

Norton'» theorem M n :

7 V  current that flows m any branch of a netw ork 
is Ihr same at that which would flow in Ihe btanrh 
If It were connected across a sourer of r la lr ir t l 
enerfv. the shortcvcuti cunrni of which is equal lo 
the current that wold J  flow in a shorKim ul acmes 
ihe branch, and ihe internal resistance of »*tch is 
equal lo Ihe rea stance which apprars ac ross thr 
open-ari u itrJ branch terminals

ТЫ procedure adopted when using Norton'» the
orem it  tunmiarurd below. To determine the current 
flowing in a rrtittance К  of a branch AB of an active 
network

(i) short-cirvuit branch AB

(it) determine the Лоп-circuit current /к Sowing 
in tbe branch

(hi) aemove all tourcea of e.m.f. and replace them 
by their internal resistance (or. if  a current 
tourer exists, replace with an open-cirvuit), 
then determine the resistance r. 'loolang-tn' at 
a break made between A and В

(iv) determine the current I  flowing in resistance R 
from the Norton equivalent network shown in 
Hg. 13.52. i.e.

"fr

Problem 13. Uae Norton's theorem lo 
determine the cunrni flowing in the 10 R 
resistance for the circuit thown in Pig. 13.53

tn

billowing the above procedure:

(i) Tbe branch containing tbe 10 Q resistance is 
short-ctrcu*ed as shown in Fig. 13.54(a)

Г -|J20
1

Hgurr 1X54

(ii) Hg. 13.54») it equivalent to Hg. 13.54(a). 

Heoce /ic «  -y *= 5 A

(nil If the 10V aauivr of e.m.f. is removed from 
Hg. 13.540) Ihe irnnance loddag-in' at a 
break made between A and В is given by:

г“Ш ш,ба
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(iv ) From ihr Nona* equtvalra network ibown In 
Hg. 13.54(c) tbe current Ш die 10R teuiuncr. 
by curreni dm non, u given by:

' - f l S r f e l e b - M B A  

i t  obtained previously ia Problem 7 uaiag 
Ib^veni*'» theorem

(4) = 0 *71 A.

Problem 14. Uae Non on'» ibroreni lo
determine the сияет / flowing in Ihe 4 0
mixance shown ia Hg. 13.53

•'Ю С>f” .

H M
Figure 1X5S

Following Ibe procedure:

(i) Ih r 4 (1 branch U dKxt-cucuiled a» ibown In 
R g  13.36(0

as obuined previously in
9 uang KavhbulTb law» i 
KupetpotinoaiX2L

2, 3 and 
the feeorenu of

Problem 13. Determine Ihe curreni In Ihe
3 П im tuact of ihe net wort drown ia 
H g  13.57 Iiaag Norton » theorem. Henoc 
find Ihe cu itfot» flowiag in tbe other «wo 
tranche».

I J 2  V
Ja 3 Q  i

I ’ “ f t
4 V

'  fг  I
I.V57

Following Ihe procedure:

(I) the SO  bench is short -circuited at ibown in 
H g  13.38(a)

to  b t

(М ”
M

Figure 1X5*

Ю  From H g  I3 .M U ).

/sc »  /| + /l »  }  + f  = 4A
( i i i )  If  tbr sourcei of e.n.f. air i t  moved Ibe reab- 

lance 'looking-m' ■ a htrak made between A 
and В  u give* by:

2 x 1  2 _  
, * 2 + Т Ш 3

(lv) From tbe Nonce equivalent network abown In
Fig  13.36(b) ibe cunent ia the 4 0  rcuitance 
ia given by:

H g u rr  1 Х Я

( i i )  From Hg. 13.31(a),
4 12

/K s /  1- I j m  —  -  y * 8 - 6 e J A

(a il If each »o»rce of c.m f ia removed tbe reus 
lance ioaUag-uT al a b re a k  made between A 
and В  I» ftven by:

05 * 2  r a  - - ■ - ш 0.40 0.5 + 1
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Hv) Plot» the Norton equivalent network shown In 
pjg. 13.58(b) (he current in (he 5 ft resistance
is given by:

‘ « 0 4-*- 5 ' v
0 141 A.

as obtained previously in problem 10 UHiag 
Ibevemn's iieorem

The currents flowing In tbe other two branches arc 
obtained in the «ап* way as in Problem 10. Hence 
ibe current flowing from the 4 V source is * 52 A and
ibe cunrnt flowing from the 12 V  source is * J7 A .

Problem 16. U«r 
determine the cum 
resistance of the nc 
Hg. 13.59. Tbe vo 
internal resistance 

j ^ p

Norton's theorem lo 
Id flowing in the 30  
twork shown in 
Itage source has negligible

I

Kigurr IX »

24
/кг -  у  -  «•»*

(in) If the 24V sourer of eja.f. is removed the 
resistance lookingm ' at a break made between 
A  and В is obtained from Fig. 13.60(c) and its 
equivalent circuit shown in Pig. 13.60(d) and ia 
given by:

10x5 50 I 
Г  =  T o " + 5  *  15 = 3

(iv) From tbe Norton equivalent network shown in 
Hg. 13.60(c) Ihe current in tbe 3 R  resistance 
is given by:

Following the procedure:

(i) Tbe branch containing the 3 fl resistance is 
short-circuited as shown in Hg. 13.60(a)

(ii) Prom Ihe equivalent circuit shown inHg. 13.60 
(b).

Н  + Гу+з
(4.8) = 2 A.

as obuuned previously in Problem 11 using 
nicvenw' i theorem.

Problem 17. Determine the cunrnl flowing 
in the 20  resistance in the netwotk shown ia 
Hg. 13.61

И *ш » IX « e
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following thr prootxhnr:

(I) Tbr 2 0  teslalaace branch ia i*>o«-c-ircsaled ss 
ibuwn ia Hg. I 3.62(a)

(ii) Hg. 13.62(b) i* equivalent lo Hg. 13.62(a). 
Hence

I r  ■ 6 +  4
(15) =  *A  by cunenl division

I — )6 + 2 1f9) *  6.75Л

Now try ibe following exercise

Exerdsc 6« F u n b r p n N m  и  N n 1 « ‘i

1 Repeal Problem 1-4  of Kxetclae 66. page 
164. by «Mag Nonna's theorem

2 Repeat Problems 1 ,1  4 and 5 of Hxervise 67, 
page 171. by uung Norton's theorem

3 Determine the canral Bowing in tbr 6 П rsis 
lance of Ibe Mwurk Ли»л In Hg. 13.63 by 
using Norton's tieoran. |2.5mA|

П(< » I.V6J

1.3.8 Thevenin and Norton equivalent 
network*

Figure IX » }

(Hi) If Ibe 15 A cunrni sourer is irplaoed by an 
open-drcuil then from Hg. 13.62(c) tbe rests - 
lance looking-ia' al a break made between A 
and В is given by (6 + 4) ft in panllel with
(*  + 7)Q. U .

(10K15) 150
,  =  1 о 7 й я - й - 6 П

(iv) From Ibe Nortaa equivalent network shown In 
Hg. 13.62(d) Ibe current in ibe 2 f t  i 
is given by:

Tbe TMvcnin and Norton network! shown id 
Hg. 13.64 an equivalent lo cacb other. Ibe 
resistance loolangin' at lerniinab AB Is Ihe same 
in each of tbe netwnks. Le. r

Kgun 13.64

If terminal! AB in F *  13.64(a) an  short 
circuited, ibe short-arcuii cunenl ia given by i/ r. 
If lerminals AB In fig. 13.64(b) an  ihoa-circuited 
the short-circuit cunrni is / *  For tbe cliuat ibown
•  Hg 13.64(a) lo ke equivalent lo the drcuil tn 
Hg. 13.64(b) tbe u ae  short-circuit cunenl mu4 
low . Thaa / к  as B/r.

Hguir 13.65 Aow i a scarce of e.m.f. E  In aeries 
wah a iraiunor r Ireding a load tr si stance К 

From Hg. 13.65.

lm E/r

Le. i i

r  + *  Ir + #)/»•

7̂Tî /*c
' r + *  1 r
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1A65

•|ф

"L.
n«w» U#7

The rrslAsncr loolaag-ln' M terminals ЛВ и
2 О. Игле Uk  eqmvaleni Norton artwork it n  
Aown tn Hg. 1 4 *

Hon» Fig. 13.66 it сап Ьс seen that, when viewed 
from the load, the source appear» as а м ш и  of cur 
imt I t с which ir divided between r and R connected 
ia paraBel

Hgun 1XM

Thus the two reparse ntatmn» shown in Hg. 13.44 
an equivalent

Problem It. Canvcit the circuit shown in 
13.67 lo an equivalent Notion network.

РгоЫеш 19. Coeven ihe network shown in 
Hg. 13.69 lo an eipiivaient Thfvnun circuit

The opeixucti* voltage £  across teiminali ЛВ in 
Hg 13.6# ia given by:

£  -  V t c M  ш <«КЭ> ш 12 V.

Tbe nalstance ‘looking in' a  terminals A B ia 
30. Hence tbe equivalent TWvemn circuit is as 
rfiown in Hg. 13.70

f-1 IV 1Ф

Iflcnmnals A B in Hg 13.67 arr Aoil circuited. Ihe 
■“ П-circuil cunent I jc  e  10/2 = 5A

"“ L
Hgurr l.\70
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Problem 20. (a) Convert Ibr circuit lo tbe 
lell of k-munali A B  In Hg. 13.71 lo an 
equivalent TMvewn circuit by initially 
convening lo a Notion equivalent circuit
(b) Drirmunr tbe cunrnl flowing in Ibe 
1 8 0  resistor.

H fu ir 13171

I  flowing It given by

(a) For Ibe branch containing ibe 12 V source, con
vening lo a Norton equivalent circuit gives 
Ik  ~  12/3 ж 4 A  and ft s  3 (1. For tbe branch 
containing Ibe 24 V  aouice. converting to a Nor
ton equivalent circuit givci /sc2 = 24/2 ж  12 A 
and f j  *  20 . Thun Hg. 13.72(a) ihowi a net
work equivalent to Hg. 13.71

Problem 21. Drtrm iae by successive |  
conversioni bctwrfa 'IMurmn and Norton 
equivalent networks a TWveran equivalent 
circuit for terminals A B  of Fig. 13.73. Hence 
determine Ibr cunenl flowing in tbe 300 0 
resistance.

Figure 117.1

For Ibe branch containing Ibe 10 V  aource, 
converting lo a Norton equivalent netwotk gives 
/sc = 10/2000 ж  5 rnA and f) = 2 kO 

For ihe branch containing the 6 V  aource, 
convening to a Norton equivalent network gives 
f(c  =  6/3000 в  2mA and r2 ж 3kft 

Thu* Ihe network of Hg. 13.73 oonvots lo 
Hg. 13.74(a). Combining Ibe 3 mA and 2 mA 
cunenl sources gives the equivalent an walk of 
Hg. 13.74(b) where the short-circuit cunenl (or ihe 
original two branches considered is 7 mA aad thr 
resistance is (2 к 3)/(2 + 3) = I.2k0  

Both of the Norton equivalent nelworb «hovn in 
Hg. 13.74(b) may be converted lo TMvcntn equiv
alent circuits. Tbe open-circuit voltage across CD

Horn Hg. 13.72(a) Ihe toul short-circuit current 
is 4 + 12 = 16 A and tie total resistance 
is given by (3 *  21/(3+ 2) = 1 2 0  lb s  
Hg. 13.72(a) simplifies lo Hg. 13.72(b). The 
open-circuit volume across A B of Hg. 13.72(b), 
£ = ( 16X 1.2 ) ж 19.2V, and ibe rest «Sana' 
looking-m' al A B Is 1.2 О  Hence tbe TVvenin 

equivalent drcuM Is as riiown In Hg. 13.72(C).
(b) Wben Ibe 1.80 arsiaance is connected between 

terminals A and В  of Fig. 13.72(c) tbe current Hpirr 1174
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Ы  Cl х 10 *К>-2 х 10J ) =  * 4V and the reu» 
“  ^ looking in ai CD it 1 2 M l. Ibe open-circuit 

«до» EF ia (1 x 10 ')(Й00) = 0.6V and 
,1*  i*»tance lookmgln «С BF i« 0 6kO. Tbux 
H I 13.74(b) convert» lo Hg. 13.74(c). Combining J , , , ,  Thtvenan cirvurls give» E = К 4 - 0.6 ж 
7 1V and Ihe reiiitaace г ж  (1.2+0 6 )Ш  = I KkQ 

Dus (he Tbevenii equivalent circuit for terminals 
AB Ы  Fig 13.73 i i is  ibown in Rg. 13.74(4) 

Hence Ihe current / Rowing in а 200 П re«t*lancc 
connected between A and В u given by

l<
7.»

1*00 + 200 
7.»

2000
= J*m A

Now try the follow ing e»erct»e

Kxrreise «9 Further proMrnw on 
The sen in  and Nurton equivalent network*
I Convert ihe cuo iilt shown in Rg. 13.73 lo 

Notion equivalent networks
( (1) l K  ж  23A. r ж  2 Q  (b) l K  =  2mA.

г ж 3 0 )

2 Convert the network» shown in Fig. 13.76 lo 
Th^vernn equivalent circuits

Id ) £ =  J0 V , r = 4П  (Ъ) E  = 12mV.
г ж 30 )

1X7*

3 (a) Convert the network lo the left of lerminali 
A B in Rg. 1Э.77 to an equivalent Ibevetnn 
circuit by initially converting lo a Norton 
equivalent netwodt.

4 0

Flgurr 1X77

(b) Determine Ihr current Sowing in tbe 1 *0  
rruMance oonneded between A and В in
Rg. 13.77

(ft) E  = IS V , г ж 1.20 (b) 6 A )
4 Determine, by wooenive conversion* between 

Hifvrmtl aad Norton equivalent netwofka. a 
Th^veran equivalent circuit (or terminab A B 
of Rg. 13.7* Hence determine Ibe current 
Sowing in a 6 0  m inor connected between 
A and B. I f  ж 9^ V , г ж | О, I J  A)

Figure 1X7*

3 For tbe network <x>wa in Fig. 13.79. coovert 
each hnncb containing a voltage «ource to 
it> Norton equivalent and hence determux- tbe 
cunent Sowing in the 3 0  resistance [1.22 A]

»vj( ) avf( ) «v|( >

• u J «njj <u

1X7»

T U v tO O ft
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13.9 Maxim um  power transfer 
theorem

Thr maximum power transfer Ihrorrm

The power transferred from a supply source Юл load 
is al its maximum nhen Ihe resistance of the load Is 
ециа! lo the internal resistance of the source.

Hence, in Hg. 13 40. when R  = r the power 
tramtenred from the n u n  lo die load It a 
maximum.

i________ _ J

Hgurr ixao

When Rl  = 1.00. cunenl I  я  6Д2.5 + ) oi 
1.714 A and P  я  (1.714 >2(1 0> ж 2.94 W  *  

With amiUr calculations the following lahle „  
produced:

H.(Q) ‘ * 
£

— -----
(И  1.0 15 20 25

/ ---- 2 4 2.0 1714 15 1333 12
Г с  l2KL (W | 0 200 294 33* 356 3 60

*1(0) 3.0 3.5 40 45 50
f - - ^ — 10*1 10 0923 04.17 O I

r+ n .
P = I'R l (W ) 3 57 3 50 3 41 331 320

A graph of As against P  ii shown in Fig. 13.42. 
The maximum >alar of power !> 3 .M W  which
oocun when к  It 2.5 П, Le. maximum power 
occurs when Hi я  r. which it whal the maximum 
power transfer tieorrm stales.

Hgurr 1.V42

Problem 23. A d.c. source has an 
open-ciruiit voltage of Э0 V  and и  Ж е mil 
resistance of 1.5 0. Stale the value of load 
resistance that gives maximum power 
dissipation aad determine tbe value of this 
power.

Problem 22. The circuit diagram of 
Hg. 13.41 shows dry cells of source e.m.f.
б V. and internal ieti«ance 2.5 ft. If the load 
resistance fit. it varied from 0 lo 5 ft In
0.5 ft steps, calculate the power dissipated by 
tbe load in each cate. Plot a graph of RL 
(horizontally) against power (vertically I tad 
determine the maximum power dissipated

I

Kiguir i.vai

When Rl я  0. current I  = £/(r 4- * l )  я  6/2.5 в  
2.4A and power dissipated in R i. P  я  />tL U .
P  = (X4 )3(0) в  OW.

When я  0.50. cunenl I  = C/(r + * t )  = 
6/(2 5 +0.5) в  2 A  and P  = l 2RL ж (2)*(0.5) = 
2.00 W.

The drcait diagram is shown in Hg. I).t3 . Гпнп 
thr maximum power transfer theorem, for naximum 
power dlssipalloa, M l  = f  ■= 1.5 Q 

(то т Fig  I М 3 , curreia I  я  ЕЦг + R l) = 
30/(15+1.5) в  10A 

power P  я  I 'R l = (10Я(|.3) *  150W = 
maximum power dlmpaied



во  The p.d. детом Л В is the same ш the p.d. 
•cross ihe 12 Я  resistor Hence

№t> Removiaj the soutve of em f. give» (he a  run I 
of Hg. 1183(b). fnim which, ir*«ance.

П х З  
124 3 ‘ I - » »

1 Name two laws and Unre theorems which may 
be uaed lo tad uafcnown currents and p.A's In 
electrical cwculis

2 Slate Kirchhofl's cuncnt law
3 Slate KirchbofTs volume law
4 Stale, ia your own work, be wperpoouon 

Йагаавш

Ш »
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3 SUM. ia your own woids. Tbtvenin's theorem
6 Slate, in ytiur owe words. Norton » theorem
7 Stae the maximuni power transfer theorem for 

a dc. circuit

Kxercise 72 МиШ-ehoke questions oa i r .  
circuit theory lA a n rm  on page 375)

1 Which of the following statements is true: 
Ib r the junction ia tbe network ihown in
Hg. 13.87:
(a) = +
(b) / t+ / i + / )» / t  + /i
(c) /г + /| + /з = /| + /4
(d) /| — I i  — /j — /4  + / 3  = 0

2 Which of the following statements и tme? 
For the circuit shown in Fig. 13.88:
(a) £ i + £ j + £ j *  /ri + In  + f jr j 
lb) E j + £ j — £| — /(ri + + r j) = 0
<c) Hr\ + rj + fj) = Ei — £2 ~ £j 
(d) £2  + £ j — £| *  /ri -f /rj + /г)

3 For the drcuil ihown in Fig. 13.89, Ibe inter
nal resistance r ti given by:

<a)
V - E

(c)

V - E
I

E - V

Я *_ J . V /fr
4 For the circuit shown in Fig. 13.90, volt

age V  ii:
(a) 12V (b) 2V (c) 10V  « )0 V

+

F lg u rr 13.90

3 For the cmuit shown in Fig. 13.90. cuncnt 
h  ta
la) 2 A (b) 14.4 A 
(c) O .JA  (d) OA

6 For Ibe oacuil shown in Fig. 13.90. current 
h  *
(a) 2 A (b) 14.4 A
(с) 0.5A (d )0 A

7 The equivalent resistance acmes terminals 
A Bo fF ig . 13.91 ii:
(a) 9.31 0
(c) 10.00

(b) 7.24 О
(d) 6.75 0

. iu  20

П«00 ПбЙ

3U 7U 
Figure 13.91

8 Wtth reference to Hg. 13.92, which of ihe 
following Hatementi is correct?
(a) V *, = 2V
(b) Vpq = 15V

Flgurt 13.87
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<c) When a load ii connected helween P anil 
Q, cunrni would (k>w faun У  to P 

id I Vr> » » V

9 In Fig. 13.92, Ы the 15 V battery is replaced 
by a ibotl-ciraut Ihe rquivalcnl resistance 
аспм» lerminab KQ ii:
(a) 20 П <Ъ)4.3ЭП
(с) 4.13П («Я 4.290

10 For the anna «h«wn in Fig  13.93. max
imum power iranniei frx>m the souitr I» 
required. For tbi> to he so. which of tbe fal
lowing tlatemenu is tnic?
(а )Я ;= 1 0 П  (b) Я. = 30П
(с) Я; я  7.5 ft (d) Я; = 15 ft

Source

Ж
1X93

I I  Ibe open-arcM valugr F. асгоа» lemHiuli 
XY  of R g  13 AM ta:
U )0 V  (b )» V  (c) 4 V (d> 16 V

H u

12 Ihe maximum power tranafened by the 
пике In Fig. 13.95 it:
(a )5 W  
(c) 40 W

I
f  - 20 V I *

г - м Г  I

<b) 200 W
(d )50W

H gm r 1X99

13 For Ihe ciKUH Aown in Fig  13.96. voluge 
V U :
(a )0 V  (h) 20 V
(c) 4 V  (d) 16V

' J0 V

I
10

П г п  1X9*

14 14» the dKUil <»wa in Fig. 13.96, ouietx 
/. fc
(a) 25 A  (b i 4 A
(c )0 A  (d )20A

15 For (be circuit 4m»» in Fig, 13.96, current 
h fc
(a) 25 A <b)4A
(c )0 A  «1)20 A

16 The curira* flowing la <hr benches of a d.c. 
circuit may be drteimned u»ing
(a) KtrcbbofT* law*
(b) Lem '» law
(c) Faraday'» laws
(dl Fletm »'» Wl-haad rale____________ __



Alternating voltages and current?

Al Ibe end of this chapter you ihontd be able lo:

■ appreciate why ax:, it used In preference lo d.c.

• describe the principle of operation of an a.c. generator
• diaitnga»b between unidirectional and alternating waveform!
• define cycle, period or periodic time T and frequency /  of a waveform
• perform calculation» involving T к  I//
• detine imtantaneoui. peak, meaa and r nvi. value», and focm and peak factor» for a 

■Inc wave
• calculate mean and r.m i. value» and form and peak factor» for given waveform!
• undemand and perform calculation! on the general unumdal equation 

»aa Vm* fa il± + )
• understand lagging and leading angle»
a combine Itm  nnuxudal waveform» (a) by plotting gii|iMcally. (b )by drawing 

pbaton to acale and (c) by calculation

14.1 Introduction

Hecthdty it produoed by generator» at power na
tion» and then distributed by a vait network of 
traramutlofl Unei (called the National Grid lydeml 
to industry and for dome «be ute. И I» cu in  aad 
cheaper to generate alternating current (a.c> Hun 
direct current (dc.) and ал. la mote conveniently 
dutnbuted than d.c. lioce us voltage can be readily 
altered uiing tranifurmei». Whenever d.c. It needed 
in preference lo a.c.. device» called recti Пес» are 
used foe convenuon (lee Section 14.7).

14.2 The a.c. grnrrutnr

Let a triigle turn coal be fire lo rotate at сопкам 
angular velocity lymmetncally between the pole» 
of a magnet tyttem u  tbown in Fig. 14.1

An e.a.f. u  generated in tie cotl (from Faraday » 
lawn wttch vatet in magnitude and revet»-' it» 
dutctma at regular Iniervab. Ibe teatoa for this u 
*wwa ID Hg 14.2 In potaiona (a), (e) «id  (1) the 
onoducton of d r loop ice effectively moving along 
the magnetic Add. no flux 1» cut and hence noe.m.f
Ii induced. In poaibon (c) maximum flux u cut and
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measured in hertz, № . The rtandsnl frequency of 
tor electacily apply in ( irrai И main it JO Hz

hence ш и п и т  e.m.f. is iiKfctced In position (f). 
maximum tluK Is cut and hr nor maximum em f. is 
again induced However, using Homing !. ngte-fcaad 
ralo. ibe induced e.m.f. I» in fce opposite direction 
to that in position (c) and is thus shown as - E  In 
positions (b), (d). (f> and (b) some Dux is cut and 
hence some em f. is induced. If all sach positions 
of Ihe coil aft considered, in one revolution of the 
coll. one cyde of «em aiing e.m.f Is produced as 
shown Thu Is Ihe principle c l operation of lhe a.c. 
generator I i.e. lhe alternator)

14.3 W aveform s

If values of qualities which vary w*h time < air 
plotted lo a base of time the resulting graph is called 
a waveform Some typical waveforms are ihown In 
Hg. 14.3. Waveforms tal and (Ы  air i«iUUrretl.m»l 
wivtforms for. although they vary cotuMeraNy 
wift tine, they How in one direction only (ir . they 
do not cross die tute axis and become negative) 
Wavefotms (cl to (| ) are called ahcraalkig wave
form  since their quantities we continually cfaangiag 
in direction (Le. ahemalcly positive aad negrtlve).

A waveform of Лк type shown in Hig. U V | ) «  
called a sine wav*. It Is the shape of tie  waveform 
of em f. produced by an ath-malor and thus the 
mains electrical) supply It of sinutoidaT foaa 

<tae complete tears of values is  calked a eytk
li e from t ) ю |4n Fig 14.3(g)!.

Ihe lime taken for an a be mating quamiy lo 
complete one cycle is called Ihe period or tbe 
pertodle tin*. Г. of Ihe waveform 

The number of cyde» completed la 
U <^l«d *e  frequency, /, of Ihe supply

Problem 1. Determine Ihe periodic time for 
frequencies of (a) 50 lb  and (b) 20 kHz.

(a) Periodic time Г  «  у  ^  = 0 U2« or 20ms

(b> Periodic line Г  s  — з  — ■ ■1 / 20000
a  0 00005s 0Г 50

Problem 2. Determine ibe frequencies for 
periodic time* of (a ) 4 ms (b) 4 |u.

(a)

в»)

/m h  J T h F 1
WOO

4
250 Hz

Frequency /  -  -
1000000

4 x 1 0 = 4
*  250000 Hz 

or 250k№ i*  025MHz

and is

Probfctn ). An site mating current 
coaifietei j  cycles In Я пи What la Its 
frequency?

п .(«Ю О *
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lim e for 1 cycle = (S/5 )m ss 1.6m  = penodic 
lime T.

1000
I j6T  1.6x10 

10000
16

= *25 H i

Now try Ibe following exercise

Kxerelse 73 Further problems on 
frequency and periodic tlinr
1 Determine Ibe penodic time for Ibe following 

frequencies;
(a) 2.5 Hz (b) 100 Hz (c) 40 k№.

[(*) 0.4 s (b) 10 ms (c>2S|is|
2 Calculate the frequency for tbe following peri

odic limes:
(«) 5 ms (b) 50 us (c)0.2s

((a) 200 Hz (b) 20 kHz (c) 5 Hz]
3 An alternating current completes 4 cycles In

5 ms. Whal Is K> frequency? (800 H i)

F w  a dm  wave

s n r i| i  value m 0Л37 X matfanu 
(If . 2 / e i maxln I *alUf)

Ibe effective value of an alternating cunent u  
that current which will produce Ihe saate bealrnp 
effect as an equivalent direct current. The effective 
value is called be root mean <*|iiart lr.m.s.1 talur 
and whenever an alternating quantity I* given, a 
is assumed lo be the rmi value. For example, the 
domestic mams supply in («eat Bhtain is 240 V and 
is assumed to mean '240 V mis'. Tbe symbols used 
for r.m.s. values are I. V , E. dc. For a non-sinusoHla] 
waveform ss shown in Fig. 14.4 the r.m.s. value it 
given by:

« М + - + 1

where n is Ihe number of intervali used.

14.4 А л . values

Instantaneous values air tbe values of the ate mat
mg quantities at any instant of time. They are repre
sented by small leHets, /. v, e. etc., (see Fig. 14.3(f) 
and (g)).

Ihe largest value reached in a half cycle it called 
the peak value or the maximum value or the 
crest value or tbe amplitude of Ibe waveform 
Such values are represented by V „. I m. Em, etc. 
(see Fig. 14.3(f) and (gU  A peak-to-peak value of 
e.m.f. is shown in Hg. 14.3(g) and is tbe difference 
between the maximum and minimum values in a 
cycle.

Tbe average or mean vahie of a symmetrical 
alternating quantity, (such as a sine wave), la Ibe 
average value measured over a half cycle, (since 
over a complete cyde Ibe average value is b i d ),

Average ar 1 
mean value J  ”

are* — der tbe curve 
length of hue

For a sine wave

rm  value »  # 707 x maximum value
(Lc. l/ v 'i x maximum value)

The area under Ihe curve is found by 
mate methods such as tbe trapezoidal rule, the mid
ordinate rule or Simpson's rale. Average values are 
represented ty  V*v , #*v. E a v . ««c. Bor a sute wave, form factor = 1.11
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m k  f*ciwr -  •
1 «111 second

txx a >w wave. peak factor = 1.41.
The value* of forrn and peak fadon pvr 

indicanon at the ahape of afavcfomu.

10 x 10-
1000SS --- 1
10

(ia ) In Fig. 14.5(a). the in *  I /4 cycle ii dvidcd 
m o 4 intervals. Паи

IM V

Problem 4. For the periodic waveform! 
ituwn in H g  14.5 determine fix each:
(i) frequency (ii) avenge value over half a 
cyde (iii) r.m.1 value (iv) form factor and 
(v) peak factor.

200
150

j£71
■ чИ/П • ТЖ, 1

0 i \  15 /20 Urn* 
\  /  W

-200
w

Cvrrw*
«А)

0 16 Tim#{rm)

Figmrr 14.!
<w

i t dtdi'i 
2S2 +751+123j +1?51

*  114.6 V
(Nole dial (he gieaier foe number of inter
val! cboaen. lie  greater (be accuracy of (he 
«null. For example. If twice (he number of 
ordinal*! aa (hat chosen «bove are wed. Ihe 
r.m.i value te found lo be 115 6 V )

(Iv) Fotui factor j
r.m.i value 

avenge value 
114.6 
100 '

■ I  15

(v ) Peak (actor ■■ maximum valae 
ra i l vrfue 

200 
114 6 '

i I  TS

(b) Keetangular waveform (Hg. I4.5(b)t.
(i) Time for I complete cycle — I6m i 

periodic time. T. Hence

(a) Triangular waveform (Hg. 14.5(a)).

(I) Time for 1 complete cyde = 20 i 
periodic line. Г. Hence

frequency.
I 1000

16 x 10 4 = 16

20 x 10*
1000 

1 20
S6Hi

(til Area under Ihe inangaUr wavefona for a 
half-cycle ж  ̂ x haae x height
*  J  x (10 x 10 J ) x 200 = I volt iecond

Average value 1 
of waveform / :

area under carve 
length of hav

з  62 5 H i

Average valae over 1 _  area under curw 
half a cyde J  = length of base

10 x («  x 10 »)
*  » x 10-*
= Kl A

(h i, The гл-а. value .  . 1 ± Ш ± 4

ш M A. however many Intervals are chose a. 
u n  the wavefona u rectangular.
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(iv ) Foim factor a

(v) Peak factor a

r.m.s. value : - — - 
average value
maximum value

1 2 * »10

Ш .1. value 10

Problem 5. Tbe (allowing table gives Ibe 
corresponding values of curirni and time for 
a half cycle of akemaing cunent.

tune / (ms) 0 a s 1.0 1.5 2.0
cunrnt i (A ) 0 7 14 23 40

time i (ms) 23 3.0 3.5 4.0 4.5 5.0
cunrm i (A ) 56 68 76 60 5 0

Assuming the negative half cycle i i  identical 
in shape to Ihe positive half cyde, plot tbe 
waveform and Had (a) the frequency of the 
supply. (b) the instantaneous values of 
current after 1.25mi and 3.*ms. (c) the peak 
or maximum valve. Id) tbe mean or average 
value, and (e) Ibe r.m s. value of the 
wive form

(d> Mean or average value i
length of base

Tbe half cyde of alternating cunent is rixiwn plotted 
in Hg. 14.6

(a) Time far a half cycle z S m ; hence the time for 
1 cyde. be. the periodic ume,
T = lOm i or OjOI •

frequency, / »  = IOOHi

<b> Instantaneous value of cunent after 1.25 mi it 
19A. from Pig. 14.6. Instantaneous vrfue of 
current alter J.im i Is 70 A. from Pig. 14.6

(с) Исак or maximum value = 76 A
area under curve

Figure 14.6

Hence t (0 J  x 10-‘ X » I )I on _____
average vriue I  5 x 1 0 1

= JS 1 A

(e) R.m.s value ж \

J 1 + 102 + 19* + JO2 
+ 493 +63J +73! +722 

+ 30J + l l
10

Problem 6. Calculate the r.m.i. value of a 
sinusoidal ament of maximum value 20 A.

Using tbe mid-ordinate rale with 10 Intervals, 
each of width 0.5 ms gives:

}  *  *• 5 x “ •"’ я 3 + • » + '’ + »
■f 49 + 63 + 73 + 72 + 30 + 2] 

(see Fig. 14.6)

= (0 .5x 10-J KJ51)

Ror a sine wave.

r.m.s value ■ 0.707 x maximum value
■ 0.707x20 = 14.14 A

Problem 7. Determine tbe peak md i 
values for a 240V mains supply.
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l^ r a nnr wave. rm s. value of voltage
V = 0.W7 x V „.
Д  240У main» sup|4y mean* ihal 240 V is lhe u w . 
value. Ьсшт

V _240 
1.707 = 0.7 

: peak value

V .  = = -W 5 V“  0.707 0.707

M e» value

V*v = 0 637 Kre = 0.637 x 339.5 = 2k. ,3 V

I Problem *  A wpply voltage has a mean 
I value of 150 V. Deierminc ils maximum
I value and as rm ti value.

Hot a sine wave, mean value = 0.637 x maximum 
value. Hence

mean value 159 
^ _ ri ' 0.637 *  0.617

a  235.5 V

K m s value = 0.707 x maximum value 
= 0.707 x 235.5 s  1*6 5 V

Now try the following exercise

Exercise 74 Further p n M rm  on a-c. 
values of waveform»
I An aliertuling cunenl vanes with lime over 

half a cyde as follows:

Current (A ) 0 0.7 2.0 4.2 8.4
time (ms) 0 1 2 3 4

Cunent (A ) *2 2.5 1.0 0.4 0.2 0
time (ms) 5 6 7 8 9 10

Ibe negatve half cycle it  similar Pin Ihe 
curve and determine
(a) lhe fraperwy fb) Ibe inaantanenui values 
al 3.4 ms and 5.» ms (c) •> mcaa value and
(d) iu  r.m.i. value
[(a) 50 H i (b) 5.5 A , 3.4 A (c) 2 .»A (d)4 .0A ]

2 For I k  waveform» ihown ia Fig. 14.7 dnler- 
mine for each (I) the frwjuerwy (ii) Ibe avenge 
value over half a cycle (Mi) ibe r.m.i. value 
(iv ) Ibe form factor (v ) the peak factor,

(<a) (I) 100Hz (ii) 2.50A (iii) Z M A  
(iv ) t.19 <v) 1.74

(b) (I) 250Hz (U )  20V (tt) 20V 
(iv) 1.0 (v ) 1.0

(c) (i) 125Hz (ii) ISA  Ш ) I9.56A 
(iv) 1.09 (v ) 1.23

(d) (i) 250Hz (ii) 2SV ( i i)  50V
(iv) 2.0 (v ) 2.0)

ь
m

F
Fffurr 14.7

3 An alternating voltage is triangular in shape, 
rising a  a constant rale to a maximum of 
300V in 8ms and the* falling to zero at a 
constant rate in 4ms. Ihe negative half cycle 
is identical ia stupe lo die poattve half cycle, 
(alcalate (a) the mean voltage over half a 
cycle, and fb) the Ш 4 . voliage

(4a) 150V fb) 170V)
4 An afcemaing c a l.  vanes wilh time over half 

a cyde as follows:

Е.Ш.Г (V ) 0 45 Ю 155
time (na) 0 1.5 10 45

Km .f (V ) 215 320 210 95
ume (na ) 6.0 7.5 9.0 105

E-m-f. (V ) 0
Ume (ms) 120
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The negative half cycle и identical in tftape 
to the pootivc half cycle. Plot the waveform 
and determine (a) tbe periodic time and fre
quency (bl Ibe intuaaneni* value of voltage 
at 3.73 m* (ct tbe timet when tbe voltage it 
125V <d) the mean value, and (e) the r.m.1.

((a) 24 m*. 41 67 Hz (b) 115 V 
(c )4 a u  and 10.1 ms (d) 142 V

(c) 171V I
5 Calculate tbe r.B.t, value of a sinusoidal ourve 

of maximum value 300 V (2111V)

6 Had the peak and 
nipply

mean values for a 200 V
1282.9 V. 180.2 V )

7 Plcn a line wave of peak value 10.0A. Show 
that ibe average value of Ibe wavefoan It 
6.37 A  over half a cycle, and that the t.m.1. 
value it 7.07 A

8 A sinusoidal vokage bat a maximum valae of 
120V. Calculate Ui r.m.i and average value»

(84.8 V . 76.4 V )

9 A sinusoidal canrm baa a mean value of 
I5 .0 A  l>etenrane its maximum and r.m.t.

(23.55 A. 16.65 A )

If all such vertical components an projected on ln 
a graph of v again* angle им (la radians) a 
curve reauhi of maximum value 0A. Aay цаапин 
which vane* «lausotdally can tbui be reprr sealed „  
a pbator. . -

A  tine curve quy nol «way* start al 0°. To 
dx>w this a 0 fa jie  function it reprrienlcd hy 
у = sin(<w ±ф). ih e ir $ i* die phase (or angleidif. 
ieirnce compared with у  = tinajf. Ia Hg. I4,9(ai, 
yj = tin(or 4- ф) Haiti ф radians earlier than 
л  = ППШГ andu thus «aid lo lead y\ by ф radian. 
П ию п vi and yj arc shown In Hg. 14.9(b) ai the 
lime when I = 0.

Ш ijitadtr,*»# Id * ia *t» il*#

J0 r
M
Figure 14.9

«4.5 The equation o f a sinusoidal 
waveform

In Hg. 14.8, 0A repteacMi a vector that It free to 
route anticlockwise about 0 a  an angular velocity 
of (urad/t. A rotatng vector it known at a ph*Mir 

Alter lime I seconds tbe vector 0A bai turned 
through an angle a*. If the late BC it conttrucled 
perpendicular to 0A at ibown. then

BCtinuir = —  i.e. BC = Oli sin tut 
0B

In Hg. 14.9(c), yi » tin M  -  Ф) Marti ф radians 
lalerthan ft  в  tin iur and it thus taidlo lag v> by Ф 
radiant Phaton y> and y4 are shown in Hg. 14.9(d) 
a  tbe time when I в  0.

Given the geaeral unuuitdal voltage, 
rm  V .  dn(wt ±ф). then

(i) Amplitude or maximum value в  V „
(ii) Peak to peak value = 2 V .
(tii) Angular velocity = ш rad's
(Iv) Periodic time, T = 2я/ш second*
(v ) Frequency, /  в  w/2я  Hz dunce ш в  2л/)
(v i) ф в  angle of lag or lead (compared with 

v = Va tin ait)

Problem 9. An alternating voltage a  given 
by к в  282.1 tin 5141 volt*. Find (a) tbe 
r.m.i. voltage. (Ы  tbe frequency aad (c) Ihe 
inaanuncoui valae of voltage when 
r = 4m*.

(a) The general expccition for tn alternating voltage 
It t> в  V „  Ha(«M ± ф). Comparing
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„  к  2*2 » “ "  3*4 ' *1lh 1Ь*' general expression 
0 Ш  the peak voltige ai 2*2 * V. Heace the 
f j ,  i  volume =s 0.707 * maxtmuai value 
я  0.707 к 2*2 » = » 0  V

<b) AafUlar velocity, <u = 314 rad/». U . 2я /  = 
314. Hence (regency.

,  iU  C|| u .

(c) When I  = 4m».

v = 2*2  *sin( .44 x 4 x 10 »)
= 2*2.1 sinll 256) = 2Ы1 9 V

ISO
0.25 x --- = 14.32°

я0.25 mb

I knot phaie angle = 14.Л2* I

РгиЫмп 11. An alternating voltage, v. hai 
a periodic Date of 0.01 • and a peA value of 
40V. When lime I is /ею. и s  -20V. 
Expnsi tie snsiintanrou» viiluge in Ihe form 
<• = V „en («< ± «l.

Note that 1.256 radtins » 11.256 x 

: 71.96*

180*1

Amplitude. V . = 40 V.

IVnodtc time Г  = —  henc* angular velocity. 
2л 2*U) = —  = ——
T  001 

t' = Vm an(tu< -f ф) thus becomes 

v s  40tia4200*r + ф) wnlls.

2*
at

: 200* tad*

Hence r = 2»2.*«in71 96* 
A m .

268 9V, as When time I sO , v s —20V 
Lc. -20 = 40 *п«> 
ю  that iin # s  -20/40 = -«.5

Piublem 10. A l alternating voltage i i  given 
by t- = 75 ain(200*f - 0.25) volu. lind
(a) Ihe amplitude (b) Ihe praklo-peak vdue,
(c) Ihe r.m.i. valac. (d) the periodic lime.
(e) Ihe frequency, and (f) the phase angle tin 
degrees and nnnates) relative lo 75nn200m,

Hence ф = sin"'(-0 .5 ) «• -30*

- (- a o x - 2 - )r .d . = - I .

Thus r=  40 йп j v

Comparing i> = 75«n(200*i -0.25) with the gen
eral expression r s  V „  ап(ш( ± ф) gives:

(a) Amplitude, or peak value я  75 V

(b) lYak ю -peak value *  2 X 75 *  1*0 V

<c) The r.m.1. value = 0.707 x  maximum v A c
= 0.707 k 75 = * JV

(d) Angular velocity, at = 20Qjr rad/». Hence pen- 
odictime.

Problem 12 Tbe «utreat in aa a.c. circuit ai 
any time r seconds It given by:
/ s  l20stn(W0*r ♦ 0.36) amperes Find:
(a) the peak value, the penodic ume. the 
frequency aad phase anytc rrlative lo 
120 tin 100» <b) ihe value of die cunent 
when I к  0 (c ) Ac value of Ihe curreni when 
/ = Smt (d) <hc Ume when Ihe current first 
reaches 60 A. and (e) Ae Ume when Ae 
cuneai u tint a maximum.

7 - * , 2jt

200»
I

100
# 0 1  IO C  Ю на

<e> lie< |ueacy. /  ■  i  .  J _  ■  I  DO H i

<n Hiase angle. #>0.25 radiam lagpng 
75 tut 200m

(a) Peak value sc 12* A

2*
IVnodic time Г »  —w

2я 
~  ioo* 

I

(Пасе ш s  100*)

s  —  s  t  M i or U rn

Fretgiency. /  = i  = J g  = 5»H i

T L fd
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Phase angle = 0.36rads
180*= 0.36 x —  = 20 63 leading

(b) When 1 = 0,

i = 120 sia(0 + 0.36)
= 120na20.63" = 42 ЗЛ

(c) Wben I = 8ms,

i s  120tin flOOir (  ■jgjl +0.Эб]

ж  120яп2 8733(» 120 tin 164.63*) 
ж  31 *А

(d) Wben j = 60 А. 60 = 120sin(l00*r + 0.36) 
thu> (60/120) ж  *п(100*( + 0.36) to that 
1100*1 + 0.36)= sin 10.5 = 30”
ж */6 rads ж 0.5236rads. Hence lime,

0.5236 -  0.36 ____I  ж ---- ------- ж 0.521 nu
100*

(ei Wben the сигттИ ia a maximum. I ж 120 A.

Ihus 126= 120sin(100*f + 0.36)
I ж an( 100*1 + 0.36)

(100*1 + 0.36) ж an 11 =90° 
ж (»/2) nds 
ж 1.5708 rads.

„ „ « t in * .  ,  -
100*

Now try ihe following exercise

Exercise 75 Further problems on
► = V„»ai<w«±#)
1 An alternating voltage и represented by r a  

2 0 iin l5 7 .il volts, Find (a) the maximum 
value (h i tlx frapieacy (c) thr periodic lime,
(d) What is the aagulai velocity of the phasoi 
repiesentini dlls wavefona?

[(a) 20 V  (b) 25 Hz
(C) 0.041 (d) 157.1 nds/l|

2 Find the peak value, the r.m.s value, Ihe peri
odic time, the frequency and the phase angle

(in degrees) of Ibe following alternating фщ, 
lilies:
(a) v = 90 sin 400*1 vulls

(90 V. 63.63 V , Sms. 200Hz, O' I 
<b> I = 50 ria( 100*1 + OJOHHMfte>

I50A, 35.35А, 0Л2». 50Hz, 17.19" lead| 
(c) t  = 200 an((CtrXf — 0.41) volts

1200 V . 141.4 V, 0.0fa, 100 Hz. 23 49 
bgl

3 A sinusoidal oitrent has a peak value of 30A 
and a frequency of 60 H i At time t = 0. 
the current It zoo. impress tbe instantaneous 
cunent I in tbe forni / = /„, sinun

(j = 30nn 120*i|

4 An allemaling vobage v has a periodic lime 
of 20 ms and a maximum value of 200 V. 
When time f ж 0, v = -75 volts. Deduce 
a sinusoidal expression for г and sketch one 
cyde of tbe voltage showing important pants

|t> = 200sin(100*i -  0.384)]

5 The vobage In an alternating current d rain  al 
any time I seconds is given by v ж  60 sin 40/ 
volts Find Ibe first time wben (be voltage is 
(a) 20V (b) -30V

((a) 8.496ms (b) 91.63ms|

6 Tbe inslantaneoas value of voliage In an a.c. 
circuit al any time i seconds la given by 
v ж  100 si#  50*1 -  0.523 )V . Find:
(a) tbe peaik4o-peak voltage, tbe periodic 

time, lhe frequency and the phaae angle
(b) the voltage wben r = 0
(c) tbe voltage when I  = 8 ms
(d) the times in the lin t cyde wben the voltage 

is 60 V
(e) the limes in tie first cycle wben the voltage 

is -40V
(f) the flrsl Ume when the vobage it a maxi

mum
Sketch the curve for one cycle showing 
relevant points. ((a) 200 V . 0.04 s. 25 Hz, 
29.97“ lagging (b) -49 95V (c) 66.96V
(d) 7.426 m , 19.23 ms (e) 25.95 ms, 40.71 ms
(f) 13.33 ms|

14.6 Com hiaatiun of waveform s

The resultant of the additiua (or subtraction! of two 
anusoidai quaraties may be detemanrd either
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tw plotting Ihe periodic functiona gnfUcally 
(aeewotfced Problems 13 «ad 16). or

■hi by rcaoluuon of pbason by draw lag or calcula 
uoo (ace worked Problems 14 and 15)

Problem |). Tbe iMantancous values of 
iwu alternating currents air pven by
I, = 20 «inил ampere» and
i, ш lOrirKoK + fr/3) amperes By plotting
i, and il on Ibe um c axes, using Ibe same 
teak, over one cjfde. and adding ordinate» al 
MKrvab. obtain a sinusoidal expremon for 
•i + h ‘

t, С  20НПШГ and i; = 10sin(o* + я/i) ate «hown 
plotted in Hg. 14.Ю. Ordinates of i, and tj arc 
added at. lay. 13° intervals (• pair of divider* are 
uieful for thia>. For example.

M 3 0 M i+ lj=  10 + 10 *  20A 
ai 60*. i i + I i  =■ 17.3 + 8.7 з  26 A 
M ISO M ,+ < i = IO + (-5 ) = 5A. and «oon.

<uf(degrw*) 0 so 60 90
amы 0 OS 0 666 1
4,-20 t * « r 0 10 17 .» 20

(«#♦••> ao 90 120 180
0 866 1 0 866 OS
866 10 866 s

Ibe ir M ill ant waveform lor i| + I; in 4 u v n  by Ibe 
broken line ia Hg. 14.10. Il baa ihe aame period, 
and hence frequency, at ii and It. Tbe ampbatde or 
peak value it  26.5 A

Tbe ncaullant waveform leads Ibe curve l\ = 
».т< ы/ by 19* U . (19 x jr/180)rada «  0.332rada 

lienee tbe sinusoidal expression for ibe rrmltani
ii 4- h  la given by:

iH =<i + *j -»5 < ta (tu t +0 332) A

Problem 14. T V ) alternating voltages are 
represented by vi = 50 tin <ut vaks aad 
tij = Ю0па(ш( -  >/6)V. D n t die phaior 
dtagnun and And. by calculation. a »mu 
expression lo represent i* + «j.

№ason are usually drawa al the iiMani when lime 
I s  a  Thus v] i i  drawn horizontally 50 units 
long and t>] ia drawn 100 units long lagging n by 
ж/6пкЬ. U . 30*. Thu ia ibown in Kg. 14.11(a) 
where 0 is Ihe point of rotation of Ihe pbaaoro.

»t-80V

*

<c)
*

Hpirr 14.11

Procedure lo draw phasor diagram lo reparseal
*! + »»:

(i) Draw V] horizontal 50 unitt long. U . oa of 
Hg. 14.11(b)

(ii) Join u] to Mr end of i i  at tbe appropriate angle, 
i-e. ab of Hg. 14.11(b)

(m ) The resultant i« = и + vj ■ given by tbe 
len£h ob and IU phase angle may he measured 
with respect lo ч

Allenuuvely. when two phaaors aae being added the 
■rMilrant ш alwavk Ibe diagonal of Ibe panUelogran, 
aa shown la  Hg. 14.11(c).

Ham Vie drawing, by measurement, i»  ж 145 V 
and aagle 4 — 30' lagging ,n.

TUalOOk
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A iw w  accurate ioluti(*l u obtained by calca- 
Uiion. «m g the com  iv  and нас niln . U aaf tbe 
сп и» nilr uo mangle Oah of Hg. 14.11(b) glvci:

t’B = с ;  + Ц  -  2 v i v j  coa 150"

= JO3 + 100J -  2(50* 100) coa 150*
= 2500+ ЮООО-1-8660)

<1 = \/2l 160 a  145.5 V

lliing ihr line rule.

from wticta an Ф

100 145 5 
•in# = un i 50*

100 >in 150*
145.5

e 0.3436

a  20.096* = 0.35 radians,and ф = s m '0.3436 
and lags V|. Hence

n  = r, + rj »  145 5ч1п(а* -  0 i f )  V

Problem 15. Had • sinusoidal rxprrtaioa 
for (f| + <j) of Problem 13. (b) by taw ing 
phosors. (b) by calculation

from wtacb i ,  = 26 46 A 

By tbr sine rule:

10 26 46
&*пф n n l j £ , .  - j f  

from wbidi ф -  19.10' (1л. 0.333radi) 

HrncT. by calculation 

iK -  2» 46aln(w/ + 4 393) A

Problem 16. TWo alternating voltage* arr 
given by f| = 120ипш/ volu and 
t ) = 200 no(а» - я/4) volu. Obtain 
sinusoidal expmtions for vi -  vj (a) by 
plotting waveform*, and (b) by reaokaion of 
pbaaors.

(a) i ’i a  120 u a a* and in — 200 nn(ajr — ж/4) an- 
ibown plotted In Hg. 14.13 Can tnuat be taken 
wben niN iaclini value* of ordrnatn eapcctally 
wben at lean oae of tbe ordinal» u negauw 
For example

at 30*. vi - 11} *  60 — (-52) *  112 V 
at 60*, ц - ц а  104 - 52 = 52 V 
al 150*. vi -  t>j a  60 — 193 a  -133 V and 
ю  oa

(a) Ibe  relative poattiotu of i| and ij al time > a  0 
an abown a* phaaon in Fig. 14.12(a). The pha- 
anr diagram in Rg. 14.12(b) ibow* tbe m ult ant 
it , and it  u meaautcd aa 26 A and angle Ф aa
19* or 0.33 tads leading I,.

Hence, by drawing. <■ = 2Axin(wf + t  33) A

i,-га a
W

Flgurr 14.12

I,-20 A 

(M

(b) 1-rom Fig. I4.12(b), by tbe coaine rule:

i l  s  20J  +  101 -  2 (» K 1 0 K c o a  120*) H »ut 1413
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H x  renUum waveform, .* = v, -  vj, u thown 
tw lhe broken line in Hg. 14.13 H r  maximum 
^ l».. 0(  >•( it 143 V and It»- waveform it tern 
to lead n  by W  <U. 173 radiant)
H w > . h? <*mwbig
^  = r, -  r, = |43*п(шГ + 1 7J)»oHt

л» Ц К  relative poeliont of r, and .•> arv show n a) 
time i = 0 at ftiator* in Hg. 14.14(a). Since 
the ir till tint of vi -  i>j it required. -0 2  it 
tow n in the opposite dncdion to + f2 and it 
rfaown by the broken line in Hg. 14.14(a). The 
|tia«>r diagram wtth the resultant it shown in 
Hg. 14.14(b) where - 0 2  it added phai«4ially 
to 4 .

\ * ,.t» V

.  \
H-MOV

from which. 4  = lan 1 6.4013 
■ I I J T

and ф — 9И.6Г о  1.721

Henee. by revolution of phatnrs.

rt  > n  -  r , m 14.3 Ottadrf + 1.721)

Now try the following exerdae

Hfurr 14.14

By reaokittoa:
Sum of hnriioonl components of 11 and vj = 
120cot O' -  200cot 45 = -21 42
Sum of vertical components of t>, tnd t>j = 
I20an0 ' + 200tin 45" = 141 4
Horn Hg. 14.14(c). ie*iliant

Ч  *  4 (-21 42)» + (141 4Я
> 143 0

141.4 
‘ 21.42 
в tan6A013

Kxerebc 76 fu rtb rr problems an tbr 
combination *f periodic functions
1 The instantaneous vahiet of two altcinaliny 

voitaget an given by ц *  5tln<u> and >4 = 
К n n M  -  ж/б). By plotting 14 aad 14 on the 
tame axet. «ting Ihe tame tcale, over one 
cycle, obtain exptrtsioni for
(a) 4  + V] and (b) vj -  vj

((a) »| + «1 = 12 58aiM<*x -  0.325) V 
(bt V| -  V: = 4.44 tm(«ur + 2.02) V )

2 Repeal Problem 1 using iraulittion of pbaaore
3 C onatroct aphaaor dugnm to represent (( + fj 

where и ж 12 tinax and
(2 = I5 tin («r + я/iy. By meaairemenl. or 
by calculation. And a sinusoidal rxpret»on to 
irprrienl /| + 1 j

(23.43 tin (.*« + 0.S8S)]
Determine, either by plotting graph 1 and 
ickiag ordmalet at intervals, or by calculatton. 
the following pedoda; functions ta Ihe fotm
V  =  V e »tn(<u< ±ф)

4 lOsiauX + 4 sinM  + ir/4)
(13.14 « («<  + 0.217)) 

5 SOsiaiiiJ + xr/3) + 50 suifoK -  т/6)
(94 34 Mti(<U + 0.489))

6 100 an ал -  70tin(<ur - n/3)
|M M untn4 + 0.751))

lan  ф в  ,

14.7 Kediftcalkm

Ibe protest of obtaining unidiiecttonal cturenu and 
vuliaget frnoi alternating currents and voltages 11 
called rrrtMention Automatic switching in dreidtt 
la earned out by devicet called dkxfrt Half and full 
wave recbQen arc explained m Chapter 11. Sec 
uoo 11.7. page 132

T U aK >
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No»' try tbe following exercises

Kxercise 71 MuM-cholcr qanU nu on 
alternating io k i|n  lux, currm ti (AlMWtrs 
<m p«*r 375)

1 Ibe  value of a i alternating current al any 
given iiMlanl ti:

(a, a maximum value
(b) a peak vakje
(c, an instantaneous value
(d, an r.nu. value

2 An ake mating cunenl «HMfHrlos 100 cycles 
in 0.11. In frgpracy ia:
(a) 20Нг V (b, 100 Hz
(c) 0.002 Hz (d, 1 k№

3 In Fig. 14.13. al Ibe inMant ibown. Ibe gen
era ed e.ntf. will be:
(a) zero
(b, an r.nu. value
(c) an avenge value 
(d, a maximum value 

□
(8□
Figure 14.15

4 Ibe nipply of electncal energy for a con
sumer i> usually by a.e. because:
(a) transmission and distribution arc more 

easily effected
(b) it it no il suitable for variatde speed 

motors
(c, tbe vaM drop in cables is minimal 
(d, cable power losses are negligible

3 Which of t v  following statements is false? 
(a) Il is cheaper to use ax', than <Lc.
(b, Distribution of ac. is mote convenient 

than with d.c. since voltages may be 
readily altered using transformers 

(c, An alternator is an ac. generator 
(d, A  re caller changes d.c. to ac.

6 An akenuting voltage of maximum value 
100 V  ia applied to a lamp. Whldh of the 
following direct vokages, if applied lo the 
lamp. wixdd cause Ibe lamp Ю hgti with tbe 
same ЬгШаоее?
(a, 100 V <b> 63.7 V
(c) 70.7 V  <d, 141.4 V

7 Tbe value normally slated when tefetnng lo 
alternating currents and voltages is the:

Kxrrcisc 77 Short answer question*. on 
alternating voMagn and current*

1 Briefly explain tbe principle of operation of 
Ibe simple alternator

2 Whal i i  meant by (a) waveform (b , cyde
3 Whal i i  Ibe difference between an aHematmg 

and a unidirectional waveform7
4 Tbe time to complete one cyde of a wave- 

forni is called fe e ----
3 What ii frequency? Name its umt
6 Tbe mains supply vokage bas a special tfiape 

of waveform called a ........
7 Define peak vriue
8 Whal ii meant by tbe r.m.s. value?
9 Tbe domeMic mains electricity voltape in 

(heat Britain i t ........
10 Whal i i  the mean value of a sinusoidal alter

nating e.m.f. which bas a maximum valae of
100 V7

11 Tbe effective value of a sinusoidal waveform 
ia ........x maximum value

12 What it  a phasor quantity?
13 Complete tbe и ate men!

Itorm factor = .........4-..........and for a line
wave, form factor = ........

14 Complete the aatement:
IVak factor s ........ + .......... and for a line
wave, peak factor ж ........

13 A sinusoidal current it given by i •  
/ „ anfiui ± a , What do tbe symbols l m, w 
and a represent?

16 How is switching obtained when convening
ac. to d.c.7



TLfrtOOlj



Assignment 4

1 lind tbe c u it c h  flowing in the 5 Я  rc(tu
tor o( the circuit ibown in Fig. A4.1 using
(a) KitvhhofTi laws, (b) the Superposition the
orem, (c) Th^venin's theorem, (d) Norton i  
theorem.
Demonstrate that the ume answer result» from 
each method

Find alio the cunent flowing in each of tbe other 
two branches of the circuit. (27)

2 A  d.c. voltage source hat an internal resistance 
of 2 n  and aa open circuil voltage of 24 V. Stale 
tbe value of toad resistance that give» maumum 
power dissipation and determine tbe value of this 
power. (5)

3 A sinusoidal vokage haa a mean value of 3.0 A. 
Determine it'» maximum and rrns. value». (4)

4 Tbe instantaneous value of current in an a.c. 
circuit at any time I second» u given by: i = 
5<>sin( 100.ТГ -0.43)mA. Determine
(a) the peak to peak current, the periodic time, ihe 

frequency and the phase angle (in degrees)
(b) Ihe current wben ( =» 0
(c) tbe current when r я  8ms
(d) Ihe Snt time wben the vokage ia a maximum 
Sketch tbe cunent for one cycle rtiowiag relevant 
point». (14)



15___________________________
Single-phase series a.c. circuits

Al Ihe end of t ill chapter you should he able lo:

• draw phasor diagrams «id current «id volugc waveforms for (a) purely resistive
(h) purely Inductive and (c) purely capacitive a.c. cuculli

• perform calculations involving Xl *  In f  I. and Xc *  I /(2n fC )

• draw circuit diagram*, pbasor diagram» and voltage and impedance triangle* 
-L-C series a.c. circuits and perform calculations usingfor R-C. R-C and R-L-l 

Pythagoras' Iheoirm. trigonometric ratios and 7. ; V/l
• understand resonance

• derive tie formula for resonant frequency and use il in calculations

• understand O-lhctor and perform calculations using

VL(or V c ) „  <oJ. . .  I . .  I T" 11 ■ 1 Of • or ■ - or •» “  
V R ut,CR С

• understand bandwidth and half-power pools

• perform calculations involving (/ l -  / t ) = ft/Q

• understand selectivity and typicM values of Q-factor

• appirciale that power Я in an ШХ. circuil it given by f  m V I оot# or l\R  and 
perform calculations using these formulae

• understand true, spparrm and mactiwr power and power factor and perform calcu
lations involving these quantities

In a purely infective circuit the opposition ui the 
low  of alternating current ia called Ihe Induct!>r

. .X L
15.1 Pu re ly  rraiM ive a x . c ircu it

In a purely resistive at. a  mat. tbe curren I t  
applied vokage Va an ta phase. See Rg 111

1S-2 Purely inductive лх. circu it
In a purely inductive a.c. cUcuU. Ihe currem lL lags where /  is die supply frequency, in hem. and L и 
•he applied vokage V L К  V f  <i.e. »/2i>da). See Ihe inductance, ia henry'i X l I* proportional lo / 
H g  I Й  as shown In Rg. I S.S ______________

* L _  - i  _  I x f l  Q  
11

u
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a  4
Current and vollag»

Hgurr 111

'Q  t ,
CkcuN PhMor Current and «ойад*

Hgurr 15.2

/ m
Hgurr 15.3

Problem 1. (*) Calculate the reactance a la 
coil of inductance 0.52 H wben it it 
connected In I  50 Н/ supply. (b) A  coil hat a 
reactance of 124 (1 in a circau with a aippiy 
of brquency 5 kHz. Delenaine Ihe 
inductance of tbe «oil ______

(a) Inductive reactaace.

*L -  l» / t
* 2 я (» к «  х 10 l ) — 12.57 Q

Сшт^ г .г ^ > = I*"A
(b) Inductive reactaace.

XL = 2jt(1000)(40 x 10 J ) = 251JQ

Current, I  ж ~  ш r ^ r  = * JM AAl 251.3

15.3 Purely capacitive a.c. circu it

In a purely capacitive ax', circuit, the current /c 
leads the applied voltage Vc by 90° (i.e. it/2 rads I. 
See Hg. 13.4

•arj^
Hgurr 15.4

la  a purely capadbve circuit tbe oppotiUon to the 
Sow of aHemaang cunrni u called the caparftitr 
reactance. Xc

*  1 о
c m ~ h m u j c

(a) Inductive reactance,
XL = 1л f L  я  2*(SOKO.J2) = 100 SO

(b) Since X L = 2я / t . Inductance 
, *L И4

In f  2*150001
H я  5,95 mH

Problem 2. A ccal has an inductance of 
40mH and negligible refinance Calculate m 
inductive reactance and the irsultiBg current 
if connected to (a) a 240 V , SO H i supply, 
and (b) a 100 V. 1 kHz supply.

where С  is the capacitance in farads.
Xc varies with frequency /  as shown in Fig. 15.5
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pnM rn J. Deironiiie Ihe capacitive 
feecliUKf of » capacitor of 10|iF wben 
..in »- '- '1 <° » «ПЯ1И of frequency I») SO Hz 
<b) JO k H z ________________ ______________

(a) C reative  и * * " 1*

2ж/С

Салем -4
Ф

2Ж50К1в x Ю ■*) 
10*

:2я/СУ 
' X  50X23 X  U T  

= 1 73A
НПО)

318.3 Q

<b) Xc ■■

2»(S0)(I® )
1

'  2nfC
_____I_____

* 2x(20 x I0 J KI0 x 10 ‘ ) 

10*
“  2*<20 x IOJ K10)
= 0 T»*Q

Now try the following exeinse

Hence n  the 
20 kHz. Xc
R$. 15.3)

Problem 4. A capacitor has a leadance of 
40 SI when opened on a JO Hz supply. 
Determine the vrfvc of Hi capacitance.

Since

X

capacitance

С »

2.t / C ’

2я/Хс 
c -  1 | 

2*50K «)

с l0<
“  2^50X40)*
«  T9 » (S F

J. Calculate lhe cunent taken by a 
23 III- capacitor when connected lo a 240 V. 
50 Hz supply

is increased from SOHz Ю 
from 318 3 0  10 0.1960 («ее

№ п Ы  7* l  urthrr probirira an p irH i
Inductile and capacitive M . circuit»

1 C alculate the reactance of a coil of 
inductance 0.211 wben Ш h  connected lo (a) a 
SO Hz. (b) a 600 Hz and lc) a 40kHz >uppty.

((a) 62.83 0  0» 7S4 0  « )  50.27 kO]

2 A coil has a reactance of 120 О in a ctrcuti 
with a supply frequency of 4 kHz. Calculate 
the inductance of the coil. (4.77 niHl

3 A supply of 240 V. 30 Hz it connected across 
a pure tndactancr and the resulting cunenl is 
1.2 A. Calculate the Inductance of die сой.

(0.637 H)

4 An e.m.f. of 200V id a frequency of 2 kHz is 
applied lo a coil of pair inductance SO mil. 
Detenmne (a) Ihe reactance of the cod. and
(b) the cunrnl flowing in Ibe coil.

(la) 628 0 (b ) 0.318 A )

5 A  120 mil inductor bat a SOaiA. 1 U lz alter- 
noting cuvrnt (lowing through It. Rnd the
p.d. across Ute Inductor. (37.7 V )

6 Calculate die capacMive sractance of a capac
itor of 201#  when coaaeded to an ac. circuit 
of frequency (a) 20 Hz. (b) S00 Hz. 4c) 4 kHz

|(a) 397.9Q (b) IS  92 О (с) 1.9890)

7 A capacitot has a reactance of 800 when 
connected lo a SOHz supply Calcalsie die 
value of Ms capacitance. |39.79|iF)

8 Calculate the cunent taken by a IO (iF 
capacMor when conaected lo a 200 V. 
100Hz supply. (1.257 A)
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9 A  capacitor has a capacitive reactance of 
400 Q when connected lo a 100 V. 25 Hz 
m ipply. Determine lu  capacitance aad the 
current taken bom the supply.

(15.92|iF, 0.25 A )
10 TWo a  rail it  capacitors are connected in par

allel to a 200 V , 1 kHz supply. Find the value 
of each capacitor if  Ihe circuit curreni it 
0.62* A. (0.25 pF]

Figure 15.6

Iто т the phasor diagram of fig. 15.6, the ‘vafc- 
1* l> derived.age triangle

For the R - L  circuit

Ian# = ^  (by trigonometric ratios) 
V r

For the R-L circuit: 7. ж  ̂ IP  + X {

. *
т ф я г

15.4 R - L  series ал', c ircu il

In an ac. circuil containing inductance L and resu- 
tance K. the applied voltage V  is Ihe pbasor sum 
of V i and V l (see Kg. 15.6). and thus the current I  
lags tbe applied volts*e V by an angle lying between 
O' and 90“ (depending on the values of V | and V l). 
shown as angle #. la any ac. aeries circuit tbe cur
rent is common lo each component and is thus taken 
as Ihe reference phaaor.

Problem 6 . In a series R - I circuit the p.d. 
acmes the resistance ft ts 12 V and the p.d 
across Ihe inductance I. if 5 V. Find the 
supply voltage and the phase angle between 
current and voltage.

From the voltage triangle of Fig. 15.6, supply 
voltage

V = \ »2J  + 5»
U . V  = 13 V

(Note that in ax. duuiu. tbe supply vokage is not 
the arithmetic sum of Ibe p.d's across components 
к is. In bet. Ibe pbasor sum)

ш ф ш И ш ± .
V , 12

6 0 m which, circuit phase angle

* « ta e - ' =22 U * h 4 * *

('Lagging' infen that the current is 'behind' Ihe 
voltage, since ptiaaors revolve anticlockwiae)

Problem 7. A  coil has a resistance of 4 D 
and aa inductance of 9.55 mH. Calculate 
(a) the reactance, (b) the impedance, and
(c) tie current taken from a 240V, 50Hz 
supply. Determine alao the phase angle 
between the wpply voltage and cunea.

In an a.c. circuit, fee r a lio  applied voltage V to *  = 4  П / . = 9 .j j  я н = 9.55 x I0 * 1 H. 
cunent I  is called the Impedance, /, U . f  _  5 0 ц , and V ж 240V

, - f a

If each side of Ihe vokage triangle in Bg. 15.6 is 
divided by current I Mien Ihe impedance triangle'
is derived.

(a) Inductive icactaace.
X l ж 2я /L

= 2*(S0K9.55 x  10 J 
= JQ
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(b)
z » x * 3 + ^ - v /5TT ?  = s o  

<c) cim rni.

V MO
f * z “ T

•Пк cuvuit and pbaanr diagrams and thr voltafte i 
; triangles air as ibown in Hg. 1 Sj6

ш Ш - 'l  

в  M  87" lugging

Since

Problem К A oml takes a cunrni of 2A 
from a 12 V dc. supply Whrn connected to 
a 240V. V I№  'apply tbr currrnt is 20A. 
Calculate Ibe iravuiKx. impedanor. 
inductive reactance and ихЬкШгсг of 
the coil

Resiaanee

* = * £ J ^ 5 £ M J 2  6 f J

d.c. антам 2
Impedance

,  ac. voltage 240 ____Л = ----- —E- с  —  = 12 П
ас. сипом 20

Since

Z «= \*J + * t  

inductive reactance.

\ Z 2 - * l .  \ I2: -62 = 10.3*0 

Slice JfL щ 2 * / i, Inductance.

* L
2»/

10 .3»
'5 R jd T

M  I nail

kaowa voltage. and then lo repeat Ihe process with 
aa ac. wpply.

HoMem 9. A  cod of Indactaacr '11.3 mil 
and negligible reuifancr ia connected i* 
aedea «M i a 200 ft icaiakv lo a 240V, 90 №  
wpply. Calculate fat the inductive nr act Mice 
of Ibe coil. b> Ibe impedance of the circuit,
(c ) the cuneal in tbe сиг tut, (dt the p.d. 
acroaa each oompunem. and (e) tbe circuit 
phaae angle.

L = 318.3 mH ж 0.3183 H. *  = 200 О,
V s  240V and /  *  30Hz.

Tbe circuit diagram is as show n in Kg. 13.6

(a) Inductive reactance
X l = 2»/£ -  2*30X0.3183). 

(bl Impedance

Z  =

i223 60

100 Q

1 J7 JA

\ #  + * l 
= У » 0 T + W :

(cl Cunenl
240 

' 2X3.6'
(d) The p.d. acmes Ibe coil.

VL a  IX l •  1.073 x 100 = 1#7.3V 
The pd. acioss Ihe resiuor.
V» = /Л = 1.073 x 200 = 214 6 V

(Check. \ + V { =a У214 63 + l(» l}2  
= 240 V. Ibe supply vollage)

(el Н о т Ibe impedanor tn angle, angle

Г tt 1 200 1
Hence the phase angle ф m H  ST lagging

Tbs problem indicates a simple method (or boding 
"~ *а " КХ ° ,,c o U - ie  brolly to measure the 

when и » con is connected to a d.c supply of

Problem 10. A coil oonaiai of a resistance- 
of 100 Q and an Inductance of 200 mH. If an 
alternating voltage. v. given by 
v = 300 iia300l wfes It  sp iled  across the 
coil. calculMr (a) tbe drcuil impedance,
fb) Ibe cunenl Ituwing. fc> be p.d. across tbe 
resistance. (d> tbe p d  acroaa be inductancv 
aad (e) the phase angle between vollage and 
cunrni
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Since V Ш 200tan 5001 volis then V . = 200V aad 
<u = 2*/ = 500rad/s R-3D Q  t .t ? r jm H

Hence r.m.s voltage

V = 0.707 x 200 ж 1414V * 1 • <

vL. * v  v .  iovш
Inductive reactance.

X L = 2x/L

= <u£ = 500 x 200 x 10 J = 100П 

(a) Impedance

z  = x j»1 + *1

Problem I I .  A p in  inductance of 
1.273 mH ia connected in scries with a pure 
resistance of 300. If  tbe frequency of the 
sinusoidal supply it 9kHz and the p.d. acrou 
the 300 m inor a  ftV, determine Ihe value 
of die wpply vokagr and ibe voltage across 
the 1.273 m il inductaace. Draw the phaior 
diagram.

The circuit is ibowa In Pig. 13.7(a) 
Supply voltage. V m il

CUnew I  ж ? ± ж ~  ж 0.20 A 
Я SO

m
Rgurr 1S.7

v v e v  1 . о г *  
(Ы

= V m o m o o ? = 141 « 0

(h) Cunrnt

1 V 1414 1 x
' ~ z  = Ш ' , А

(c ) P.d. across the resistance 
VR = /X = I x 100= 100 V 
P.d. acrou Ibe inductance
VL « / X L »  I x 100 = 100 V

(d) Pha»e angle between voliage and cunent it 
given by:

» , . b

from which.

♦—-(SV
hence Ф = 4S* or -  rads

Inductive reactance 

X L = 1 * !L
= lx i i  x |0*XI-273 x 10-*) 
= 400 

Impedance.

Z = \ * J + X t = \302 + 402 = » 0

Supply voltage

V ж IZ  я  (0.20 X 50) = 10 V

Voltage acrou the 1.271 m l! inductance.

VL ж /XL ■ (0.2K4O) s= lV

The phaaor diagram i> shown in Pig. 15.7(b)
(Note lhal in a-c. circuit!, ibe supply volume is not 

the arithmetic i n  nf ibe p.d.'» acrou component* 
but the phaaor Him I

Problem 11 A coil of inductance 159.2 n il 
and resistance 20 О ia connected in senei 
wilb a 60 О resistor lo a 240 V. 50 H i 
supply. Determine (a) the impedance of lhe 
circuit, (b) Ibe current in Ihe ctlcuil, (c) lhe 
circuit phase angle, (d) ibe p.d. аепма ibe 
60 О resistor and (e) tbe p.d. across ibe coil,
(f) Draw lhe cuvvit phaaor diagram Apwing 
all voltages.

Tbe circuit diagram is shown in Fig. 15.1(a). When 
■npedance's are connected in aeries the individual 
restuanoe's may he added to give the M ai circuit 
resistance. The equivalent circuit ia Ihus shown ia 
Rg 15.*(b).

Inductive tractance XL = 2 x fL

= 2*50)059.2 x 1 0 '*)=  500.
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*-•01) (. -16*2 mH

K lg u r r  I S J

(■) Circuit impedance. Z = \ Л2 + X {
„  V 5 F  + SO2 »  94 34 Q

К 240
<b) Circuil cmreni./ * -  = = 2 544 A

(c) Circuit phase angle Ф = latT1 X L/*
tan 1 (50/Ю) b e ta *
Horn Hg. 13. К » :

(d) V* *  IR  = (2.544И60) = 152 6V

(e) Vodil = 12соц. where Zooil =  ̂ ^  =
V W + W  = n .u  a .
Hence V W  *(2.544) (53.85) = 157 0V

(0  Bor Ihe phasor diagram, shown In Hg. 15.9. 
VL »  IX L = (2 .М 4 К » ) = 127.2V.
Vr o .il  = /Лс = (2.544 K20) = 50 88 V

Ibe 240 V supply voltage is ihe phasor aum of 
Vox. and V'r ax *o »n  in Ibe phasor rkagram in 
Hg. 15.9

V v

___  f l + Ш Ь
tfc^ Jtoev Ч - х аЛ

Hfurr 15.У

Now uy tbe following etcrcitc

Kurds* 86 Further pruM tm  on R -L  n r. 
sertes eircM li

• Determine Ihe Impedance of a cotl which has 
a lesutaace of 120 and a iractance of 160

1200)

2 A aril of inductance 80rail and rrnalaace 
60 0  is connect od Ю a 300V, lOOHi sap- 
piy. Calculate Ibe araail iaipe<fcnor aid the 
current take* from Ihe supply Hod alao Ibe 
phaae angle between the currrtu aad the sup
ply voltage.

(7 J.270.Z555 A. 39.95‘ laggingl

3 An altcmabng voltage given by
v=  100 sin2401 volu is applied across a coil 
of resutanoe 32 ft and inductance 100 mH. 
Determine (a ) Ibe circuit impettance. (b) tbe 
current nowing. <c) Ihe p.d. across the reas- 
tance. and (d) tbe p-d. across tbe inductance 
((a) 40ft (b) 1.77A (c) 56.64V <d) 4148 V ]

4 A  coil takes a curreni of 5A from a 20V 
d.c supply. When connected Ю a 200 V. 
50 Hz a.c. supply the curreni 1» 2SA. Cal
culate Ibe (a) retastance. (b) impedance and
(c) inductance of the coil.

|(a) 4 ft (b) 8 О (c)2105 m il]

5 A resistor and an inductor of negligible iraiv 
lance are connected it  series lo an ax. supply. 
Ibe p.d. across the realtor is 18V aad the 
p.d across Ibe Inductor is 24 V. Calculate Ibe 
supply voltage and Ibe phase angle between 
voltage and cuncat. (30 V. 53.13* laggingl

6 A  call of inductance 636.6 mH and negligible 
resistance is connected in aeries with a 100 ft 
resistor lo a 250V. 50 Hz supply. Calculate
(a) tbe inductive acactanoe of ibe cd l, (b) Ibe 
impedance o f Ibe circuu. (c) tbe cunent in tbe 
circuit, (d )lbe p.d across each component, 
and (e) Ihe circuit phase angle.

I (a) 3000 (b) 223ЛО (с) I.1 I8 A
(d) 223.6 V. 111.8 V (с )43.43* laggingl

15.5 R - C  K r lt i  ax. circalt

In an ac. series circuit cnniaming capacilaace С  and 
trsistance *. da* applied voltage V Is tbe phasor 
aun of W| and V'r (see Hg. 15.10) sad ( m u  the 
current I  leads the spotted voltage V by an angle 
tying between 0* and 90* (dependtoig on the values 
of V» and Vc ), itoowa as angle a.

From tie phasor dtagram of Hg. 15.10. the 'vott- 
agr trlaagk' is derived.

ILb»eO<
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For lhe R-C  ciiaut: Z  s , * + 4
Jfc _  Jfc  „  *lan а ж — , *n «  = —  and cos a = -

Problem 13. Л m inor of 25 П is 
conneclrd in teriet with a capacitor of 45|iF. 
Calculate (a) Ihe impedance, and (b) Ihe 
cunrnl taken from a 240V, 50 Hz supply 
Find alio lhe phase aaglc between lhe tupply 
voliage and tbe aurrcM.

*  = 25 0 , С  ж 45 (iF и  45 x 10“* F,
V Ш 240 V and /  ж 50 Hz. The circuit diagram it 
at shown in Fig. 15.10 

Capacitive reactance.

X c-
1

2.T/C
I = 70.74 02-т(50X45 к I0 ‘ ) :

(a) Impedance Z ж  ̂ (P  + x J ж 25! + 70.741

ж 75.«3 0

(b) Current / ж V/г ж 240/75.03 = 3 20 Л

Phase angle between Ihe supply vohagr and 
cunrnl. a  = taa '(Jfi /К) hence

• - ш * ( £ г ) ж п «
*

CUa4*ty jffen  thai lhe cunrat It  'ahead' of it* 
milage, iin rf phason revolve anticlockwise)

> 15.10

For Ihe R-C  circuit:

V =  ̂ V'J + V j (by Pythagoras' theorem)

and
Усtan a  = —  (by trigonometric ratios)

As stated in Section 15.4. in an ax. circuit, the 
ratio applied voltage V to current I  is called the 
Impcdance Z, i.e. Z ж V/l О 

If each side of the voltage triangle in Pig. 15. lOis 
divided by cunent I  then the Impedance triangle' 
is derived. ________

Problem 14. A capacitor С  it connected in 
tents with • 40 0  rcsuwr acrou a apply of 
frequency M H i. A current of 3 A flowt and 
the circuit impedance it 500. Calculate 
(a) Ihe value of capacitance. C, (b) the 
tupply voltage. (c) the phase angle between 
the tupply vottage and cunrnt. (d) the p.d 
across the resistor, and (e) the p.d. acrou the 
capacitor. Draw the phasor diagram.

(a) Impedance l  ж   ̂ R2 + X J

Hence Xc  ж V i ' - R- = V502 -  40* ж  300

Xc = _ h e « e .  

I I F  — M  42 )tF
b tfX c  2»(60X30)

(b) Since 2 ж v/l ben V = IZ  = (Э М »)
= 150V

(c) Phase angle, а  к  tan 1 Xc/R  = tan"1 (30/40)
= 34 07* leading

(d) P.d. acrou rest йог. V i ж IR  ж (3X40)
= 120 V

(e) P.d. acrou capacitor. Vc = IX C ж (J)(3 0 ) 
■ N T

The phasor diagram is shown in Fig. 15.11, where 
the supply voltage V it the phasor am  of V | 
and Vc-

.1 2 0  V  1 . 3 *

/ 3 4  «7*

vc.eov

Hpirr t i l l
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%jc. drcults
1 A voltage of 35V to applied across a C -R  

и г и -1 circuit. If  tbe voltage across Ihe resistor 
is 21 V. hnd the voltage fcn*s the ca|»«.n

l» V |
2 A resistance of SO О is connected in series 

wiib a capacttaacc of 20 ц[- If a supply 
of 200V, 100 Hz to connected acron the 
Miangemeni Hod (a)the cucuil impedance, 
(bl Ihe etinent flowing. and (c) Ilk- phase angle 
between voltage aad current

|(a) 93.98 0  ft) 2.12» A (c) 57 86 leading)
3 A 24.87 |iF capacitor and a 30 a  resistor arc 

connected in serifs across a 150V supply. If 
■he cunrni flowing to ЗА  find (a) Ihe fre
quency of Ihe supply, (b) ihe p.d. acroas Ihe 
rraslot and (c) tie pd acras Ihe capacHm

M  160Hz (b ) 90 V (c) 120 V )
4 An alternating voltage ■ • = 250iiaHOOl volts 

to applied actoas a irrtes circuit containing a 
300 iriislor aid 50mI capadlor. Calculate
(a) the drcuil impedance, (b) Ihe сигтеш 
flowing, (c) the p.d. across the iraisior. 
(4) ibe p.d acrasi Ibe capaalor, and <«) ihr 
phase angle between vollage and currenl

((a) 39 05 0  ft) 4.527 А (с) 135.8 V
(d) 113.2 V (e) 3911')

5 A 400 О resistor to connected in series with 
a 2358 pF capadlor across a 12 V  ax. supply . 
Determine the wpply fmgiency if the currenl 
flowing in Ihe ctrcuii to 24 mA |225kHz|

tan#

г . ч ^  + о г^ -Х с)*
X i - X c

Kgurr 15.12

When Xc *  X i  (Fig. 15.12(c));

г • ^ P  + < Xc-X l^ ‘
X c- X t

and lan a  ■ — -—

When X i *  Xc (Hg. 15.12(d)). tie  applied voll
age V and tbr current / are in phase This efTed is 

t (see Section 15.7 V

Problem 15. A roil of гаймаасг 5 0  aad 
inductance 120 n il in series with a 100 |iF 
capadlor. to connected lo a 300 V, 50 H i 
supply. Calculate (a) die cw tri* flowing, 
f t ) Ihe phase difference between Ihe tupply 
voltage aad curreat. (c) the vokage acrou tbe 
coil aad (d) tie  voltage acrou the capacitor.

15.6 R - L - C  series шх. c ircu ii
In an a.c. aeries drcuil containing resistance K, 
inductancc L aad capadlance C, the applied volt 
«*e V to the phasor sum of V R, VL and \’c  (see 
H g  15.12). V l and Vc are antiphase. i.e. displaced 
by 180*. and there are three phasor diagrams nos 
"ble - each depending on the seianve values of V l 
aad Vc.

W * "  X,. > Xc (H*. 15.12ftl):

The circuit diagram U shown ia H g  15.13 

X L -  fc r/ l
= 2д(50К1» x 1 0 J ) = 37 7# 0

X c ’ I
2ir/C

= 3183 0
2*(»K IO O  x  K> •)

Since X l  i» greater gun Xc Ibe drcuil to iackceve.

X i- X c *  JT.W  -  31 »3 = 5.870 

Impedance

Z -  чЛ» + (X c- X c )5
: \ 5* ♦ 5.871 =7.710
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(a) Cunent / = 

<b) Phaae angle

(d) Voluge across uapautor
Vc = IX C = (38.91 X31 8 J) = 1239 V

The phasor diagram it ihown in Pig. 15.14. T V  sup- 
Р*У voliage V 1» the phas»* «шп of V c o il  *«d

S rito  e on nee led Impedances
Poe scnes-omnecled impedances Ibe laul a rcu l 
impedance can hr represented a i a single l.-C -R  
circuil by combining all values of mtflance 
logether. all value» of taduclaace logether and all 
value» of capacnanee logelher, (remembering ihai 
lor series connected capactton

Cl c,
R *  example. Ihe circuil of pig. 19.19(«> Aow- 

ing three impedancrs has an equivalent circuit of 
Rg. 15.15(b).

РгоЫеш 1ft. The following three 
impedances ate connected in senes across a 
40 V, 20k ill supply: (i) a resistance of 8(2.
(ii) a coU of inductance I 30ц11 and 5П 
resistance, aad (111) а 10(2 resistor ia series 
with a 0.251#  capacitor. Calculate (a) die 
circuil cuireal. (b) Ihe circuil phase aagle and
(c) Ihe voltage drop across each tmpeaanr

Ihe cucuit dUgram Is *ow n in Hg. 13.16(a). Since 
Ihr total circuu m is la nee is 8+3+10. U . 23(2. an 
equivaleai cirvuM ikagram may be drawn aa shown
inR g . lS.lftrt».
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(a) Circuit impedance. Z *  v + iX c  — X l?  = 
,/й*+ 1* -К»! = 27.73 0
Circuit current. / = V/Z = 40/27.73 = 1.442 A
from Pig. 13.12(c). circus phase angle

Le.

♦ = arctan"1 (   ̂ * * ' leading

(b) From Hg. IS.ItCa).
V, s f J t ,  *  (1.4421(8) = 11 54 V

V im lZ im l JV T W iP
ж (1 442X17.09) = 24 44 V

v ,- / z ,- / vW + i r i5 I
«  (1 .4 4 2 Х П И )а « .и  V

Tbe 40V supply voltage it thr phasor Mira of V i, 
Vj and V j

Problem 17. Drteimtnc ihr pit.'» V i aad 
V j for Ibe circuit 4 ч»п  ia Pig. 15.17 if the 
frequency of Ibe supply is S k ill. Draw Ihr 
phaaor diagram and hence delerauae Ibe 
wppty voltage V and the ctraM phase angle.

Figure 1 1 1 *

Inductive reactance.

X l = 2ж/ L
= 2*(20 x lO’ K IM  x 10 * ) = 16.34 О

Capacitive reactance.

„  _ J _  ____________ I____________
C 2* / C  2Ж20 x 10>K0.25 x Ю *) 

ж  31.83 О

Since Xc > X l. the ctrcuii I» capacitive (see phasor 
diagram in Hg. 13.13(c)).

XC - X L *  31.83 - 16.34 = 15 49 0

*  *

Hgurr 15.17

Par Impedance f.\. K\ = 4П and

X l s. 2»/L
Ж  2jt(5 x Ю ^ о  гяй X Ю 1) 
= « 985 О

V i - / z ,  « / ^ 4 - X l

ж 5 \  4> + 8.985j b  49 18 V
■ X L ./8 9 8 54  

Hiase angle » i= la i -jj- = tan ( - j -  )

.  M  .«T ЦцсЬч

Par Impedance Z j: * i = 8 0  and

_  I  I________________
c ~  2* / C  2я(5 x lO 'K i m  x 10 ‘ ) 

ж  25.00

V j« / Z jB / \  Ж1 + X£= S\ 8j  + 25.0: 

я  131.2V.

*
Fbaae angle *3  ж lan ' —

= 72.26' leading

Ibe phaaor diagram u  * o » t  ia Hg. 15.18 
The phaaor sun of Vi and V j gives the 

Uipply voliage V of 100 V al a phase angle of 
S3.13* leading Ihe sc value» may be dele maned by 
taw ing or by calculation - either by resolving into 
boruonud aad vertical component» or by tbe cosine 
aid tine rules

ш « к
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H«urr 111*

Now try the following exrrciir

Kxrreiar 12 Further problems on R -L- C
ax. circuits

1 A  40 uF capacitor In series with * coil of 
resistance 8П  and laduciance 80 mH is con
nected lo a 200V. 100Hz supply. Calculaic 
(a) tbe circuil Impedance. <b) Ibe curtvnl Bow- 
lag. (c) Ibe phase angle between voltage and 
curreni. (d) the vokage across the coil, and
(c) the voliage across the capacitor.

«а ) 13.180 (b) 15.17A (c) 32.63*
(d) 772.1 V  (e) 603.6 V )

2 Three impedances are connected ia aeriea 
across a 100 V, 2 kHi supply. The impedances 
compose:

(I) an inductance of 0.43 mH and 2 П Kals- 
unce.

(Ill an inductance of 370 pH and 30  resis
tance. and

(Mi) a capacitor of capacitance I0|>F and 
resistance Э 0  

Assuming no mutual inductive effects between 
tbe two inductances calculate (a) the circuil 
impedance, (b) the arcuii curreni. (c) tbe d r  
out phase angle and (d)ibe voltage across 
each impedance. Draw the phasor diagram. 

1(a) 11.12 Q (b) 8.99 A  (c) 23.92*
(d) 33.92 V, 78.33 V . 76.46

3 For the circuit 4wwa in Hg. 13.19 determine 
the voltages V’, and У; If the supply frequency 
is I kHz. Draw fee |tuuor rfcagram and hence 
determine Ihe aipply voltage V aad Ihe circuil 
phase angle

(V i =26 0V, V j = 67.05V,
V я  50 V , 53.13* leading]

'- t ---- *  ...T " TV ‘g
1— * * ^ 5 -------

Kigurr 15.1*

15.7 Series resonance

As staled in Section 15.6, for an R-L-C  aches 
circuit, when X l ■ Xc (Rg  15.12(d)), Ibe applied 
voltage V aad tbe cunent / ate in phaae. This effeii 
ia called series resonance Al resonance:

(i) VL .  VC
(h ) Z  я  R (Lc. Ihe minimum circuit impedaikv 

possible la an L-C -R  circuil)
(iii) / я  V/R (Lc. the maximum current possible in 

an L-C-R  circuit)
Xc. then 2я / Д .  я  1 /2 */ ,С  from(iv) Since XL 

which.

f)
I

(to p ic

where / , ia the resonant frequency.
(v ) Tbe lenei rrsoaanl circuil is often desenbed as 

an aceeptar cireuit since и has III minimum 
impedance, and thus maximum curreni. al the 
irsunant firquewcy

(vi) Typical graph* of cunent / and impedance Z 
against frequency are shown in Hg. 15.20



210 B JC tlU O U  AND ELaTKO N K  Р Ш Ю Р 1 В  AND TECHNOUXJY

rn>^ „  (8. A  cotl having a rcsmancr of
10 О aad an Inducunce of 129 m il is

in serirs wMh a 6 0 |J: capacitor 
t a w  a 120 V supply. At whal freigiency 
doe» resonance occur? Hnd Or cuitmt 
llowmg al Ibe reaonant frequency

ReH*»at frequency.

/. = — —  ,b
'  2я\ 1C

-  \ ( % ) &  

I

2X1 ( “ Т о Г * !

1'гтттажт 
'  10* 1

ю 4
'ъ ^ Ш Ш

с 58 12 H i

PmMem 19. ТЪе current al reionanee In a 
series L-C -R  circuii i* IOO|iA. If Ihe 
applied vollage ia 2 mV al a frequency of 
200kHz, and Ibe dreaii inductance u 50 a ll. 
Hnd (a) Ibe orcua resistance. and (b) Ibe 
c u v u ii capacitance.

, ______________‘ _________  с
(2* к 200 к 10»>2(» x 10 *)

( 10**10* I .. 
: (4 *)i(ld '*K 5 H jM
:0 M I7 » F < *  12 7nK

15.8 Q-faclor

Al resonance. i  R  Ii «mall compared with X l and 
Xc . >l it possible far VL and Vc *> bave voltages 
nany Ilmen greater than ihe supply vollage (aee 
Hg. 15.12(d). page 2061

Vottafe laagnMeallan al rraananer 
t aero m i I. (or C )

ч.ррЬ « r ila *  V

AI reaonanue. X i я  Xc and impedance Z я  It. 
Hence currenl. I  я  V/K = 130/10 = 12 A

'Dus ratio Is a measure of Ibe quabty of a circuit 
(aa a resonator or tumng device) and Is called the 
Q Jactar. lienor

Q-factor *  —  ■ —V IK

к к
Akematively.

- f

(a) / = 100uA = 100 X 10 ‘ A and V = 2mV * 
2 x 10'* V. A l resonance, impedance Z  i 
traaaiKT R Hence

2x10-* 2x10*
100 x 10 ‘  ~ 100 x I0 J =

0») At resonance X L ■ Xc  U .

2 »/f.sa— L _
2Я/С  

Hence capacitance
r  _  I

Q - h c t o r . ^ . ^  
^  V IR

Xc «

Al resonance

Л  ■

J* / ,-

1
2*4 tC  

I
\L C

in___iK ix x

Q-fador =a я  —L .  f ж J »  J
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РгоЫеш 20. A coil of inductance НО nil! 
and negligible resistance ii connected in 
■erics with a capacitance of 0.23 |if and a 
resistor of resistance 12.50 across a 100 V. 
variable frequency supply. Determine (a) the 
resonant frequency, aad <b) the current al 
resonance Но» many lunei greater than №e 
supply voliage is tbe voliage across Ibe 
reactance's al resonance?

Ai

(a) Resonant frequency 
I

!,■

- W f iP
_________i___________ 10*

= ; T . <>)<*-2S> ~  2 » T !

= 1125 4Hz or 1 1254 kHz
(b) Current al resonance / = V/* = 100/12 !  = H A 

Voltage across taducunce. at resonance.

VL *  IXL -  (/ )(2 » / l)

= (вК2»ХП25.4ИЮ  x 10-*)
= 4525.5 V

(Alao. voltage scans capacitor.

Vc = IXc r I
b,fc

I

Problem 21. A series arcuk composes а 
cull of resistance 2 0  and inductance Й0 mH. 
and a » | |F  capacitor. Determine tie 
Q-factor of the dacull at resonance

Q - fa c to r i

= 5 ‘ 30 x 101

is/2000 = 22 Jt

РгоЫеш 22. A cod of negligible resistance 
and inductance lOOrnlt is connected in series 
with a capaaunce o l 2|iF and a resistance of
10 О across a 50V. variable frequency 
supply. Determine (a) the resonant frequency. 
<b) tbe cumat at resonance, (c) tbe wokagev 
across tbe coil and the capacitor al 
resonance, aad (d) tbe Q-factor of tbe circuit

(a) Resonant frequency.

/.■
I

2*\ LC

: 355 9 Hz

> JA

2jrill2S.4K0.25 x 10"‘ )
= 4525.5 Vj

Voltage magnification at resonance = V l/ V  or 
vr/v 3 4525.5/100 m 45 255 i.e. al resonance, 
the voltage across Ibe reactance'* air 45.255 limes 
greater than ibe supfiy voliage. Hence the y-fcrtsr 
oT the clrcuM Is 45J»

10*
~  2 x 7 »  ‘

(b) ( urrem al resonance / = V/Л = 50/101
(c) Voltage across cotl at resonance,

VL . / X L > /(2xM )
= (5K2* x 555.9 x 100 x 10“ *» 1U*V  

Voltage across capacitance M resonance.

VC я IXс -  ;

I l l i V
2*055.9X2 x 10 ‘ )

Id) y-facto»(U, vohage magruticasioB M lesoaancel
VL VC 

_  V V
_ H I*
“  50

• = 2 2 J*
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Q.f«*or may «bo have Ьссш Jru-nmik-d by 

* / 'L  к — !— «
" T  * f j c *  « *  с

How try thr following exercise

B u rrltr  U  Further problems on series 
nrr and у -factor

I Had Ibr resonant frequency of a senes ax. cir- 
cud confining Ilf a coil of resistance 10 В  and 
isductanor 90 ta ll and capacitance 0 0? pK 
Bad alio tbe current flow ing al геяюапсе if 
tbe supply voltage la 100 V.

|3.183kHz. Ю A 1

J  The current at aetonancc in a aerie» L-C -R  
orcuit к  0.2 mA If the applied voltage It 
250 tnV at a frequency of 100 kHz and the 
drain capacitance It 0 04 uF. find (he circuit 
renitance and inductance

11.25 k O . 63 . J  цН1

3 A cot) of nr аналог 25 О and inductance 
100 mH It connected in teriet with a capac
itance of 0.12pF across a 200V. vaaaMc 
frequency -upply Calculate (a) Ibe resonant 
tequency. (b) the current at resonance and
(c) tbe factor by which lhe voltage acroaa the 
reactance is greater tun lhe supply voltage

|(a) 1.453kHz (b) 8 A (c) 36.52)

4 A coil of 0.5 l l  inductance and 8 О rest nance 
ia oonnected In senes with a capacitor across 
a 200V, 50Hz supply. If  the cunrnl it  in 
|*iasc with Ihe supply voltage. determine the 
capacitance of the capaator and Ihe p.d acKiss 
iia terminal! (20 26|iF. 3.92»kV)

9 Calculate tbe inductance winch must he coa- 
netted in aerie* witb a 1000 pF capacitor Hi 
give a reionam frequency of 400kHz

PM S ta H ]

® A tenet atcuit comprises a coil of teal*- 
lance 20 0  and inductance 2 m il and a 900 pt 
capacitor, Determine the Qfactor of thr dr
ew! at te sonant e If lhe supply voltage It
1.5 V, What is the voltage across the capaator'’ 

1100. 190V)

15.9 Bandw idth and selectivity

Kg 15.21 d io vi bow current I  vatiet witb fre
quency la aa R-L-C  teriet arcun. At Hie resonaat 
frequency /,. cunenl ia a maximum value, shorn at 

Alto diown ate the putnlt A aad В where tbe cur- 
irat it 0.7017 of fee maximum value al frequencies 
/ 1 and / ). Tbe power delivered to the dnxiil is I 'R  
A t/ = 0.707/,.the posiverta (0.707|,ИЛ = 0.5/?Л. 
Le. half Ihe power that occurs at frequency 
The points airtrsponding lo f\ and /» are called 
Ibe baM-power points Tbe dtttaaoe bn wee a these 
paints. Le. ( / j-  / | ), is called the hnndwMtb

figure 15.21

ll may he shown tiat

Problem 23. A  fiber in die form of a series 
L-R -C  circuit la designed lo Operate at a 
resonant frequency of 5 U lz  Included within 
the filter It a 20rail inductance and 100 
rest nance Determine the haadwtdti of Ihe 
Alter.

Q-factor al resonance u  given by:

„  « . i  (2* x 5000H20 x 1 0 1)
f t - T T - ---------io---------

= 62*3
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Since Q, = / ,/ (/ , -  / ,). bandwidth.

(/ l Г»*И «

SckclM tT II the ability of a circuit to respond more 
readily 10 signals of a particular frequency to which 
it ia tuned than lo agnail of other frequencies. The 
reiponse becomei progressively weaker ai fee fre
quency depart! from Ihe irsooam frequency. The 
higher Ibe Q-factor, the narrower the bandwiAh and 
Ihe Bun  «elecuve ia the dm iit. Circuits having 
high Q fadon (lay. tn the aider of 100 to 300) 
are therefore uieful m commumcMions engineering. 
A  high У -factor in a series power circuit has dt»- 
advantages in that * can lead lo dangerouily high 
voltages acroai the iam laion and may remit in elec- 
trical breakdown.

15.10 Power ia ax. circuits

In Kgurei 13.22(a)—<c». Ihe value of power at any 
instant ia given by «be product of the voltage and 
c u r r r n l M that шмам. i.e. Ae instantaneous power. 
p = Ы. as shown by the broken lines.

(a) Bor a purely resistive a.c. circuit. Ibe 
average power dissipated. P. is given by: 
P  = VI = l ]R m V /R waits (V  and I  being 
nns values) See Pig. 19.22(a)

(b) For a purely inductive a.c. circuii. the avenge 
power is zero. See Hg. 15.22(b)

(c) For a purely capadUve ax. circuii. tie avenge 
power ia zero. See Hg. 13.22(c)

ligure 13.23 shows cunrni and vollage wave- 
formi for an R-L  circuit where the cunenl lags the 
milage by angle ф. Tbe waveform for power (where 
P  -  1») is shown by the broken line, and iu  shape.

Ilgurr 15.23

and he nee avenge power, depends on the value o( 
angle ф.

For an R - L  R-C  or R-L-C  series a.c. circuii, 
Ъе avenge power P  is given by:

P  m VI raa#walts

P m l'R  wans

(V  and I  being r.m.s. values)

Problem 24. An instantaneous cunenl.
I = 250 sin wt mA flows through a pare 
resiiunce of 5k0. Find the power dbsipaed 
in thr retosw.

ftnvcr du ii paled. P  =» I 'R  where I  is tbe r.m.i. 
value of cuircn. If  i = 250 sin <utmA. (hen / „ =
0.250A and г ш . cunenl. I  = (0.707 x 0,250)A. 
Hence power P  я  (0 707 x 0.250): (5000) = 
156 2 walls

Problem 25. A teriei emu 11 of lesulance 
60 П and inductance 75 mil is connected ю a 
110V. 60 Hz supply Calculate Ihe power 
dissipaled.
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IlKtuiH

R *  » » ~ 'K .U I Voltage* JUKI СШТГП11.

P  V/cot# power (а«ос -  -  -  - ^ r -

p f - e a t# -  - (from Rg. 13.6)

V * i4 я .и

Current. / = V/Z = 110/66 33 = 1.638 A.
lb  calculate power dissipation in an ax'. circuit 

rw o  fcamulae may he wed:

(1) Г  = /2*  = <1 йМ ^вО ) ж 165 W  
a

ft 60
(й) P  = V/сое# where cos# = -  =

= 0 9046

Hence P  = (1ЮК1Л5»К0.9О46) = 1*5 W

15.11 Power triangle and power factor
Rgua: 13.24(a) (bows i  pbasor diagram In which 
ibe canrni I  lag* ihe applied vokage V by aagle #  
The bon/oni a) component of V I i  V ooi# and Ihe 
vertical component of V u V sin #. If each of ibe 
vohage phasor. i l  multiplied by /. Rg. I3.24<b) it 
obtained and i i  kno» n ai Ibe 'power Iriangk'

k'coa# 
(a) Phaaor dasram

O-Wtln#

P-yioat* 
(b) Pdwar klangl*

K ip irr 15.24

Ibe relabonihipi Haled above are abo true wben 
current / leads voltage V.

Problem 26. A purr inductance ii 
connected to a 130V. 30 Hz aipply. and tbe 
apparent power of the arcuil is 300 VA. Rad 
tbe value of the inductance

Apparent power S ш V I. Hence curreni I  m J/ V  i 
300/130 = 2A. Inductive касШ кс V, ж V/l >
130/2 = 73 ft. Since XL = 2-т/Л.

inductance L  i X l 
2ж/

73 
2Ж50) ’ 6.239H

Problem 27. A iianifomeT has a rated 
output of 200 kVA ai a power factor of 0.1 
Determine Ibe raled power output and ibe 
conesponibofl reactive power.

V I Ж 200 kVA »  200 x 10' and p.f. ж O t ж out# 
Power output. P  а  V/ ом # ж (200 x Ю’ хО 1) ж 
140 kW

Reactive power, Q = V /a n #  If cot# ж 0 ». 
then #  Ж cot 10  8 =  36.17” . Hence 4a#  ж 
an 36.87* ж 96 Hence reactive power. Q ж
(300 x IO'KO.6) .  120 k vac

Problem 2k. A load laket 90kW at a power 
factor of 0.3 lagging. Calculate Ihe apparent 
power and ibe reactive power.

TIW O OH
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Troc power P  = 90 кW  = VI со» ф tuid 
power (actor = 0. J  = со» ф.

Apparrnt power. S = V I = —— 7  = ^  = lHOkVA cos* 0.5

Angle ф = со »  10.5 ж  (SO hence tin#  = no60* =
0 866.

llcnoc reactive power. Q  ж  V/sin ф -  180 x
10J x 0  866 = 156 к w .

Problem 29. Tbe power taken by an 
inductive drcuii wben connected to a 120 V, 
50Hi supply i» 400  W and Ibe mnrnt ia I A  
Calculate (a) tbe reaWance. (b) the 
impedance, (c) Ibe reactance, (d) tbe power 
(actor, and (e) tbe pha»e angle between 
voltage and current.

P  400
(a) Power/> = /J*hen<x* = ^  = -£-=*.250

V 120(b) Impedance Z ж — ж —  = 15 Q

(d) Power facicr :

400
(120K8)

: 0 4167

(e) p.f. = оо»ф ж 0.4167 hence phaae angle. 
ф ж со» 1 0.4167 о  65 XT  lagging

Problem 30. A circuit consisting of a 
resistor in ante» with a capacitor take» 100 
watu at a power factor of 0.5 from a 100 V. 
60Hz supply. Bad  ( 1 ) the cunenl flowing,
(b) tbe phaae angle, (c) Ibe resistance, <d) Ibe 
impedance, and (e) Ihe capacitance.

true power
appairM power 

hence current.

> JA

■. le . 0.5

(0.5K 100)
(to) Power facto» ж 0.5 ж стф  hence phaae angle. 

ф ж  CO»'1 0.5 ж tU  leading

(c) Power f a / 1!  hence reaiataacr. 

'  100 25Q

Id) lm p***-« 2  i i f j  ж 1 2  = go 0

(e) Capacitive reactance. Xc ж y/t- -  g' = 
v/50’ -  255 ж 43.30 О. Xc = l/3*/C . Hence

^ c,^  = 5wtU i'
ж 61 26 |iK

Now uy the billowing exercises

(c) Since Z ж  ̂K3 + X [. then X\_ ж V7.- -  K1 ж 
•/151-6.35* ж 13*4 Q

Hue power У1апф  
apparrnt power V I

Kxerdae 84 Kurt her prohlen 
ax. circuits

1 oa power In

1 A voltage v ж 200 tin cut voba I» applied 
acrou a pure resistance of 1.5 кЯ. Hnd the 
power ditupaled in the rcaiator. 113.33 W|

2 A 50uF capacitor ia connected lo a 100V. 
200 H i supply. Determine the tiue power and 
the apparent pow*er. 10. 628.3 VA|

3 A motor take» a cunrnl of 10A wben 
supplied fnrni a 250 V a.c. supply. Assuming 
a power (actor of 0.75 lagging find be powei 
consumed I Hnd also the coat of ruamnj the 
motor lor 1 week contiguously if I kWh of 
electricity coat. 7.20p [1875 W , £22 681

4 A  motor takes a current of I2 A  wben 
supplied from a 240 V  a.c. supply. Attuning 
a power (actor of 0.75 lagging, hnd Ite power 
consumed. [3.l6kW ]

5 A  transformer baa a rated output of lOOkVA 
at a power (actor of 0.6 Determine Ibe raied 
power output and the corresponding reactive 
power. [60 kW. 80kvar]

6 A  subslauon ia supplying 200 kVA and 
IJOkvar Calculate the corresponding power 
and power factor. |l32kw.0.66]

7 A load take» 50 kW *  a power factor of 0.8 
lagging. Calculate tbe appairnl power and Ibe 
tractive power. (62.5 kVA, J7.5kvar|

8 A  coil of iralKance 400 (1 and laductance
0.30 H I» connected to a 75 V. 400 H i aupply
Calculate die power dtaaipated Ul tbe cdl.

(5.452 W ]
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о да 10D ге*1»их and * 6jU- capacitor are 
connected in series алии a 150 V, 200 liz 
epply Cakulalc la) Ihe drcuil impedance.

tbe current (lowing and (c ) tbe power 
disipaied in tbe cucuit

< {(я) 154 9 О (b> 0.968 A (c) 75 W )

|0 Tbe power uken by a ernes circuit 
containing reatstancr and indudanoe ii 
340 W  when connected to a 200 V. JO H i 
nipply If  Ibe ounenl flowing is 2 A lint the 
values of thr reaitance and inductance

[60 Й, 255 mH]

11 The power taken by a C-R  seriei circuii. 
when connected to a 105 V, 2.5 kHz supply, 
la 0.9ItW  and ibe cunrni is 15 A. Calculate 
(a) the resistance, (b) the impedance, (ci the 
reactance (d) tie capacitance, (e) tbe power 
factor, and (f) tbe phase angle between 
voltage and current

((•) 4 Q ft) 7 О (с) 5.745 П (d) 11 OH М1
(e) 0.571 <f) 55 18“ leadingl

12 Л circuit conuanng of a resistor in series with 
an inductance lakes 2 I0W  at a power (actor 
of 0.6 from a 50V. lOOHi supply l Jmd
(a) the curtent flowing. Ib i ibe drcuil ftia.se 
angle, (e) Ibe resistance, (d) tbe impedance 
and (e) tbe inductance

[(a) 7 А (Ъ> 55.13 lagging lc) 4 2*6 0
(d) 7 143 {2 (e) 9.095 m l(|

13 Л 200V. 60Hz nipply It apphed to a 
capacitive divatt. The current flowing ii 2 A 
and the power diuipalcd is I50W . Calculale 
the values of tbr resistance and capacitance.

137 50. 28.64 mF]

Kxrrdw H5 Short aaawrr questions on 
dnflr-phaw ax. dreidts

1 Complete tbr following statements
(a) In a purely trsteive a.c circuit the

current и ........with Ibe vokage
ft) In a purely inductive ax. circuit the

current ........ the vollage by ........
degrert

<c) In a purely capacitive ax. cttcuit the
current ....... the voltage by .......
degree»

2 Draw pbaaor ikagrans lo represent <») a 
purely resistive ax. drcuil ft ) a purely 
inductive ax. circwn (c) a purely capadrivr 
ax. circutt

3 What и ikhtdivc reactance ’ Stair thr sym
bol and formula for detenmntng inductive 
reactance

4 Whal it capadtive reactance? Stae tbe sym
bol and formula for determining capadtive 
reactance

5 Draw phaaor tbaprmi lo reprrseni (a ) a 
oosl (bavtag both inductance and resistance), 
and ft) a series capacitive drcuil containing 
resistance

6 What dors 'impedance' mean when referring 
to an a.c. drculf 7

7 Draw an Impedance mangle for an R-L  d r
cuil. Derive from the triangle aa expression 
for (a) Impedance, and (Ь) phase angle

8 Draw an impedance Inangle for an R-C  d r
cuil. From the mangle derive aa exprrmon 
for (a) impedanor. and ft ) phase angle

9 What Ii uriet resonance 7
10 Derive a formula for teaonaat frequency / , 

in tern» at L and С
11 What does ihe Q-fador in a series drcuil 

mean ?
12 Stale three formulae used lo calculale tbe Q  

(ador of a »enes circuii Ш resonance
13 Stair an advantage of a high Q-fador in a 

srnes high-frequency circuit

14 Stale a disadvantage of a high Q  factor m a 
series power circuit

15 Suae two fortmdae which may be used to 
calculate power in an ax. circuit

16 Show graphically that for a purely inductive 
or purely capacitive ac. dreuit Ibe avrrage 
power ia m o

17 Define 'power factor'
18 Deane (a) apparent power ft) leadive power
19 Define (a) bandwidth lb ) selectivity
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Kxrrdsr It* MutH-cholcr q n n llo u  on 
Airfe-phasr ax. circuits I Answers on 
pnge 37*1
1 Ait inductance of 10 mil connected across 

a 100V, 4)H# apply ho  aa inductive 
re act алое of
Ы  10»Й <b) 1000*0
(с) * Q  (Л  » H

2 When the frequency of an a.c. circuit 
containing resistance and inductance It 
increased. Ibe current
(a) decrease» (b) increases
(c) slays ihe same

3 la question 2. (he phaae angle of Ihe draril 
(a) decrease» (b) increase* (c) stay» tbe same

4 When Ihe frequency of an a.c. circuit 
containing rcaiitance and capacitanoe to 
decreased. Ibe curreni
(a) decrease» (b) increases
(c) nays the tame

5 la  question 4. Ihe phase angle of Ihe circuil 
(a) decreases (b) increases (c) stay» Ibe tame

6 A capacitor of 1 (iF i* connected to a
50 Hz supply The capacitive reactance Is

10 jt 10(а) 50МП (b) —  Itfl (c) —  a  (d) —  a*  104 я
7 In a terie» u .  circuu the voltage across 

a pure inductance u 12V and the vdtage 
across a pure resistance Is 5V. Tbe supply 
voltage is
(a) 13V (b) 17 V  (c )7 V  (d lM V

8 Inductive reactance resuks in a curreni *iat
(a) leads the voltage by 90°
(b) is in phase with the voltage
(c) leads ibe voltage by л rad
(d) lag» the voltage by я/2 rad

9 Which of tbe following statement» is Use ?
(a) Impedance is at a minimum al resoaance 

in aa a.c. drcut
(b) Tbe produel of r.m.s. current and vdtage 

gives Ibe apparent power la an be. circuit
(c> C'unml Is at a ataumiun at tesooance in 

an a x  circuit
Apparent power ^  |o *w  (actor 

Thie power

10 Tbe impedance of a coil, which has a 
iru  stance of ДГ ohms and aa InckictaiKv of 
У henrys. connected across a supply of 
frequency К  Hz. is
(а) 2 яКУ  +
(c) y / jP T W f  ". Ю  \ Х^+ (2лКУ,?

f  . '  V
11 In question 10. Ibe phase angle between the 

current and ibe applied vokage is given hy

<t)t . 1

(c) tan- IxKY

(b )lan 1

(d) tan (-

2 яКГ

12 Wben a capacitor is connected lo an ax. 
supply Ihe cuireni
(a) leads tie voliage by 180'
(b) is in |*uuc with tbe voltage
(c) lead» tie voltage by я/2 rad 
(d> lag» tbe voltage by 90*

13 Wben the frequency of an ax. circuit 
containing resistance and capacttance is 
increased tie  impedance
(a) increases (b) decreases
(c) stays Ibe same

14 In an R-L-C  senes ax. circuil a current 
of 5 A flow» when Ihe supply voltage is 
100V. Ibe phase angle between current 
and voltage I i  60° lagging. Which of Ihe 
following (tatemenls is false? i
(a) The circuil is effectively inductive
(b) The apparent power is 500 VA
(c) The equivalent circuit reactance is 20П
(d) Tbe line power ia 250 W

15 A series ax. circuu comprising a coil of 
inductance 100 mil and resistance I О and ■ 
IO |iF capacitor is connected across a 10 V 
supply. A l resonance the p.d across Ihe 
саркНог Ii
(a) lOkV (b llk V  <c) 100 V  id ) 10V

16 Tbe amplitude of Ibe current / flowing la Ihe 
circuit of Pig. 15.25 ia:
(a) 21A (b ) 16.8 A
(с) 28A (d ) I2 A

17 I/ tbe supply frequency ia increased at 
resonance in a series R-L-C  circus! and the 
values of L. С  snd R are constant, the circuit 
w ill become:
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П р и * 15.25

(a) capacitive 
(c> inductive

18 For lhe cui-uit shown in Hig. 15.26. Ihe value 
of Q-factor to:

(to) resistive 
<d> I

V-1 0 V

H*ufT I5 .X

( » ) »
(c) 5 x 10~*

(to)100 
<d>40

19 A K iie i ft-L-C  circuit baa *
of 8 0 . an inductance of 100 mH and a 
capacitance of S|tF. If  the current lowing it
2 A. the impedance at resonance is:
(a) 1600 (Ы 1 6 0  (c)8m Q  <d)80
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Single-phase parallel a.c. circuits

Al Ibe end of this chapter you should be able lo:

■ calculale unknown currenl s. impedances and circuit phase angle from phaaar 
diagrams for (a) R-L (b) R-C  (c) L-C  (di 1Л-С parallel a.c circuits

• stale Ibe condition for parallel resonance in an 1Я-С  circuii
• derive tie resonant frequency etpiauon for an LR-C  parallel lc . drcuil
• determine Ibe cunrni and dynamic resistance at rcsonaacr in an LR-C  parallel 

drcuil
• understand and calculale fad or in an IJt- C  parallel circuii
• understand how power fador may be improved

16.1 Introduction

In parallel circuits, such as tboae shown in B p . 16.1 
and 16.2. Ibe vollage Is common lo each branch of 
the network and is thus taken as tbe reference phasor 
when drawing phasor diagrams.
For any parallel a.c. circuit:

True or active power. P«= W co s* was Is <W*

or P  с  I^R  walls
Apparent power, S  = V I vollamperes (VA)
Reactive power. Q *  V I (in ф readive

vollamperes (var)

Power fador i

Ibe supply vollage V and Ibe cunenl flowing in (hr 
indudanoe. /1 . lags Ihe supply voltage by W  The 
supply current / is Ibe phasor sum of I t  and I i  and 
■bus ihe currenl I  lags tbe applied voltage V by an 
angle lying between 0" and 90' (depending on Ihe 
values of I t  and /l). sboW.t as angle ф in the рЬам* 
diagram.

Kl
Крит 16.1

true power PI — —— — =  — Ш COS ф
apparent power 5

(These formulae air Ihe same as for series ac. 
circuits as used in Chapter 15V.

16.2 R -L  parallel a.c. circu it
In the two branch parallel circuit containing reals- 
lance R  and indudaace I. shown in Fig. 16.1. ibe 
cunenl (lowing In Ibe resistance. />. is in-phase with

From Ibe phasor diagram: I
Pythagoras' theorem) where

V V;, = - « l/L, _

taoф = sla# ss aad ooa* as !±  
U  I  I

(by tngonnmrtnc ratio*)
VCircuit impedance Z s -
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"ptoMrm | A 20 0  resistor l> conik'cted in 
nandlel with an tnductancc of 2.41  mH 

a 60 V. 1 U b  wpply Calculate 
Ibr cunrnl la each branch, (b) ihr lupply 

cunrnl. <c> Ihr dreuil phase angle. Id) lhe 
circuit hnpedancr. and (*) Ihr power
c o n a u m r d ____________________________

T V  circuit and phasor diagrams are as shown in 
H | 1Й.1

(a) Cunenl flowing in tbe lesMor.

V 60 
'• Я К Ш 20 * J A  
Current flowing in the inductance.

V _____ V _
, l " l L  = in fL  

60
: 4A

2*0000X2 3*7 x 10 >)
(b) Horn Ibe phaaor diagram. supply cunrnl.

I = \ li + li - <ЛГГ7 = 5А
(c) Circuit phaae angle

♦ = Ш Г '^ -tan ’ 4 
/r

(d) Cl rail I impcdaiwo,

V 60 
Z “ 7 ° T  

<e) Bower consumed

U B

P  = V I м ф  я  <tUX5Moo>S3.l3‘ )
=  n o w

(Alternatively, power comaimed. P  = I^K 
( i f  (2D) = ISO IV )

No* try the following exercise

E»m *w *7 Further proMrms on R -L 
puralel ».t. circuit *
1 A  30 П resistor is connecsed in parallel with

• inductance uf 3m ll across a 110V. 
2 № i «*PPly Calculate (a) the я М  in each

branch, (b) tbe circuit currral. (c) fee circuit 
phaae angle. (d> tbe circuit impedance. le) tbe 
power coMtmed. and (f) Ibe circuit power 
(actor.

|(a) f (  ш 3.67 A. I L -  292 A  (b) Ш А
(c) 3* 51 lagging (d) 23 4$Q 

le) 404 W  (П 0.7»J  lagging]
2 A 40 П resistance is romected In parallel wife 

a cod of inckKlaitcr L and negligible resistance 
across a 200 V, SO Hz supply and fee supgly 
cunrnl Ia found Ю be » A  Draw a phasor 
diagram lo scale and delenrarr the inductance 
of tbe coil. il02m H]

16.3 K-C  parиНИ ax . circuit

In fee two branch parallel circait containing ires- 
lanoe R and capacitance С shown in Hg 16.2. /a ia 
n-phase with fee supply voltage V and «be currral 
■owing In fee capacitor. /c , toads V by 90*. The 
aipply cunenl I  is fee phasor sum of f ,  and l c and 
tbui tbe cunrnl I  leads fee applied voltage V by mi 
angle lying between Of and W  (depending on fee 
values of /» aad /c ), shown as angle a in Ibr phasor 
tftagram.

С
-ft- и

ftgurr 16.2

From tbe pheeor diagram / 
Pythagoms' theorem) « к ю

V V

lc  . Ic  la n a s  — .s in a ia  — ai 
»» I

(by trigonometric reaosi

_  V
Circuit impedance. Z я  —

\li+ll- (by

!±

t u*«
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PmNem 2. A 30|>h' capacitor u connected 
in parallel with an *0f2 resistor across n 
240V, 90Hz supply, Calculate (a) Ihr 
cunrnl in each branch. (b) Ihr supply 
cunrm. (c) Ihe ciiu iit phase angle, id) ihe 
c ik u iI impedance. (e) the power dissipated, 
and (f) ihe apparent power

Curreni in capacitor.

"C w
- 2яfC V

= 2ir( 50X30 *  I06K240) = 2 262 A
(b) Supply current,

i  *  \ Ч  + ^ ш  у Ф  + 2 » : г 

= 3 757 A
(c) Circuit phaae aiyle,

. . .  /с ,  . 2.262 «  = tan 1 — = tan 1 — —
/* 3

= 37 02" leading

(d) Circuit Impedance.

240
i 63.88 Q

(e) True or active power dtssipaied.

P  = V I cose ж <240X3.757) coi 37.02* 
= 720 W  

(Alternatively. ttue power 

P » / j,* « < 3 )J< l0 )*720W )
(f) Apparent power.

5 m V I m (240 X 3.757) = M l 7VA

ftuhtem 3. A  capacitor С  Is coonecied in 
parallel with a resistor К  across a 120 V.
200 Hz supply. Hie supply current I! 2 A al a
power factor of 0.6 Ь 'л кй , f i t ..... I i  the
values of С «оОД ’ . f  '

--------- ■

Ihe  circuit and phasor diagrams are as shown in
Hg. 16.2

(a) Current in resistor.

,  V  2 4 0  S A

,, = * “ lo “ 3A

* “ if
Ihe circuit diagram is shown in Pig. 16.3(a). 

fc_ £_____ ..........V *  A

I .  2A

V . 120 V 
200 HZ V- 120 V

figure 16.3

Power factor = cos# = 06 leading, hence 
Ф = oo»'10.6 в  53.13* leading.

From the pbaaor diagram shown in PI*. 16.3(b).

/g ■■ /cos53.13° = (2X0.6) 
a> 12A

and lc  m / ilii 53.13* = (2X0.8) 
m I t  A

(Alternatively. /a and lc  can be measured from the 
scaled phasor dugram).

Prom the ciraht diagram.

V
/g a  — from which

4  
- в  —

“  ,c-&
as 2ж/C V  from which

C m J L -
2»/V

1.6
= 2»(200X120) 
as I t  61 |iF
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No» try >he fcUowiag cteiuae

Rxcfritr ** f'u rtW r proMeaw on R-C  
paraltl a.c. Hrciilb
I A |500nl; capacitor is connected in parallel 

with a 1*0  resistor across a 10 V, l® U U  
supplv Calculate (a) Ihe currem in each 
branch. (b) Ibe supply curreni. (c l Ihe circuit 
phase angle, (d) Ihe circuu impedance, (cl Ibe 
power consumed. (П ibe apparent power, and 
( j )  ibe cuculi power factor. Draw Ibe phasor 
i t e m

|(a) I  и = 0.625 A . lc  = 0.943 A (b) 113 A
(c) 56.46" leading (d) Н.85П (e) 6.25 W

(f) I1.3VA (g) 0.55 leading]

2 A capacitor С  it connected in parallel with a
resistance Ластам a 60V, 100Hz supply. Ibe
supply cunent Ii 0.6 A al a power factor uf O R 
leading. Calculate the value of Я and С

|*=  125П. C  = 9 5 JMF]

s

(i) I i  > /( (giving a supply current. I  aa l L -  lc  
lagging V ly  90*)

IN) lc  > I i  (giving a supply cunent. / m lc  -  / l 
leading V ky 90*)

(iii) I t  = lc  (giving a supply cunent. 1 x0 ).

The lanev comttion it not poutMe in practice due
lo circuit resistance inevitably being present (aa in 
Ihe circuit described in Section 16.5)

For the L-C  parallel circuit,

» V  ,  V  
, l  =  T L J c m x o ’

I  x  phasor difference between I t  and lc , and

- 7

16.4 L-C  parallel c ircu il
In ihe two branch parallel arcuU conuining 
inductance L and capacitance С  shown in Hg. 16.4. 
Л. lags V by 90* and /c leads V by 90"

* l

Problem 4. A  pure inductaace of l30mH it 
connected in parallel with a 25 *il capacitor 
and the network is connected lo a 100 V,
50 Hz supply. Determine (a) the branch 
currents, (b) Ihe supply cunent and Ha phase 
angle. (c) the circuit impedaace. and (d) the 
power consumed.

The circuit and phasor diagrams are aa rtiown in 
Rg 16.4

(a) Inductive react алое,

X l =a 2я / L  *  2*50X120 x 10 *) 
at 37.70 0  

Capacitive reactance.

I 1

*} — 1
J ( v ie  1-^4

4. v
H g ur, 14.4

1V.H, in ;j|y I her arc there phasor diagranis 
“  *■ * «lepending on the relative value» of

C *  2xfC "  2*50X25 x Й Р )  
aa 127.3 Q 

Current flowing in inductance,

100.  V_
X L ~  37.70 2.693 A 

Curreni flowing in capacitor.

07М Л-4- 100
I2 7 J

(b) /L and lc are anti phase, he ace supply current.

I  m li- lc m  2.653 -  0 7M *  I M 7A 
aad Ihe currrrt lag< the supply vokage V
by 9#* (tee Rg. 16.4<i))

T lFo tO O K
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(c) Circuit i tn pedant*.

„  V  100
7 “ TjCT

(d) Rawer consumed.

Г = V Icosф ж (100X1 867)cos90* = * W

Problem 5. Repeat Problem 4 for Ihe 
condition when Ike frequency is dunged lo 
130 Hz

(a) Inductive i

Xl. = 2*150X120 x 10-') = 113.1 0  
Capadtive reactance.

I
~  2*150 X25 x 10 ‘ ) 

Current flowing in indudance.

100

42.44 0

.  V
,l = xT- 113.1

It 884 A

Current По wing in capadlor. 

100,  V
C = *  42.44 i 2 .356 A

14
<b) Supply currenl.

/ к  lc  -  I i  = 2.356 -  0 884 = 1472 A 
leading V by 90* («ее Hg. 16.4(b))

(c) Circuit impedance.

V 100 Z = T  = ”  *7 9.1 Q
I  1.472

(d) Power consumed.

f  = V/cos# = « W  (since 90*)

K»rrctw *9 Further peabtrms ua L-C  
par a ir I шл. circuits

1 An inducunce of W ad i 4  connected tn 
panllel wsto a a— rlH af  of 10 uF асгоьь
60V, 100 №  supply 'Determine (a) ibe brand, 
currents, (b) the supply cunenl. (c) tie divuit 
phase angle. <d) the circuit impedance and 
(e> the power consumeid 

1(a) /с = 0.377 A, /u = 1.194 A  <b> 0.817 A
(c) 00' lagging (d) 73.44 Q (e) 0W|

2 Repeal pn*>lem 5 lor a supply frequency 
of 200 Hz

|(a) I  с  = 0.754 A. /L = 0 597 А (Ы  0.157 A
(c) 90* leading (d) 382.2О (e) 0 W|

16.5 LR-C  parallel ax . circu it

In the two branch drcuil containing capacitance С 
in parallel with inductance L and resiatance R in 
series (such aa • coil) shown in Pig. 16.5(a). the 
phasor diagram for Ibe 1Я branch alone is tsn n  in 
Rg 16.5(b) and the phasor dugnm for the С branch 
is shown alone tn Rg. 165(c), Rotating each and 
aiperimpostng on une another gives Ihe complete 
phasor dugnm shown in Hg. 16.5(d)

v
й)

taL ГWi \a **

From prohitma 4 and 5:
(i) When X l < Xc then I i  > l c  and I  lags V

by 90"
(ii) When X l > X  then I I  < lc  and / leads V 

by 90"
(h i) la a parallel circuit containing no reaistaac* Ibe 

power consumed il zero

Now try Ihe following exercise

Kitturr 16.5

Ibe currenl /|л of Hg. 16.5(d) may be resolved 
■Ho horizonial and vertical component» The 
bofuontal component. shown aa op is /L« cos^i and 
the vertical component, shown as / 4  is /щ sin Ф\ 
There are tirre posahle conditions for this circuii:
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(1) /, > liv in g  a 'ujiplN cuirem I
lading V  by angle *-as slam n in Rg 1А.9«е»

(И) /lb * » #  > /с (Jiving / lagging V by angle 
ф -и  ihown in Hg. 16.S<0)

(Ш ) Ic  «  /uiU “ * i «hi* II called panUfcl
---- И . »ee Sec non 16.6)

Aa
V , V 

! Zlm Xc

Supfly cunrnl

I  = phasor suai of /u  «nil /с (by drawing)

■ Ч (/ц  « " Л  '  /с)*
(by calcUaliod)

wbenr ~  meant Ibe difference between'.
V

Ciicuit impedance 7. -  —

—  ft-*
un W = =— I 

Zut
I c o i*  ■ =— 

Z u

- 2 262 A
S- 400 I  - 16в2тН

,<C £-30 mF К- MOV

61 34

V . 240V SO HZ
T V ir air two tarthods of finding Ihe phaaor 

,um of cunrnl!! /[д and /< in Hg. 16.5(e) and
(f). Thee air: (I) by a icaled phawir dugtaai. or 
(u) by readying each carrem into their in n a te ' 
<i.e bonJonul) aad quadrature (i.e. venical) 
romponrnf s a.4 demon*(rated in problems 6 and 7. 
With reference to (he phaaor diagram» o l Fig. 16.5
bapedancc of LA branch. Zui =  ̂R* + lf|.
ВИЧ.

M

K ip iir 166

(b) /щ. 3 74» A

(a) For (he coil, inductive iradance X l -  2я / L  — 
2*S0)(I59.2 x 10 ’ ) з  500.

Impedance Z\ ш \ Кг + X [

в  64.03 Q 
Current in ooll.

V 240
' “ ‘ г Г ш * ' 3™ *
Branch phaae angle 

#i
, X l= tan 1 —  I '" I

= tan ' I 25 = 51 34" lagging
(ке  phaaor diagram in Hg. 16.6(b))

(h) Capedtive tradance.

Xc =
I 1

2я( 50X30 x 10 )

lan ф I <U *»#1 ~  Ic
/ц  C O S*,

and coa^i
fut cos*,

Pn*4rm 6. A ood of inductance 159.2 tail 
aad resistance 40П ia connected in parallel 
W*h a 30 gF capaciiot acmts a 240V. 50lfa 
“apply. Calculate (a) cunrnt ul the cd l 
»nd iu  phase angle, (b) the cunrnt in the 
capaator and Iti phase angle, (c) the supply 
cunrnl and tla phase angle, (d) the circuit 
impedance, (a) (he power consumed, (f) Ike 
apparent power, and (g> thr leadive power 
t>»w the phasor dugram

Tbe circuit diagnm is ihown in Rg. 16.6(a).

2я/С
Ш 106.1 Q 

Currrnt in capacaur.

V 240
,С Я Т с ~ Ш 1

м  2 262 A trading fkt stippl)
>nlta*r b yM *

(ace phaaor dUgram of Hg. 16.6(b)).
(c) The supply cunrnl / ia Ibr phaaor sam of 

/ u  and Ic . ТЫ» nay be irtaiard by drawing 
thr phaaor diagmn lo scale and nrasunng the 
cunrnl I  and aa phase angle (rUuve to V. 
(Сапам I  will alwayi be Ihe dugunal of thr 
parallelogram formed a i In Hg. 16.6(b)).

TLfetOOK
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Alternatively tbe current /щ and lc  nay be 
iraolved into thac hunmntal (or ia-phase'> and 
vertical (or 'quatkature') components Ibe  hor
izontal component of 1щ Ik  h  к  coa51.34* =  
3.748 со» 51.34* = 1341 A.
Ihe hoiiiontal component of fc la 

lcом90' ж  0

Thai thr total horizontal component.

/H = 2 M l A
Ihe venical component of 1ц

= ~/ut nnSl.M * ж -3.748 sin 51.34’
0  -2.927 A

Ibe vertical component of lc

= 1с tin 90‘ ж 2.262 rin 90* = 2.262 A 
Ihui the total vertical component.

ly  Ж -2.927 + 2.262 ж -6  665 A
/н and /v are ibown in Hg. 16.7. from which.

1 ж \ 2.341*+<-6й65)1 = 2.434 A
. 0.665Angle ф ж tan = 15.86 lagging

Hence Ibe nipplv cunrni I  a  2 434 A 
lag g b ig l'b , U  N *

Ц-1841A

0 665 A

Figure 16.7

<d> Circuit impedance.

,  V 240

(cl Power consumed.

Г  ж V Icoa+ ж (240K 2 434)со* I5.*6‘ 
c » 2 W

(Alleraauvely. F  ж / J*  ж / [,Я  (In tta
= (3.748)I (40) = 5*2 W )

(f) Apparent power.

J  = V/ ж (340X 2.434) = * 4 J  VA 
(gl Reactive pow er^ i r

Q ж V I tin#  ж (W ife .434ни» 15Л6” ) 

= 159 6 var

Problem 7. A coil of Inductance 0 12 H ind 
resistance 3kQ il conaocled in parallel with 
a 0.02 |iF capacitor and i i  supplied M 40 V al 
a frequency of 5 kHz. Determine (a) lie  
current in tbe coil, and (b) Ibe curten in Ibe 
capacitor, (cl thaw to «сак- ibe рЬаюг 
diagram and meaiure the supply cunrni and 
its phase angle: check Ibe answer by 
calculation. Determine (d ) the drcuil 
impedance aad (e) tbe power consumed

Tbe circuii diagram u shown in Hg. 16.8(a).

ft> lk tU -0 .lt И 4n. V -* l  V

Hgurr 16.8

(a) Inductive reactaace.

X L ж b i f l  я  2т(50001(012) ж 3770 0  
Impedance of coil.

z i » N WTxl = Vm»5 + 3W
ж 48180

Current in ooU.

'“ ■ Г  ш = ШМлА
Branch phaae angle

,X L , ЭТ70A s la n  1 —- ж tan«  3000
> 51 49* taggbig



I
fcr<3000X002 x I 0 ‘ )

1392
25 I3m.\ leadbig V by 90*

<c) Cunrms /щ aad lc  In tbe phasor
<kagram of Fig. 16Kb). The parallelogram it 
completed u  dlowa and Itk- supply current 
u given by the diagonal of Ihr parallelogram 
The cunent / it  measured as 19J mA leading 
voliage V by 74 5* By calculmioo.

/ = % (/lu coa 51 .49' )•' + (/< - 1,M .m M 49 
ж  19.34 mA

♦ ■ - - ■ (,С .- /Ц * " - Г )- 7 4 Л Г  
Я  У

(d) Qrcurl impedance.

_  V 40
Z  =  —  r  ■ ■,

I  19.34 x 10 5
2 OMkQ

(e) Rawer coaaumed.

? = V I  coa#

= <40X19.34 x I0~’ )coa74 50' 
c2M 7m YV

(Alternatively f  ж /$«

ж I'u *
= (8.30x 10-V(3000) 
ж  JD 6.7«W i

Now ,ry Ibe following exervi v

R*fTrtw 9« Further problems on l.K  C 
N ca ie l «.«. circuit
■ A coil Of reiMarwr 6011 and inductance 

3l8.4mH ia connected to parallel wiib a

19itF capaotoc асюаа a 200V, 50 H i supply 
Calculate (a) Ibe centra in the ceil, (b) the 
current in Ibe capactior. (c) Ihe supply cunent 
aad iu  phaae angle. (tf> die ascuit impedaace. 
(el the power it*Mimed. (0  Ihe apparent 
power and i f )  Ibe reactive power. Draw tbe 
pbaaor ibagram.
1(a) 1.715 А  (Ы  0.943 A  (c) 1.028 A al 30.90’ 

lagging id ) 194-6П (e) 176.5 W 
<f) 205.6 VA (g ) 105.6 var)

A 25 nF capacitor it  connected in parallel with 
a cull of reaataace 2 k£2 and inductance 0.Э0Н 
aenvis a 100 V. 4 kHz lupply Determine
(a) Ibe cunrnt lo Ibe coil, (hi ibe current in 
the capacitor. (C) tie  supply current and IU 
phaae angle (by drawing a phaaor (bag nun lo 
acale. and dso by calculation), (d) tbe circuit 
impedance, and (e) tbe power consumed

|(a) 18.48 mA (b)62.*3mA 
(C) 46.17mA al 81.48 IcaAng

(d)2.l66kn< e) 0.683 W|

16.6 Paralle l resonance aad (/-factor

occura in tbe Iwo branch aetwork 
containing capacitance С  in parallel wiib inductance 
L  and resistance R ia aenet (see Fig. 16.3(a)) when 
the quadrature Пл. vertical I amponeot of cutreai 
iu t it equal M /с- A l this condibon die supply 
cunent I  is in-ftiase with the tupply voltage V.

Resonant frequency

When ihe quadrature component of /u  la equal ю
I, then: lc  s  sin #i (aee Bg. 16.9). Heace

(fro * Section 16.5)

bom which.

г\д . xj(c- (iMfj. ) ( |
(i)i i . . I k i K i

ш «ю о к
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<ei

М-/ся«аЛ> 
fW ----- ► v

Figurr 16.9

/  ̂ J»2
A e 2 Z '  C _ *

1 L  R1
■ 5 '  P c " F

Lc parallel гткчш» frequency,

J ,=  U  LC  F

(When R is negligible. then / , ж ^  »< ** 

ia ihr ume aa for ta in  ггюпапее)

Current al п м а м п
Cunent al resonance.

/, ж Im  cot (from Pig. 16.9)

= I  — \ f J L \  (bom Section 16.5) 
Zl» * U

VR 

However, from equHaon (I). Z j*  = L/C  hence

I ,
VR VRC

(l/ C ) L

Ibe current li a  a minim

Since Ibe current al retonanoe it in-fituue w,th 
the voltage the impedmce of tbe circuit nets 
aa a геямаасс. 11»» Wtatunce 1» known № цк. 
ly n a to ^ p t lN N . Ra (or tomelimei. the dytunn,

from rquaUim (2). impedance и  reaonancc

V
Г

L_
'' RC

Ж

ix. dynamic reitatance.

JtC

Rejector circuit
The parallel reaonant circuil i« often detcribcJ .» 
a rejector ctruul dnce it pretenti iu  maximum 
impedance al tbe retonanl frequency and the rrsul- 
taut cunent l l  a minimum

Q-factor
Current» higher than Ibe tupply current can circu 
late within the parallel branches of a parallel res- 
omm circuit, tbe cufTem leaving the capaator and 
etuNwhing the magnetic field of Ibe indium , this 
then collapsing and rechargrng the capacitor, and so
o il The Q-faetor of a parallel retonanl circuit «  
the ratio of tbe cunrnt circulating in die parall >1 
branches of the circuil lo the supply cunem. le . the 
cunenl magnification.

Q-factor at ie»onance

(2)

cunrnl magnification 
circulating cunrnt

supply cunrnl 
Ic  In n » »  
I ,  m /,
/ li sin ф\

tin»i
со .* , *
X l
R
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U f.L
• llt lw l • !  IYPUI R

Problem K. A  puir uiductaacr of !50mH i> 
comecird in parallel »ith a 40 ц| capadlor 
across a 50 V, variable frequency supply. 
Doc mu nr (a) the resonant frequency of tbe 
cinuii and (b) I hr сшгем ciivulaung in dar 
capaalor and induciaace al letonaooe.

Thr drcuil diagram is thown in Pig. 16.10 

1 -iaonH

<») Parallel resonan frequency.

, 1 1 л3J t  = --- —— — —p
2» 1C ?

However, irtittance ( c 0 .  hence.

r 1 1
/ , - 5 »  LC

t J _  __________ I____________
2 *‘ (ISO  x 10 ')<40 x 10 ‘  I

. -L. I0> i£i т
2»* (1SX4> * J » 4  

= «♦ 7  H i

(b) Cunrni circuliiting in L  and С  al iraonaaoe.

V------------ V 
/ate = —  “  ----j---г  “  2 */,CV

/which >• •be tame at for a tenet d ivaiU
Near that in a parallel circuit ihe Q-fador 

ia a measure of mrrriH inagniHraiUMi u.firms 
in a teriet dicuil il it a measure of m llafe
msgnllkiiinm

Д1 nuuns In fm o ie i Uk* of a panllel
drcuil it usually lew. typically less than 10, hut
in ndlo-frequency cirvaiu the Qfactor cun be 
very high

* “ ( IO
' г * / * '

Hence

Ic a c  = 2*(64.97X<0 x Ю ‘ и « ) 
= I M A  

lAltfrnaUvdy,

У  50
Afl 2n/,L 2*(6497X0I3)
0 817 A )

Probiem 9. A cad of inductance 0.30H and 
resistance 60 0  it connected in panllel with 
a 20 цТ capadlor acrots a 20 V . varuble 
frequency nipply. Calculale (al Ibe it  sonant 
frequency, (bl Ihe dynamic resistance. (c l Ibe 
cunenl at rcaonance aad (d) (be circuit 
Q-fador al rraooanoe.

(a) Parallel resanaM frequency,

1 1 R:
* r 3  n . * 77  p2* VC

--L i (боЯ
2 * ‘ «0.Ю Н » x 10~‘ ) ~  (0.Э0Я

= -L Л О Т Г 5 Ш  «  i -У Ш о о о  
2*  2*

= — (400) s U U H l

(b) Dynamic resistance.

* D = *C *  (60X20 X 10 = *** 7 n
(c) Current at tetooaoce.

:0 .U A

Id) ПгаШ  Q-fador M retoaance 

2*<63.66X030)2*f,L 
R  1

I D

>
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Alternatively. p-factor al reaonancr

ж cunent maputtcaiion ((nr a parallel circuil)

V
Xc

2n f£ V

= 2jr(«.«6xa0 x Ю ‘ Х20) ж  0.16 A

Hence 0-faclor = /с//, = 0 16/0.12 
a* obtained above.

1 Л .

Problem 10. A  coil of inductance 100 rail 
and resistance 800 (1 is connected in parallel 
wiib a variable capacitor across a 12 V,
5 kHz supply. Determine for the condition 
wben the supply curreni it a minimum 
(a) Ibe capacitance of ibe capacitor, (b) Ihr 
dynamic retieaace, (c) the tupply current 
and (d) Ihe О  factor

>0*
= 0.1(10.51 x 10»," P 
— II UUV5I5 ^  uc 9 515nt'

(*► rotBUnce

i. 100 x 10‘ J
D = CR  = (9.515 x 10 «K800) 

ж 13 14 kQ
(c) Supply cunrol M resonance.

12

(a) The tupply curreni u  a minimum when Ihe 
parallel circuit it  a  resonance ал 
frequency.

, = L ______
'  Rd 13 .14 x 101

= 0 913 mA

(d) Q factor ai геюмпсс

2яf ,L  2я<5000)(100 x  10“ *» 
~  R m 800

Alternatively. 0-factor at resonance

3 H

Is.
' I, '

(V/Xc>
I,

2* f £ V  
I.

2»(5000К9.Я5 x 10-*K12) 
*  913 x 10-» ' 1 »

,  I I *  
, ,=  2я  LC  Г  
Transposing for С  flvei:

1_ R1 
LC

and С :

When L  ж 100шН. R = 800(1 and
/ , = 5000 H i.

100х.0-»|(2*5000Я + П55^ 1]

0 . 1 ^ 1 0 * +  (0 .6 4 M 1 0 *)(

Now tty Ibe following exercite

Kxeretee 91 Further problems un paralkl 
resonance and у 4art or
1 A O.I5|tF capacitor and a pure iaductancr 

of 0.01 H «V connected in parallel acrtxs a 
10V, varu*>le frequency tupply. Determine
(a) Ihe reaonant frequency of Ibe ctKutt. and
(b) ihe curreni ctrcuWing in ibe capactior and 
inductance. ((a) 4.11 kHz (b) 38.73 mA I

2 A  30|iF capacitor it connected In parallel 
with a coil of inductance V) mil and unknown 
reiutanoe R acrou a 120 V, 50Hz tupply II 
the circuil haa an overall power factor of I find 
(a) die value of R. (b) the current In the coil, 
and (c) ihe «apply cunent.

|(a) 37.7(1 (b) 2.94A (c) 2.714 A)
)  A coil of m tnaiKc 25(1 and taductancc 

l50mH it  connected la parallel w l*  a l1, и I 
capacitor aciou a 60V. variable frequency
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supply. Calculate (a) lhe гемоплт trecjuency 
,b, ihf dynamic lettotancc, (c) lhe cunrnt <* 
_ мапсе and id i lhe Q txU ir al resonance

|(a> 127.2H l(b)600n<c)0.10A(d)4.80|

4 A coil having tesMaacr К and inductance 
80 m il в  connected ia parallel wah a 
5*F capacitor across a 23 V. 3 U U  supply 
D eterm ine for Ibe condition when lhe ciarenl 
it a minimum. (a I Ihe resistance R of ihr 
coil, (b) lhe dynamic misrancr. (c) the supply 
cunrnl. and (d) «he g-factar.

((a) ЗЮ 5 кЯ  (b) 4.31ftкЛ
(с) 5.79 mA (d)0.41|

5 A  coil of resistance 1.5kQ and 0.25 H indue - 
tancr it connected in parallel wilh a van 
* |e  capacitance across a 10V. К k ill supply 
Calculair (a) Ihe capaciuace of lhe capacitor 
when the aupply cunrnl is a minimum. It» the 
dynamic resistance. «id (c) the supply cunenl.

[(a) 1561 pF (b) 106 SkO (c) 93 66цА|

16.7 Po w ar facto r im p n iv rm rn t

For a particular power «applied, a high power fac 
lor reduces the cunrnl flowing in a supply system 
and tieirfotr reduces Ibe coat of cables, «wilch 
gear, transformers aad ge aerators Supply authorities 
use tanfft which encourage electnciiy consuajers lo 
operate at a reasonable high power factor, ladus- 
tnal kiads such at ajc. motors are essentially indu» 
■ivt (Я - t ) aad may have a low power factor. Dae 
m ah o d  of improving (or corircting) the power fac
tor of an inductive load it to contieci a tlMic capac- 
•ot С In parallel wah Ibe load (tee Hg. 16.11(a)). 
The aippiy cunrnl it reduced fcorn /ц  to/.lhe pha- 
sor sum of /щ and Ic . and the circuit power factor 
“ “ proves from cotф\ lo coapj (tee Hg. 16.11(b)).

РпЧЧет 11. A • inglr phase motor takes 
50A at a power (actor of 0.6 lagging from a 
240V. 50H l supply lJetenmne (a) Ibe 
cunrnl taken by a capacitor connected In 
panllel with the motia to correct the power 
factor u  aaity. aad (b) its- value of tbe 
•upply cunrnl after powrr factor correction.

fc

V

T f cl

u
<ь>

H«ufT 16.11

The circuil dugnm n shown m Hg. 16.1 Да).

(a) A power boor of 0.6 lagging means lhal
cot p = 0.6 Le.

ф = c o a 10.6 ш 53 .13*
Hence /M lags V  by 53.15” at shown m 
Hg. 16.12(b).
If the power factor it to be improved to unity 
then the phaae difference between supply cur 
rrm / and voltage V need» to be 0*. U . / i» 
in phaae with V u  shown m Hg. 16.12(c). For 
this to be •». I r  mutt equal tie length ah. such 
that the phaaor turn of /M and f( It I.

ab = l u «n  53.13* = 50(0.8) =. 40 A
Hence (be caparhar cur т а  /, mint be 40 A 
for Ib r powrr factor ta he ualty

(b) Supply cunenl I  а  /ц co«53.13' = 50(0.6) = 
30 A.

V-H0V  ,80 Hi
(a) (W

i ,  ■ *0 A

(0)

И «Ш Т  14.12
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Problem 12. A 400V alternator U 
supplying i  load of 42 kW Л a power (и м  
of 0.7 lagging. ( atcuUtc (at thr kVA loading 
and <b) Ihe curreat taken riuai thr altemauw 
(cl If  the power factor ti now raised lo uaiiy 
lind ibe new kVA loading.

lie псе V I i AOkVA

(a) Power = V/ со»* ж (V/) (power factor)

power 42 x 103 
" p i " = 0.7

(b) V I = 60000 VA 
60000 60000

hence I  — ■ 400
150 A

(c) The kVA loading re mams al «OkVA irrespective 
of changes in power factor.

Problem 13. A molor has an output of 
4.8 kW. an efficiency of 80** and a power 
fador of 0.625 lagging when operated final a 
240V. 50 H* supply. Il is required lo 
improve tbe power factor lo 0.95 lagging by 
connecting a capadlor in parallel witb the 
motor. Determine (a) ibe cunenl taken by the 
motor, (b) tbe supply cunenl after power 
factor conrcttoii. (c) tie cunenl taken by ihe 
capadlor. (d) Ibe capacitance of ibe 
capadlor. and (e| the kvar rating of tbe 
capadlor.

(a) Efficiency i

hence
H0_
100

power output 
power input 

4Ю0

and power input:
4800
0.8

Hence. 6000 a  V/Mcos* 
once cos ф ж p J .  
by Ihe molor.

/ и
6000

(240 КО 625)
с  4(1 A

Й тгI ------ "V I« О »
* . 2<o v . j ^ k  №|

W  V

6000 W

в <24ОХ/мХ0.625). 
0.625. Thus cunrni taken

Die circa* diagram is shown in Hg. I6.13(a>. 
Tbe phase angle between /M and V is given by:
ф = co s '10.625 ж  31.32*. hence ihe phasor 
diagram is as shown in Fig. 16.16(b).

H gurr 14.13

(b) When a capadlor С  is connected in parallel 
with Ihe motor t cunenl lc  flows which lead» 
V by 90*. The phaaor sum of /м and /( 
gives the supply current /. and bas lo he such 
as lo change the circuit power factor to 0.95 
lagging, i.e. a phase angle of cos 10.95 or 
18.19° lagging, as shown in Hg. 16.13(c). Tbr 
horizontal component of /м (shown as oa)

= /M cos 51.32*
= 40 cos 51.32* = 25A

The hon/oalal component of I  (also given by 
oa)

= /cos I I .  19*
= 0.951

Equaling tbe horizontal components gives:
25 = 0.951. Heace the supply curreal after p f. 
conection.

/ = ̂ 5=*ЛА
(c) Tbe vertical conponcM of I  и (shown at ab)

= /Msui?1.32‘
= 40 sin 51.32* = 31.22 A

The vertical component of I  (shown aa ac)

= /tin 11.19*
= 26.32 dn 1119" =1.22 A
Ibe magnitude of Ihe capacitor current lc
(Aown as be) is given by

ab -ac  U . lc  = 31.22 —1.22 = 21A
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(d) O -гг- »c -  jf- =

fu n  which 

lc
C = 2x fV  2*(»x2-to)

<e) k n r r.ting of U r счяакх

«2я/C V

V/c (240 X 23)
1000 1000

5 52 к tar

In dia problem (be aupply cunrnl has txvn reduced 
(mm 40A lo 26.32 A without alu-nng Ihe cunrnl or 
power taken by the motor. This means lhal Ihe die 
of geneoting |>lanl and Ihe uuu-sectional area of 
amduc-tois supplying both ihe factory and Ihe motor 
can be less - with an obvious saving in cost.

Problem 14. A  250 V, 50 Hz single-phase 
supply feeds tbe following loads
(i) incandescent lamps taking a cunrnl of 
Ю А «  unity power factor. (H) fluorescent 
lamps taking HA at a power factor of 
0.7 lagging. (Ml) a 3 kVA motor operating al 
fun load and al a power factor of 0.8 lagging 
and (Iv ) a static oapaatut Determine, for Ihe 
lamps and motor, (a ) the loul curreni. (b) the 
overall power fador and (c) the total power,
(d) Find the value of Ihe sialic capacitor to 
inprove ibe overall power factor lo 0.975

2&2A

la) it *
14.14

<•) The horizontal component of Ihe current» 

*= I0oo«0“ + lJc o . 36 87- + 8co»45 .57*
*  10 -f9,6-f 5,6 к  25.2 A

The vertical component of the currcrti 

= 10sin0" 4- I2»in 36.87' + 8ea45 57"
= 04-7.2+5.713 = 12.91 A 

From Hg. 16.14(b) total current.
I L = /25 ^  + 12 911 = 28.31 A al a phase 
angle o l ф m un ’ (12.91/25.2) Lc 27.13* 
lagging.

(b) Power factor

вооа#  = <ш27.|3* = 8.890 lagging
(c) Total power.

P  = V IL со» ф в  (250X28 31X0 890)
= 6,3 к W

Id) lb  improve Ihe power factor, a capacitor Ia con
nected in parallel wab Ihe load». Ibe  capac
itor lake» a cunrnl lc  such that the supply 
cunent falls from 28.31 A  to /, lagging V by 
c o t'10.975. U . 12 84V Tbe phaaor diagram ia 
shown In Hg. IM S

hence I  я

oa ж  28.31 oo.27 1J* в/со а  12.84' 
28.31см Г7.1Г ! 25.84 Асо»12.84’

C urrent lc  at Ьс ж (об -  o r)
ж 28 31 ал 27.13* -  25.84 sin 12.84° 
в  12.91 -  5.742 = 7 168 А

A phasor diagram i> constructed as shown in 
Hg. 16.14(a), where 8A ia lagging railage V by 
• o r10.7. i-e. 45,57*. and the motor c u ra t is 
(3000/250). Lt. 12 A  lagging V by cos 10.8. 
U . 36.87°

» V Y lc  ж  — ■ b ifC V

2Ж50Х250) ?  x * lX !  +V
lhus to Imfrove Ibe power factor from 0.890 lo 
0.975 lag tia i a 91.27 gF capacitor is connected 
in parallel with Ibe loads.
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Now try thr followiag exercise»

Kxrrctae 92 Further proNcms on powrr
factor Improvement

1 A 415 V  alternator is supplying a load of 
55 kW al a power factor of 0.63 lagging. Cal
culate (a) the kVA loading and (b) the current 
taken from the alternator (c) If the power fac
tor is now raued to unity find the new kVA 
loading.

[(a) 84.6 kVA (b) 203 9A (c) W .6kVA]

2 A single phase motor lakes JO A at a power 
factor of 0.65 lagging from a 240 V, JO Hz 
supply. Determine (a) the cunent taken by tbe 
capacitor connected in parallel to coned tbe 
power factor to unity, and (b) tbe value of tbe 
supply current after power (actor correction

1(a) 22.80A (b) I9.3AJ

3 A motor has an output of 6kW . an efficiency 
of 73* and a power factor of 0.64 lagging 
when operated Item a 230V, 60Hz supply. 
It is required to rase the power factor to 
0.923 lagging by connecting a capacitor in 
parallel with Ihe motor. Determine (a) tbe cur 
rent taken by the motor, (b) tbe supply current 
after power factor correction, (c) the cunent 
taken by the capacitor, (d) tbe capacitance of 
tbe capacitor aad (e)the kvar rating at the 
capacitor.

1(a) 50 A (b) 34.59 A  (c) 25.2* A
(d) 268 2|»F (e) &32kvar|

4 A supply of 23* V. SO Hz is connected across 
an inductive load and the power consumed 
is 2kW , when Ihe supply cunenl it  I0 A . 
Determine the resistance and inductance at tbe 
circuil. Whai vriue of capacitance connected 
in parallel wlib the load is needed to improve 
tbe overall power factor to unity?

(Я  = 20 О. I  = 29.84 m il. С  = 47.75 цР)

5 A 200V, 30Hz Mngle-phase supply feeds the 
following loads: (0  (иогекем lamps taloag a 
cunrnl of 8 A al n power (actor of 0.9 leading. 
<k) incandescent lamps taking a current of 
6A ai unity power factor. (Ш) a motor ufcing 
a cunent of 12A al a power factor of 0Л5 
lagging. Delrmuoe die lout cunrnl taken from 
the supply and die overall power factor. Find 
also tbe value of a static capacitor connected

ui parallel with tbe loads lo improve tbe overall 
power factor to 0.98 lagging.

(21.74 A, 0.966 lagging. 21 68цГ|

Kwretse93 Short answer questions on
afngle-pbase paralrl ax. circuits

1 Draw a [feasor diagram for a two-brand 
parallel circuit containing capacitance С in 
one brandi and rest stance Я in the abet, 
connected across a supply voltage V

2 Draw a (feasor diagram for a two-bnncti 
parallel dacuit containing inductance L and 
resistance Я  in one branch and capacitance 
С  in the other, coanected across a supply 
voltage V

3 Draw a (feasor diagram for a two-branch 
parallel atcuit containing inductance L i i  one 
branch and capacitance С  in fee othei for 
the condition in which inductive reactance is 
greater than capacitive reactance

4 Stale two methods of determining fee phasor 
sum of two currents

5 Stale two formulae which may be used to 
calculate powvr in a parallel circuil

6 Stale tbe condition for resonance (or a two- 
branch ciKUil containing capaciuace С in 
parallel with • coil of mductanoc I. and 
resistance Я

7 Develop a formula lor the resonant frequency 
in an LK-C  parallel circuit, in terms of 
resistance Я. inductance L  and capacitance (

8 What does 0-factor of a parallel cir
cuil mean?

9 Develop a formula for the current al reso
nance in an LK-C  parallel circuit in terms 
of resistance K, inductance L. capacitance С 
and supply voliage V

10 Whar Is dynamic rebalance? State a formula 
for dynamic resistance

11 Explain a simple method of improving the 
power factor of an inductive circuit

12 Why n к advantageous lo improve power 
factor?



М  р  И-ГЧСА1 A SP  ELBCT8QWC ИЦ NCI PLUS AND TE<HNOUXrV

Burn*'' ч* М Й к Ы к  qanUnu on 
4 nglr phav. par»».) u .  rlrruli» lA a n m
on page 37*1
д ию -btanch panllel circua containing • 100 
frsidMi-r in o k  branch and ■ lOOpi capacitor 
,n tx  other. has a 120 V. 2/3ir kHz sapply 
connected acrosi t . Delcnriae tbe циагяше» 
must ia questions I lo 8. selecting the correct 
auwer from the following list

10 The following suarments. taken correct to 2 
significant hgurrs. trier to the ctrcidl abown 
tn Hg. 16.16. Which an falae?

H  Й - М

(a) 24 A (b )6 0
(c) 7.5kO (d) I2A
(e )un  1 j  leading <f) 0.8 leading
(g) 7.50 <b) tan '1 $ leading

№ 16 A (j) lan 1 j  lagging
<k> 1.44 kW (1) 0.6 leading
<m) 12.50 (n) 2.4 kW
fo) lan 1j  lagging <p) 0.6 lagging
fq> 0.8 lagging (rt 1.92kW
(i) J0 A

1 The current flowing in tbe resistance

2 The capadtive reactance of the capacitor

3 The currem flowing in tbe capaalor

4 The supply cuarnt

5 The supply phase angle

6 The drcuil impedance

7 The power consumed by the circuit

* The power factor of the circuit

9 A  two-branch parallel circuit consist» of
* 15 тН  inductance In one branch and a 
® (iF  capadlor in Ihe other acroas a 120 V, 
I/ *  kHz supply The nipply cunrni 1»:

(al 8A leading by *t»d

Л» 16Л lagging by 90Г 
1C» »A  lagging by W

fd) 16A leading by *  tad

Hgurr IA .lt

(a) The impedance of tie  R-L branch it 5 О 
(Ь> /ц  = 50 A
(c) /c = 20 A
(d) L = 0 *0 H
(e) С  в  16 цр
(0  The 'ia-phate' component of Ihe supply 

cunenl it  30 A
(g) The yiadraturr' com pone nr of Ihe sup

ply current it 40 A 
(to) / * 3 t A
(i) Ciicuk phase angle = 33*41' leading 
(j) Circuii Impedance г  6.90 
(к) Ciicuk power factor = 0.83 lagging 
(1) Power consumed = 9.0 kW

11 Which of tie  following statements и  false? 
(a) The apply ourrrnr it a minimum Ы res

onance in a parallel circuit 
(to) The Q-fador at resonance in a panllel 

circuii ii Ihe vokage magtulicauon
(c) Improving power factor reducet ihe cur

rent flowing through a system
(d) The drcuil impedanor It a maximum at 

resonance in a panllel dicsht

12 An LR-C  parallel circuit baa tie following 
componem values: R ж I0Q  . L  *  lOmM. 
С  = 10 and V = 100 V. Which of the 
following statements it Mae?
(a) The resonant frequency f ,  it 1.5/* kHz 
0>) The cunrni at resonance it 1A
(c) The dynamic resistance it 100 0
(d) Tbe orcuit Q-fador at reaonanoe »  30

13 The magnaude of die Impedance of the dr-
cuk t>Dwa in Hg. 16.17 It:
(a) 7 О <b)SO
fc) 2.40 (d) 1.71 О
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Figure 16.17

14 In Ibe circuit tfx>wa in Fig. 16.18. the t 
mtudc Of tbe Hipply cunent I  it:
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Filter networks

A I the end o f thti chapter you should he able lo:

• appreciate Ibe puqpose o f a filler nelwork

• understand basic types of filter lections. i j c .  low pass, high-pass, hand-pass and 
band-stop tilers

• define oM-off frequency, two-part network* and cbaractenstic impedance

• design low- and high-pass filter sections given nomirud impedance and cu-off 
frequency

• deiermme the values of components comprising a hand-pass tiller given cut-off 
frequencies

• appreciate Ibe difference between Ideal and practical filter characteristics

17.1 Introduction

Attenuation ia a reduction or lots in Ihe magnitude 
of a voliage or cunrnl due lo ils Intromission over
• fine.

A alter ia a network designed lo pass signals hav
ing frequencies wilbln certain hands tcalled pwn- 
haiKlsi with Ullk attenuation. hut grearly allenuatrs 
signals within other hands (called attenuation hands 
or staphandx i 

A filler Ii frequency sensitive and is thus com- 
P°*ed ofreactive elements Since certain frequencies 
are Ю he passed With minimal loss, ideally Ihe indue 
•°rs and capacitors need lo he pure components since 
# *  presence of resistance results in some attenuation
*t all frequencies 

Between the pass hand of a filter, where sdeally 
“ *  attenuation is arm. and the attenuation hand, 
•JJere ideally the attenuation is infinite, is ibe cU- 

,n  queney. UKs being Ihe frequency al which (be 
'ntmion changes from /его k> some finite value 

, . 6llef network coniaimng no source o f power
■ lenerd pmrivt. and « le  coraainsng one or more 

Ha ’ource‘  “  known as an actlse filler netwoik. 
iiBcre are uaed lor a variety o f purpose» in 

т а *Чг cvery type of electronic communication* and

control equipmeM. Tbe bandwtdlhs of fillers used 
in communicaboru systems vary from a fraction 
o f a hertz lo валу megahertz, depending on the 
application.

There are four b o le  types at fiber sections:

(a ) low-pass
# il high-pass
(c ) hand-pass
(d) hand-stop

17.2 Two-port D dw nrki and 
characteristic impedance

Networks in w tich electrical energy is fed in at 
one pair o f lemnnals and taken out al a second 
parr of termiiutfs are called tw o -p o r t  networks 
Tbe network be ween Ibe Input port and the output 
port Ii a tnutsmMsion network for w hk* a known 
arlatKinship exMs between the mpul aad uutjail 
currents and v iiu a c i.

Hgure 17.1(a) ahowr a T-a*t»»rk. which is 
letmed symmetrical if Z* s= Zg. and Hgure 17.1(b) 
dwws a r - n r in it  which Is symmetrical if
Z i = ZF.
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K iiturr 17.1

If  ZA *  Z , in Hgure 17.1(a) and ZE #  ZF 
in Hgutr 17.1(b). tx  sections arr Irrmrd asym
metrical. Both networks ibown have one con- 
mon terminal, which nay be earthed, aad air 
therefore Mid lo he unbalanced Ihe balanced form 
of Ihe Tuelwurt ia ihuwn in Hgure 17.2(a) and 
ihr balanced fonn of Ibe ir-network i i  ibown in 
Hgutr 17.2(b).

according lo Ibe load impedance across i|lr ^  
рШ lerminal» Bar any paaiive Iwo-port vtvm rl. „ 
»  found lhal a particular value o f load unpedaixr 
can always be tannd which wiU produce an щрц 
mmglenu- having Ibe same value ai ihe lo *  
iirtpeklBnep. Thu I I  called die Meratlte 1т|мч1аи., 
for an aaymmcincal network and >1 value depeno> 
on which pair of terminals и taken lo be the input 
and which tbe output (there air thus Iwo values 
iterative impedance, one for each direction)

For a lymmetrical network there и only one value 
for ibe iterative impedance and tfati м called Ur 
characteristic Impedance Z» of Ihe symmetrical 
two-port neiwotk.

17.3 Low-i filters
Bgurr 17.3 shows simple unbalanced T- and t-  
acction tillers uang aeries inductor* and ibunl capac 
aori If  either section ii connected into a network 
and a continuously increasing frequency и applied, 
each would have a frrquency-aucnualion Лага 
teristic aa Лоти III BgM r 17.4. Tbli U an ideal 
cbaractensttc aad aaaumei purr tractive elrmorn 
All frequencies air seen to he pasted from lero 
up to a certain value without attenuation. Uni value 
being shown a s / ,, Ibecul-oflfrequency; all values 
of frequency above /< arr attenuated, b ii for th» 
ra o n  that the networks shown in Hgurrs 17.3(a) 
and (b) are known as low-pass fibers

H fu r r  17.1

Ibe input impedance of a artwork ia tbe ratio 
of voltage to current at tbe input terminals With a 
two-port network tbe input impedance often varies

PasMard

H g u re  17.4
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Hgurr ITS

ц *  electrical circuit diagram symbol for a low- 
-M, filler U Aown m Rgurr 17.5.
^Sgemwnsinc a low-pnss B ir r  I» ane designed 
Is pa» -i«nab ■* freqaeiKle» below a sp tiH M  
,#«41 frequency.

In poetise, the ctaractrnMk curv e of a km-pa» 
prototype fitter section looks more like that shown 
Si pig are 17.6. The cfaanctenstic may be improved 
(omewtai closer to the ideal by connecting two or 
mote identical sections in cascade. This produces
■ much sharper cut-off characteristic although Ihe 
tflttwaion in the paas band is increased a title.

<*t-*ll frequency and I ■I Impedance

ia)

I Рам-bare
кик

F lju rr 17.»

Wken r ecu fieri an- used lo produce the ix . sup
plies of electronic lyairms. a large nppte introduces 
undesirable noise and may even mask ihe effect 
Of the signal voltage low-pass filters air added lo 
•mooth the output voltage waveform. Ih ii he tag oae 
Of the most common applications of filters m elec
trical catutts

К к г в  are employed to isolate vanous sections 
° f  a complete system and thui to prevrnt undesired 
mteracuons Рог e и м  pie. the insertion of low-pass 
'•'coupling ttllen between eacii of several amplifier 
“ *Kr* and a common power supply reduces uatemc- 
•*>" due to tbe coma** power supply impednncr.

П рш  17.7

may be ibown tbal the cut-off frequency. / ,. for 
each section i i  kbe same, and и given by:

(1)

When the frequency is vety low. tie character 
iMic impedance ts purely resiaive This value of 
charact ensue Unpedaace is known as tbe drslpi 
Impedance or the nominal Impedance of the sec
tion and is oftea given tbe symbol Rq, where

(2)

A low-рам symmetrical T-nctwotfc and a low-pass 
•У"metrical * network Me shown in Rgute 17.7. Il

Problem I.  Uetemune the cut-off frequency 
and the notmnal impedance for the low-pass 
T-connected section shown in Figure 17.8.

X M l»

I7 J
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100 m il.

('ompanng Hgure 17 * with ibr low-pass season of 
Hgute 17.7(a). Лсяи that:

L
1 ‘

Le. inductance. L = 200mll = 0.2H. 
and capacitance С  к  0.2 цр = 0.2 *  10“ ‘  F. 
From equation (1). cut-off f requeueу.

A=dz?
1 10*

~  it\ (0.2 x 0.2 x 10“* ) “  * (0.2)
Le. /* = 1592 Hz or l!W 2kHz

From equation (2). nombial impedance.

_  г
с

0.2
0.2 x 10-« 

1000 Q or U Q

From equation (2). nominal liaprdaace.

*0  =
0.4

1 0 “
= 31 A2kn

-----------------------------
To determine n lu n  of 1. and С Ktvrn R> and/,
If  tbe values of tbe nominal impedance R0 and the 
cut-off frequency / , air known for a tow-put | 
or .t-section. It it  possible to determine ibr value> 
of inductance aad capacitance required to form thr 
lection. It may hr shown that:

capacitance С  > I
•Ш4.

Inductance L  =
V .

(3 )

(4)

Problem 2. Determine the cut-off frequency
and the nominal Impedance for the low-pass
л -connected section shown in Figure 17.9.

0.4 H

. T ” "  "
300 pf

Fifui* 17.9

Problem 3. A  Alter section I* to have a 
characteristic impedance at zero frequency of 
600 n  and a cut-off frequency of 3 МН/ 
Design (a) a low-pass T-aection litter, and 
fb) a low-pass jr-section Alter to men these 
requirements.

('ompanng Figure 17.9 with Ihr low-pass section of 
Figure 17.7(b). shows that:

-  -200pF.

U . capacitance. С  ■ 400pF = 400 x 10_n  P, 
and inductance L •  0.4 H.
From equation (1). rut-off frequency

________I _ to*
~ *y (0.4 x 400 x I0-'3) "  я7 Я 8  

Le. /. >25 16kHi

The charactenaic impedance at lero frequeniA is 
the nominal impedance Rt. Le. Rq = 600 0 ; cut-off 
frequency / . *  5 Mil/. = 3 x 10* H*.
Prom equation (3), capacitance.

С = --!-- a  ------ !--- -7- F
xRt f .  JK600 K5 x 10*)

= 1.06 x И Г *  F t  106pF 

Prom equation (4). Inductance.

600 „
» / ,  % J x  10») "

> Ш «  10-5 = 3*2mH

(a) A  lowpass T-sectioo Alter I» shown in 
Figuse 17.10(a). wheat tbe arne» am  indue
lances are each ~ (see Figure 17.7(a)). Le. 

^ . , 9 , ц Н  ‘
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W .1 МИ 1*11*1 а ь г » н

— j—  *04 p f S3pf 53 pF

(a) *»

> 17.10

(hi л  k>w-pat« -т-iecuon fikcr it tbown In 
Rgutv 17.10(b), where tbe (hunt m i capac- 
ilancrs «re eacfc £  (tee ligure 17.7(b)), U . 

К »—  = 53 pF

No» try the following си п лк

Kxrrriw  »5 Further problems on low-раш 
S trr  H rtlu n

1. Determine ihr «(-off frecgiency and the aom- 
raal impedance of each Ы  the low-put fillet 
aectiona abown ta Figure 17.11.

((*) 159211c 5 Ш  (b) 9545 Hz; 600 fl|

ootuf

<•)
20 mHp  » .Ar/VN ■ о 

~*|»7ЛпГ * * | rГ »  if

17.11

a cbanct entile2 A Bkea section ta to have .  ..........——
impedance al zero frequency of 500 0  and
• cutoff frequency of I kHz Deaign (a) a

low-pata T-tecUun fifcer. and (b) • low-рам 
,t  section filter lo meet tvac requirements

|(a) F«ch «net arm 79.6mH.
rfxint алп 0.637 |iF

(b) Senes ant) lS9n»H, each 
rfiun ami 0.3IS|iF]

3. Determine Ibe value of capacitance required 
in tbe riiua алп of а low-рава Т-акИоп if 
the inductance in each of Ibe «erto anna ia 
40 m il and Ihr cui-off irqueacy of tbe Шег 
ia 2.5 kHz. [0.203 mF]

4. The nominal impedance of a low-рам я- 
section filler it  6000. If Ihe capactlaacr in 
eacb of the (bum anaa it  0.1 |iF determine ibe 
inductance M the tenet ami. (72naH|

17.4 High-paim filter»
Hgure 17.12 thowt simple unbalanced T- and я- 
lection filter* uting terirt capadlort and shunt 
inductors. If either section it connected into a 
act work and a contlmoualy increaaing frequency ia 
applied, each would have a frequency-atlemuhiin 
characteristic at shown in Hgutr 1711

i h y i H  > j  i  j --»

(a)

И«шт 111]

Once again ttet It aa ideal chanctenrtic as turning 
pure reactive element* A l frequencies below the 
ca-off frequency / , air aces to hr attenuated and 
a l frequence above /« are pataed wilbout k»t.

TU«



H U T *  NETWORKS 2-41

s
rtes-bana

0 Frequency

Hgurr 17.13

Il 1» for this reason that thr networks shown in При* 17.15 
Hguirs 17.12(a) and (Ы  are known и  hij^-ра»
■ k n .

The electrical circuit diagram symbol (or a high 
pass filler is shown in Figure 17.14.

Ctat-off frequency and nominal Impedaner 
ca lcu lation s

- d >
17.14

A high-pass symmrlncal T-nrlwoik and a high-рам. 
symmrtrical л-artwork air shown in Figure 17.16. 
Il may he shown the the oil-off frequency. fc. for 
each section is Мм lame, and is given by:

(5 )

Summarising, a high-pass filler Is one designed
lo раж signals al frrqaencln above a specified
cut-off frequency.

The characteristic shown in Plguiri 17.13 is ideal 
in that it it  assumed that their is no atteauauon 
at all in Ihe pass-bands and infinite attenustion in 
the attenuation hand. Both of these conditions n r 
impossible lo achieve in practice Due lo rrsisunor. 
mainly in Ihe inductive elements ibe attenuaion in 
the pass-hand will oat be zero, and in a practical 
filler section the attenuation ia the attenuation baad 
will have a finite v4ae. In addition lo the resistive 
loss their is often an added loss due to mismatching.

Ideally when a filter is insetted into a netwotk 
it is matched lo the impedance of that netwotk. 
However the characteflitic impedance of a Aker 
section will vary w i*i firquency and Ibe termination 
of the section may hr aa impedance that does not 
vary with frequency In tbe same way.

Hgurr 17.13 showed an ideal high-pass filler sec
tion characteristic of sllrauauoa against frequency 
In practise, tbr charactensUc curve of a high-pass 
prototype filler section would look more like that 
shown in Figare 17.15.

iC г  с

»»
Hgsur 17.16
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«^•П (hr frequency ia very high, the charadcriMc
ii purely icem vr Ibl> of chaim- 

impedance I» then the nHiiunid Impedance
ы  цк iecuon end и |iven by:

Problem 4. Determine the cut-off frequency 
aitf Ibe nominal impedance for Ibe high-pnu 
T-connecled section ibown in Figure 17.17. 

0.2 ||F 02 jiF

/.=
4.T y/ l l

I _  10*
4t n (0 1 x О I ж 10 “  4>r<0 I ) 

U - /. = 7%H«

*• = t — a  .

(6)

Problem 5. Determine the cut-off frequency 
and the nonanal impedance for Ihe tafjipa»» 
ir-connected iecuon Aowti in figure 17.18

1 Г 000*

200 цН 300 pH

Hgure 17.1 •

Comparing Hgure 17.17 with Ibe high-pass iecuon 
of figure 17.16(1). ibowi du<:

2C a  0.2 |iF, 
le.capacitance. С  =01 pF = 0.1 x I0 -*, 
«nd inductance. L ж 100 mH a  0.1 H.

•тот equation (5). cut-off frequency.

Comparing Figure 17.18 wda the high рал» section 
of Figure 17.16(b). Ли*» that:

2L = 300 pH.

Lc. inductance. L = 100 pH = 10 J H,
and capacitance, С  a  4000 p F  =  4 X 10 *  F .

From equation (J) . cut-off frequency

Г ' Ж Ъ 7 1 7

a  . * a  1.36 X  Ю 5
4 я \  (1 0 "* x 4 x  10-’ )

us. / « a l2 6 k №

From equation f6 ). nominal impedance.

T  10-* 
с — * vTiF»
l» 1

a  • —  ж I5KQ

To drtcrmfcK vaiun of I. and С giirn K,  and/,
If Ibe vrfuel of Ibe aomirui impedance Ло and the 
cul-olf frequency / , me known foe a high рем T- 
or .T iectioa. il i l  putsiblc to (fctetwine Ibe values 
of inductance a d  eafwrtumce soqmred to form the 
KCtioa. Il may he ibown that

l С  - 1 (7)

ш а к х ж
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Cul-oft frequency / , ш 23 kHz = 25 x I01 Hz. 
nominal impedance. So к  600 П.
From equation (7), capacitance,

c ___ j__ _____!_____p
4я«о/« 4M60O)(25 x 10»)

l» a
4jr(600K2S x 10J ) P  

= 5303 pF or 5.305 nF

From equation ( I) ,  inductance.

Rq 600L * 4 т/ . “  *jr(25 x 10»)
0.00191 H a  I 91 mH

10 «  nf 1041 nF

1*1 mH

(a) A  high-раю T-ieclion filter is
ia Figure 17.19(a), where the senc* arm 
capacitance» are each 2C (lee Fisutr 
17.16(a)). 1л 2 *  УЗ/ f  m 10.61 aF

(b) A high-plus' W-section filter is shown ,„ 
Hgure 17.19(b), where the «hum arm indue 
tances are each 2L  (tee Figure 17.6(b)). j.e
2 x 191 = 3.82 mil.

Now try the fallowing exercise

17.1*

fo r d K  %  Further problem» on 
Mgh-pam tlltrr sections
I. Detenmiietbe cut-off frequency and the nom 

tnal impedance of each of the tagb-pa»» filter 
section» shown in Figure 17.20.

[(a) 22.51 kHz: 14.14ГО
(b) 281.3 Hz: 1414 Щ

400 pf MOpF

r
la)

<*00 mH

ft)
F igu re  17.20

2. A  filter «ocuotl u required to paaa all fre- 
quenciei above 4 kHz and to have a nominal 
impedance 750П. I)e«ign (a) an «ppropriai. 
high-pass r  section filler, aad (b) aa appro 
pruae high-рая» ir-iection filler to meet t>e»c 
requtrementv

((*) Each seriet arm = 33.1 nF.
ahum arm -  14.92 mil

(b) Seriet arm — 26 5 aF, each 
m =29 84 m ill
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)  U K  inductance oi each of ihr shuni arms of
■ Wgh P»4» ir-KClkm tiltrr i i  50 m il If Ihr 
pM iiaal impedance o f Ihr section is 600 0 . 
determine Ihr sulue of Ih r сарнсяапсг in the 
агпгь am  |49.44nF|

4 Deiemunr Ihe value of inductancr rrspnivd 
m Ihr Л и т  ami of a high pass T-tecUon 
tiltrt if la each «eriet aim и contains a 0.5 цр 
capacitor The cut-off frequency of Ihr filler 
кейоп i> 1500Hz. [ll.26m H]

17.5 Band-pass filters

A band-pass tiller M oar denned In pats tagnals 
with frequencies between Iwo «petified cut-off
frequencies The charactemtic of an ideal band pas s 
filler is Лошп in Figure 17.21.

Altenuabon Attenuation
ja r*  .

Pet-bvxj tend

fct Frequency

17.21

Such a filler may he formed by cascading a 
high pa-ч and a low pats filler /с . it the cut-off 
frequency of the ЬДО-рик filter and /q  it the cut
off firtfiency of the low-paas tiller At can he teen, 
for a band-past tiller /cL > / с .. the past-baad 
being given by Ihe AITerencr between thrte values.

The electrical circuit diagram symbol for a band- 
pati filler ta tbown in Figure 1 7 .2 2 .

-G D -
•Hw* 17.22

A typical practical charactentlic for a band-pass 
Oiler it tbown in Hfure 1 7 .2 3 .

® J* a l and ceramic device» are used exten- 
*jj''*ly at band-past filters Tbey arc common In 
«• i«eraiediate-freyienc> amplifirts of v ji.f radios

figure 17.23

where a ргесиеву defined bandwidth mutt be main
tained for good performance

РгоЫеш 7. A band-pass filler it  compntrd 
of a low-рам T-aection filler having a cut-off 
frequency of 15 kHz. connected in tenet 
with a high-pass T-tedioo filter having a 
cut-off frequency of 10 kHz. Tbe terminating 
impedance Ы  the filler ta 600 0 . Determine 
the values of the component! comprising the 
composite fiber.

For thr law-ран T-section llHer:

/ d  = 15000Hz

Horn equation (3). capacitance.

___l_  I
~  я Я ,/ . “  *(600X15000)

= 35.4 x 10^ = 35,4 nF

From equation (4 ). Inductance.

= *L 600
= * / , “  *15000)
= 0.01273 H ж 12.73 n il 

Hatt. firm  F iave 17.7(a). Ihe teiiea arm induc-
J b  ,lancet air each U .

= 6 37 0111
12 73

» d  thr Лим arai capacitance ta 35.4 nF.

TUabOOtl
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T ttrf » « n f

For Ihr high-pass T-section Ш гг

fc , = 10000 H i 

f rom equation (7), capacitance.

I I
4лйо/« 4*(600>(10000) 

= 1.J3 X 10-* ж 13.3 nF

From equation (t). inductance.

«о (Ю0
4rtf, 4 7(10000)

= 4.77 x 10"* ■ 4.77 mH.

[Low-pass T-icction cadi 
series arm 4.77 mH. shunt arm 26.5? nl 

Higb-pass T-section cacti 
seriet arm 33.16 nF. shunt arm 5.97mil|

2. A Kand-paa» tiller is comprised of a low-past 
я section lite r having a cut-off frequent\ of 
30 kHz. coanected in aeries with a high 
ж-section «ter having a cut-off frequency of
40 kHz. Tbe terminating impedance of the 
Biter i i  630 {]. Determine the values of thr 
componeota comprising the composite tiller 

[Low-рам *-section: tenet ann 3.95 mH.
each shunt arm S.I3nF 

High-pass a-sectKin: series am  3.21 n l.
each ihunt arm 2.47 mil I

Ihus. from Figure 17.16(a). the teriet ann capaci
tances are each 2C,

Le. 2 x 13.3 = 26.6 nF.

and the shunt arm inductance is 4.77 mH. The cur» 
pome, hand-pass fiket Is shown in Hgure 17.24.

The attenuation against frequency character!site 
will he similar lo Hgure 17.23 where fc , ж lO kH i 
and / Q ж  15 kHz.

Now try the following exercise

Fjtcrdsr 97 Further problems on 
hand-pata «Iters
I. A  band-pass filler It comprised of a low-pass 

T-sectioa filter havtag a cut-off frequency of 
20 kHz. connected In series with a high-pass 
T-secitoa filler having a cut-off frequency 
of (kHz. Tbe terminating impedance al the 
filter it МО П. Determine the values of tbe 
components comprising the composite filler.

17.6 Band-«top tillers

A hand-stop M c r Is one designed lo pa*i dgnab 
with all frequencies except thoae between two 
specified cut-off frequencies. The cbaractenHn of
an ideal hand-skip tiller it shown in figure 17.25.

Such a filler нау be formed by connecting » high 
pass and a low-pass filter in parallel. A t can be seen.
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Ш  a baod-stop
N  inji given by the tfiffrrencr between these values 

Ite  elertrtcal d rain  diagiam symbol for 3 b .,„j 
-or filter и ibown ia  Hgurr 17.36.

- Ш -
nturr 1 7 . »

[  A typical practical characteriilic Гог a baa) stop 
61u i i> Aown in Hgurr 17.27.

►
R*urr 17.37

[ Sometimes, ai in thr taw of interference fnsn

IB R H i  power lion  ia an audio system. the exact fre 
quency of a spurious notae agoal lc known. 1/ша11у 

t * A  interference la to n  an odd harmonic of 50 № . 
forriaaipk, 230H i A sharply tunrd hand Лор Ш 
ter, designed to ateauale thr 25011/ noise oinal ts 
■aed lo miaunue ihe effect i4 the output A high 
P»»' fikei wiih cul-o(f frequency giealei than 250II/ 
would also remove the interference, hul ю те of 
the lower frequency components of Ihe audio signal 
•ould ke loti aa well.

{ R l e r  design can be a complicated area I or more.
Bectrical C irri* Theory and Technology.

N0»  Hy the following exercise

9|  short answrr qurstlnns i

•• Define a filler.
ч ? fine *** cta-uff fre fje ry  for a filter 
' «Йое « I wo-port network.

4. Define characteristic impedance for a two- 
potl network.

J. A network designed to paaa signal* a  fre
quencies below a specified cX-ofl frequency 
ia called a ........ filter

Л A artwork designed № paaa signals with all 
frequencies except those between I wo spec
ified cut-off frequencies is called a ........
filter.

7. A network designed lo pass signals with 
frequencies between Iwo specified cut-off 
frequencies is called a ........ filter

1. A network designed lo paaa signala a  fre
quence above a specified cat-off fmgicncy 
is called a ........ tiHer

9. Suae one application of a low-pass filter.
10. Sketch (ai an ideal, and (b) a practical alien 

uatioiVfrrifuency characten aic for a law- 
pass filter.

11. Sketch (a) an ideal, and (b) a practical aten- 
uation/frequency characteristic for a high 
paaa filter.

12. Sketch (al an ideal. and (b) a practical atten- 
u an on/frequency charactenuk for a hand- 
pass filter

14. Stale one application of a haad-pass filter.
13. Sketch (ai ao Ideal, and (hi a practical aten- 

uafion/frequency charactenstk for a band- 
Stop filler.

15. Stale one application of a hand-stop filter.

Kxrrebe 99 Mult i-c hole' questions on 
liters (Answers aa page 376)

1. A netwodt designed to paas agnail with 
all frequencies except those between Iwo 
specified cut niff frequencies is called a:
(a) low-pass filter (b) high-pass fiber
(c) hand-pass filter (d) hand-stop filler

2. A network designed lo pass signals a  fre
quencies above a specified cat-off fmgiency 
ia called с
(a) low-pais filter (h i high-pass filler
(c) band-paaa filter <d) hand slop filler

3. A artwork designed lo paas signals a  fre
quence below a specified с at-off frequency 
ia called a:
(a) low-paas filler (b) high-pass filter
(c) band-pass filter (d) band-stop filler
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4. A  network designed lo pu t signals with 
frequencies M in n  two specified cta-ofT 
frrijuc'ih.ics It с ailed a
(a) km-pui filler (b) high-pass W in
(c) band-pass Slur (d) band-stop filler

5. A  lowpass T-connected syinmetncal tiller 
section baa an iaductance of 200m il in cacb 
of Hi series amis aad a capacitance of 0.5 id- 
in its slainl aim. The cut-off frequency Ы  tbe 
filler ia:
<•) 1007 Hz (b ) 251.6 Hz
<c) 71M Hz « I) 177.9Hz

6. A  low-рам т -connected lymmeincal filler 
section has an inductance of 200 mH in IU 
series aim and capacitances of 400 pF in 
each of iti ibuat arms The cut-off frequency 
of Ibe filler it:
ft) 25.16kHz (b) 6.29kHz
(e) 17.79kHz «П 35.59kHz

Tbe following refen 10 question! 7 and S.
A filler eevtion it Ю have a nominal impedance 

of 620 П and a cul-off frequency of 2 MHz
7. A  low-paii T-connected symmetrical filler 

lection it comprised of:
(a) 98.68 |iH in each letiet arm. 128.4 pF in 

shunt arm
(b) 49.34 till in each series arm. 256.7 pF in 

thum ami
(c) 98.68 mH in each teriet arm. 256.7 pF in 

thum arm
(d) 49.34 mH in each scries am . 128.4 pF in 

thunl am
8. A  low-paat * -connected symmetrical йкег 

section i i  comprised of:
(a) 98.68 mH  in each leriea am . 128.4pF in 

«hunt am
(b) 49.54 pH in each sent. m . 256.7 pF in 

shuat am
(c) 98.68 цН in each series am . 256.7 pF in 

shunt am ______

(d) 49.34jiH  in each series am . 128.4 pi 
•hunt am

9. A high-pasi T-cMinected lymmeincal 6h<, 
ss sVpa has capacitances of 400 nF ia each o| 
iu  letiet arms and an inductance of 200 ml | 
In its shunt arm. The cut-off frequency of th,- 
filter is:
(a) 1592 Hz (b) 1125 Hz
(c)281 Hz «1)398 Hz

10. A high-paas т -connected lymmeincal filler 
section haa a capacitance of 5000 pF in its 
aenei am and inductance! of 500 |dl in each 
of its shunt am i. The cut-ofT frequency of 
ibe filter to:
(a) 201.3 kHz (b) 71.18 kHz
(c) 50.33 kHz (d) 284.7kHz

The following refers to questions 11 aad 12.
A  filter section is requited to pau all !rv 

quencies above 50kHz and lo have a nominal 
impedance of 650(2.
11. A  high-paas T-connected symmetrical filtei 

section is comprised of:
(a) Each series am  2.45 nF. shunt arm

1.03 mH
(b) Each series am  4.90 nF. shunt ami

2.08 rail
(c ) Each series am  145 nF. shunt ami

2.08 mH
(d) Each series am  4.90 nF. shunt ami

1.03 mil
12. A high-paas д-connected symmetrical filter 

section i i  comprised of:
(a) Series am  4.90 aF. and each Aunt arm

1.04 mH
(b> Serve am  4.90 nF. and each tiuni arm

2.07 mil
(c) Series am  2.45 *F. and each Aunt arm

2.07 mH
(d) Series am  2.45 aF. and each shunt arm

1.04 mH
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D.C. transients

At lhe end of thli chapter you should he able lo:

• underfund the tern) 'transient'
• describe Ihe Iran sent response of capacitor and m inor volugrs. and силам in a 

series C-R lc .  circuit
• detine tie term ‘lin e  constant4
• calculate time coaaiam in a C-R circuit
• draw trmnuent growth and decay curve# lor a C-R drcu i
• use equations ic  = V(1 -  t '" ') .  tig = V i~ "' and i = /e *"' for a C-R  circuit
• describe tbe transient response when di.charging a capacitor
• describe ihe Innaenr response of Inductor and tritaor «ullages and current in a 

series L-R  dc. circuit
• calculate line сом ам  in an l.-R  аки *
• draw transieni growth and decay curves for an L-R arc at!
• use equations v l = V e^ *. i*  = V(1 - 1 41')  and i = / (I - a '* " )
• describe Ihe transient response for current decay in an L-R  circuit
• understand the switching of indactive circuits
• describe the effects of ume conaant on a rectangular waveform via integrator and 

diflereaialnr circuits

**•1 ln triK lu ctb .il

^hcn a d.c. voltage is applied to a capaator С  and 
“ • "o r R connected in series, there ts a sboit period 
“ f ’>■« immediately after the voltage is connected, 
“ "ing which the current flowing in the circuil aad
* t*«»es across С  aad R are changing 

Similarly, when a dc. voltage is connected to
* “ rcaii having inductance /. connected in senes 
, 1 "tW ance R. **re is a shun penod of time 
~ “ f*« e ly  alter Ibe vobage is connected, dunng 
*™a> lhe cunenl lowing ia Ihe circuil and the

***es across L aad R are changing
changing values are called transients

18.2 Charging a capacitor

(a) The circuit diagram for a series conaected C-R 
circuit is shown In Hg. 1 Я. I When switch S  it 
closed then by KirchhofTi voliage law:

V = wc + 4 ( »
(Ы  The battery voltage V is constant The capacitor 

voltage ic  It given by </C. where g is ibe cbupe 
on the capacitor. Tbe «tillage drop across R it 
given by IR. where i It the current Bowing in 
the cacuil lienee at all lines:

К - 1  + И (2)
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Figure 111

AI ihr tnttaM Ы  doting 5. (iraiMl circuit con
dition). anuming there it no initial chatge on 
the capacitor. 40 it zero, hr nee uo ts ie»o. Thut 
finm Equation (I). V = о + flU!. i.e. <y<, = V. 
H ut thowt that lie  resistance lo current it tolely 
due lo R. and the initial current flowing, to = I = 
V/R

(c) A tbon time later al lime i, seconds after dot
ing S. Ihe capacitor it partly charged to. tay.
41 coulonbt hecaute cunent hat been flowing. 
Ihe  voltage uci I» now (ft/C) voHt. If  tbe cur
rent flowing it iI amperes, then tbe voltage drop 
acrow R hat Mien to i,R  volu. Thut. Equa
tion (2) it now V ш (fi/ C ) + i]R

(d) A thon Ume later Hill, tay <1 time t; trconds 
after doting tbe twitch, tbe charge hat increated 
10 qi coulomht and uc hat increated to Uti/C) 
volts. Since V s v c  + v iia n d V 'iia  consul, 
ihen in drcreatet to ij/t. Thut t f  It tncieattag 
aad 1 and t* are decreanag at ui

Figure 18.2

18.3 Tim * coatlanf Гиг a C - R  circu il

(a) If a cornual d.c. vnltage it applied 10 a ten» 
connected C-R circa*, a Iran or nt curve uf 
capacitor voltage «с it at shown in Hg. l8 -(t>.

(b) With reference to fig. 18.3. let Ibe constant 
voliage tupply he replaced by a variable voltage 
supply at time It seconds. Let the voltage be 
vanrd to that the current flowing in Ihe circuit 
is 4

(el llkimaiely. a few tecondt after clottng 5.<1 л  at 
the tinal or steady it ate condition 1. the capacitor 
it fully charged to, tay. Q coulombs, current ao 
longer flow t. Lc I m 0. and hence t*  = Л  ■ 0. 
It follows from EquMion (1) that «у- = V.

(f) CUtvet thowing the changes in tic. in and i wth 
Ume are thown in Hg. 182 
Ibe curve thowing tbe variation of with 
Ume it called an enpanenttal growth cu m  aad 
the graph it caled Ibe capacitor voltagcAimr' 
duractentuc. Tbe curvet thowing the vitiation 
i f  I t  and 1 with tine are called rspmential 
drcay curvet, aad the grapbt are called 'm l«o r 
vokageAime' aad Ч яп гяЛ те ' characientlm 
respectively. (Tbe naoieVipunrnUal' thowt that 
the thape can be expressed mathematically by an 
exponential mathematical equation, at shown in 
Section 18.4).

* 0»

(c) Since the curreni flowing it a constant, the curve 
will follow a tangent. AB. drawn 10 the curve nt 
point A.

(d) Let the capacitor voltage i*  reach ttt final value 
of V ai Ume r; tecondt.
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-Пк time cotTcaponding lo (/; -  I , )  *-c«eds ii
• f -л thr tknt romtant of Ihr circuit, draotrd 

Ibr Greek Iron  'tau\ г. Ib r  value of dir 
Ja r  constant It CR second*. i.e. foe a lenes 
connected C-R ctraiii.

tfcar r o m t j a t  i  =  C R  i r r a t K k

Sace Ibr variable voltage mentioned ш paia- 
p-apti (b) above can be applied a  any instant 
(kimg * r  lianarnt change. И may be appitoJ 
а  I = 0, U . at * r  msunt of connecting for at- 
call to dir aipply If thts к  donr. then ihr umc 
constant of die circuit may hr defined aa: Ihr 
nine take» for a transient lo reach Us final state 
if the in itia l rale n f change is maintained’.

18.4 T ran sien t cu rves fo r a C - R  
circu it

Tbne »ir Iwo m at method* of drawing transient 
curve» graphically, these being:

ta) Ibe tangent method thn method l> ibown in 
ftoNrm I

(b) Ihr Initial dope and Ih rrr point method which 
a  ibown In Pnibleai 2. and it based on thr 
following propestiri of a transient exponential 
curve:
(I) for a growth curve, the valur of a transient 

at a time equal lo one iinir constant u 0.632 
of Hi Heady пае value (usually t* rn  Is 
63 per cent of Ihr Heady stair valur). al a 
Ume ngial hi two and a hall lime coaatatXs 
la 0.91* of Hi Heady state value (usually 
taken as 92 per crnt of Hi Hrady sustr valur > 
and a  a limr equal to five time constant» is 
equal to Its oeady stale value.

0»> for a decay силе, the vtdur of a tnutarnl at 
a time equal to one time constant Is 0.368 
of in  initial value (u*ially lakrn us 37 per 
“ «I of Its initial value), a  a lime equal lo 
two and a half time conaants is 0,082 of II* 
initial value (usually taken as * per cent of 
ita initial value) and ai a lime equal to five 
lime coniianu is equal lo иго.

]be tranMem curves Aown in Pig 1* 2 have .nab- 
"■ *“ «1  equations, obtained by solving tlr  difleirn 

^Nations representing the circu*. Tbr equation* 
“ I the curve,

growth of capactior vnUagr.

rc  -  V (|  -  ш4* * ) m V ( I  -  
array of n d d w  '« к  age.

rg -  Vc ,/CT aa V «w/' and 

drcay af rrdUor voltage.

I  -  I t 4 * *  m 1 1  ,h

Problem I. A I5 |iF  uactmgrd capacitor it 
connected in sertei with a 47 kQ reaiMor 
acnaa a 120V, d.c. supply. Uae Ibe 
langenlial graphical method lo diaw ibe 
capacitor vokage/time characteristic of Ibc 
circuit. Prom Ibc cbaractenstic. determine Ibe 
capacitor vokage al a tune equal to one lime 
constant after being connected lo tbe aipply. 
and alio Iwo iccoads after bring connected 
to tbe aipply. Alao. find Ibe ume for (be 
capacitor vokage lo reach one half of lu 
steady stair value

1b construct an exponential curve, tbe lime comlaai 
of the circuil and aeady Male value aeod lo he 
determined.

Tune conatant = CR - 15цР x 47 kQ

s* IS  x 10"* x 47 x 10* 
я  0.7051

Steady stale value of i t  *  V, te. tic = 120 V.
With trfrirnor lo Fig. IH.4. tie Kale of Ibe hor

izontal axil li d n»a  so that it spani al lean five 
tune comtanti. U . S x 0.705 ot *out 3.5 areondi. 
The scale of Ibc vertical axis spans the change ui

Tima a)

Klgurr IS.4

t
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(be capacitor wilt age. lhal it. bum 0 to 120V. A 
broken line A B  i> drawn corresponding lo the Una 
value of it-

i\»m С Ia meat» red along A B  ao lhal AC Ia 
equal u  Ir ,  le . AC — 0.705a. Straight line ОС la 
drawn. Assuming lhal about live intenncibale pomls 
are needed lo draw Ibe curve accurately, a jaunt D 
ia teW-ted oa ОС oorretpondmg lo iu t  value of 
about 30 V. DB it  drawn vertically. F.F и made to 
correspond lo Ir , Le. EF  ж 0.7051 A straight llie  
it drawn joining DF. Tbit procedure of

(«I drawing a vertical line through point «elected, 
(bl al lhe aeady-a*e value, drawing a hon/ontal 

line corretpondiag lo Ir , aad
(c) joining the fir* and last points.

ia repealed for uc valuei of 40. 60. 80 and 100V, 
giving poimi G , H, I and J.

The capacitor voltage eflectivcly reach» «• 
steady - state value a t 120V after a tune equal lo 
five time constants, ihown as point K. Drawing a 
unomb curve through points O. D, О. H. I, I  aad 
К  gives tbe expo new lal growth curve of capacitor 
voltage.

Prom the graph, fee value of capacitor vobage a  
a time equal lo Ihe time conaant ia about 1t\. It 
it a characteristic- of all exponential growth ourvet. 
that after a lime equal lo one time conataM. Ibe 
value of Ihe irananM It 0.632 of iu  ttcady-iu«e 
value. In thii problem. 0.632 x 120 ж 75.84 V. Alto 
from ibe graph, when t la two tecondi. uc it about 
115 Volts. I Thu value may be checked ustag the 
equation vc — V(1 — where V ж  120V,
r = 0.705 s and t ж  21. Thu calculation gives 
vc = 112.97 V J.

The time for t f  Ю rtte lo one half of Iu  final 
value, i.e. 60 V. can be determined from Ibe graph 
and it about O S t. [Tbit value may be checked uaiig 

= V(1 -e~'n ) where V =  120 V . ic  = 60 V  aad 
Г ж 0.7051, giving I m 0.48911

Problem 1 A 4«P capacitor it charged to 
24 V and then discharged through a 220 Ю  
resistor Ute Ihe ‘Initial slope and three 
point' method lo <kaw: (a) tbe 
capacitor voitage/umc charadenstic, (b) ibe 
resistor viihageAlrae charad ensile and 
(Cl tbe currenWtme cbaractensttc. Ibr Ihe 
inntieM i which occur. From Ibe 
chanctenttics determine the value of 
capacitor voliage. retislor vobage and current 
1.51 after duchaige haa started.

To draw Ibe inu ieH  curvet, the time constant ы 
the circuit and Heady Hale value i  are needed

lime tnnsiaau* r = CK
~ ж 4 X I0  ‘  X 220 X 10'

Ж 0 881

Initially, capacitor voltage ц. ж  щ ж 24 V.

. У *
*  “  220 X 10»

ж  0.109 mA 

Finally, «с ж ц  ж  I ж О

(a) The exponential decay of capacitor voltage is 
from 24V lo 0 V  in a time equal lo five ume 
constants. iA  J  x 0.88 = 4.4b Wllb reference 
to Fig. 18.5. lo constmet ibe decay curve:

(I) Ibe hoozonlal scale it made so lhal n spans 
al least live lime constants. Le. 4.4 s.

(U) Ibe vertical scale it made lo span the 
change In capacitor voliage. Le. 0 to 24 V. 

(Ш) pond A cortrspoadt lo tbe iniurf capacitor 
voltage. l« . 24 V.

(Iv ) OB Is made equal to one time constant and 
line AB it drawn; tbit gives the Initial slope 
of the irantient.

(v ) the vahie of the transient after a time equal 
ю one time constant is 0.368 of ihe initial
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value. U .  0  3 f t *  X  24 =  « H IV ; a venxal 
line и drawn through H and distance BC is 
mode equal to * . 8 3  V. 

in ) tbe value of Ihe transient alter a lime equal 
lo two and a hall lime constants u «.<*2 of 
the Initial value, i.e. 0.082 x 24 = 1.97V, 
shown as poult D in Pig. 18.:.

(vii) the iranstem ertectl vely dies away lo /его 
after a time equal to hve time constants, i.e. 
4.4*. givin# point E.

Tbe smooth curve drawn through points A. C. 
D and E  represents the decay transient. At I .J* 
jfter decay has Hailed, tip % 4 4 V. 
flbu  may be checked using t<r = Vt '1',  
where V = 24. / ш 1.5 and r = 0 8*. giving 
v  = 4.36 V ]

(b) Tbe voltage drop across the resistor is equal
lo Ihe capacitor vokage when a capacitor is 
dicharging through a resistor, thus the resistor 
voltage/time characteristic is identical to that 
tbown in Fig. 18.5 Since 14 = tic. then al 1.5 
seconds after decay has started, in *  4 4V (see 
(vii) above).

(cl Ibe cunt «Л (me characteristic is consltuclcd 
in the tame way as the capacitor voltage/lime 

' dMraderistK. shown in part (a), and is as shown 
ia Fig. 18.6 Tbe values air: 
point A: initial value of cunenl = 0.109 mA 
poim C: al 1 г ./ = 0.368 x 0.109 = 0.040mA 
point D:at 2.5 r .( = 0 082 *0.109 = 0 009mA 
point B: at 5 r, / s  0

! lienue Ihe current transient is as shown. Al a 
time of l.S i, the value of currenl. from Ihe 

f cbancteristic is 0.02 mA
(Tbit may be checked using 1 = lc1 ' "  where 

к / = 0.109, I ж 1.5 and r = 0.88. giving 
I  < = 0.0198mA er 19.8|iA|

Prohiem 3. A  20 td capacitor is connected 
in series w ith a » k ! )  1? stator and the circuii
ii connected lo a 30V. d.c supply 
Determine (at the initial value of Ibe current 
flowing, (b) Ihe time constant of the circuit. 
<c) die value of Ibe cunenl one second after 
connection, (d) the value of tbe capacitor 
vollage iwo secoods after connection, and 
<e> tbe time after connectson when ibe 
resistor voltage ia 15V.

Puts (c). (d ) and <e) may be determined graphically, 
ак shown in PraMeras I and 2 or by calculation aa 
rtiown below.

V = 20V. С *  Э0цР = 30 x I0-*F.
R = 50k£i = 50 x 10» V

(a) Tbe initial value of the cunenl flowing it
V 30 / = — = - — —; = *.4 mA R 50 x I0J

(b) From Section 18.3 the time constant.

t  = CR = (20 x I0-‘ X »  * IO ’ ) = l i  
(cl Cunenl, i ж le and wotting in mA units.

I = 0.4е*,л  «  0.4 x 0.368 = 0.147 mA 
<dl Capacitor voltage.

»c = V (l -  e4* )  = 30(1 -  e-*1" )
= 20(1 —0.135) = 30 x 0Л65
ж 18 J  V

(e) Resistor vokage. r* = Vt~v'
Thus 15 a  20e'‘/ l, 15/20 = e-* from whicb 
ef = 30/15 «* 4/3
Taking nararal loganthms of each side of Ibe 
equation gives

f = In - s  k>1.3333 Le. time I = #28*4

Problem 4. A circuit constats of a trsirtor 
connected in scries with a 0.5 |sF capacitor 
and baa a llae  constant of 12 ms Detename
(a) tbe value of Ibe testator, and (b) Ihe 
capacitor voltage. 7 ms after connecting toe 
circuit lo a 10 V  supply.

0



(a) T V  time constant г в  CK. hence

13 x 10 *
= 0.5 x u H  
e  24 x 10» = 14 к Q

(b) The equation foe the growth of capacitor voltage
u: i*  = V (1
Since r x  12 m. a  12 x 10 >», V = 10V and 
i ж 7 mi = 7 x 10*’ «, then

^  = io d - .- » « ^ “ « » - )
= 10(1 - е ",Я ) )
= 10(1 — 0.558) = 4.42 V

Alternatively, the value of uc «hen т ? п в  
may be determined using the growth character 
otic as Aown ia Problem I.

- JW — A —

Tlmaa(«| I
(b) Currant transient 

Hgurr IK.Я

18.5 Discharging a capacitor

When a capacitor it charged (i.e. with the twitch 
in poaibon A Ul Fig 117), and the switch is then 
moved to position B , the electron! itored ia  the 
capaator keep the currral flowing for a thon tine 
Initially, at the insiari of moving from A lo B. the 
cunral flow is such lhal the capacitor vokagr mc “  
balanced by an a jiu i and opposite voltage 14 я  IK. 
Since initially uf в  t*  = V, (hen 1 = 1 = V/R. 
During tbe transient decay, by applying KirchhofTs 
voltage law 10 Bg. I&.7, uc = 1* 

finally the transients decay eipoamtiaUy le lero. 
Le. tc = i1» = 0. The transit at curves repmcnuag 
the vokages and current are as shown ia Pig. IK  S 

The equations representing the transient curves 
dunng Ibe discharge penod of a series connected 
C-R orcutt tea: ___

dreay af loltage,

»c  -  щ  m у  ,'-•*»> «  V j- "*  

decay of cunrnt, i = I »»-*/**1 m It'- 41'

When a capacitor has been disconnected from the 
aipply it may still be charged and il may retain this 
charge for some considerable time. Thut precaitiom 
emit be taken to ensure that the capacitor I» auto- 
aiatically discharged after the tupply il twitched off. 
Thii it done by connecting a high value irsisior 
across the capacitor teiminali.

Problem 5. A capacitor it charged lo 100 V 
and then ditdiarped through a 50 kO irsiilo r 
If the lime constant of the circuit ia O.S s. 
Determine: (a) the value of the ca p a ca o i.
(b) tbe time for tbe capacitor voliage to fall 
lo 30 V , (c) Ste cunrnl flowing when Ihr 
capacitor has hrea discharging for 0.5s, aad
(d) the voltage drop across the resistor when 
the capaator hat been <bsdiarging fur one 
second.

И fu r»  117 Лги (bk (c) and (d) of ibis problem may be w iv e d  
graphically as shown in Problems I a n d  2 or by
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K w rrin f 100 Furtftcr 
transients In serin (on ih  d rd  С R  H rc u il

^ T . . , n  *  Aowa bdow.
l00V .f  = 0 * » .я  = 50кП = 50 X 10*0

. , д д о  time coreaant, r = CR. capacitance.

с  - - m - ° :>- t  = 1*1*1'C=  R *  JO x 10*
A , Since <« = V'-+  t*n  20 = 100c «•« f * *

ahicb 1/5 = c *
Пи,I, e174* = 5 and taking natunl loganitins 
Ы  each side. give* I/OS = In 5 and lime, 
I = 0 81ti5 = 1-1» t.

(ci i -x lc '' ' where the initial current flowiag.

/ s  — x  __ —■ s  2 mA
R 30x10»

Working in mA «mill.

i = It  V' =
_  у  0 Ш  _  2  x  0.535 = 1 07 mA

(dl щ = = У»'*'* ш100е -1/0 *

=r IOOe, J J  = 100 x 0 2*7 = 2* 7V
I __________ _ _ _______

Problem 6. A 0 .1 p l: capacitor is charged lo 
MOV before heiag connected acm e а 4кЯ 
resistor Determine (a) Ibe in ilia l dischaige 
cunrni. (b) Ihe lime constant o f Ihe circuu. 
and (c ) Ihe mini mum lime required for Ihe 
voltage across Ihe capaalor to fall lo  lest 
lhan 2V.

(a) laitial diacharge cunrni.

I  i s T  = 7^ ~ t  a « 0 S A  iir SOmA R 4 x IV
0>) Tkne constant r = CR = 0 1 x 10'‘  x 4 x I03

= 0U*t»4sor0 4in.
<«> The minimum lane for the capacitor voltage lo 

•all to let* lhan 2 V. i.e. less than 2/200 oi I 
! 1*1 cent of the initial value is given try 5r 
I = 5x0.4 s l im

In a dc. circuit. • capacitor blocks Ihe fUrrrnl 
4lnn» tunes tb.il their ax- ihanstrs ui if»' 

" W y  vokage

Now try Ihe following excrcue

1 An uncharged capacitor of 0.2 itl-is connected 
lo a 100 V. dc. nipply through a n u «  of 
|00кП Determine. ekber graphically or by 
calculation Ibe capacitor vollage 10ms after 
tbe voltage has been applied (39.35 V ]

2 A circuit coasuu of an unchaiged capacitor 
connected ■ series with a 50 k f) irsistor and 
bat a time conatai* of 15 ms Determine either 
graphically or by calculation (a) the capaci
tance of the capadlor and <b) tie vokage drop 
across ibe tetittar 5 ms after coanecttag the 
circuii to a 20V. dc. supply.

|(a) 0.3 |iF (b) 14.33 V ]

3 A 10|aF capacitor ia charged lo 120V and 
then discharged tuough a 1.5 МП maslor. 
Determine either gra{iacally or by calculation 
Ibe capacitor vollage 2 1 after diachargiag has 
commenced. AUo find bow long il lakes for 
Ihe vollage lo fall to 25 V  [105.0 V, 23.53t]

4 Л capacitor it connected in series with a 
voltmeter Ы  resistance 750 Id ! and a battery. 
When the voltmeter reading it steady the bat 
leiy it rqtaced with a shotting link If il 
take* 171 for tbe voltmeter readuig to fall to 
two-thirds of lit anginal value, determine the 
capacitance of Ibe capacitor. (55.9|iF]

5 When a 3 pf charged capacitor is connected lo 
a resistor, fee vokage falls by 70 per cent in 
3.91. Determine the value of the resistor.

[1.0* M R]

IS A  50||F uncharged capacitor is connected in 
series with a 1 kO resistor aad Ihe circuit it 
twiicfaed lo a 100V. dc. tupfly. Determine:
(a) tie  initial cunenl Itowiag in the circuii,
(b) the lime constant.
(c) Ibe valae of currenl when / ia 50m and
(d) tie  voltage across ibe irsis»» Ml mi after 

dosing tbe twitch. .
1(a) 0.1 A  (b) 50 ms

(с) ЗЛ КтА  (d) 30.1 V ]

7 Aa uncharged 5||F capacitor ft connected in 
tertoa with a 30 kQ irriitor across a 110 V. 
d.c supply. Determine the umr constant ol 
the circuit and tie Initial charging cunrnt. Use 
a graphical method to draw the currem/nme

TUotOOk
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charadenitic of Ibe a n a l and truer deter 
mine Ibe current flowing 120 mi after connect- 
IH  lo the supply.

1150ms. 3.67mA. 1.65mA)

X An unchaiged 80|iF capacitor is connected ш 
icriet with a I кП  геяяог and is «witched 
across a 110 V supply Determine ihe Ume 
constant of ihe circuit and Ihe initial ratue 
>4 currrni flowing Derive graphically the cur- 
nr m/lime characteristic for the iransienl condt- 
lion and hence determine lhe value of currem 
flowing after (a) 40 ms and (b) «0 ms

|*0 ms. 0.11A (a) 66.7 m A (b) 40.5 mA|

9 A resist»» of 0.5 М Я ii oonneded in tenet 
with a 20|iF capacitor and the capacitor u 
charged to 200V. Tbe battety is replaced 
instantaneously by a conducting link. Draw 
a graph showing the variation of capacitor 
voltage with lime over a period of at least 6 
time constants. Determine from lhe graph lhe 
approximate time for the capacilor voltage lo 
fall to 75V |9 .ti|

ol currem
change of time

i i
L r  di

IX .6 C urren t growth in an L - R  circuit

la) The circuit diagram (or a seriei connected L-R 
circuit is ihown in Hg. I >.9 When iw ltA  s ia 
dosed, then by Kirchhoff's voliage law:

V = «L + 4t (3)

(c) A l tbe nut am of c lo d * ihe switch, the n,i,. # 
change of сагггкъ a f t  that it induces an,• m r 
in Ihe Ц & Ятвс  which „  equal aad opp,Ni  
lo V. hel» e If  = 4. +0, Le. iv  = V f t0 
liquation (3), because »l = V. then = о ^
f  =  a  • 4

(d) A  short time later at time «econds afier ck»,„,
S. cunenl i| i l  lowing, „псе there is a rate ,jf 
change of currem initially, resulting m a w iW  | 
drop of I i*  across lhe trustor Since V tvciiicia 
is constant) = ««l + t* the induced e.m.f „  
reduced, and Equation (4) becomes:

V = t ^ i  + i,«  
dti

(e) A  «hoit lime leer srUI tay al time i2 «econtk 
after closing Ihe switch, the current flowing is i2, 
and the voltage drop «СП» the ir fist or incrrsv* 
to i2R. Since ц  increaies. decreases

<f) Ultimalely, a few accondi after clo«lng S. the 
cunenl flow i> entirety limited by Л. Ihe rate of 
change of currcat is am and hence ц  I*
Thu» V ■ iJt. Under thete conditions. steady 
nate current flows, usually signified by I. Thus.
I  = V/K. Vk ■ /Л aad |<L = 0 at Heady state 
conditions.

(g) Curves fhowmg lhe changes ia rt. t« and > with 
lime are shown in Pig IS. 10 and ladtcalc lhal

8
T "

K ifu rr 18.9

lb) Tbe battery voltage V' is coosiant Tbe voU^e 
acrou the inductance is the induced voltage, Le.

Tbe voltage drop across R. >n is given by iR 
Heaoe. at all timet: И f l i r t  1810
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ia a maximum value initially Ii* . equal10 V), 
la y in g  exponeaiislly tu /его. wtseieas г* snd 
“ T IL  exponentially Irom re to lo Iheit «teady 
J t t  value» of V aad I = V/Я u'»f44iiv rK

j j .7 T im e conatant for an I . K  c irc u il

u, ib reference10 Sectioa 113, Ox- time « M in i of 
connected l.-R circuil is delmed in Ihe same
_-•___ ________ Г.̂  _________/' U

way
f̂ cxiit lu  value i> given by:

ttmr rooaUnl « ■ -  *n n d »

1H.8 Transient curvts for an I.- R  
circait

Itanurm lurves te presenting ihe induced vod- 
ageAuiu-. resistor I'oltageAime and curreat/time 
cbanxterishcs may be drawn graphically, an out
lined to Section 114 A mctlkid of construction is 
diown in ProMem 7.

Each of tbe transient curve» shown in Hg. 1H 10 
ha»e mathematical equations, aad theae ate:

dreay of Induced voltage.

П. -  rn Vt'-H *

powtti of resist or \ulta#r.

» » » V ( l- e  * ' l ) * = l '( l- e ^ ')  

ffxxvdi at curreni flow.

J *  applicati,™ of the»e cannons 1» shown in 
^oblci.9 .

^ * * е т  7. A  relay has aa inductance of 
'«► •H and a resistance of ЗОЯ. It U 
“ aaectcd lo a 60V, d-c supply Uie tbe

dope and внес poirt method lo <fraw 
Ц» canetMAiroe dharncteriMk and hence 
“ '•ertnrne Ihe value of current flowing at a 

eigial to two tunc constant» and the 
e foe the current to grow to 1.5 A.

Before thr curreatAiaie diaractcrlsac caa he drawn, 
the tune comtant and steady-stale value of the 
сапгм have to he calculated.

Time constant.

10 к 10 * 
»

a Ihe ume conaant for a acne» connected C-R

Rnal value of cur tent. 

, V 60
=  *  =  ao 1 ЗА

The method uaed lo conatmd Ibe chanctertsuc u
the aame as tha used in PnWem 2

(al Tbe scsle» should span al least five lime 
coaaumu fborizoaully). ix. 25 ms. and 3 A 
(vertically)

(to) With refeteace lo Hg. IS. 11. the initial slope ia 
chained by making AB equal 10 I time concurs, 
(ix . Sms), and Joining OB.

(A)

lc) A l a time of I lime conuani. CD »  0.632 x / в  
0.632 x 3 = I 196 A.
At a time of 15 time constant». E F is0 .9 llx /  = 
0.911 x 3 *  2.754 A.
At a lime of S Iliac coostaas. GH is I  я  ЗА.

Id) A smoixh a im  Is drawn through points 0,
D. F  sod H and Itui curve Is tor airreniAime 
charact ensue

Hum the chaimaeitaic. when > а» 2r. I at 2 6 A. 
Г Ibis may be checked by calculation ustag I m
H I -  e " ’ ), where f  > !  aid  1 a  2t, g ivit* 
I = 2.59AJ. Alao. when (he currem is l.SA . the 
uuarspoadtng lane is about Л паю [Again, this may

Ш . Ю О »



be checked by calculation. using i = /(1 -  e*'rt) 
where I = 1.5, / ■ 3 and t  = 5m», giving 
I = 3.466 m»|.

Problem & A rail erf inductance 0.04 H aad 
resistance io n  1» connected lo a 120V, <Lc. 
supply. Determine (1) (be final value of 
cunrnl. (b) (be Ume constant of the circuit, 
(cl (he value of curreM aftei a lime equal (o 
(he tune constant from (be instant (be >uppl> 
voltage 1» connected, (d) the expected time 
for (he current (o rise lo within I per сек of 
its final value.

L
t = « J

: 0004» at 4п»

V 120
(a) Final steady current. I = — = -jj- = 12 A

(b) Time constan( of (he circuit.
0.004

10
(c) In the time r » fee current rises (o 63.2 per cent 

o fiu  final value of I2A . U . in 4 ms the current 
rises to 0.632 x 12 *  7.58 A.

(d) The expected Ume for tbe cunenl lo > к lo 
within I per ceat of iu  final value is given l>y
5 r s. i.e. 5 x 4 = 20ms.

Problem 9. The winding of an 
electromagnet has an inductance of 3H aad a 
resistance of 15 Q. When a is connected lo a 
120V, d.c. supply, calculate: (a) ibe steady 
stale value of currral flowing in the w inding,
(b) the lime coneant of tbe circuit, (c) the 
value of tbe induced e.m.f. after 0.1 s, (d) Ibe 
lime for tbe currral to rise № 85 per cent of 
iu  final value, and (e) Ihe value of Ibe 
cunenl alter 0.3 s.

DC.T*ANSIB>U

(c) The induced e.m.f.. n. la given by = yc ,
The d.c. voliage V ia 120 V, > is 0.1 s and r J  
0.2 s. hence M W  Л

vt  *  = I20e 45

= 120 x 0.6065 = 72 78 V

(d) When Ihe енгтем is 85 per cent of its linal value I
I = 0 *51. Also. I я  Ц 1-  «-V '). thus

0.851 = /(1 - a " '* )
0.85 = 1 - е~“ '

t  = 0.2, hence

0.85 = 1 -  e-*'*2 

с 1* 2 ж 1 -  0.85 = 0.15

Taking natural logarithms of each Bde of this 
equation gives:

ln e "* J ж laA.A
and by die laws of logarithms

^ b * - h 6 ,4

lne ж 1, hence lime I  = 0.2 In 6 6 = 0J79s
(e) The currem at any instant is given by i = 

/(1 -e-v ,l  When / = 8. f ж 0.3 aad r = 0 2. 
then

1 = 8(1 - « 4 W 1 ) =  t | l  - e - | J )
= 8(1 -  0.2231) = t  x 07769 = 6 215 A

(a) Tbe steady suae value of current.

, V 120 . a
a  m is "  *

(b) Tbe lime coasuai of Ibe circuil.

L 3 
r *  i i — Ts e
Parts (c). (d)and le )o f (his problem may 
he determined by drawing ibe traasienls 
graphically, as shown in Problem 7 or by 
calculation as Aown below.

18.9 C urrent decay in an L - R  circu it

When a series connected L-R  circuit is connected
lo a d.c. supply as shown with S in poaiUon A ul
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1*12. *  «М П** I = V/к flows alter a shun 
P>  „ .B n g  » magneUt field (ф  X I)  associated 

i^ducii* When S Ik moved lo poution B. 
current value (!№ ««•> , causing i rfccreaae in Ihe 

51n«ib o f Ihe magnetic field f lux linkage. occur, 
inemung * voltage a  ■ « fu jl l“  К *7dM . By f en/ » 
C l t u  voltage fa-epx cunrni i flowing la  the 
Ecu * , i f  value beeg binned by R Thus ч  = in 
H e cunrni decays eifKm cntiallv lo «его and since 

£Tnproportional to ibe cunenl flowing. i B decays 
fuoaenlially toiero Sincc щ  = t* . n  also decays 
gunaeniialls to кп> The curses representing these 
m nsriii- are similar lo those rfviwn in Hg. IR  8 

l l r  equations representing tlie decay Iramienl

*cny of milages.

П, -  r*  -  

decay of current. < m I t 1 miL) =  l t <~lln

Problem 10. The field winding of a 110 V. 
dc. motor hat a resistance of И  CJ and a 
tme constant of la  Drlrrmine ihe 
inductance and use the tangential method to 
dnw the currenUime characteristic when the 

> npply «  removed and replaced by a shotting 
link From the cbaractcnstic detenmne 

I  fa) the currenl flowing in the winding 3s 
I  aflcr bang short ed-oul and (b) the time fcx

t T
B * la n

Kr U .the lime coMant. r = <£/#). /.
15 к 2 > Я Н  

Tbe cuncMAime chancurutic is coastmcled in a 
« 4  to lh« ased in Problem

®* The scales should span al lewi live lime 
I  Constants horizontally. t e 10 s. and I = V /Я = 
(  40/15 = 7 .J Д vertically

£Р>  W»h reierence to Hg I*  13. til.- initial slope
■ obtained hy making <>B equal to I time 
coasiani. <U. 2 •). and jr.ni ng A В

■ P1* A l. му, j ,  4A  k , (  ы  lhc p,,,m ad  
«■responding to a cunenl of 6 Л Make И :
'**“ 1 * ° 1 time constant, fix . 2 si. and join O i

(iv) Repeal ihe procedure given in (Ш ) for сштгм 
values of, say. 4 A. 2 A  and I A . giving points 
F.G and  H

(v ) Point I  l i  ■ five lime constants, when the value 
of currenl i i  zero.

(v i) Join points A . C . F. G . H and J with a 
smooth curve. ТЫ» curve ii the ouncnUlme 
characterise.
(a) From tbe current/time charad ensue, when 

h H I i U A  ГТЫ» may be checked by 
calculation uasng i я  I t '* ',  where I = 7.J, 
I = 3 and r = 2. giving I a* 164 A ) The 
ducrepancy between the two results u (hie
lo relaavely few value», such a» C. F , G  
and H. being taken.

(b) From die characteristic. whea I я  5 A. 
f a O J i  [Thn may be checked by 
calculation using i я  /е'*'4. where t в  5, 
I  я  7.1, х я Х  giving I s  0.766 sj. Agaia, 
the dias'repancy between Ibe graphical and 
calculated value» 1» due Ю relatively few 
value» such a» C . F. G  aad H being taken.

Problem 11. A  coil having an inductance of 
611 and a resistance of ЯП ia connected in 
senes with a resistor of 100 to a 120V, dc. 
supply. Tbe lime coanant of (he circuit ia 
300ms. When steady itsae coodtuors have 
been readied. Ihe aipply is reflacod 
instantaneously by < tbod-dram. IXierimne 
la) Ibe resittaacr of Ihe coil, (bl the current 
flowing tn tbe circuii one sccoad alter the 
■honing link baa been placed ia Ihe circuit, 
and (c) die Date taken for die ament lo fall
lo 10 per ce« of Ka Initial value.

TUtMOk



(a) Tbe lime constant.
cncuit inductance________L__

~ total circuit renlilalK r ~ Л + 10

L 6Ihus «  = - - 1 0  = —  - 1 0  = 
r 0.3 1 (0

Paris (b) and (c) may be determined graphically 
as shown in Problems 7 and lOor by calculation 
as shown below.

(b) H ie steady-state cunrnl,
V 120 / * -  = —  -- * 6 A R 10+10

Ibe transient cunrnl after I second.
I ж I t = йе-'Л»

Thus I = 6e~u  = 6 x 0.03567 

= 0.214 A

(c) 10 per cent of Ibe Inlual value of tbe cunrnl it 
( 10/100) x 6. le . 0.6A lltang tbe equation

I = le~,n gives

об

Le. °-± = e- ^
6

о, е,л> “  TT  “  Ю
0.4

laking natural logarithms of each tide of das 
equation gives:

o3  = ta ,°
from which. Ume. I m 0 3In 10 = 0*91»

Problem 12. As inductor has a negligible 
resistance and an Inductance of 200mH and 
is connected In scries with a 1 led irsistor lo 
a 24 V, d.c. supply. Determine the Ume 
constant of Ihe clreull and Ihe steady-stale 
value of the current flowing in the circuit. 
Had (a) the current flowing in tbe drcuil at a 
time equal to one Ume constant, (b) the 
voltage drop across the inductor at a Ume 
equal lo Iwo Ume constants snd (c l the 
voltage drop across Ihr irsislor after a ume 
eqnal to three tin

Ibe Ume constant.

I. 0 2 - . ,
ш * 0 2 т

The steady-state current

V 24 
<=■= = — ^ J4 * A  R 1000

(a) Tbe Iransieat cunent.

I = /(1 - e-<rt) and i *  Ir.

Working In mA units gives,

I = 24(1 = 24(1 —
= 24(1 —0.361) = 15.17 mA

(b) Tbe voltage drop across the inductor. 
4  =  Vt~"'

(c)

Wben i = 2r. vL = 24e'1,/'  = 24e •’
= 3248 V

Tbe voltage drop across the resistor, 
i*  = V (1 -  е-,л )

When I ■= 3r. v* = 24(1 - e '5̂ ')

= 24(1 -e- ‘ )
= 22 11V

Now try Ibe following exercise

Kxrrcfce 101 Further problems on 
transients In serin  L - R  circuit»
1 A coil has an inductance o f l JH  and a ires 

lance of 44 О and is connected to a 20° V
d.c. supply. Draw the cunrnt/ume charadco- 
tic and hence determine the approuiaair value 
of the cunent flowing 60ms after connecting 
the coU lo foe supply. И  '  Al

2 A 23V d c  supply l> connected to • ссй 
of inductaorc IH  and resistance 5 0
a graphical atcthod to draw the enponrniial 
growth curve ol cunrnl and hence detenu!'1' 
the approuaaste value of the cuneM fl>'» mg 
100ms after being connected lo the supply
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,  . n inductor hat a irnMaacr of 20 П and 
m inductance of 4 H. It ia connected lo a 
50 V dc. supply By drawing thr appropnale 
<j w lc tcnMK tlrul (a) the appniumate value of 
cunenl (lowing alter 0.1 ■ and (Ы  Hie tttw for 
Ibe current Ю g»w  w I SA

|{a) I A (b) 0.18.1

4 TIk field winding of a 200 V d.c. machine 
has a resistance of 20 П and an inductance of 
(/iHinll Calculate:
if ) the Ume coanant of (be field winding.
<fe) the value of current Dow one time constant 

alter heing connected to Ihe raipply. and
(c) the cmrenl Sowing 50 is* after the supply 

ha. been switched on
[(a) 25 ms (b) 6.32 A (c) * .* JA )

-
Kr——------------------I IL 10 Switching Inductive circuits

(Hanpaled a. beat It  Rn and К aad arcing ai i 
■witch conlacti it  avoided.

18.11 T be  cffcctfl at lin e  constant on a 
rectang u lar w aveform

Integrator circuit

By varying the value of either С or it ia а «еле» 
coaaecled C-R circuit, the time cotutaal (r  = CR), 
of a circuit can be varied. If  a rectangular waveform 
varying from +£ lo - £  it applied lo a C-R шеим 
as Shown in Fig. 18.15. output waveform* at the 
capadioc voltafe have various shape., depending 
an Ibe value of R. Wben R is small, r ■  CR ia 
■null and an output waveform nidi a* that shown 
in Fig. 18.16(a) is obtained A i the value of R u 
«cleared. Ibe wivetorm diange* to lhal ihown to 
Fig. 18.16(b). When R ia large, the waveform it 
m shown ia Pig. 18.16(c). lhe d tc til then being 
described и  an M rg ra lo r dm rft

Baetgy stored ui the magnetic field of an inductor 
exult because a currem provides the magnetic lield 
Wben the dx. supply u switched ofT the current 
Ы Ь  rapidly, tbe magnetic tie Id collapici anting 
a large induced e.raf which will either caise an 
MC acrou the switch contacts or will break down 
da insulation between tdjacenl lumt of the coil. 
Tbe high Induced e m f. acts in a direction which 
l*ad» to keep the current fiowing. i.e. in the »amc 
dhecoon ai the ap|4ird voltage The energy from 
•• ■agnelK held Will thus be aided by (be tupply 
® J* |C  in nuinuimng an are. which could cane 
*evr*  damage lo the switch. To reduce Ihe induced 
• *  t  wben Ihe supply switch is opened, a discharge 
* * “ "  *0  ia connected in paullel with the inductor 
•shown in Fig. 18.14 The magnetic field enetgy i.

n  n  1—1J u  и  U
. Ок/ТЩТ 
,C т с я щ

H p irt 18.15

H it

If a rectangular waveform varying lioro +£ to 
- E  ia afphed lo a *ene* coanected C-R a n  tat





20
Three-phase systems

Л1 the end of toil chapter you should he able lo:

• deacribe a itagle-pbase supply

• deacribe a three phase supply

• understand a star connection. and rm fm /t' dial I I  = I ,  and V l = \ '  V ,

• draw a complete pfator diagram for a balanced, star connected load

• understand a della connection, aad recogmar that l 'L = V , and /L = ч ТЦ
• draw a phator diagram far a balanced, delta connected load

• calculate power ta three-phase systems using P  = V JV iA o o t^

• appreciate how power l i  measured In a three-phase system, by the one. two and 
three-wattmeter methods

• compare star and delta conned кии

• appreciate the advantages of three-phase systems

The voltage induced by a angle coil when Mated 
in a uniform magnetic field l i  shown in Hg. 20.1 
and it known as a rfngk-phww voltage Most con- 
a incn  are fed by means of a aingle-pbase a.c. 
mipply TVvo wtrrs are used, one called the live coe- 
ductor (usually coloured red) and toe other u called 
the neutral conductor (UsaaOy coloured black L The 
aeutral it usuaKy connected via protective gear to 
earth, the earth «ire being coloured green. The dan 
dard voltage for a single-phase a.c. supply it 240 V. 
The majority of ungle-phase supplies «re obtained 
by connection to a three phase supply (tee Hg 20.5. 
page 289).

20.2 T h rw p h a w  supply

A Ihrce-phaat tup ply is generated when three coils 
air placed 12СГ apart and the whole rotated in a 
uniform magnetic field aa shown in Pig  20.2(a) The

20.1 Introduction

Generation, transmission and distribution of electric
ity via the National (irid  system is accomplished by 

, toree phisr alternating currents

lr̂ ic«3
EMf

0

* W ia .

t
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m ull ii three independent supplies of equal vokage» 
which ait each diiplaced by 120" from each olhrr 
as shown in Fig. 20.2(b).

(i) The convention adopted to identify each of tbe 
phase voltage» is: R-ttd, Y-yellow. and B-btue. 
aa shown in Pig  20.2

(ii) The phasc-srqarnc* is given by the sequence 
ui which tbe conductor, pass tbe point iaitially 
taken by the red conductor. The national stan- 
daid phase sequencf is R. Y, B.

A  three-phase ax. supply '• earned by three con
ductors. called ‘ко м ’ which ait coloured rad. yel
low and blue. The cutrrnts in these conductoti ait 
known as line current» (/[.) and the p.d.'» between 
them art known aa line voltage» (V l). A  fount) con
ductor. called Ihe neutral (coloured Ыаск. and con
nected through protective devices lo earth) ia often 
used with a three-phase lupply.

If the thrce-ptuue winding» shown in Pig. 20.2 
arc kepi independeM then six wire» art needed to 
connect a supply wurvc (such as a generator) to a 
load (»uch as motor). To reduce the number of wilts
il it usual lo interconnect the three phase». There a t 
two way» In which tbi» can be done, these being:

(a) a star connection. and (b) a drlta. or mesh, 
connection. Source» of three-phase luppbtf. 
Le. alternator», ait utually connected in 
star, whereas three-phase iraniformer windings 
motor» and other load» may be connected either 
in star or delta.

20.3 S tar connection

(i) A  atar-eonnccfcrd load 1* shown in Fig. 20.3 
where the three line conductors ait each

connected to I  load and the outlet» from ihe 
load» are joined together л N lo form wtui u 
termed the neutral point or the star point

(ii) The voltage». V». V* and V» are called phase 
voltages or line to neutral voltage» Hhav vofc- 
agei are generally denoted by Vr.

(iii) The voltage». V*y. Vyb and V j* are called 
Une voltages

(iv ) From Fig. 20.3 it can be teen that the phase 
current» (generally denoted by l t ) ait equal to 
their re»pectlve line current» /*, /у and /». i.e. 
for a itar connection:

(v ) For a balanced iy»iem:

/*= */v*/» . V , = VY = V ,
V n  =» Vy* ■ Vm , Z» = Z y « Z »
and the cunenl in tbe neutral conductoi.
/N = 0 When a star-connected «уест is bal 
anced, then the neutral conductor is unneces
sary and b often omitted

(vi) Tbe Une voltage. V»Y. shown In Pig 20.4(a)
is given by T ry = V» -  Vy (Vy (■ nc?
alive »inoe II i« in Ibe opposite direction to 
Vgy). In die phasor diagram of Hg. 20.4(b).

Ilgurr 20.4
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pjjiM" V r i* le v e n c d  (ritown by ibr Nuken 
Im, I and then added phasonally lo V* (lx. 
V rr = + <— By trigonometry. or by 
^M U tem enl. V«y а  Л  V*. Le. for a bal- 
f^-wl nar connection

v t - V 3 v r

Problem I. Ihtee loedt. each of nrsisiance 
300. aie connecn-d ia star lo • 413 V,
3-pbaae supply. Determine (a) Ihe tynem 
phase voliage. (b| the phase cunenl and
(c) the line <

A '415V, 3-phaie supply' means dial 415 V ii the 
Bnr voltage. VL

(a) For a Mar connection. V l 
phaae voltage, V,

JS V ,. Hence
> = = 415/Л  =

V9 *  V  or 140 V. correct lo 3 significant hgurct
(hi Phaae cum *. I ,  a  V,/k, a  240/30 = С A
(с) Рог a маг connection. I,  = I 1  hence Ibe line 

• .Il a c IA

(See Problem J  following for a complete pha- 
юг diagram of a «аг-conneclcd systeml

(Vttl The star connection of lhe I hire phaacs of 
a tupply■ together with a neutral conductor, 
4lows Ihe use of two voltages - Ihe phaie 
voliage and Ihe line voliage. A 4-wire system
ii alto used when Ihe load i i  not balanced. 
The standard elecUicity supply to conaumen 
in Great Britain is 41V240V. 50Hz, 3-phaie. 
4-wirt alternating cunenl. and a diagram of 
connections it thown in pig. 20.5

Problem 2. A nar-otmected load uoniuti 
of three idem teal cab  each of геямапсе 
300 and inductance 127.3 mH. If  Ihe lire 
current ii 5.08 A. cafculrte the line voltage if  
the supply ftecjuency i i  50 H i

Inductive reactance

JfL = 2w/L m 2Ж  30X127.3 x И Г * )»  400 

Impedance of each phase

Z , = \ Л> + Х l  = \ 301 + 40* a  500 

For a star connection

I f

Hence phase vultagr.

V , = l rZr m (5.0SK50) -254 V 

Line voltage

VL = y/iV , »  V3(254) = 440 V

И *  <.

u вело

X 1 1*■
1

<

j#.*

fm 'SB .rn

Т 1 Л Ю О К
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Problem J. A balanced. three-wite, 
sur-connerled. '  ph»*' load has • phase 
vultage of 240 V. * Hit  current of 5 A and a 
lagging power factor of 0.966. Draw the 
complex- pbasor dugnm

The phaior diagram it ibown in Hg. 20Л

Problem 4. A  415 V. 3-ptaae. 4 wire, 
tfai-coanocted lysirm  luppbes Bure restttlve 
loads as Aown in Fig. 20.7 Determine
(a) Ibe curren in each line and (b) the 
cunrm in Ibe neutral conductor

(а) For a star-connected syMem VL = -Л V,, bencr

415
7 Г

Since current / = 
resistive load then

VL
7 5 '

H fu rr 2a*

Procedure to contract the phaaor diagram:
(1) Draw V , = VY Ж V „ = 240V and • paced 

120* apart. (Note that V , is shown vertically 
upwards - this however is immaterial for it 
may be drawn In any direction).

( i )  Power fact иг к  cos* = 0.966 lagging. Hence 
the load pliase angle is given by co s '10.966. 
U . 15* lagging. Hence /* = /у = /в s  5A. 
lagging V», Vy and VB respectively by 15*.

(iii) V |Y = V ( -  Vy (phaaorially). Hence Vy 
■a reversed and added phaaorially to V». By 
measurement. Vay a: 415V (U . 240) aad 
leads V , by Ж  Similarly. Vyg = Vy -  V„ 
and V „  =. V ,-  V ,

240V

power P/voltage V  for a

10* A

: 7$ A

and I , . *  = Н “ ° Я „ А
* V , 240

(b) The three line currents are shown in the phan* 
diagram of Fig. 20.8 Since each load i> tesutivr 
the currents aft  In phaae with the phase voltac 
and are hence mutually displaced by 120*. The 
current in the neutral conductor Is given hy 
Ы  = /* + ly  + /» phnsorially.

Hgure 20.9 * » w t the three line currents added 
phaumally. oa rcpieirnts I ,  in magnitude and direc 
uon From the nose of oa. ab is drawn icpreieniinjt 
/у in magnitude and direction. From the nose of ab.



о

И г* " **•*

he i l  <ka»n rrprrscem g /» in mapnttudr and direc
tion oe represents ihe resultant. /N By measurement. 
A ,= « JA

Ahcmattvrly. by calculation. considering l u al 
90Г. I t  at 210* m i ly  U 330": Total botooM l 
component = 100соа9(Г+75с«ЗЭ0*+30со|210' 
ж  21.65. Tottl vertical component = 100 on 90' + 
75ы»330- + 50ип210' = 37.50. Hence magnilude 
of /N = V21.65*4-37.50* = «3.3 A

Now tty the followtng euictie

b rrd w  IM  Further pnM m u on star

1 Three loads, each of reniunce 50 О are con
nected m star CO a 400V, 3-phaae supply. 
Determine (a) the phase voltage, (b) the phase 
current and (c) tie line current.

[(at 231V <b) 4.62Л (с) 4.62AI
2 A alar-connected load coasins of three sden- 

ttcd c a ll, each of inductance 159.2mH and 
resistance 5 00  If  the supply frequency Ii 
50Hz and Ihe hue currrat u  ЗА  determine
(a) the phase volume and (b) Ihe line voltage

1(a) 212V (b) 347V)
3 Three identical capacitors are connected ta star 

to a 400 V. 50 H i 3-pbase supply. If  tbe line 
cunrni Is 12 A determine the capacitance of 
each of tbe capaciton. |165.4мП

4 Three coils eaiil having resistance 6 0  and 
ioductancv L  H air conaected la sun lo a 
<15 V , 50H i. 3 phase lupply If the line cur- 
rca ia 30A. find the value of L.

(16.71 m ill
5 A  400 V, 3-phase. 4 wur, star-connected syi- 

teia suppliei three irsisiive loads of 13ltW.

20.4 IV h a  счщ
^ c t io e  

« ) A  delta (ar ^
in Rg. 20 си весИ  U ao«n
connected ц> ibe Ы  o( o *  bad u

«tail ы  tie * u  ^(* ) From Rg. Эо .. 'л п л т
voltages V'ey А  и can be и "  
l * «  TO"« *ea  y» » d  Vm *  4» '^ a iv e  

' '■* for s delu coedfq*

, be x™ tb" fc hne

Flgurr 2n.lt 

(m ) Using K lrc t^
Ik = отпет I»» fig 20.10.
liagram , * >  »  / « + (- / * ' 
or by n y .^  » ia Rg. 20.H- by 
* 4 »  It  • u. for a
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5. Three Identical coils caci) of 
resistance 30(2 and inductance 127J a i l  air 
connected in deka lo a 440 V. 50 Hz. Vphaae 
supply. Determine (a) I he phase current. and
(b) the line current.

Ruse impedance. Z , = 50 ft (from Problem 2) aad 
for a della connection. Vr = Уц.
(a) Phase current.

, V, KL 440
l ' m ? , x T , m - » = M A

(b) For a delta connection.
h. = s/3/, = /3<в.К) = IS  24 A

Thus when the load а connected in deUa. three times 
the line current is taken from the supply than is taken 
if connected in star.

Problem 6 Three Identical capacitors arr 
connected in deka to • 415 V . 50 Hz, '  phase 
supply. If the line cunrnl it 15 A. determine 
the capacitance af each of the capacitors.

Hor a delta conneceoo h_ = J% lr  Hence phase 
cu treat.

,, = ̂ “'Лв*6бА
(apacaive reactance per phase.

I c  = ^  «  —
If  U

(■nee for a della cunnectioo V\_ -  Vp(. Hence

X c  =  i £ -  4 7 . 9 2 0

Xc = l/2xfC, from which capacitance.
I 2

2я/Хс 2*50X47.92)
F= 6 *4 J|*F

Problem 7. There coils each having 
rmuance 3 ft and indoctive reactance 4 0  
air connected (I) In liar and (U) in deha to a 
413V, 3-phase supply Calculate for each 
connection (a) the Unr and phase voltages 
and (b) the phase and line currents.

(1) For a lia r connection: /L=/r and У|=,/з Vt

(a) A  415 V. 3-phase supply means that the |lnc 
voltage. Vt  = 41SV

Phase «QlMfC. *

V, •  ■1 ' J i i ■240 V

(b) Impedance per phase.

2 , « х * Г й г [= У з т + 7  = 5 п

Phase oirrrat.

l,m V ,IZ f = 240/5 = 4»A 

Line current.
; L - / , «  4* a  

(Ы) For a delta connection: VL = Vr and
It  —
(a) Line voltage. VL = 415 V  

Phase voltage. V, в  Vt  ■ 415 V

(b) Phase current.

Une current.

lu •  Л / ,  = >/3(вЗ) = 144 A 

Now tty the following «erase

K m rtw  10* Further problems an delta 
connections

1 Three loads, each of resistance 50 Q are con 
netted in fella to a 400 V, 3-phase supply 
Determine (a) the phase voltage, (b) the phase 
current and (c ) the line current

|(a) 400 V (b )*  A  (c) 13 *6 Al
2 Three inductive loads each of ratsunce 75 ft 

and inductance 31S4mll uc coanectcd in 
della to a 415 V. 50 Hz. Iphm e supply IVtci 
mine (a) the phase voftage. (b) the phase cur 
tent, and (c) the line current

{(a) 415 V (b) 3.32A (c) 5.75 A I
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1 Ib n ' idemical capacitors не connected in 
delta K> » 400V. ЗОН* 3-phase mpply. if the 
IfcK СШТеЛ I» 12 A detrnnilk- Ihr vapacltancr 
of each of lhe capackot*. |33.13|>F]

4 U *rc coil» each having resistance A R  and 
iacAKl.UK> LH  are connected in della. lo a 
415 V . ЗОН*. 3-phase supply If Ihe line cur
rent is 30 A. find Ibe value of L

[73.M m H l

J  A 3-fhче. nar-connected alternator dekven 
a line cunenl »f 65 A to a balanced tfclta- 
coanrcted load al * line voliage of 310 V. 
Calculate ta) Ihe phase voltage of Ihe aUrma- 
toc, (b) Ibe akenialor phase cunenl and (c) the 
load phase cunrnl

«■> 219.4 V (b) 65 A  (c) 37.53 A|
t  Three 24(if- capacilor» are connected in Mar 

acrou a 400V. 50Hz. 3-phase supply. Whai 
value of capacitance must hr connected in 
ifcka in order to lake the same line cuiront?

I* mH1

Hence for cither i U k i  della balanced omnect k * i  
Ihe total power P  is given by:

/L
'7 5

P  «  s/3V iA  walls

or P  Ш waits

loud voU-amperci

S  «  VS V J\  volt-ampere*

Problem 8. Three 120 resistors ate
connected in star lo a 415 V, 3-phase supply.
[letermine the total power dissipated by the
tension.

20.5 P o w rr la  three-phase system s

lhe power diuipalod tn a dim- phase load u given 
by the sum of Ihe power dissipated in each phase 
If a load II baianccd then the uxal power ¥ ts given 
by: f  = 3 x power consumed by one phase.

The power consumed in unc phase = l:fRt or 
У,1,стф  (where ф u  the phase angle between Vp
and 1Г).

For a Mar coonecuon,

v '  *  75 **d ' * "  >l
hence

P •  3 ^ / Lco»0 С Л  Vl /lco*ф 

fw  » delta connection.

V , *  VL and /, .

hence

^ = 3VL-^oos^=  s/3V iA cos$

ft>wer dissipated. P  = V i V lIlC Q I^  or Г  -  3/jlt, 
Line voltage. Vj. ж 413 V and phaae voltage

V ,_ 1 £ .2 4 0 V

(since Ibe restaurs are star connected 1 Phase cur

,  V . V . 240 
'• Я % Я Ь ' - й т Х А

For a star connection

/ ,.« / , .2 0  A

For a purely renstive load, tie  power

factor = oos ф = 1

Hence power

Рж -УЭ V J t v » 4  m Vl<415H20Ml)
■ M 4kW

or power

P  «  У }* , m 3(JDf i l l )  *  M  4kW

T Lfe iO O K
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Problem 9. Tbe input power lo a '  ptuur 
a.c. motor it measured a» 5 kW. If Ihe 
vuluge and currenl Ю Ibe motor are 400V 
and 8.6 A respectively. determine ibe power 
factor of ihe system

Rjwer P  = 5000 W,
Une vollage VL m 400V.
Une current, /i  = 8.6 A and

power, P  = V 5 v jLco,4
Hence

‘ - A v J l

” ° °  = .«»>  
Л(400К8.6)

power factor я  стф  ■■

Problem 10. Three Identical coils, each of 
resistance 10 fl and Inductance 42 mH arc 
connected (a ) In star and (b) tn della lo a 
415 V , 50 Н». 3-phase supply. Determine the 
loul power dissipated in each case.

(al Star conn retina

Inductive reactance,
XL > 2я /L ж 2зг(50К42 x Ю '1) = 13.190. 
Riase impedanor.

(Alternatively,

P  Ж 3/}*, = 3(14.50^(10) = »3 k W )

(b) Delta ennneetlun .  mJ
■ < *VL ,V f ?«I5V.

Z , = 16.55 О, <х»ф ж 0.6042 
lagging (from above).

Phase cunrni.
I ,  ж V,/Z, ж 415/16.55 = 25.0» A.

Une current.

I l ж J3 I,  я  v^(23.<*) = 43 44 A.
Power diadpalfd.

P  ж J l V J i  cos#

= УЗ(415Н4?.44)(0 6042) = 18»7kW 
(Alternatively.

P  Ж 3/J*, as 3(25.0*)*(10) = 18 87kW)

Hence loads connected in delta dissipate three time* 
the power than when connected in star, and also take 
a Une currenl three tunes greater.

Z , Ж  \ 8  ^ I0 ! + 13 191 _  16.55 n.

Line vollage.
V l = 415 V  
and pbtue voltage.

Vr ж Vi/y/1 я  415/Л  = 240 V.
Phase currenl.
I ,  = V,/Zr ж 240/16.55 =• 14 50 A. 
lin e  cunenl.
/L = /r *  14.50 A.
ftiwer factor я  cos ф = ftf/Z, ж 10/16.35 ta
0.6042 lagging.

Problem I I .  A  415 V. 3-phase ac. motor 
has a power output of 12.75 kW and opemcs 
я  a power factor of 0.77 lagging and with an 
efficiency of 85 per cent. If  Ibe motor is 
deka-conneoed. determine (a) ihe power 
input, (bi the line currenl and lc) the phase 
cunenl.

(a) Efficiency = power output/power input. Hence 
85/100 = 12750/power input from which.

power Inpul a 12750 x 100 
>5

15 но» w  or 15 kW

Р ж  V S v J l самф ж У3(415)(14 501(0 6042) 
= 6 Jk W

(b) Power. P я  y/7V| /|,cos ф. hence fes* current

I я  '
1 Л(415)(0.77)

15000
■Л(415)(0.77)

t 27 10 A
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(с) К ч  • delta амакИоа. f L = V ?/ ,, hence

Now try the following eietcise

b m iv  110 I4irthf г prtrtrrm  on power
I thrrr phaw m i*m u
. Determine the total power dissipated by three 

30 (1 resistors when connected (a) in star and 
К» In delta to * 440V, 3-phase supply.

[(a) V.68kW (b> 29.04 kW )
. Determine the power dissipated in the drcuit 

of Problem 2, Exercise 103, page 279.
|1.35kW|

3. A balanced detea-conncctcd load has a line 
voltage of 400 V , a line current of 8 A and a 
lagging power factor of 0.94. Draw a com
plete pbasor diagram of the load. What i* the 
total power dissipated by the load? |3.21kW)
Three Inductive loads, each of resistance 4 П 
and reactance 9 П  are connected In delta. 
When connected to a 3-phase supply the loads 
consume 1.2kW Calculate (a) the power fac
tor of the load, (b) the phase current, (e) the 
line cunent and (dl the supply voltage 

[(a) 0.406 (bl 10 A (c) 17.32 A  (d) 98.49 V )
3. The input voltage, cunent and power to a 

motor is measured as 415V. 16.4A and 6 kW 
Bspectively. Determine the power factor of 
the system. (0.309)
A  440 V. 3-phase kc. motor has a power 
output of ll.23kW  and operates at a power 
(actor of 0.8 lagging and with an efticicncy 
of 84 per cent. If the motor is della connected 
determine (a) lie  power input, (b) (he line 
cunent «id  (c) the phase current

((a) 13.39kW (Ъ) 2I.96A (с ) I2.68A)

(il Onc-watuarter method h r  a balanced load
Wattmeter connections for both star and delta 
are rfiown in Pig. 20.12

Figure 20.11

(h ) Two-wattmeter method for balanced or 
imbalanced loads
A connection diagram for this method it 
shown in Rg. 20.13 for a mar-connected load 
Similar connections are made for a deka- 
oonnected load.

figure 2U.1J

20.fi Measurement of power in 
threc-phaac ty s ttin

ftjwer in three-phase loads may be measured by the 
M owing methods:

Hie power besot may be determined from:

Ш оЮ Ок
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(MC Problems 12 and 15 ю  18).
ll ii pouible. depending on Ihr load power (ac
tor. for one wetmeter lo have lo be reveried' 
to obtain a trading In thu case II i i  lakes aa a 
negative reading («ее Problem 17).

( i i i )  Three-wattmeter method for a Ih m - fiu ir.
4-wtre lyattm  for balanced and unbalanced 
loads I see Hg. 20.14).

Total power m P 1 + P f + P j

Problem 12. (a) Show lhal Ihe loud power 
in a '-phase. Vwur system using the 
two-wattmeter method of measurement la 
given by the turn of Ibe wattmeter readings 
Draw a connection diagram, (b) Draw a 
pbator diagram tor the Iwo-wattmeter 
method for a balanced load, (c) Ute the 
phasor diagram of put fb) to derive a 
formula from which tbe power factor of a 
'-phase system nay be deteimined uiing 
only thr wattmeter leadings.

(a) A connection (fcagmn far the two-»a* meter 
method of a power measurement ii shown In 
R f. 20.13 for a alar-connected load.

H fu rr M Lljt

Total innantwieous power, p = r „ i,  + ,  
rain and in any Jpliase system i« +/*+/, - 
hence i B *  -<* - 1 у Thus.

P  = e«i» + eyiy -Ke*JyfR -  <y)

= tn

However, (e* -  г») U the p.d. across wattmeter 
1 in Fig. 20.15 and (eY -  e»> is the p.d. aero» 
wattmeter 2 Hence t«al instantaneous power

f  = {wattmeter 1 reading)
+ (wattmeter 2 reading)

= И + Л
The moving systems of lhe wattmeter, are 
unable lo follow' ihe variations which take plate 
al normal frequencies and they indicate the mean 
power taken over a cycle. Hence the total power 
P = Pi + P i for balanced or unbalanced loads

(b) The phasor diagram for Ihe Iwo-wattmci. i 
method tor t  balanced load having a lagging 
cunenl и *ow a in Fig. 20.16. wbeie Гщ, = 
V , - Vt and VrB = V y - V t  (phaaorially)

(0) Wattmeter I reads VM /Bcoi<30’ -ф) *  Pi 
Wattmeter 2 reads Vy»/y oos(30’ + * ) = P:

Hgure 211.1*

/>, Vu /« соКЗО" -ф ) coK-W -_#)
P i = Vy»/y co*(30“ + ф) ~ С О К» + ♦>

since /| ai /Y and = V y , for a balanced 
load. Hence
Л  co iW cos^ -t-M nW un»
Pi “  сое Ю~ cos ̂  — sin 30' sin ф
(from compound angle formulae, see 'Eitgui'''' 
mg Malhrmanrs \
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Dividing throughout by coa W co » #  give*:

1 + tan JO* ten*
*  l- t tn W ia n #

( нпсс ^ 4  = ““ И1 со» ф

OowHnuliiptyiag give»:

P  P
Г, -  - ^ L lan **  /*) + -^ jtan*

Hence

f l  -  Л »  +

faun which

tan ф

(a) < onndenng the toad:
Pbaae cuireet, I ,  я  Vt/Zt 
V, = V l for a delta oirmrcttnn, 
hence V , *  400 V.
Phase impedance.

z, = N «} + xl = VW+W = » o.
Hence I,  = Vr/Zr = « 0 / »  я  8 A.
Foe a delt»4»nncctiofl. bne cunenl.

I L = у/ i I ,  = <Л(*> *  13 »6 A.
Hence D M A  к  thr current tupptrd by the

ф. стф  and tbui power factor can he deter 
mined from tht» formula.

Problem IJ.  A  400 V. .Vptuue star 
connected alternator «ipplies a delta 
connected load, each phase of winch ha» a 
real tuner of 30 Q and inductive reactance 
40 a  Calculate (a) the current supplied by 
the alternator and (b l the niiput power and 
the kVA of the akernaior. arglecung lo»»e» 
in the Une between the altmuai* and load

A cin uit diagram of the alternator and load 1» abown 
inF i* 20.17

e> 1 Alternator output power ia ctpial 10 tbe power 
dun paled by tbe load i« .

V^ V l/lco»# . 
where coc^  = R?JZ p m 30/50 = 0.6.

Hence Г  я  4^(400*13.86)(0.6> 
я  5.7» кW  

Alternator output kVA.

f  > Л  V l/l = VJ<400M13.I6)
■ M k V A .

Problem 14. Eacb phase of a 
delta conneaed load comprise» a trtialance 
of Э0 О and an 80цР capacitor in aerie». Ibe 
load ia connected to a 400 V, 50 Hz. 3-phase 
aupply. Calculate (a) Ibe phase cuitrnt. 
lb) tbe Une current, (c ) the total power 
diaatpaled aad (d) tbr kVA rahag of tbe load 
Draw Ibe cun pie le phaaor diagram for Ibe

(a) Capadtive aeactaaee.

X°  “  I x fC  “  21К50КЮ x 10-*) “  W  74Q

H u e  impedance.

Z , я   ̂ * } + X2 -  JW T W t V  я  49 *3 0.

Power factor ■ со* фж Rf/Zf
a  30/49.83 = 0.602

t u « io o k
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Hence ф = eo« "1 0.602 = S2.99" leading 

Wiaie current.

, V,/Z, ■■ V l
for * delta connection. lienor 

l f = 400/49.83 = *027 A

(b) lin e  cunrnl. 1̂  = J5 lr for a delu-cotmecuon 
Hence /L = -Л<*.027) = U # A

(c) Total power diHipMcd.

P  = •Jb V l/ lcm #

= V3«00)(1S 90X0.602) = 5 797 к W

(d) Total kVA.

S  = V i V J L = >/3(400X13.90) = 9.630 kVA
The phacor diagram for Ihe load U shown In 
Hg. 20.18

Problem 15. TVno wattmeter* are connected 
lo measure Ihe Inpul power to a balanced 
Vphaae load by tie lwc>-wattmeter method. 
If ihe instrument readings air 8 kW and
4 kW. determine (a) the total power input 
and (b) the load power factor.

(a) Huai input power.
/• = P , +  f>) = l  + 4 * IJk W

(b> = =

I
7 Г

Щ )
30•

I
75

Power factor » co « *  = coi30* = 0 KM

Problem 16. TWo wattmeter* connected k> 
a 3-phase motor indicae the loul power 
input to be 12 kW. The power factor и 0.6. 
Del ermine the readmgi of each wattmetei

If the two wntmeten indicate Г, and Pi trtpecttvely 
then

*  + ^ j « l 2 kW ( I)

and power faaor с  0.6 = co tf. Angle <p - 
co« ' 0.6 = 53.13* and ian53.13* = 1.3333. Hence

. з з з з - Л ( ^ ) .

from which.
.  .  12(1.3333)

u l  Pt - P : Я  9.237 kW (2)
Adding Equaioiu (1) and (2) give»:

2Л =21.237 
21.237

2
= Ю .62 kW 

Hence wattmeter I read. 10 62kW 
From Equation (1 1. wattmeter 2 read»
(12 -10 62) -  1 3RkW

K . Л =■:

Problem 17. TVo wattmeters indicale
10 kW and 3kW reipcctively when 
connected lo ateature ihe inpul power to a 
'-phase balanced load, the [Vvrrv switch 
being operated oa Ihe meter uxUceing the 
3kW trading Determine (a) the inpul powr 
and (b) the load power factor.



TTtME-FHASE SYSTEMS 299

. ,|,e reversing ««Mich on « If wattmeter had  to 
""Г^ о л ч ! ibe 3kW reading is taken an -3kW

<,) Tout inpal power.
J . / 1  + * - W  + <-3>-7bW

<b>

= У5 f y )  *3.2167

Апцк ♦ = « *  ' 3.2167 = 72.73* 

ft>wer factor ж «о* ф = cos 72.73* = 0 2Г7

Problem 18. Three similar coils, each 
hating a resistance of * R  and an inductive 
reactance of » R  are connected (a) in star and
(b) in delta, acrosi a 41SV, 3-phase supply. 
Calculate for eack coanecuon the readings on 
each of two wattmeters connected to measure 
the power by the two-wattmeter method.

(a) Star connect ion: V\ ж s/3 Vt and I i  ж /,. 

Blase voltage. V , ж ж  

and phase impedance.

Z , =  ̂ + ДГ| = s / » JT F  = l l  31 R  

Hence phase current.
419

Д .  2, I IA

brace tan 45“ ж

f»xn which
10766

« . 6 W  (2,

Adding liquations ( I )  and (2) gives:

1P\ = 10 76* + 6216 ж 169*2 W  

Hence f , ж M91W

From Equation (1). Pj = 10766 -  *491 ж
2275 W.

When thr colb are tfar-rannrrtrd tbe 
wattmeter Ratbag* are thus II H I Ш  and
2-27SkW

(b> Delta connection: Vt = Vf “nd /L ш

V 415
Phase current, I .  ж —£ ж - ж 36 69A.Zr 11.31
Total power.

P  = ilp i, ж  3(36 69)г(*| ж 32 310W  

Hence/>!+/>] ж JE2 310 W  (3)

*  v  ’ /»,+/>, 1 32310
from which.

<4>

T~ Zf ~  ТТТГ
TUal power.
P  ж 3I f a  = 3(21. 1*)2(*1 = 10 766 W
If wattmeter readings are P, and P2 then:
Л  + Р 2 ж 107*6 ( I )
Since Kf = (R a n d X l. = S R . then phase angle 
Ф ж 4 Г (from aapedance tnangle)

тфш^ к ^
v V i - Л )

32310
" 7 Г

Adding Equations (3) and (4) gives:

2Л  ж 50960 from w ttdi P, ж 254SOW.

From Equeion (3). P2 ж 32310 -  254*0 
6*30 W

When Ihr cob are delta-connected thr 
wattmrler readings an  dan 25.4*kW and 
t U k W

Now try the following exerase

Kxerdse III Further p n b ltw  on the 
areasurrmrot of power la .l-phase circuits
I TVk i wattmeteis are ounnected to measure die 

mpul power lo a balanced three-phase load. 
If the waUmetei readings are 9.3 kW and
5.4 kW determine (a) tar loul output power, 
aad (Ы  the load power factor

|(al U .7kW  (h) 0.909]

TlfltOOK
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2 8 kW is round by Ok two-wattmeter me#»>d 
to be the power input to a .Vphaae motor 
Determine the readmit of each w attmeter d the 
power factor of Ihe «умет ia 0.83

(5.431 kW. Z569kW|
3 When the two wattmeter method ii u«ed to 

meaaure the input power of a balanced load, 
the leadings on tie wattmeter* are 7.5kW and
2.5 kW . the coaaecttons lo one of the coils 
on the meter reading 2.5 kW having to be 
re veiled. Determine (a) the total input power, 
and (b) die load power factor

«•> 5kW (b) 0.277]
4 Three similar coila. each having a resistance 

of 4.0 ft and an inductive reactance of 3.46 ft 
are connected ia ) ia star and (b l in delta 
across a 400 V. '-phase supply. Calculate for 
each connection the tradings on each of two 
wattmeters connected to measure the power by 
the two-wattmeter method.

((a) 17.15 kW. 5.7JkW
(b) 51.46 kW. 17.18 kW)

5 A '-phase, star-connected alternator supplies a 
deka connected load, each phase of which has 
a resistance of 15 ft and inductive reactance 
20(1. If  the line voltage is 400 V. calculate
(a) the current aippbrd by the alternator and
(b) the output power and kVA tiling at the 
alternator, neglecting any losses in the line 
between the alternator and the load.

((a) 27.71 A <b) 11.52kW. 19.2 kVA)
6 Each phase of a delta-connected load 

composes a resistance of 40ft and a 
40 pF capacitor in teries. Determine, when 
connected to a 415 V, 50Hz. Vphaae lapply 
(a) the phase uurrrnt. (b| the line cutrent.
(c) the total power dissipated, and (d) the kVA 
rating of the load

1(a) 4.66 A  (b) 8.07 A
(c) 2.605 kW <d) 5.80 kVA)

20.7 C n m p arb o a o f s ta r and d ella  
connection*

til Loads connected in delta dissipate three times 
more power thaa when connected in star lo the 
same supply.

(ii) For the same power, the phase currents must 
be the same for both delta and star connections

(since power a  3/*Ĵ >. hence the Une cum-щ 
in tie  delta-connected system it  greater than tt*. 
line current to the corresponding itar-conneu ,j 
system. To achieve thp same phase cunent 
a star connected systA  as in a deha-conncu j  
systcm/tBe line voltage in the star system u 
nA limes’ the 1tae voltage in the delta system 
Thus for a given power transfer, a delta n stem 
is associated with larger line currents tursj ihu> 
larger conductor cross- sectional area) and a n« 
system ia associated with a larger luie volume 
(and thus greater insulation).

20.8 Advantage* «Г three-phase 
systems

Advantages of three-phase systems over single
phase supplies include:

(I) For a given amount of power transmittal 
through a system, the three-phase system 
requires conductors with a smallei cross 
sectional area. This means a saving of coppei 
(or aluminium) and thus the original installation 
costs are leu.

(ii) TVo voltages are available (see Section 20..'
(v ii))

(iii) Three-phase motors are very robust, lelativrls 
cheap, generally smaller, have aelf-slartimt 
properties, provide a steadier output and require 
httle maintenance compared with angle Нм-' 
motors.

Now uy the following exercises

b rrr iw  112 Shari answer questions on 
three-phase systems

1 hxplatn hnefly bow a three-phase atpply 
generated

2 State the national standard phase aequetKc 
for a three-phase supply

3 State the two ways ia  wMch phases of a 
three-phase atpply can be iateiconaectcsl to 
reduce the number of conductors used com 
pared with tiree single-phase systems
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4 Slate the relationships between liae and phase 
доели and I me and phase voltages for a 
^-connected system

5 When may the neural conductor of a star- 
сип nected system be omitted?

6 Stale the relationships between line and phase 
carrents and line and phase soilages for a 
delta-connected system

7 What Is the aandaid electricity supply to 
itaneaic conaamrn in (heat Britain?

8 Slate two formalae lor determining the power 
diasi paled in the load of a three-phaae bal
anced system

9 By What methods may power be measured in 
a three-phase system'’

10 Slate a formula front which power factor may 
be determined for a balanced system when 
using the two-wattmeter method of power 
measurement

11 Loads connected in star dissipate........the
power dissipated when connected in delta and 
fed from the same Ripply

12 Name three advantage! of thtee phaae sys
tems over angte-phase systems

Exercise IL3 Main-cholcr questions on 
three-phase system* (Answers on page 37*)
Three loads, each of 10ft resistance, are con- 
trued in star to a 400 V. Vphase supply. Deter
mine the quantities slated ia questions 1 to 5. 
•electing answers from the following list

(a) ^ A  (b) s/3(!6)kW  (c) ^ V

(» ),/ 3(400)V (f)16kW  

(b) 48 kW (i) 40 A
(d) >/3(40)A

(g) 400 V

1 Lane voltage

2 phase voltage

3 Phase current

* lin e cunrnt

5 Total power dissipated ia tie load

6 Which of the following aalemeiat is false?

(a) Hoi the same power, loads cuaneoed in 
deka have a higher Пае voltage and a 
smaller liae current than loads cooaeeted 
in star

(b) When using the two-wattmeter method 
of power raeasuremral the power factor 
ia unity wtlea the waamrtei readings are 
the same

(c) Ax. may be distributed using a angle- 
phase ay stem with two wiles, a there 
phase lyaem with three wires or a 
three-phase system with four wires

(d) The national standard phase sequence for 
a three-phase supply Ii R. Y . В

Three loads, each of resistance 16 ft and infec
tive reactance 12ft are connected in della lo a 
400 V, Vphaae supply Determine the quantities 
suted in queatons 7 lo 12. selecting the correct 
answer from tie  follow ing bst:

(a) 4 ft (b) */5(400) V  (c) s/5(64)kW
(d) 20 A  (e) 6.4 kW <f) Л (2 0 ) A

(g ) 20  f t 0,1
400

® 75 v
<1) 400V(j) 19.2 kW (k) 100 A 

(m) 28 ft
7 Phase impedance

8 Line voltage

9 Phase voltage

10 Phaae cunrnt

11 Line current

12 Total power Л  «paled in the load

13 The phase voltage of a delta conaciied three 
phase system with balanced loads ia 240 V. 
The line voltage is:
(a) 720V (b) 440V (c)340V (d)240V

14 A 4-wire ture-ptwar flar-voanected system 
has a Une cunrnl of I0 A . The phase car- 
rent is:
(a) 40А (Ы  I0 A  (c ) 20A <d) 30A

15 The line vokage of a 4-wtre ture-phaae star 
conaected system is 11 kV The phase volt
age ia:
(a) 19.05 KV (b )llk V
(c) 6.35 kV (d)7.7»kV

TlfatOOK





2 1
Transformers

Al I hr end of (111 chapter you shoakd be able lo:

• underuand be principle of operation of a transformer

• understand the term 'rating' of a tramformer
• use V |/V j *  Ni/Nt = /|//| in сакаМ опа on transfonaen
• conn met a transformer no-load pbasor dug ram and calculate magnetising and coir 

loa> components of the no-load сипел!
• Dale the em f equation for a transformer E  = 4.44 / and use it ia calculations

• construct a transfunncr un load phaaor diagram for an iaductivr ctruuit assuming 
the »ч>И drop in Ike windings is negligible

• describe transformer construct 10a
• derive tie equivalent resistance, reactance and impedance referred lo the pnmary at 

a transformer
• understand voltage regulation
• describe losses in transformers and calculate efficiency
• appreciate the concept of resistance matching and bow it nay be achieved

• perform calculations using R\ = (W i/W j)!* l
• describe an auto transformer, its advantages/disadvantage» and uses
• describe an Isolating transformer, staling uses
• describe a three-phase transformer

• describe current and voltage transformers

21-1 Introduction

A transforms is a device which uses the phe- 
■“«•enon of muturf induction (see Chapter 4> to 
ch*nge the values Ы alternating voltages aad cur- 
Knts. In (act. one of Ihc nuan advantages of s.c 
•"«tnussnin Jnd dinnhution u the ease witb which 
™  alternating voltage caa be increased or decreased 
T 1 4*«afonnei»

Loaaes in transformers are generally low and thus 
efficiency is high. Being stake they have a king We 
and are very iuNe.

Transformers range in nzr from the miniature 
tails used in drctron* applications to the large 
power transformers used In power stations: the pnn- 
dpte of openlios is the same for each.

Л transformer la represented in Pig. 21.1(a) as 
consisting of two electrical circuits linked by a 
common fenomngndic core. One coil is termed the

TUi
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id

Flgurr 21.1

(*)

primary winding «tech i i  connected lo lhe tupply 
of electricity. and thr «her ihr secondary wUvUng 
which may be connected lo a load. A circuil diagram 
symbol for a transformer it ihown in fig. 21.1(b)

21.2 Transform er principle of 
operation

When Ihe secondary ii aa open-circuit and aa alter 
rating voltage V’, ii applied to the primary wind
ing. a small current - called the no-load current 
It  - flows, which sets ap a magnetic Dun ia the 
coir. Thu alternating llux hnki with both primary 
and secondsiy colli and induce* in them e.m .f.'i of 
£i and E : respectively by mutual induction.

The Induced e.mf. С in a coil of N tumi ii given 
by E  = -AT(d*/dl) volu, where £  ii Ihe Me 
of change of flux. In an ideal transformer, tbe me 
of change of flux i i  die tame for both primary 
and secondary and tout E t/N\ =  £ j /W j  L e . Ibe 
bidurcd r.m.f. per turn ts constant.

Atsuming no loiaei. E i = Vi and £ j — Vj

V,
AT|

lienee —  я  —  or —  = —V|
V T

ЛГ,
N: <•)

tranifomier. tbe primary and secondary апргп . 
turns a n  equal

h  h. v,e/,П»* j f  -  -r (2)

Combining equations (1) and (2) gives:

( 3 >

lhe rating of a tranifomier it staled in teims of the 
volt-amperet lhal il can transform without overheat 
ing Witb reference to Hg. 21.1(a). Ihe Manslotmri 
rating is either V\ l\ or V2/3. where /j is tbe ftill-load 
secondary cunrnt.

Problem I . A transformer hat 500 prim nr. 
turns and 3000 secondary turns. If the 
pnraaiy voltage is 240 V . determine toe 
secondary voltage. assuming an ideal 
transformer

Fur an ideal Irswformer. voltage ratio = turns ian<> 
U .

(V ,/ V j) is called toe voltage ratio and W i/N ,) 
the turns ratio, or ibe transformation ratio' of 
the transformer. If  Afj is less than N\ then V j is 
less than V| and Ihe device is teimed a step-down 
transformer If W j is greater then N1 then V j is 
greater than Vi and tbe device ia termed a «tp-up 
transformer

Wben a load Is coanected across the secondary 
windiag. a current /j flows. In aa ideal tniuformrr 
loaaei ate neglected and a Iran*former is conadered 
lo be 100 per cent efficient Hence input power = 
output power, or V|/| = V j /j  Le. in aa Ideal

V ‘ -  N ' henry
v I ~ n I

240
Vi :

500
3000

Thus secondary voltage 

(240*3000)
V j  = 500

= 1440 V or 144 к V

Problem 2. An ideal transformer with a 
Шли ratio of 2:7 is fed from a 240 V tupply 
Determine its output voltage.
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д  turns ratio of £7 means th.u the iransfrwroer 
Id  2 turns on the primary lor every 7 turns on 

secondary (i.e. a step-up tranformer), (bus
(^ ,/V j) = (V 4

fa  an ideal transformer. (Afi/M2) = (V i/ V j) 
|*nce <2/7) ж (240/V'j)'Ib is the secondary vnltsgc

V,
(240)(7> MOV

Hublcm >. An Ideal transformer bat a 
turns ratio of 8:1 and the pnmary currrM IS
3 A when it is supplied al 240 V. Calculate 
the secondary voltage and current

Problem 4. An ideal transformer, connected 
lo a  240V mains, supplies a 12V, I50W  
lamp. Calculate the transformer turns ratio 
and the current taken from the supply.

V, = 240V, V\ 
(130/12)= 12 5 A

1 2 V . / j ж  (Л / V j )

_  _  N, V, 240 
1W m  rati. = —  = -  = —  = 20

( p f l - f J f Y '» — «-л

lfc*oe current taken [nxa the npply,

l|  = i H  = » « J JA
20

Problem 3. A 12 Я  nrutor Is connected 
acras the secondary wintbng Ы  an ideal 
taaafanDcr whose secondary vohage is 
120 V. Uetetmine the pnmary voltage if the 
supply curmM is 4 A

Secondary current l 2 = (Уг/Ri) — (120/12) = 
I0A .

(V i/ V j) я  tfi//|). from which the primary
voltage

У, = К , ( ^ - | 2 0 ( 1£ ) = .too salts

i turns ratio of H:1 means <flt/N i) = (1/8) i.e. a 
Hep-down transformer.

t  V> =« ( £ ) =  140 

Also. (  ^  )  Ж (  J- )  henoc secondary current

= = > f j )  = M A

Problem б. A 3  kVA single-phase 
transformer bas a turns ratio of 10 : I and is 
led from a 2.5 kV supply. Neglecting loaaes. 
determine (a) tbc fall кш ! secondary current. 
(Ы  the mini muni load resistance «hicb can 
be connected across the secondary winding
lo give fell load kVA, 4c) the primary cunent 
at full load kVA.

(a) Ni/Nt ж l* / l and V, ж 2 Jk V  = 2500V. 

Since ( as ( p | Y  secondary voltage

KJ = Vl ( J i ' ) * 2 5 0 0 f i )  = 230V

The Iransformer rating in volt-amperct m Vth 
(at full load) I.e. 3000 = 230/; 
lienee full load secondary cunent /; ж 
(5000/250) ж 20 A.

(Ы  Minimum value of load resistance.

(c) (  j ^ ]  ж (  j- '] bom which pnmary cumeot

Now try the tallowing eseroae

Ktsrther■ p n k ln »  Ml I 
mi aas ration

brerctac 114
transformer prlnrtplr of aps ration

I A transformer has 600 primary turns 
connected lo a l.5kV  supply IMermine the 
number of secondly luma for a 240 V output 
«ullage. assuming no loaaes. 196)

TLfaOOOK
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2 An idesl transformer With a turns ratio at 2:9 
u  red from i  220 V supply Determine Hi 
•Mpul voltage |990V]

3 A  Inuiiformer hu  800 primary turn» and 
2000 secondary tuna. If ibe primary voltage 
ia 160 V . determine tbe secondary voltage 
assuming an ideal transformer [400 V ]

4 An ideal transformer with a turns ntio of 3:8 
ia fed bom a 240 V supply. Determine ill 
output voltage (640 V ]

5 An ideal transformer has a turns ratio of 
12:1 and IS supplied al 192 V. Calculate Ihe 
secondary voltage. IK V ]

6 A  transformer primary winding connected 
across a 415 V  supply has 750 urns 
Determine how many turns тин  he wound 
on the secondary aide if an output of 1.66 kV 
ia requited. (3000 turns]

7 An ideal transformer has a turns ratio of 12:1 
and is supplied at 180V wben tbe primary 
cunrnl ia 4A. Calculate the secondary 
voltage and cunenl. (15 V . 48A|

8 A step-down transformer having a turns ratki 
of 20:1 has a primary voltage of 4kV and 
a load of 10 kW. Neglecting locses. calculate 
the value of tbe secondary current. (50 A ]

9 A transformer has a primary lo secondary 
turns ratio of 1:15. Calculate the primary 
voltage necessary lo supply a 240 V  load. If 
the load cunenl It ЗА determine tbe primary 
current Neglect any losses. [16V. 45A]

10 A  lOkVA. single-phase transformer h u  a 
turns ratio of 12:1 and is supplied from a 
24 kV supply. Neglecting losses, determine
(a) tbe foil load secondary cunrnl. (b) Ibe 
minimum value of load resistance which can 
he connected acros* the secondary winding 
without Ihe kVA rtfing being exceeded, and
(c) the primary cunrnt.

((a) 50 A  fl>) 4 П (c) 4.17 A]

11 A 20 П resistance is connected across the 
secondary windbag of a single phase power 
transformer whose secondary voltage Is 
150 V. Calculate Ibe primary voltage and 
t v  turns ratio If Ibe supply turret* is 5 A, 
neglecting losses [225 V, 3:2]

21.3 Transformer no-load phasor 
diagram

The core flux и  оотя»мГ to both pnmaiy .uyj 
locondary ЧШЛngs in a transformer and is thu> 
taken aa the reference phaaor in a phasor diagram 
On no-load tbe pnraary winding lakes a small 
load cunrnt /0 and since, witb loases neglected, the 
primary winding is a pure inductor, this cunrnt las> 
tbe applied voltage Vi by 90V In tbe phasor diagram 
assuming no losses, shown in Fig  21.2(a), cunent 
/о produces the ftui and is drawn in phase «щ, 
the flux. Tbe рПпииу induced e.m.f. JT| is in phase 
opposition to VI (by Lem 's law) and ia tiow n I Mi 
out of phaae wnh Vi and equal in magnitude IV  
secondary induced e m f. is shown for a 2:1 turns 
a lio  transformer.

A  no-load phasor diagram for a practical trans 
former it shown in Fig. 21.2(b). If current flows 
then losses will occur. When loases are conndervd 
then the no-load current fo в  Ibe phasor sum o( 
two components - (I) /м. the magnetising eonipo 
nrnt. in phase with the Dux. and <b) Ir  tbe rorr 
loss component i supplying ibe hysteresis and rddv 
current losses). From Hg. 21.2(b):

No-load currem. I» = \ I& +  i f  where 
fM = It  «In A, and fc  = /«cwfc.

Power factor on no-load = cos^o = (fc//o)-
Tbe total core losses (ie . iron losses)

= V,/Ooos*>

Problem 7. A 2400V/400V tingle-phase 
transformer takes a no-load cunrnt of 0.5 A 
and ihe core loat is 400 W. Determine the 
values of the magnetising and core lots 
components of Ihe no-load currem. Draw ю 
scale the no4oad phasor diagram for the 
transformer

V ( = 2400V. V l = 400V and /„ = 0.5A Core loss 
(i.e. iron lots) = 400 =s V|fgcotft).
U . 400 = (2400X0.5) cot *>

400
,fcn“  с о ,л - ( 2 4 о о ш г 0 3333

to ss ooa10 )333 ж 7D.53’
The no-load phasur diagnsn is rtiown in Fig -1 '  

MagneUstng component.
fM = It  tin *> as 0.5йпЖ53* = 0.471 A.
Coir lou component. /( =/0cos6>z0.5cos70.5. 
= •167 A
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Problem s. A transformer lakes a current of 
0.1 A when lit pnmary u connected lo • 240 
*«<t. 50 Hz supply, d r secondary here* oa 
' “Pen circuu. If I he power absorbed is 
72 » « ii.  determ ми* (a) the iron lots current. 
«•> <he power factor no no-load, and (c) Ibe 
■afnetising currrnl.

*» = 0.8 A aad V *г 240 V

(») ftiwcr absorbed a  total core lots *  72 = 
V|/«CDS*> Hence 72 = 240/0 cos*. «<! Bon 
“ »» current. I, = /о cos*, = 72/240 = • J0 A

I А 500 V/100 V. itagk-ptuue transformer lakes 
a full load primary ament of 4 A. Neglecting 
loaaes. determine (a ) the full load secondary 
current, and (b) the rating of ibe traatfurmer 

((a ) 20 A (b> 2kVA]
2 A 3300 V/440V. 

lakes a no-load cuirent of 0-8 A and tbe 
lion loas la 500 W. Draw ibe no-load pbaaor 
diagram aad determine Ibe valuea of the 
magnetising and con Ion coaifonents of tbe 
no-load ci

(0.786A , 0.152 A]
3 A uanafonaer tafers a currtar of IA  wtrn 

Ms primary to — Ы  lo a 300 V. 50 Hz 
supply, the secondary being on open-arcair.

l i
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If the power absorbed i> 120 wans. cakalate
(a) ihe iron lot» cunrnl. (t>) Ihe power factor 
1»  no-load, and (c) te  magnetising cu rural 

((a) 0.4 A  (b) 0 .4(c) 0.92A]

PruNem 9. A lOOkVA. 4000V/200V,
JO Hz nngle-phwr transformer has 100 
sreondasy turu. Dctctntte (a) Ihe pnaiarv 
and secondary m m aC ») ihe number of 
primary Я 1Ss.-wd fc) dte maximum value of 
the flux.

21.4 К.Ш.Г. equation of a transform er

The magnetic Dux Ф  set up in the core of a trans
former when an alternating voltage it applied lo lit 
primary wintkng is dsn alteraMing and is sinusoidal.

Ld  Ф „ be the maximum value of the flux and /  
be the frequency of Ihe sapply The lime for I cycle 
of the alternating flux it the penodk lime T, whetr 
T = ( I/ /  I seconds 

The flux riaet sinusoidally from zero lo lU matt 
imum value in (1/41 cycle, and the ume for (1/4) 
cycle is (1/4/) seconds. Hence the avenge me of 
change of flux я  (Ф.Д1/4/)) = 4 / Ф . Wb/i. aad 
since 1 W b/j ж I volt. U r average e m.f induced in 
each turn = 4 / ♦ „ volts. As the flux Ф varies unu 
toidalty. then a sinusoidal e.ntf. will be induced in 
each tum of both primary and secondary windings 

For a sine wave.

V, = 4000V. Ka a  200V. /  = JOHz. Nj = lo  
tarns

(a) Transformer rating = V|/| a  V ih  a  100000 Va 
Hence primary current.

100000 100000 
,^ - у Г г‘ Т Ш ' = 15А
and secondary cunrnl.

100000 100000 /] = — ----в  ■ ____.. = 500 A
Vj 200

form (actor ■ r.m.s. value 
avenge value

11.11 face Chapter 14)

Hence r.m.s. value a  form factor xaverage value a
1.11 x avenge value Thus r.m.s. e.m f. induced in 
each tun

a  I . I I  x 4 / Ф . , volts 
a  4.44 / ф „ volts

Therefore. r.m.s. value of e.m.f. induced in prtmaiy.

V i  N
(b) From equation 77- = ~  from which. pn

"2  " 2nuuy turns.

*• = f 7 ; )  <*!)■= f (100 )*MOO toms

(c) From equation (5). £ j = 4.44 /Ф „Л ’: from 
which. maximum flux.

ф .=

E, -  4 44/Ф .Д , voMs (4)

4.44 fN  j 
200 (assuming E j a  V ])

and r.m-s. value of e.m.f. Induced in secondary,

E , -  4 44/Ф „% 1  vote (5)

(4.44 К JO)(100)

= 9 01 X 10 5 Wb or 9.01 mWb

(Alternatively. equation (4) could have been used

Dividing equation (4) by equation ( J )  gives: 

as prrviously obtained in Secaou 21.2

£ i a  4.44 / Ф *\ | from which. 
4000

Ф . a (4.44XJOH2000)
9 01 m itt  ac above

(assuming E\ а  V t)
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Problem 10. A suigle-phaae. 501b 
uaplbmier bin 25 pnmaty turn» and 300 
Mceaidary turns The cn*s-«ct tonal are* of 
lhe core i* 300c«i: . When ibe primary 
winding is connocted lo a 250 V supply, 
Pennine (a) lhe maximum value ol Ibe lax 
density In Ihe со*, aad (b) ibe voliage 
Intmed in Ibe secondary winding.

rat From equation (4).
ejn.f E\ = 4.44 /♦ „tft will»
u . 250 = 4.44<50)*„(25 i from which, maxi 
mum flux density.

250
(4.44 X 50 X 25)

-Wb = 0 04505 Wb

maximum flux density. « „  з 0.04505 
300 x 10 *

Problem 11. A .ingle-phaae 500V/100V, 
50Hz transformer has a maximum con Пах 
density of I . JT  and an effective core 
«■e-teasitul area of 50ct»\ Determine Ibe 
number of primary and tecoadary turns

Tbe ejn.f. equallua fix a transformer it E
* ** and maximum flux. Ф т  = в  x A
0  5X50 x lO - ^ .T S  x 10-* Wb 

S tce  F| = 4.44 /Ф„А/| then pnmary turns.

L M C| 4)0
‘ 4.44 /♦ ,, *  (4 44 X 50)(75 x 10 *) 

= 300 funs 
&ace P j at 4.4 f i^ N i the* secondary turns.

E , _________100
4.44 / ® „  “  (4.44 X 501(75 x K M )

Problem 12. A 4500 W225 V, 50Hz 
•ingle phase iransformef ia lo have aa 
approximate e.ntf per turn of 15 V and 
operate with a maximum flux of 1.4 T. 
Calculate (a) Ihr number of pnmary and 
•ccondaty turns and lb) Ihe епма- sectional 
area of lhe ooce.

However. ♦ „  = в *  xA. wheie ft,., 
fku density ul fee core and A = cross-sectional 
ana of lhe core (tee Chapter 7). Hence 
Bn x 300 x 10-4 = 0.04505 from w+uefc.

= 1 » T

w  £  “  f e  * "  ’* * •  u  
voliage induced in tbe tecondary winding. 

V2« (2 5 0 ) ( f  )  б  JM V  or Jk V

Ei E i(a) E.m.f. per Km  а  — в  — *1 5  У , Atj

_  „  Ei 4500 _llence pnmary turns. Af| = — = —  = 30»

E i 255and tecondary turns. N  j = —  = - jy  я  15

<b) Е л .Г  E\ я  4.44 / *« Л ,| front wtad).

♦ „— ——  = ---- — ---- = 0 0676 Wb
4.44/^f i (4.44K50K300)

Now flux. • „  я  Bm X  A. where А I» Ihe cross- 
sectional area of ibe core.

hence ana. A =

Now try toe fallowing exerdae

КдгггЫ  114 Further prubleaai «1 the 
transformer r.m.f. equation
1 A  60kVA. I 6OOV/IOOV. 50 Hz. Mttgle-ptase 

transformer baa 50 tecoadary w indings Cal
culate (a) tbe primary and secondary cunrnl.
(b) Ibe number of pnmary turns, and (c) Ibe 
maximum value of the flux

((a) 37.5 A. 600 A to) *00 <c)».0mWb]
2 A tingle-pfaaae. 50 Hz traatfomier has 40 pn- 

tnary luma and 520 tecondary turns The 
croas-aeclloaal a n  of tbe core it  270 cmv 
Whea ibe prunary windiag Is coanected 10 a 
300 vok supply, determine (a) toe maximum 
value of flux deauly la Ibe coir, aad to) Ibe 
voltage induced ia toe secondary windiag

1(a) 1.25T(b) 3,90kV)

TtfatOOK
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A singlc-pbaae SOOV/IOOV. 30Hz 
former ba> a maximum cote Dux density of 
1.294 T and an effective ciou-iecftonal area 
of 60cm! Calculate tbe number of tuna an 
tbe pnmary and secondary windings

[464. 3S]

4 A  3.3kV/110V, 30 Hz. aingle- 
fotmer is to hate aa approximate e.m.f. per 
tun of 22 V and operate with a maximum 
flux of 1.25 T. Calculate ( i )  the number of 
pnmary and tecondary tuns, and(b) theurott- 
Kdional area of tbe core

[(a) 150, 5 (b ) 792.8 cmJ l

However this doea not happen nnoe reduction „t 
core dux reducex E\. hence a selected Increase Г  
primary anrent /, occurs which ptovidei i  гемопп" 
■un.l Hence at all loadt^primary and iccotki^ 
min i 's ate n M  but M<ij>portion, and the ai(c 
dux п-таом Ц йаЙ . T , it sometimes callril the 
balancing■ cufarnl'wd is equal. hut in Ibe opp,,,,,,. 

dilection. to cunent h  «• shown in Hg. 21.4 fr 
ihown at a phase angle Фп to V|. it the no-b^j 
cunent of tbe transformer (tee Section 21.3)

Tbe phasor Min of I, and /о gives tbe supply 
cunent 11 and the phase angle between V, and /, B 
foown at fo

2 1 .5  Transform er o b - Im m I  phasor 
diagram

If the voltage drop in the windings of a transformer 
are assumed negligible, (ben ibe terminal voltage Vj 
it the tame at the induced e jn f £} in the tecondary. 
Similarly, V| a  E t Assuming an equal number 
of turns on primaty and secondary windings, then 
£■ = £ ]. and lei the load have a lagging phase 
angle*,

Problem 13. A ungle-phase transfonnei has 
2000 lurnt on Ibe primary and 800 turns on 
the secondary lu  no-load cunent it 5 A at a 
power factor of 0.20 lagging. Assuming the 
volt drop in the windings it negligible, 
determine tbe primary cunent and power 
factor when foe tecondary cunent la 100 A at 
a power factor of 0.85 lagging.

Let /i be the component of tbe primary lum-m 
which provides the restoring m.m.f. Then

W ,  = I2N i

/,<2000) = (100 И800)

from which.
(100 X800) 

2000 
40 A

In the phasor diagram of Hg. 21.4. cunent fj 
lags V: by angle * }. When a load it connected 
acntst the secondary winding a current /• Hows 
in foe secondary winding The tetulung secondary
e.m.f. actt to at ю lend lo «educe foe cote flux.

If  the power factor of ibe secondary it 0.83. then 
co t*} = 0.85, from w h ic h .= cot ’ 0.85 ж 31 * 
If the power faotor on no-load is 0.20, then 
cot Д] = 0 2 and = со* 10.2 = 78.5*

In the phasor diagram abown in Fig. 21.5. h  = 
100 A  is shown at an angle of ф ж 31.8* to Vi and 
/', ж 40 A if shown in anti-phase lo /j 

Tbe no-load current /0 ж 5 A  it show n at an angle 
of a , = 78.5* lo V\. Cunent /, u the pbator sum 
of /, and /о, and by drawing to scale. /| ж 44 A 
and angle fo ж 37*.

By calculation.

/, cot#, ж Qu + Ofc
ж 1>ахф, + 1'1анф2 
ж (3X0.2)+ (40X0.85) 
ж 35 .0 A



п л ю п к м ен  311

Hg. 21.6. Ihe low ami high voltage windings 
are wound as shown lo reduue leakage flux.

F lfu rr 11.5

and h Ф: tOc + Od
в/0»1П#» + /'| ЯП^2 
s(5 )*aT8.5 ° + (40>*n31.r 

s 25.98 A

Exercise 117 A further problem on the 
farmer on-lMd

I A tfngle-ptiase transformer has 2400 lum  un 
the primary and 600 luma on (he secondary. 
Its no-load current la 4 A al a power factor of 
0.25 lagging. Assuming the volt drop ia the 
windings is negligible. calculate Ihe primary 
cunrnl and power factor when the secoudary 
cunrnt 1180 A al a power factor of 0 8 lagging 

(23.26 A . 0.73)

Hr not ihe magnitude of h  = v/35.02 + 25.98: =
4.1 5» A and tan ф, =  ((25 <*/35.0)) from which. 
Ф, = tan 1 ((25.98/35.0)) = 36 » '  Hence (he 
power factor of the primary = c m  ̂ i = cot 3* 59" =
• 80

Now try the following exercise

(li) For powtr tn iw fanarrv rated possibly at 
several MVA and operating al a frequency of 
50H i in Ureal Britain, the coir material used 
it uiually laminated silicon steel or «alloy, 
the laminalorts reducing eddy currents and 
the tilicoa tteel keeping hysteresis laas to a

l * V  power transformers are uted in the 
main (kttdbuuon system and in induMnal 
supply cinxau. Small power ttansfomer» have 
many applications. examples unlading welding 
and rectiOer tuppliet. domestic hell circuits, 
imported washing machines, and ю  on.

(Mi)

(iv)

For audio frrqutiH s tmj.l
from a few mVA to no n*

21.6 Transform er const ruction

0) Then- ate broadly two types of single-phasr 
ttaubk- wound tnunfomier constructions - the 
cure type and the shel type, as shown In

in . rated 
more than 20VA. and 

operating Я  freigieucies up to about 15 kHz, the 
small core it also made of laminated sib con 
steel. A typical application of n.f. transformer» 
is in an audio amplifier system.
Radio frequency tr.f.) transformers operat
ing in the M ill frequency region have either 
an air core, t  ferrite core oc a du« con. Penile 
ia a ceramic matenal havtng magnetic proper 
tin  similar to Ulkxia a eel bui having а Ы ф  
resistivity. Dust cures coasisi of fine panicles 
of carbonyl iron or pemudloy (La. nickel and 
iron), each particle of which ia insulated from 
its neighbour. Appbcalsom of r.f. transformers 
are found in radio said television receivers.

пню ок
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(v ) Transformer windings air usually of 
iM ulan l copper or aluminium

(vi) Cuallng is achieved by air in small transform
ers and oil in luge Iran «formers

the transformer. Rea stance R: in Fig. 218 MII . 
replaced by inserting an additional resisun. .■ к 
the primary a  reel *ich that the power afcsortyj 
r ,  when c arrying Ihe pnmary current is equal i„  ,| " 
in ft} due to tfcaSecondary current. i.e.

■/j*2
21.7 K q u iva ien t c ircu it o f a 

transfo rm er from which. K}

figure 21.7 shows an equivalent circuit of a Irans- 
former. R\ and R; represent tbe resistances of Ibe 
primary and secondary windings and ДГ, and X j rep
resent the reactance* of the primary and secondary 
windings, due to leakage flux.

The core tones due to hysteresis and eddy cur
rents are allowed for by resistance R which Utkes a 
current /c . the core lots component of tbe primary 
current. Reactance X  takes the magnetising compo
nent /„, In a simplified equivalent circuit shown In 
Hg. 21.8. R and X  are omitted since tbe no-load 
current lo is normaiy only about 3-5 per oenl of 
the full load pnmary current.

It it often convenient to assume that all of the 
resistance and reactance as being on one *de of

Then the total equivalent resistance in tbe primary 
Circuit R, is equal lo the primary and secondary 
resistances of the actual transformer 

lienee * , = * ,+  /?;

U. (6) .

By similar reasoning, tbe equivalent reactance in the 
primary circuit is given by X , = X| + Xj

(7)

Flgurr 21.7
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•ПИ e«|rivaleni impedance Z , of the pnmary and (hi I jam  equation (7). cqiavak-ni reactance. 
E Z * * y  windings referred to Ibe primary is i и \*

,(venby X .= ,Z l+ X j ( l l ]

z . -  ч » J T V (l) / 600 \ ̂
I *  X . *  1.0 + 0.04 ( — ) = 1 *4 0

If ф, is tbe phase angle between 11 and the vait drop <c) From equaison (» ) ,  equivalent Impedancc.

,,Z* ^ _________ ) z. = ч ЩТЩ = 76411 + Ш» = im  a
(d) From equation (»).

( ,  K, 0.41
“ * 4 T i

• A - b

Ibe amplified equivalent circuit of a transformer is 
rtxrwn in Hg. 21.9 Hence ф, = c<* , 0411 

1.69
= 75 9*”

Problem 14. A Iransformer has 600 pnmary 
turns and 150 secondary turns. Ihe pnmary 
and secondary reiutaaco. are 0.25 О and 
0.01 R  respectively and tbe corresponding 
leakage reactances art 1.0 {2 and 0.04 (2 
m pedivcly Determine (a) tbe equivalent 
w iitancc referred to Ihe primary winding.
(b) Ibe equivalent reactance referred lo the 
primary binding, (c) fee equivalent 
iaprdance referred to the pnmary winding, 
and (d) tbe phase angle of the impedance.

(a) From equation (6 ). equivalent resistance

/ V
R, = R\ + Л 2 ( y j  )

/ЙООЧ1
► le . Я, =0.25 + 0.01 ( —  )

N, V|= 0410 since —  = —-N: V:

Now try Ibe following exerase

Kxerctse IK  A further ргтМлп on lh< 
rqulvalenl circuit of a Iransformer
I A l tans former has 1200 primary turns and 200 

secondary turns. The primary and secondary 
resistance's are 0.2 R  and 0.02 Я  respectively 
and the corresponding leakage reactance's 
are 1.20 and 0.05 R  respectively. Calculate 
(a) the equivalent resistance, reactaucr and 
impedance referred to the primary winding, 
and (b) Ihe phase angle of the Impedance

[(a) 0.920. 3.00. 3.14О О») 72.95*]

21.8  Regu lation  o f a transfo rm er

When the secondary of a traaslonner is loaded, 
tbe secondary terminal vokage. V j, fails. As tbe

Иги» 11.»

1 i
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power factor decreases. this voltage drop increase!. 
This i i  called the rtguladun Ы  thr tranriarm rr

6 = 240 -  V j

f
« 0  -  387.6 

400

: J  l *

x 100»

Problem 16. The open ciiruil voliage of a 
transformer i i  240 V. A lap dunging device
i l  set to operate when tbe percentage 
regulation dropi below 1 5 *. Determine tie 
load voltage at «Inch tbe mechanism 
operates.

Regulation a
No load secondary voltage 

Wonlnal soilage on load |Q W  
no load secondary voltage 1

x 100»

loan*.
(a) Copper кш п  are variable and result in a beat 

ing of the conductors, due to the fact thi* they 
possess resistance. If K, and R; are the primary 
and secondary winding resistances then Ibr total 
copper lou i i  /}Я| + / ]* 2

(b) Iran losses are constant for a given value of 
frequency aad flux density and arr of two 
types - hysteresis loas and eddy current loss
(1) H yittm fs loss is the healing of *e  core as 

a reel It o f tbe internal molecular stnicti»'' 
reversals which occur as the magnet* flu« 
alternates. Tbe loss is proportional Ю the 
area of the hysteresis loop and thus low loss 
nickel in »  alloys не used for the core f 
their hyaerests loops have small a r e a s .(See 
Chapter» 7)

(il) K4dy с и т и ! loss is the heating of the 
core due lo «.m.f.'s being induced n>< only 
in the transfbnner windings but also in the 
coie. Ihese Induced e.m .f.'i let ap circulai 
ing curremi. called eddy currents Owing 10 
tbe low resistance of tbe core, eddy current' 
can be quite considerable and can cause a
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Uryv power lou and excessive healing of Ihe 
coir. Uddy cunrnl lowes can hr reduced hy 

casuig (be trsuilviiy of the coir mate
rial or. more usually, hy laminating the core 
(i.e. splitting U Mo layen or leaver) when 
very thin layers of insukaing malrnal can 
he married heiween each pair of laminations. 
Им» increases Ihe tenstancr of the eddy cur
rent path, and reduces the value of U r eddy 
current.

‘[УмнГоши г efficiency
I power

Half full load power output ж (1/2КЯ0Х0.13)
= 85kW.

Copper lou (or f*< ком) la proportional lo cur- 
n t  squared. Hewce die copper lou at half fuU-load 
to: (5)*(1500> *  375 W  

Iron lou = 1000 W  (сом ам )
Total lours = 315+1000= 1375 W  or 1.375 kW. 
Input power «I ball lull-loud 
= output power at kali full load + loiaea 
= 85 + 1.375 = 86 375 kW. Hence

losses
input power - losses 

input power
laput power

1.375 ^

Input power

and ia usually expressed as a percentage. It Is not 
uncommon for power (nuisfoimers to have cBkicn 
dec of between 95% and 98*

Ouput power = K j/j cot*;.
Total losses = copper loss + iron losses, 
and input power = output power + losses

Problem 17. A  200 kVA ruled transformer 
has a full-bad capper lots of 1.5 kW and an 
iron loss of I kW. Determine the transformer 
еПаегк у al hill load and 0.85 power factor.

86.375 1 

I  -0.01592 
0.9841 or ЧН 41%

Problem 19. A  400 kVA transformer has 
a primary winding irsotanoc of 0.5 f l and 
a secondary winding resistance of 0.001 f). 
The iron lots it 2.5kW and the primary and 
secondary vdtage* are 5 kV and 320 V  respec
tively. If the power factor of the load is 0.85, 
determine the efficiency of the transformer 
(a) on full load, and (b) on half load.

Efficiency .i) = ou'pu^po^er 
input power

Input power -  kisses 
input power

losses
* 1 -  :---------input power

Hill load output power® V/cosf = (200) (0.15) 
-» 170 kW 

Total losses = 1.5 + 1.0 = 2.5 kW 
Inpii power = ouput power + losses 
«=170 + 2.5= l7 l.5kW .

(a) Rating = 400kVA = V|/| — V';/’ . Hence 
primary cunent.

, 400 x IO 5 400 x IO 3 ол л
' ~  v l = “ moo-  =

and secondary current,

400 X  10* 400 X  I » 1

330 11250 A

Henct efficiency = (  I -  = 1 - 0.
172.5 1 

■ 0.9455 or 9 i 55%

.01449

I Problem 18. Determine the rthcicncy of 
4* transformer in Pmblem 17 Л half 

I fuH-lo.nl and 0.85 power factor

Total copper loss *  /;*, + / !* ;. (where 
R\ = 0.5 О and R, =0.001 O )

= ( » ) j (0 .j) + (l250), <0.00l)
= 3200 +1562.5 = 47*2.5 waits 

On full load, total lou  = copper lo u + iron loss

= 4762 5 + 2500 = 7262.5 W  »  7.2625 kW 
Total output power oa full load

= Уг1г<х»Фг = (400 x 10*Х0 .85) = 340kW

ПЛЮ С
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Input power = O KI pul powrr + losses 
= 340kW + 7.262? kW = 347.2625 kW

Efficiency, i) = (1  -  

= ( l  -

input power
7.2625 \

)  x 100»

x 100»

= П  * 1»
(b) Since the copper км» vanes a» the square of the 

cunent. then tout copper lo»» on half load 
= 4762.5 x ( I ) ’  ■ 1190.625 W. Hence total 
lo »  on half toad = 1190.625 + 2500 = 
3600.625 W  or J.69I kW.
Output power oa half toll load = ( J )  (340)
= 170 kW.
Input power on half full load 
= output power + losses

a 170kW + 3 J» lk W  

= 173.691 kW
Hence efficiency al half full toad.

(•

losses
input power
З.Ю 1 \ 

173*91 '

x 100»

x 100» = 97 *7 »

Maximum rfltrim cy
It may he ihown that dir efficiency of a transformer 
ia a maximum whra thr variable copper loaa (Le.
l]R\ 4- liR j) is equal to the constant iron loases.

Problem 20. A  500 к VA transformer ha» a 
full load copper loaa of 4 kW and an iron 
low of 2.5kW Ойелпме (a) the output kVA 
at which Ihe efficiency of the transformer la a 
maximum, and (b) thr maximum efficiency, 
assuming ihe power factor of the load i i  0.75

<b) Total loss at maximum efficiency 
= 2x2.5  = 5kW
Output p o»*** 395 JkV A  x p f  

Ш  x 6 75 <= 296.625 kW 
Input power = output power + tosses 
= 296 625 4-5 = 301.625 kW 
Maximum rfDcklKV

•°“ Ci x 100»(« - input power 1

IM %

Now try thr following exercise

(a) Let x hr thr fnctlofl of full load kVA al which 
thr efficiency la t  maximum The correspontL 
tag total copper Iон = (4kW )(x2). A l maxi 
mum efficiency, copper loaa = iron Iota. lienee 
4»* = 2.5 front whuft x2 e  2.5/4 and 
x = Л 1 7 ? »  0 .791.
He ace thr oat put kVA al maximum 
efficiency я  0.791 x 500 = » 5  SkVA

h rrc iw  120 Further problems on losses 
and cffidmcy
1 A single-phaae transformer has a voltage- ratio 

of 6:1 and Ihr h.v. winding n supplied at 
540 V. The secondary winding provides a full 
load currem of 30 A al a power factor of 0.8 
lagging. Neglecting losses, find (a) the rating 
of thr transformer, (b) Ibe power supplied to 
the load, (c) Ibr primary cunenl

((a) 2.7kVA (b) 2.l6kW  (с) 5A)
2 A single-phaae transformer is rated a> 40kVA 

The transformer has toll-load copper loases ol 
800W  and iron losses of 500W. Drtenntnc 
the transformer efficiency at ton load and 0.8 
power factor (96.1041

3 Determine the efficiency of the transit*™. ' 
in problem 2 at half toll-load and 0.8 pown 
factor (95.11 *  I

4 A  IOOkVA.2000V/400V,50Hl.iil¥le-|*as. 
transformer has an iron loss of 600 W  and a 
toll-load copper loss of I600W Calculate »» 
efficiency for a load of 60кW  al a t  pcwei 
factor. (97.5641

5 Determine fee efficiency of a !5kVA Hans 
lormer for tie following conditions
(I) toll-load. unlly power factor 

(Ii) 08 toll-bad. unity power factor 
(ill) half toll-load. 0.8 power factor 

Assume that iron losses ate MOW  aad Ibr toll 
load copper loss is 300 W

((a) 96.77» (it) 96.84» (iii) 95.62*1
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6 д 300 к VA transformer has a primary wind 
i4 l resistance of 0 4 (} and a secondary 
winding resistance of 0.0015 П. The Iran 
Icm is 2 kW and the pnmar) and secondaty 
n top>  air 4kV aad 200V respectively. If 
фе power factor of U r load u  0 7*. determine

_ J f c  efficiency of ibe transformer (a) uo full 
load, and (b) on half load.

|<a)96.*4%(b) 97.17*1
7 A  250 kVA transformer hat a full load copper 

low Of 3 kW and an iron lost of 2 kW. Caku 
laic (a) the ouipw kVA ai which thr efficiency 
of ibe Iransformer it a maximum, and (ty the 
maximum efficiency. assuming the powei lac 
tor of the load U 0 *0

[(a) 204.1 kVA (b) 97 *1*1

Bor an Kira) transformer

V.

Flfurr 21.1*

Thus ihe equivalent input resistance R, of the 
tnmfonnrr i> given by:

.  * ' t b

21.10 Resistance matching

Varying a load renstancc to he equal, or almost 
equal, lo Ihe source Internal resistance li called 
Batching Kxamples where resistance matching i> 
important include coupling an aenal to a transmitter 
or leceivei or in c<xiphng a loudspeaker lo an 
■ ipUiei where coupling transformers may he used
lo give maximum power transfer.

With d.c. generator» or secondary cells, the Inter
nal resistance is usmlly very small. In such cases, 
if an attempt is made lo make the load resistance as 
•mall м the source internal resistance. overioadrag 
of Ihe source rrsuks.

A method of achieving maximum power trans
fer between a sou me and a load (see section 13.9. 
page 179). it lo adj«»l Ibe value of the load rests 
•мне to 'match' the source internal resistance. A 
•enslimier may he used at a m b is im  matching 
drvkr by connecting it between the load and ibe 
sourur

The reason wtiy a transformer can be used lor this 
fa shown below. WMi tefeienoe to Fig. 21.10:

h  11

Hence by varying the valac of the turns ratio, 
the equivalent input re as lance of a transformer can 
he ’matched' to Ihe internal resistance of a load lo 
achieve maximum power transfer

Problem 21. A transformer having a turns 
ratio of 4:1 supplies a load of resistance 
100П. Deteimine Ac equivalent inpM 
resistance of Ihe transformer

From above, the equivalent input resistance.

*i = ( j £ V * L

<;v( 100) ss 1M 0 Q

Problem 22. The output mage of an 
amplifier has an output resistance of 112 П 
Calculate the opttanim turns mho of a 
Inns former which would march a load 
resistance of 7 П Ю tbe m l pul resistance of 
Ihe amplifier.
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X  * J U4
I . . . . . .

Hgurr 21.11

T V  circuit is shows in Fig. 21.11 
The equivalent input resistance. Rx of the 

former needs to be 112 Q for maximum 
transfer.

H n x  ( й У . Ь . Ш . и
' N } 1 *  7

U .

Hencr Ihe optln

й . л . .

I turns ratio la 4:1

Problem 23. Detemine (be optimum value 
of load resistance for maximum power 
transfer if tbe load u  connected to an 
amplifier of output resistance 1300 through 
a transformer with a lin e  ratio of 3:1

ffiV'
from which. * l = Я| (

"1

, 130(i)l  = «Q

Problem 24. A single-pbaae. 220 V/1760V 
ideal transformer Is supplied from a 220 V 
source through a cable of rrsistance 2 R . If  
the load across the secondary winding la
I 2*k 0  determine (a) the primary current 
flowing aad (b) the power dissipated in tbe 
load resistor

The circuit diagram >• shown in Hg. 21.12

1Ц М Шf  ,  '

(a) Turns ratio

lUgu valent input resistance of the transformer

(|Ус1Лх10*)«»а
Total input resistance.
Hjs = Л + в ( ш 2 + 20 :
Primary cunrnl.

l i  <

= 220

Ihe equivalent input resistance it! of the transformer 
needs to be 130 О tor maximum power transfer.

V '  220 ia  a i —  к  —  = ЮЛ
Ain 22

(b) For an iderf transformer
V, h 
V j ” /7 
from which.

Power dissipalcd in lond resistor R. 
r  = /|*L »  x 105)

= 2000 walls or 2kW

Problem 23. An a.c source of 24 V and 
internal rcsiaancc 13kO is matched to a 
load by a 23:1 Ideal transformer. Determine
(a) the value of tbe load resistance and 
<b) the power dissipated in tbe load.

The circuit diagram is shown in Hg. 21.13

(n) For maximum power transfer * i needs to be 
equal to 13 kfi.

from which, load resistance.
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* L , * 1 f g ) J = (l5000>( i ) J = M Q

(b) t v  toul input resistance whin Ihe source it 
con relied  lo thr mulching transformer u  R ,v +■ 
* ,l.e . 15кО + 15кП *ЗО кО

t 0.8 mA

ftimary currem.

L v ~ 2ц
1 “  30000 = 30000 

Ni/Nt = It/ li from which. /2 
(0.8 x U r ^ / D c  2 0 x 10*
I4>wer dissipated in the load RL.

P  = l\RL = (20x I0 "*)2<24)
= 9600 x 10~*W = 9*m W

A.

Now try Ihr (olkMing esemse

Extrcisr 121 Further pnMrm s oa

1 A transformer having n turns ratio of 
8:1 supplies a laid of resistance 500 
Determine Ibe equivalent input resistance of 
the transformer (3.2kO|

2 Whai ratio of Iranid»mcr is required In make
• toad of resistance 30Я appear to have a 
resistance of 270П? (3:1)

3 Determine thr optimum value of load 
mistance for maximum powrr transfer U lhe 
toad is connected lo an araplihei of ossipul 
№■ stance 1470 through a transformer with 
■ «urns ratio of 7:2 (120]

* A smglephase 240V/2880V ideal trans- 
fosmei is supplied from a 240V source 
through • cable of resistance 30. If Ihr 
load across the secondary winding is 720 0  
dor mime (at die pnmary current (lowing and

(b) thr power dtssipaled in ihe load icaiaance.
((a) 30 A  (b) 4.5 kW]

5 A load of irsislincr 768 Q is lo be matched
lo an amplifier which has an effective output 
resistance of 120 Determine the turns ratio 
of the coufdiag transformer (1:8]

6 An a.c. source of 20 V and internal resistance 
20 kO is matched to a load by a 16:1 ssnglr- 
phaae transformer. Determine fa) lhe value of 
tbe load resists ace and tb) thr powrr dise- 
pated in the toad.

[(• )78.I3Q  <b)5mW]

21.11 A uto  tranK form eni

An auto tranatormrr Is a transformer which has 
рал of its winding common to the primary and 
secondary circuits pig. 21.14(a) shows the circuit 
tor a double-wound i tarn former and Hg. 21.14(b) 
lhal for an auto transformer The latter shows lhal 
the secondary i* actually pan of toe pnmary . Ihe 
cunrnt m the secondary being </j -  /,). Since 
tbe currrnt is less in this section. Ihr croai-trcbonal 
area of the winding can be reduced, which reduces 
the amount of material necessary.

f ‘1 4
n |«rV ||

(Ы

Hgure 21.15 shows the circuit diagram symbol 
tor an auto transformer

Kigurr 21.19

Problem 26. A iingle-fhase auto 
transformer has a voltage ratio 320 V:250 V 
and supplies a load of 20 к VA at 250 V. 
Assuming an ideal iraasformer. determine 
the currem in each section of the winding.

Rating = 20kVA в  Vil\ »  V jij.

TLf.K
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Неясе pnmary current,

20 x 10* »  x 10*
I,  = -  - g j -  ■

and secondary сипам.

30 x I01 30 x 10*

62 5 A

V: 250 = *0A

2ЛГ|/. 2N,i, 
2ЛГ,/, '  2ЛМ7

Hence cunrnl in common part of the winding 
= 80-62.5 = 17 5A 

The cunrnl (lowing in rach section of Ur 
transformer it shown in Fig. 21.16

If, say. x = 
transformed

(4/5) Urn (volume of copper In aulo

Nosing of roppcr la an aulo Iramformcr
For Uie tame output and voltage ralio, U r aulo 
transformer requirei leu copper Hun an ordinary 
double-wound transformer. This ii explained below.

Ihe volume. and hence weight, of copper required 
in a winding и proportional to Ihe number of tun» 
and и  the стой-sectional area of U r wire. In lum 
tins is proportional lo U r cunrnl lo be earned. U . 
volume of copper is proportional to N1.

Volume of copper in an auto transformer
« CAT, -A fjtf, + tfj(/ l- / |)

see Rg. 21.14(b) 
or Nil\ — Afjfi + S ill  — N jli 
a * , / , + * , f , - 2Ar3/, 
а  2ЛГ,/, -  XVj/| (since tfj/ l ж N,1,) 

Volume of copper la a double-wound transformer 

< x * i/ i+ * ]/ > « 2N|/i 

(again, since N il} я  N il] t. Hence

_  /. 4v (volume of copper in a
*  I* ~  I/  double-wound transformer i

= \ (volume in double-wound transformer i

U . a saving of 804.
Similarly, if  *  я  (1/4), U r saving is 25 per cent, 

and so on. Hie doner N2 Is lo AF|. the giralct ihe 
saving in copper.

Problem 27. Determine U r saving ia Ihe 
volume of copper used in an aulo transforms 
compared with a double-wound transforms 
for (a) a 200V:|50V transformer, and (b> a 
500V:100V transformer.

volume of copper in
an aulo iransfcrmet _  2tf,f| 

volume of copper IQ a 
double-wound Iransformer

■2ЛTj/,
2ЛГ./l

(a) For a 200V:IS0V (ran*former,

Hence from equation (12). (volume of copper 1 
auto transformer!

= (I - 0  75),"Ыигос of “ PI”  to-  U  v transformer 1

-  (0 2« .(vo*“ me of «*PPer m
’ douMe-wouad transfonnerl

_  2 3 * <of ввГР" *
double-wound transformer)

Hence Ihe saving is 75*
(b) For a 500 V: IOO V transformer.

Vi I »
'  = 7 Г = « о - 0 2
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(fcacc. (volume of copper in aulo transformer)

_  о <* cupper in
*  u,£'douMe wound Iransfonncr)
L  (0  8) (volume in double-wound Iransforaier)

s  •O'* Of copper in a double-wound transformer
H our Ihe saving it 20* .

flow try Ihe following exerctte

■atrrisr 122 Further proMems on Ibe 
g t fa - tra r is fo r im r

1 A «ingle phase auto transformer has a volt
age ratio of 480 V : 300 V and supplies a load 
of 30 kVA al 300 V. Assuming an ideal trans- 

I  fonm'i calculate the cunent in each secUon of 
tbe winding.

I  [/, = 6 2 .5 A ./ 2 =  IO O A.(/2 - / , )  =  37.5A|

I  Calculate Ihe saving in tbe volume of 
Г  copper used in an auto tiansfoimer compared 

with a double-wound transformer for (a) 
a 300V:240 V transformer, and (b) a 
400 V:100 V transformer |(a) 80* (b( 25*1

for interconnecting syiaema that are operating at 
approximately tbe same voluge.

21.12 Im M In g  transform er»
Tnuisfonnen not only enable current or voltage 
to be tnnsfonned to some dtfleicni magnitude 
but provide a means of isolating electrically one 
pad of a circuit from another when there is 
ao electrical connection between primary and 
■econdwy wimbags. An fcolaUan transformer it 
t  1:1 ratio transformer with several important 
applications, including bathroom shaver sockets, 
portable electric tools. n u M  railways, and so on.

fn n ta itn  of a it*  transformer.
! advantages of auto transformers over duublc- 
aad transformers include:

1 a laving in coat a  nee leas copper is needed (see
■  above)

2 leaa volume, hence less weigh)
X 3 a bighei efficiency. resulting Irom lower l :K 
I  fomev
* a continuously variable output voltage is achiev

able if a sliding amtact it used
3 a smaller percentage voltage regulation.

9  ttaadvantages ,,f auto transformers
Tbe primary and secondary windings are not electn 
<**y separate, hence if an opexucuil occurs U1 (he 
»«>edaiy winding »k full primary \4ill»gc appears 
* **•  the secondary

**•» of aatu Iranrfanaen
* J“ 0 ttansfoimcis arc used for reducing the voltage 
**<• starting induction motors (see ( hapter 23) and

21.13 Three-phase transform er*

Three phase doable-wound tnuisfonnen axe nuunly 
wed in power напапмкаюп and air asually of the 
cue type. They baaically consist of three pain 
of single-phase windings mounted on one core, aa 
drown ia Hg. 21.17. which gives a considerable 
laving in the amount of iron used Tbe primary and 
accondaiy wirubng* in Rg. 21.17 are wound on top 
of each other in Ibe form of concentric cylinders, 
amilar to that ito w i in Pig. 21.6(a). Tbe windings 
nay be with Ibe pnmary delta-connected and the 
Ktcondary liar-connected, or star-delu. Mar-star or 
4rlta-delta. depending on at uae.

A della-connection it  shown in Hg. 21.18(a) and 
a slar-connectiun in Pig. 21.18(b).

Problem 28. A three phase transformer has 
500 pnmary turns and 30 secondary turns If 
ibe supply vokage it  2.4 kV find tbe 
tecnodaty Нас voltage on no-load when the 
windings are connected (a) star delta. (b) 
delta-atar.

(a) For a ttar-ooancction. Vl *  s/3 V , <soe Chap
ter 20). Рппагу phase voltage.

v',“7?“^ a=l3*5Wvoto
For a delu-con neciioo. V t = Vr. N\/Ni = 
V, /V] Iron whkti. secondary phaie voltage.

m 1384 volts

(1385 64)

Ttf*iooK
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Figure 21.17

OIM  они

O U l

Figure 21.lt

fb) Рог»delta-connectwn. VL = Vf hence.pnmary 
phase voliage Vr\ = 2.4 kV = 2400 volts. 
Secondary phase vobage.

>см»(£У 240 vo*.

ft»  a star-connccOon. V i j  v 'jV ,  
secondary line volume, Va = V?(240) 
a  416 volts

bence. tbe

te r d t t  123 л  further problem on the 
three-phase transformer
I A  three-phase transformer has 600 рппчО 

turns and ISO secondary turns If tbe «upP1) 
volta|e U l.SkV  determine thr tecoadary I»"' 
vobage OR no-load tAen the wiackng» “ T 
connected (a) deka-star (b) «ar-della

1(a) 649.5 V (b ) 21ft " 1

Now try the following exercise
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ц и C urren t In e f i im tr s
gtmg full scale deflections of I A. 2 A

E b . ^aiunn? a iirrn i m ru n s  of ahoui 100Л 
,  cunrtii tmnsfoimri * normally used Wuh a 

Ц ,  ^rving-coil n o n  It*- current required to 
-ус lull как- deflect** is very small - typically 
[ { ' „  ailbam ivics » sm larger currents arr lo hr
—fM.u-tl a shunt ка л х t> addrd lo Ihe drcast (see 
f fppef !<». Howevn tven with sbunl resistors 

U u  M l ром** Ui measure very large 
CUireat» When a.c. »  tesg measured a shunt a n w  
be U» J  suior Ifr  prf><von of dir cunrnl whicti 
do*. in Ihe inrlrr snl depend on IU impedance 
»hick vanes » iito ftr^acy.

]„»  iouNewourW  usnsfonner

/1 N1
‘ h  = N,

froa which.

‘- ‘■W
In current transform:' die primary usually cumi«> 
of oor or two lurm »I»lsl ihr secondary can haw 
several hundred turn A typical arrangemrru n

f t R | .  21.1»

> 11.19

lor example be pnmary has 2 I urns and <k 
J*Jdary 200 m s  then if ihe primary сипли о

•  ЗА

c«rtrni..... 
в*‘п tircuil a nc

isolate the ammeter front tt 
the u>e of a standard tup

Ы
e S K

h r voy large current» tbr I raw former oore can 
k пюишы around the conductor or bus-hw. Thua 
hr pnman then has tun one turn 

к u very importaal to short-cmua the secondary 
swing Mwr removing tbe ammeter. Thu ia 
tocanse if caticnl is flowing in tbr primary, 
twprrousi) htffi voltages could he tnduced in Ihe 
Kcondary thorfd ii he open-circueed.

O n e  tranrformer circuit tbagmm symbol* ase 
to n  in Fig. 21.20

jz: » (j)-*-
r J l »

ftoNem 29. A cunent Iransformer hat a 
angle tarn an the pnmary winding and a 
secondary winding of 60 turns. The 
■ronadary sswding is connected lo an 
unmeirr m b a resistance of 0.15 0. Tbe 
irsuuna of the secondary winding in 
0.2? 0 If tbr сипом m i tbe pnmary winding 
I» 300 A. dele mu nr (a ) tbe reading on Ihe 
ammeter, (h) the potential difference across 
the an meter and (c) Ihe total load (in VA) on 
tbr vcondaiy.

tel Rrnfcng on the ammeter.

SA.

1Ы Pd.acroas ibe ammeter *  /;ЛЛ.(* Ь в т Л * 1»1Ье 
aameterrenstaace) = (5X0.13» = *.75 volt»

(cl Tad resistance of secondaty entail =
0.15 + 0.25 *  0.40 П.
Induced t.ii.f. in secondary=(5X0.4 0 )»20V. 
Total load on secondary «= (2.0X.») я  I# VA

No* try Ibe fallowing rxeratr

I A currrnl transitmsei has two turns on tbr 
pnmary winding and a secondary winding of

TLfetOO*
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2M) turn*. Thr secondary winding u  connected
lo an ammeter with a resistance of 0.2(1. 
Thr icslaance of Ibr secondary windiag ll 
0.3 П If  Ihr cunrnl in ibr pnmary winding 
it 650Л, determine (a) ihr reading oa Ihr 
ammeter, (b) Ibr polrnlial diffm ncr acioia 
thr ammeter, aad (c) Ibr lotal load in VA on 
Ihr secondary [(a) 5 A  (b) IV  (c) 7.5 VA]

Now try Ibr fallowing exercise»

21.IS  Voltage transform ers

For measuring voltage» in exccu of rfioul 500 V ll
il often safer to use a vobage Iranifocmer Tbrir 
are normal double-wound iranafoimeri witb a large 
number of turn» on tie  pnmary. which i i  connected
lo a high vobage supply, and a small number of turns 
on Ibr secondary. A typical arrangement ii ibown 
in Hg. 21.21

Figure 21.21

Since
V, _ N ,
V2 ~ N j  

the secondary voltage.
V iN i 
V,

Ihus if ibr arrangement in Fig. 21.21 ha» 4000 
pnmary turn» and 20 «enxxbry turn» then for a 
voliage of 22кV oa lhe pnmary, tbe voltage on Ibe 
secondary.

V2 =

W (22000) I

I What и  a

Kxerrtoe 12} Shari aaawrr uurvtlnas .,n

transformer?
2 Explain bdefly bow a voltage ii iadkiccd щ 

lhe «econdary winding of a Irantfomiet
3 Draw Ihr circuit diagram symbol for a 

tram former
4 Stale ibe rrlaUombip between turn» and voli 

age ralioa for a Iianiformer
5 How ii a transformer rated?
6 Bnefly dracribr Ihr principle of oprntion ol 

a iransfonaer
7 Draw a pbaioc diagram for an idral Irans 

former oa no-load
8 Stair Ibr e.m.f. equation for a translonik-i
9 Draw an an-load phaaor tftagram for an Ideal 

uaruformer wtth an inductive load
10 Name two type» of transformer construction
11 What con malenal is normally uied for 

power transformers
12 Name three core materials used ia r.f. Iran' 

former»
13 State a typical application for (a) a.f. trans 

former» (b) r.f. transformer»
14 How Ii cooling achieved in lraaafomicn'
15 State the expression» for equivalent le u  

lance and reactance of a transformer, referred 
to ibe primary

16 Define regulation of a transformer
17 Name two sources of loas in a kanfom »'1
18 What Ii bynemis loai? How is it mirum-ed 

in a transformer .’
19 Whai are eddy currenli? How may they be 

reduced in tmnsfonaen?
20 How is trtaency of a transformer ealeu 

hied?
21 What If tie condition for maximum efli 

ciency of a transformer?
22 Whai does 'refinance mat dang mean J
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23 Slate a (netted application where marching 
would be used

24 Derive * formula (or the equivalent resistance 
of « traasfonnrr having a turns ratio of
N, N: and kwd resistance R,

25 What i> an auto transformer?

26 State thtec advantages and one disadvantage 
of an auto transformer compared w«b a 
double-wound tnu)«former

27 la  «bat applications or auto I rani loan era 
used1

2K What is an isolating traas former? Give two 
applicalioas

29 Describe briefly Ibe construction of a tbree- 
pba.se transformer

30 For what reason are cunent transfonnera 
wed?

31 Describe how a current transfonner operates
32 For what reason n r voltage transfonnera 

used’

33 Describe bow a voltage transfonner operates

Exercise 126 Maltl-chotcr <ptcstioil* on 
transformers < Answers on page 3761

1 Ibe e.mf. equation of a transformer of 
secondary ium> .Vj. magnetic flux dent.il) 
A,,,, magnetic area of corr a. and operating 
al frequency /  la given by:
(a) Ej = AMNjBwtf wilt*

(b) E , m 4 .4 4 ^ 5 ^  wks 

<«, Е г ш И з Ы ^
a

Id) E ] = I.IIA / jt . a /  wits

2 In tbe auto-transformer shown m Fig. 21.22. 
tbe current in section PQ la:
(a) 3.3 A (b) 1.7 A (c) 5 A ( f ) U A

J  A  step-up transformer has a turns nun of
10. If Ibe output current is ЗА . the input 
cwren la:
W 5 0 A  (b )5 A  (c) 2.5 A <d> 0.5 A

4 A  440 V/IIO  V Iransformer has 1000turns on 
the primary wiixtag. Tbe number at turns on 
the secomfciy is:
(a) 530 (b) 230 <c) 4000 (d) 25

5 An advantage of an auto-transformer is that:
(a) it gives a high step-up ratio
(b) iron loaaes ate reduced
(c) copper кип Is reduced
(d) a reduces capacitance between turns

6 A 1 kV/250 V transformer has 500 luma on 
the secondaiy waiding The lumber of turns 
on ihe primary is:
(a) 2000 <b) 123 (c ) 1000 (d) 230

7 Tbe core Ы  a Iransformer la lansnaied to:
(a) limit tynereds loaa
(b) reduce Ihe inductance of tbe windings
(c) reduce the effect» of eddy current loss
(d) prevent eddy currents (rum occurring

8 Tbe power input to a mains iransformer is 
200W  If tbe pnmary current is 2.5 A. the 
tecondary voltage is 2 V  aad assuming no 
loaaes in Ibe transformer, ibe hints ratio is: 
(a) 40:1 step down 4b) 40:1 step up
(c) >0:1 step down (d) <0:1 Лер up

9  A transformer has 800 prunary luma and 100 
secondaiy turn» To obtaan 40 V ftom tbe 
aecondaty winding the voltage applied lo tbe 
primary winding mint be:
(a) 3 V  (b ) 320 V
(c) Z S V  Id ) 20 V
A lOOkVA. 230 V/lOkV. single-pbaae trans- 
fotmer ha* a full-load copper lose of >00 W  
and an in *  loaa of 500 W. Tbe primary wind
ing contains 120aims. For the staietncrls in
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queitioni lOlo 16. iclect Ibe correct answer 
from the following liK:
(a) 81.3 kW (b) 800 W  (c) 97.32»
(d) 80 kW (e) 3 <0 4800
<g) 1.3 kW <b) 98.40» (i)lO O kW
(j)98 .28» (k) 200 W  (1) 101.3 kW 
(m) 96.38» (a) 400 W

10 Ibe total full-load losses

11 Tbe full-load output power at0.8power (actor
12 Tbe hill load Input power al 0.8 power (actor
13 Tbe full-load efficiency at 0.8 power factor
14 Tbe half full-load copper Ion
1) The trantformer efficiency al half fulHoad.

0.8 power factor
16 Tbe number of secondary winding turns
17 Which of tbe following statements is Use?

(a) In an ideal tranifomier. the volts per turn 
air constant for a given value of primary 
voltage

(b) In a angle-phase transformer, the byiaere- 
sis lots Is proportional to frequency

(c) A  transformer whose secondaiy cuneM it 
greater than the primary cunent it a step- 
up trans former

(d) In transformer;, eddy cunent loss ,s 
reduced by laminating the cote

18 An ideal transformer hat a turns паю ol | s 
and it iapplied аГЙОО V when the priuaiy 
ситтвИГia. 3 A. tyhich of the following «ai,- 
ments b fahc ’

(a) The turas ratio indicates a step-up tnuiv- 
foimer

(b) Tbe secondary voltage is 40V
(c) The secondary cunent it 15 A
(d) The transformer rating ia 0.6 kVA
(e) Tbe tecondaty voltage ia 1 kV
(f) The lecondary current it 0.6 A

19 Iron losses in a transformer are due to:
(a) eddy currents only
(b) flux leakage
(c) both eddy cunent and hysteresis fosses
(d) the renatance of the primary and tecondan 

windings

20 A load it lo be matched lo an amplifier 
having an effective internal reustance of 10 П 
via a coupling transformer having a turns 
ratio of 1:10. Tbe value of the load resistance 
for maximum power tranifer it:
(а) 100П (b) 1 кП
(c) 100 mQ (d )lm n



Assignment 6

This urtslgnniMit cavers Um  material contained in Chapter* H  and I I .

The marks for tech question art shmn m brackets al ihe end of each question

1 Thro»- identical emit each of resistance 400 and 
Infective reactance 300 are connected (t) n  star, 
and (U) in deha to a 400 V. three-phase nipply 
CUcuUie Гог еж*1 connection (a) the liae and 
phase voltages, (b) the phase and line currents, 
and (c) Ibe total power dissipated. (12)

2 Та» wanrneteni are connected lo measure Ibe 
Input power lo a balanced tbn-e-phate load by 
Ihe two-wattmeter method. If tile instrumem read 
IngK arc 10 kW ltd  ftkW. detennine (a) Ihe lotal 
power input, and lb ) Ihe load power factor. (5)

3 An ideal transformer connected lo a 250 V mains, 
Ripplies a 25 V . 300 W lamp. Calculate Ihe Irans- 
fcnaer turns rnlMi and ihe m l  taken from Ihe

, »pp)y (*)

4 A 200kVA. 8000V/320V, 50Hl tingle phate
f kMalormci Iras 120 secondary turns Determine

(») ihe pnmary and «econdary сигтепч, (b) Ihe

number of pnmary turns, and (c) ihe maximum 
value of flux. (9)

5 Determine the lepdaiion of an 8kVA. 100 V/ 
200 V , tinjte phase transformer when ill 
secondary lerminai voltage it  194 V when loaded

(3)
6 A  500к VA Med transformer bat a fuM-load cop

per Ion of 4kW and an iron lou of 3kW. Deter
mine tie transformer efficiency (a) al full load 
and 0.Ю power factor, and (b) al half full bad 
and 0.80 power factor. (10)

7 Determine the optimum value of load tetManoe 
lor maximum power Imnafer if toe load It con
nected lo an amplifier of output rebalance 288 О 
through a transformer » i* i a turns ratio в: I (3)

I  A  «ingle-phate auto Iranafomter hat a voltage 
ratio of 250V;200 V and supplies a load of 
15kVA al 200 V. AMuning an кк-al iransformer, 
determine ibe cunenl in each tecOon of 
Ihe winding. (3)



D.C. machines

Al Ihe end of this chapter you shoald be able lo:

• distingaisb between Ihe function of a motor and a genemor

• describe Ihe action of a commutator

• describe tbe construction of a dx. machine

• dtstingash between wave and lap windings

• understand Aunt, aeries and compound windings of d.c. machines

• understand armature reaction

• calculate generated e.m.f. in an armature winding using £ = lpbnZ/c

• describe lypes of d.c. generator and their characteristics

• calculate generated e.m.f. for a generator using E  = V + l,R ,

• stole typical applications of dx. generators

• list d.c. machine losses and calculate efficiency

• calculate hack e.n  f. for a d.c. motor using E  - V  -  I.R ,

• calculate the torque of a dx. motor using T  — E ljh m  and T = p b Z IJn c

• describe types of dx. motor and their characteristics

• «life typical applications of dc. motors

• describe a dc. motor starter

• describe methods of speed сотою! of dx. motors

• list lypes of enclosure for d.c. motors

2 2 . 1  Introductttm

When the input lo aa electrical machine Is electrical 
energy, (seen aa applying a voltage to the electrical 
terminal! of tbe machine), and the output is mechan
ical energy, (sees as a rotating shaft), ibe machine 
is called an electric motor Thus an electric motor 
convert» electrical energy into mechanical energy.

The principle of operation of a motor la explained 
in Section 8.4, page 89. Wben the Input «о an elec 
trical machine is mechanical energy, (seen at. »ay 
a diesel motor, coupled lo Ihe machine by a shall1 
aad the output и  electrical energy, (see* aa a volt 
age appearing al Ibe electrical terminals of tbe 
machinei. Ibe machine is called a geaerator Thu» 
a generator coavens mechanical energy to electrical 
energy.



_  principle of ореппоа of a geaerator и  
*acd in Seciloa 9.2. page 94.

23.2 The action of a io «m u ta to r

111 an electnc motor, conductors rotate In a uniform 
e a p tb 'O  field. A nagle-loop conductor mounted 
between permanent magnets к  A in tn  in H g  22.1. 
A  voflage i» applied al point i A and В in Hg. 22 lit  I

figure 211
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die other acting vertically upward* due to Ibe cur
lew flowing iron E Ю 1 (from Fleming ! le t band 
rule). If  Ibe loop U free Iu mule, then wben u hai 
rotated t ho High 1 * 0 ', ibe conducton Me an !bown 
in Hg. 211(b) For M i n  lo oootinue in Ihe ume 
direction, и a  necessary for Ihe cunenl flow lo be na 
dwwn ia Hg. 22.1(b), U  from I)  to С aad from F  lo 
&  U rn apparen reversal in the direction uf cunenl 
flow u  achieved by а process called ruarniutattoa 
With reference lo Hg. 22 2(a), when a <hmd volt
age IS applied al A and B. then ai die single loop 
cuaductor rotates, cunenl flow will always be away 
from tbe commutator for die part of Ihe enmfcetor 
adjacent lo lhe N-pote and toward! the commutator 
fc» Ihe part of t v  conductor adjacent lo the S-pole. 
Ib u i ihe forcet act lo give uonUnuous niuiion in an 
anti-cfockwiae direction Ihe arrangement ihown in 
Rg. 22.2(a) i i  called a ‘two-segment’ commutator 
and the voltage и  applied lo tie  routing tegnenu by 
aanonary hruAes tuiually carbon Mocks). ntncti 
tide on Ibe commutator material, (uaully copper), 
wben rotation takei place.

In practice, tie  i t  ate many conducton oa Ibe 
routing put of • tic. machine aad Iheae are attached 
lo many commutator segments. A schematic dia
gram of a mula-iegmem cemmuuior u  Ао»п in 
Hg. 22.2(b)

Poor commutation rewlis in Iparting al tbe nail
ing edge of ibe braties This caa be unproved by 
•King inter poles (ututed between each pair of mam 
polei). higb m iitaace brushes, or unng brashes 
spanning severt commutator aegmrnts.

A  fonx. F. ad i on tbe loop due lo tbe interac
tion of ibe magnetic field of tl»- permanent magnets 

' and Ibe magnetic Held ciealed by the cunen flow
ing ia the loop. Thu force ii proportional to fee flat 
deruav B , Ibe cunrnt flowing. I. and the edrctive 
length of the conductor. I, Le. F  = B ll Tbe force 
ia made up of two parti, one acting vettically down 
wardi due to the cunenl flowing from С to D and

22.3 D .C. nacb iae ct cttun

The basic puts of any (Lc. mactane arc shown in 
Hg. 22.Э. and oomprise:

(a) a stationary part called tie stator having.
(i) a Meet ring called tie yafce. to which are 

attached

Os.

T U t iO O l



Figure 213

(il) the magnetic palev around which are ibe 
inn Ark) winding*, U . many luma of a con

ductor wound round the pole coir: current 
passing through this conductor creates an 
electromagnet. (ralher than tbe permanent 
magneti shown in fig. 22.1 and 22.2),

(b) a routing pan called the armature mounted In 
hearings housed in Ibe stalor and basing, 
tiv) a laminated cylinder of iron or Heel called 

the corr, an which teeth a ir cut lo home 
the

(v i armaturr winding, i.e. a tingle or multi 
loop conductor system, and

(vi) Ibe commutator, (tee Section 22.2)

Armature winding* can be divided into two 
group*, depending on how tbe w iirt air joined to 
the commutator. Ihese air called wave windings 
and lap windings

(a) In wave windings there are two paths in parallel 
irrespective of die number of poles, each path 
supplying half tie  loul current output Wave 
wound generators produce high voltage, low 
cunent output!

(b) In lap windings then: are as many paths In 
parallel aa the machine has poles. Ibe total 
current output divides equally between them, 
lap  wound generator» produce high current. low 
voltage output

22.4 Shunt, w r ln  and compound 
winding*

When the Held winding of a d.c. machine is con
nected m parallel with the armature, aa shown In 
Hg 22.4(a). Ihe madunr la said lo be shuat wound. 
If the Held winding it connected in aeries with 
Ihe armature, as dtown in fig . 22.4(b), then Ibe 
machine is said to be series wound. A compound 
wound machine haa a combination of series and 
shunt windings.

la) (h im  

ngurr 2X4

Depending oa whether Ihe eiectncal machine u 
tenet wound, riainl wound or compound wuuikj 
it behaves dKfetrnlly when a load it applied 1>* 
behaviour of a d.c. machine under various rondm. >n> 
it shown by means of graphs, called chasacierwk 
curves or just characteristics The charactcnsiK, 
thown in tbe following lections ate theoretical since 
they neglect Ihe effect! of armature reaction

Armaturr reaction it die effect that the magnetic 
held produced by Ibe armaturr current has on ihe 
magnetic held produced by the field system In a 
generator, armature reaction results in a reduced 
output voltage, and in a motor, armature readme 
tesulu in Increased speed.

A way of overcoming the effect of armature 
traction it lo fll compensating winding!, totaled it 
dot! in Ibe pole face.

22.5 K.tn.f. generated in an armature 
winding

Let Z  = nuaaber of armature oonducuirv 
Ф = uteftil Ikix per pole, in webers, 
p = nuaaber of pain of poles 

and n = armalurr speed in trv/s

The e.m.f. generated by the armalurr la equal to die 
e.m.f. generated by one of tbe parallel paths Ear* 
conductor paasea 2p pole* per revolution and <•“ “  
cuts 2рФ webers of magnetic flux per revolution- j 
Hence (lux ctM by one conductor per second = 
lp *n  Wb and ao Ibe average e m.f. F. getrraied 
per conductor It given by:

Б  = ip * *  volts
(since 1 volt ж I Weber per second)
Lei e=  number of parallel paths

through Ibe winding between
positive and negative bnithc»
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t  -  2 for a waw \ 
с = I f  for a bp winding

■foe lum K-i of conduct!»-. in aeries In etch path ж
Z/c

1Ж •>»•> e-mi between

hushes x  Iaverage e m.f./conductor)
(number of conductors in aeon 
pet pMb)

= 2р+иг/с
generated r ja i.  E  ж > ♦ ./

Snce /, p »nd rare constant for a given machine, 
then £  ос Фл However bra it Ihe angular velocity 
m In radians per second. hence Ihe generated e m l 
it pnporiional lo Ф and «>.

U . generated (JO S. t  *  ♦»

Problem I. An в-pole, wave-connected 
amaiuie ha* 600 conductor! and t> Jn 'eo  al 
625 rev/min If the flux per pole it 20 mWb. 
р к ш к  ihe generated e.m.f.

! = too. с at 2 (for a wave winding I. p = 4 pair*, 
i = 625/60 rev/, and ♦ = 20 x 10 5 Wb. 

Generated e.m.f.

.  _ 2p*nZ

2(4K20 к I0-1) f («00)nU

= 500 volts

Ptebiem 2 A 4-pole generator ha* a 
hp-wound armature with 50 tlou with 16 
Conduct.̂  per ska. Ibe useful flux per pole 
u  30 mWh Dele mu ne ihe «feed al which the 
••Лих- must be driven to generate an e.m.l. 
4240V

*  *  240V, с ж 2p  (for a lap winding). Z 
30 * 16 = *00 and *  з  .V) x 1 0 1 Wb.

Е ж -

tienerated t jn J.
2р Ф яг 2pbnZ  

*  2p

Rearranging glwea, speed.

£ 240
ФZ  *  (30 x 10-JK*00) 

= M  re»/i or *00 rev/min

Фп 7

(I)

Problem 3. An Kfxsle, lap-wound armalure 
has 1200 conductors and a ftux per pole of
0.03 Wb Determine Ihe e.m.f generated 
when tunning al SOOiev/min.

O ne rated r.nuf.,

2 p *n Z

(2)
■ Kir a lap-wound machine.

te. E  ■-

= (O.Oi) (  2 2 )  (1200) 

= 304) veils

Problem 4. Determine the gene rued e.mf. 
in Problem I  if  ibe atmature is wave-wound.

O n e  ra ted  r m j

„  2p *»Z

( since с x  2 for wave-wound)

e
2p*nZ  

2
■■ рфп/. ж  (4КФ nZ) 
i (4X300) from Problem 3 
: 1200 vaK*

Problem 5. A  d.c «huni wound geneomr 
running «  conual speed generates a voltage 
of 150 V al a «*|1мп vatoe of Held cuntM 
Determine the change in Ihe generated 
voltage when the fteid current ii aeduoed by 
20 per cent. aaaummg Ibe tux is pro port m eal 
lo Ihe field салем.
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Ibe jb w a k 'J e.m.f. £  of a generator ll proportional 
to Ф..1, i.e. Is proportional Ui Ф л. where Ф  u  Ibe 
flux and л ik the speed of rotation. к follow» lbat 
E  = кФп . where A la a constant

A l speed Л| aad flux Ф |.£ | =  *Ф|Щ
A l speed n; aad flax Ф ;. £ j = М ьл :

Ihus. by divition:

El *Ф|«1 *!«!—  SS ■ .... r z
£2 M>2"2 ♦ j " !

The initial conditicai ate E i — 150V, Ф  = Ф, 
and я = л. When the Ikix is reduced by 20 per 
cent, tbe new value of llux is *0/100 or 0.8 of tbe 
initial value, i.e. фг = 0.8Ф| Since tbe generator 
is running at constant speed, nj = щ .

E  i Ф|*1 Ф)Ч| 1—  — —---- ш ------- . хз —
E : Ф ;" ; 0.НФ|П; 0.8 

lhal is, E i — 150 x 0.8 = 120 V

Tbus —  i

Problem ft. A  (Lc. generator running al
30 rev/s generates an e.m.f. of 200 V. 
Determine the percentage increase in Ibe lux 
per pole required lo generate 250 V  al
20 rev/s.

Since

lienee

EiE  <x Фл then у  1 Ei

from winch.

«Ы20)
♦,(30X250)
(20X200)

• 1.875Ф,

Hence the 
*7.? per cent

Increase in Пах per pole needs t„ ,4

Thus, a reduction of 20 per cent in Ihe vA ie of 
the Них reduces lhe generated voltage lo 120 V al
constant speed.

i Equation (2), generated e m f.. E  ос Фш aad 
since ш = 2яп. £  ot фл

Let £| s  200V, л, = 30rev/s

and Dux per pole al this speed be Ф,

Let £ 2 > 250V, Л] = 20tev/s

and flux per pole al tbit speed be Ф ;

♦ |Л |

♦2Л2 

200 ф,(30)
250 =

2 1 d r lallft* ing exercise

l-де retie 127 Further problems on
generator f-la-f.
1 A 4-pole, wave-connected armature of a dc 

machine haa 750 conductors and is dnven 
at 720 rev/min. If the useful flux per pole r« 
15mWb. determine the generated e.nU

[270 volu I
2 A 6-pole generator haa a lap-wound armature 

witb 40 slots with 20 conductors per llot. The 
flux per pole il 25 mWb. Calculate tbe speed .11 
which the machine must be driven to genera, 
an e.m .fof 300 V  [15 rcv/s or 900 rcv/min!

3 A  4-pole amature of a d c  machine has 1000 
conductors and a flux per pole of 20m W b 
Determine die e.m.f generated whea running 
ai 600 rev/raln wben the armature Is (a) wave 
wound (b) lap-wound.

|(a) 400 volts (b) 200 volts I
4 A dc. genet aim tunning at 25 rev/s genet at 

an e.m.f. of 150V. Determine Ihe percents 
increase in the Dux per pole required to gen 
erate 180V at 20rev/s [50**1

5 Determine the terminal voltage of a grnciaini 
which develops an c.m.1 of 240V and ha-' an 
armature current of 50A on load Assume tlx- 
armature resistance is 40 т П  [238 volts I

22.6 D.C. generators

DC. generators are classified according lo <•* 
method of their field excitation. These group- 
mgs are:

(t) SeparatHy-exrIlcd generators wbetr ilk- " ‘ IJ 
winding is connected to a source of supply 
than Ihe annatutr of da own machine

(■) Self-excited generators wboe Ibe Acid
ing receives its tupply from Ibe armature of t* 
own machiae. and whicb ate mb-divided 'n '
(a) shunt. (►) aeries, and (c) compound wou" 
generator!.
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J2 .7 Types of d.c. generator and their 
characteristic»

(d  Separatrlw xrHed generator 
д  typtcal sepataiely excited generator nm ui it
доип ■» Hg. 22.3

! When a load ■> connected across Ihe arautun- 
КПП1Л.1. ' a load сщтеп! /. »iU  flow Ihe icrmmel 
w lu ? ‘ V wiB fall from Us open-circuit e.m f E  due 
lo a vutl drop caiisod by current Him тц ihriKiflh the 
Minaiui ■ r reliance. shown а» H,

Сterminal m ilage, V ж  F. -  I.K ,

Problem 7. Determine the lerrtanal voltaic 
of a generator which develops an e.m.f. <jf 
200 V and has aa armalurr ciinmt of 30 A 
on load. Assume the armalurr refinance it
0.30 П

With reference lo Fig. 22.5. lerminal voltage.

»: 200 -  (30X0.30)
= 200 - 9  
с  191 volt»

**) Terminal voltage. V 
«Bvu it»

PW*-m H. A general»* u connected to a 
ЛОП load and a cu n rtil o f 8A flow». If Ihe 
annatuie гениапсе la I П deteinuae (a) tbe 

Y e ifg r and (b) the generated e at f

«= l.* l =» (I)» » )

(b> (ienerated e.e.f.,
E  = V + / Л  from I-Afuauoa (3)

= 4*0 + (* )( 1) с  480 + 8 = « 8  volt.

Problem 9. A  leporalely-exciled generator 
develop» a no-load e.m.f. of 130 V al an 
atmalutr speed of 20 rev/» aad a flux per 
pole of 0.10Wb. IXcrm ne the generated 
e.m.f. when fa) tbe speed me leases to 
25 rev/i and the pole flui remains 
unchanged. t>) Ibe «peed remains at 20 lev/» 
Mid ibe pole flux и decreased lo 0.08 Wb, 
and (c) the apeed increase» to 24 rev/» and 
the pule Dux la drcaeaied lo 0.07 Wh

(a) I то т Section 22.5, generated e.m.f. £  or *л
.______. .  £ i * i* .from w b d t- ,—

130 (0.10X20)Hence ■
£ j

from «tick. £ j

(01X23) 
(150Х0.ЮХ23) 

(0.10X20) 
x  1X7 5 Nulls

ft*) 150 _  (0.ЮХ20)
£, = (O.OBX20)

from wtach. e.ntf.. £ j *

150 (0.10X20)
£« = (0.07X24)

from wtach. e.m f.. £4 =

(150X0.08X20)
(•10X20)

I M v o tb

(130X0.07X24)
(•10X20) 

s  Ш  volta

Characlmsltcs
The two pnnopal graerator cbaructentiic» ак 
tie geanaied rallage/teld cunent AaracterWics. 
called the open-elreuM iiumMlerl«M< and the 
terminal vokageinad carnal iluracteriMc. called 
Ihe load ebaracterMIr A typical aepanlely-excited 
generator open-circuM characteristic u shown m 
Hg. 22Aa) and a typical bad charaeterfcMe u 
t e n  in Fig. 216(b)

I .
T L fe K
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(a) Tbr circuit is at ibown in Hg. 22.H 
20000 watts

toad cunrnl. / e  ■ 100 A| MOvolts 
Volt drop in | Ь .« Ь е . to tbe load в  IK  = 
(10enW ) .к lO^’ l = 10V. Hence terminal 

e. V  *  200 + 10 = 2W volt»

Hgun 214

A sepamely-excted generator м used only In 
special cases, such at when a wide variation In 
terminal p.d. it  required. oc wben exact control of 
tbe field cunrnt ii accessary. Its disadvantage lies 
in requiring a separate tourer of direct cwreat.

(Ы  Shunt wound кг iterator
In a shunt wound generator Ibe field winding is 
connected in parallel with the armature as shown 
in Hg. 22.7 The Held winding has a relatively high 
resrstaace and therefore tbr current carried is only a 
fraction of tbe amuaurc cunrnt.

For the circuit shown in Fig. 22.7,

terminal voltage. V = E  -  /,Л.
or generated e.m.f.. E  = V + 1 A

I ,  = I,  + I  from KircbbofTn current law. where 
/, = armature cunrnl. It = field current (ж  V/Яг! 
and I  = load current

Problem 10. A  shun generator supplies a
20 kW load at 200 V «trough cables of 
resistance. Л ж 100 mfl. If ibe field winding 
resistance. Лг = SO П and Ihe armature 
resistance. Л. = 40 mfl. determine (a) the 
terminal voltage, and <b) ibe e.m.f. generated 
in tbe armature.

Прит 21»
(b) Armature cairett ( ,s / |+ /

V 210
Field cunent. It  =  — я  - гг  =  4.2A R, 50

Hence / .« / , + / = 4.2 + 100 »  104.2 Л 
Generated e.m.f. E  = V + l,K ,

= 210+<104.2M0*I0 *)
= 210 + 4.168 
= 214.17 volts

CkaraclrrisUca

The generated e.m.f.. E, it proportional to 
(tee Section 22.5>, hence si constant speed, since 
w = 2»*, E  <x ® . Also the Dux ♦ it pnpntknal
lo field cunent It until magnetic tauiraikin of ihe 
«on circuit of Ibe generator occun. Hence ihe open 
circuit characteristic it  at ibown in Fig. 22.9(a).

. 1 ________

V

■jj load o f*11 i.

figure 22.»



I Да Ihr load силе* oa a genet*or having caatuni 
flrkl enrrm and running Л  cxinmanl speed Increaaet, 

C |  va le  »f armature current increases. hence the 
■ IIU IU I, vnk dr>p. I,ft, increaaet. The generated 

. foliage Г  »  latgrr than ihr lermmal >.4ugr k' 
0*й ft*- voltage esgtattoa for Ibe araukute dacatk ia 
V - E  - / j f .. Siace E  ia cuoManl. V decreases 
with increasing load. Ibe load chanctenok it aa 
tbow-n in Pig. 22.4<bi. In practice, ibe fall in voltage 
it about 10 per cent between no-kiad and M H o tl 
Ibr many d.c. tbu «wound generator..

The Л и т wound generator it  Ihe type mint uied 
it  practice, hut tbe load current must be limited to 
a value lhal it well below tbe maximum value Tbit 
then avoids excessive variation of the lermtxuf vot- 
age. "typical appficaions are with battery charging 
and Botor car geneototv

(el Stries-wound grneratnr
la Uv senes-wound generator lhe held winding 1» 

I  eoaneded in tenet with Ihe araiaiuie at ihow n In 
Hg. 22.10

JS E ,

Loadcunart

a n

in a tenet-wound generator, the held winding 11 
m teriet with the armature and к if not possible 10 
have a value of Held cunenl when tie terminals ate 
open circuited, tbut к 11 not posiaMe 10 obuin an 
oprn-circuk charade nauc

Senet-wound generators are rarely uied in prac
tise. but can be used at a 'booaler' on d.c transmit

Id l Compound-wound generator
In the aim pound-wound generator two methods of 
a  match on are tied, both having a mixture of shun 
and teriet winding >. designed 10 combine the advaa- 
laget of each. Kg 22.12(a) thowt what it  lenaed a 
bmg-shtail con pound generator, and Hg. 22.12(b) 
kKiwi a short-rfiunt aimpaund generator. Thr lat
ter it  die тон  generally used form of d.c. generator.

Aft
Kgurr 21111

Thr load chtttdeniuc 11 lhe terminal voll-
■  М а л е м  characteristic. The generated em f £ .ii 

poponmnal ю Фш and ■ contunl speed <u(s 2яв) 
Lmtcoiud.ini 1 >kj- F и pn-|e-rtnaiaJ lo ♦ lot value» 

Of currrnt below magnetic salutation of the yoke, 
b t io  ш  gaps and a  mature анг thr Out •  и pro- 

pottioaal to the cunrnl. beoce E <x I. Por vakiei of
1 «nrrat above tl»»e required f.« magnetic sanaatna. 

•* generated ejn.f. it approximately contiaot The 
■ a  of field reniUasr and anuaiure reaitance In 

[•  teriri wouad machine are taiaJI. beace the tema- 
^  a t  vultate ) is very rv.uh equ.il ю / A typw.il 

load charactenstR for a v n r s  ueneralot ii shown in
H * 22.11

Kguir 2112

Problem 11. A thnd-thunl compound 
generator wpptiei «0 A al 200 V. If the teld 
irtitunoe, R, я  40 ft. tbe senes res)Stance, 
« v  s  0.02 0  and lhe anaaturr nrslitaacc,
R . =■ 0 04 0 . delenmne thr e.m.f. pearntcd.

Tbe circuit it thown ia  Fig. 22.IS.
Vok drop*  terlrs windiag в  IR%, — (Ю К0 ГО)= 

IA V .
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P.d across tbe feeld winding = p.d Across 
armalurr = V\ = 200 + 1.6 = 201.6 V

Vi 201.6 
Reid current /( = —■ = ——  = 5.04 A Kf 4U

Armature current, /, = /+/f = 80+5.04 = 85.04 A 

bene rated e jn X . E  — V i + l,K .
= 201.6 + (85.04 КО М ) 
= 201.6 + 3.4016 
= 205 volte

Characlrriatict
In cumulative-compound machines Ibe mag
netic (lux produced by the series and shunt 
fields are additive Included in this group ate 
over-compounded, level-compounded and under- 
compounded machine* - the degree of compound
ing obtained depending on the number of turn* of 
wire on Ibe series winding.

A  large number of series winding turns results 
in an over-compounded characteristic, a* shown In 
Hg. 22.14. in which (he full-load terminal volt
age exceeds the no-load voltage. A level-compound 
machine gives a full-load terminal voltage Much is 
equal to Ihe no-load voltage, as shown in Hg. 2X14

Figure 2114

An under-compounded machine give* a ftill-|14d 
terminal voltage which it leas than the 
voltage. ** shown in Hg. 22.14. However even il„. 
Inner characteristic is jyHttie heller than that for j 
duint genex0 oi’atoe».tfcmpound-wound general,,,, 
air usedTnelectiic arc welding, with Itfdttmy 4.u 
and with marine equipment

Now try Ibe fallowing exercise

Kxerdsc 128 Further problems on the d.c. 
generator
1 A  generator is connected to а 50 П load and 

a current of 10A flows. If Ihe armature tests 
tanoe is 0.50. determine (a) the temsnaj volt 
age. and (b) the generated e.m.f.

[(a) 500 volts (b) 505 volts]

2 A separately excited generator develop* a no- 
load e.m.f. of 180 V at an armature «peed 
of 15 rev/s and a flux per pole of 0.20 Wb 
Calculate Ihe generated e.m.f. when:
( !)  tbe speed increase* to 20 tev/s and the IIих 

per pole remains unchanged
(b) the speed remains at 15 trv/s and the pole 

flux is decreased lo 0.125 Wb
(c) Ibe speed increases to 25 rev/s and the pole 

flux is decreased lo 0.18 Wb
[(a) 240volts <b) 112.5 volts (c) 270volis|

3 A  shunt generator supplies a 50kW load at 
400V through cables of resistance 0.2 Я  If Ihe 
field winding resistance is 50 П and the arma 
hire resistance is 0.05 Я , determine (a) the ter 
minal voltage, (b) the e.m.f. generated ia the 
armature ((a) 425 volts (b) 431.68 voltsl

4 A short-sham compound generator supplies 
50A al 30» V. If the field resistance is 30 П. 
Ihe series resistance 0.03 П and the amuiui. 
resistance 0.05 Q. deretmrne the e m.f gencr
ated [304.5 voltsl

5 A d.c. generator has a generated e.m.f <>f 
210V wben running al 7 0 0 rev/mia and 
flux per pole la 120 mWb. Determine the g«* 
erated e.m.f.
(a) M 1050rev/min. assuming the flux remain4 

constant.
(b) if  tbe (lax Is reduced by one-sixth ai c° n 

slant speed, and
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(с) «■ a speed of 1155 lev/tain ami a Dux of 
132mWb

1(a) 313V <b> 175V <e) 381.2V)
6 A  230V dc. sbunl-wound generator has an 

anaatutr irsistance of 0 1 Q. Determine Ihe 
generated e.m.f. when Ihe generator is supply- 
1Щ  JOkW. ncslcciing It»' held i-urrent at the 
generator 1270V I1270V )

м «sod lo signify efficiency and since ttte units air, 
power/power, then efficiency has no sM> H als

22.x D .C . m achine lo w s

As Haled in Section 22.1. a generator is a machine 
for eoavetting mechanical energy into electrical 
m agy and a motor it a machine for converting 
etei1n .il energy into mechanical energy. When tudi 
goavrnuons lake place, certain losses occur which 
ate dissipated in tbe form of beat.

The pnncipal lo u rs of machine* ire:

(I) Copper km . due lo I 1 к  beat kisses in die 
armaluiv and field windings.

<ii) In n  (or cor») b n . due to hysteresis and eddy- 
cunrnl losses in Ihe armaure This loss can be 
reduced hy constructing ibe armature of silicon 
Steel laminations having a high resistivity and 
low hysleicsis Inst. Al constant speed, (be iron 
loaa is assumed constant.

(ni) Friction and windage loaaes. due lo bear
ing and brush contact friction and losses doe 
to air resistance against moving pails (called 
Windage). Al constant speed, these losses arc 
assumed to be constant.

<iv) Brush contact к м  between the brushes aad 
Commutator Ibis loss is approximately propor
tional lo Ihe load current.

T V  total losses of a machine can be <pn(c sigabcaat 
•nd operating efficiencies of between 80 per cent
•«110 per cent are common.

K IV cien cy o f a d .c. generator

*  efbciency of an electrical mactane it tbe taUo of 
oatpui power to Ibe Input power and it MutUy 

as a percentage The Greek letter, У  (eu)

If the total resiaaace of tbe armaturr dtcutt (Indud- 
mg brush contact teaittaace) it then Ihe total 
lo*s in tbe armalurr circuit la I 'K .

If tbe terminal v ok age it V and ibe current in the 
darnl circuit is /«. then the leas hi tbe shunt elrcidt 
b l,V

If tbe sum of tbe iron, friction and windage 
losses is С then the M a i loses Is given by: 
f 'f s + f fV  +C 0\R,+ltV is. in fact, tbe‘copper 
loss’).

If  Ibe output current is I.  Ibe в the output pow er 
to V7. Tbtal input power *= V I + /J*. + l,V  + C.
Hence

Tbe efficiency of a graerator Is a 
when tbe load is such that:

/> . -  W, + C
be. when tbe vtnablc lots (be constant loss

Problem 12. A  lOkW  Aunt generator 
having an aaauture circuit resistance of
0.75 П and a Beld resistance of 123 Я . 
generates a lemunal voltage of 250 V at IUU 
load. Detenuae tbe efficiency of the 
generator at full load, assuming the toon, 
friction aad windage loaaes amount lo «00 W.

The circuit is shown in Fig. 22.13

Vtaun 2X15
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Output power — 10000W  s  V I from which, 
load current I  = 10000/V = 10000/230 = 40A. 
Held current, /, = V/Я, = 250/125 = 2A. 
Armanirv cunrnl. /, = /( + / *  2 + 40 = 42A

Efficieacy. n =
V I \
+ / J*  I
V + C /

V I 
+ I,V  +

x 100*

10000
ЮООО + (4212 (0.75 > 

+(2)(250) + «00 >

 ̂ |  10000^ ^ ioo*
' 12423 '

= S 0 » %

x 100*

No* try the following exercise

h trd a t 129 A fu iiher problem on the 
efficiency of a <Lc. generator
1 A 13 kW thun generator having an armature 

circuit refinance of 0.4 Q and a field petit - 
tanoe of 100 n, generates a terminal vdtagc 
of 240 V al ftill load. Determine the efficiency 
of the generator ar full load, assuming Ibe iron, 
faction and windage louet amount to 1 kW 

(82.I4*|

22.10 D .C . m otor*

Ihe construction of a d.c. motor u Ibe tame at 
a tic. generator. Ibe only drffen-nce it ihu ia a 
generator tbe generated e.mf. ia greater than Ibe 
leiminal voltage, where a* tn a motor tbe generated 
e.m.f. ii leu  than the leiminal voltage.

DC. motor* are often used in power Uatioas
lo drive emergency stand-by pump systems which 
come into operation lo protect essential equipment 
and plan) should tbr normal a*, supplies or pump» 
fail

a hack e.m.f.. and the supply voltage. V ia given by

V - f i  + l . * .  I * B - V - I J t . (5»

ProMem 13. A i t .  motor operates from a 
240V supply. Ibe armature resistance u 
0.2 П. Detennine tbe hack cm  f. when the 
armature current It 50 A.

Ror a motor. V as E  + I.K , hence back e.m.f.

E  = V - I.R .
= 240 -  (501(0.2)
= 240 -  10 = 230 volts

Problem 14. The armature of a <tc. 
machine hat a resistance of 0.25 f] and is 
connected lo a 300 V supply. Calculate the 
e.m f. generated when И is miming: (a) as a 
generator giving 100 A  . and (b) at a motor 
taking 80 A.

(a) A t a generator, generated e.m.f.
E  = V + /.Я.. from liquation (3).

= 300-HI00X0.25)
= 300 + 25 
= 325 voMa

(b) A t a motor, generated e.m.f. (or back e.rn f ) 
E  ж V -  IЛ .  from ijqtutton (5),

= 300-(80X0.25)
= 280 volts

Now try tbe following exercise

When a d.c. motor rotates, aa c.m.f. It induced In 
the amialure conductors. By Iraz 's  law dUs induced 
e.m.f. E  oppones Ihe supply voltage V aad it called

berctae 130 Further problems on back

I A <U motor operates from a 350V aupply 11 
the armature resistance it 0.4П dcletaiiiK ibe 
back e.m.f. wbea the armature сштл* i> *0 A

[326 volts)
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2 Thr amiaiuir of a dc. machine b u  a resis
tance or 0.5 n  and is connected lo a 200 V 
apply. ( aiculate the e.m.f. generated when u 
is ninaing (a) as a motor taking 50 A. and (b> 
as a general of giving 70 A

|(a) 175 volu (b) 235 m ils j
3 Determine the generated e.m.f. of a dc. 

machine if the armatutr resistance is 0.1 fl 
and it (a) is tunning as a motor connected 
to a 230 V supply, the armature current being 
60A, and (b) is ronmng as a generator with a 
terminal voltage of 230 V. Ihe arautlurr current 
being 80 A 1(a) 224 V (b) 238 V ]

22.11 Torque of a d .c. motor

From Equation (5), for a d.c. motor, ihe supply 
voltage V is given by

V = £ + /,*.

Multqilying each lean by ainrnt /, gives:

V/, = E l.  + / ;« .

The term W , is the total electrical power supplied 
to the armature, t v  term l*K , is the loss due 
to arm alurr resistance, and the term E l.  is Ibe 
mechanical power developed by Ihe armaturr
If T is the torque, in newton metres, then the 

^■ KfeM tcal power developed is given by To, waits 
•Science for Engineerinj! ')

Го» e  2*пГ = Е1Л

(2 е т

(7)

Ror a given machine. Z . с and p are fixed vabes 

Hence torque, Г  -x *1 . (8)

Problem 15. An 8-pole dc. molar bat a 
wave-wound armature with 900 conductor*. 
Ihe useful flux per pole is 25mWb. 
IVtermme tbe torque exerted when a cunent 
of 30 A  (low* in each armatutr conductor

p = 4. с  = 2 fur a waw winding.
*  = 25 x 10-’ Wb. Z  = 900 aad /. = 30A. 

From Equation (7).

torque. Г  i P * Z I, 
яс

(4X25 x 10 J K900K30)
М2)

:4 » 7 N m

Problem 16. Detomine the torque 
developed by a 350V dc. motor having an 
armalurr resistance of 0.5 П and tunning at
15 rrv/s. Tbe armature current is 60 A.

V = 350 V , R. к  0.5О. n = ISiev/s and /, = 60A 
Backe m.f. £=  V - / .* . = 350-(№ K0.5)=320V. 

From Equation (6).

torque, Г  к E l.  (320K60)
2m 2*15)

= 2#J 7Nm

From Section 215. liquation (1). the e.m.f, С gen
erated is given by

E  = H*“
€

К  Hence 2 я*Г  = £V, *  f

Problem 17. A itx-pole lap-wound motor is 
connected to a 250 V dc. supply Tbe 
armanre has 500 conducton and a resistance 
of I 0. The tux per pole is 20mWh. 
Calculate (a) the «peed and (b) the torque 
developed when the armatutr oinvnt ii 40A.

V = 2 5 0 v .z a 5 0 0 ,n .* ia *  = 20xl0 ’ Wb,
1.  — 40 A and e = 2p for a lap winding

тЦ «ю |
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(a) Bade e.m.f. E  a 
= 210 V

Еп .Г. E

i.e. 210

2/>Ф nZ
с

2/K20 x I0 > (500 )
: I On

Hrncc speed n

и  1260 rrv/min
E l, m (210X40)
2.ТЯ ~  2тг( 21)

210
—  = 21 rev/t or (21 x (SO)

(Ы  Ibrque Г  :

The output power is the electrical output. , c
V I watU. The input power lo a general,,, 'u 
the mechanical power in Ihe shaft dh\inw ц|(! 
generator. Le. T<v orT<2mi) watts, where T u 
the tonau in  Nm and a is speed of rotation 
rev/s Mrtva.for a generator.

efficiency, ij :
V I

; — — ■ x 100*Г(2дги)
(100X15X100)

i.e. efficiency = 7* 6%

Ptubletn IS. The shaft torque of a diesel 
motor driving a 100 V <Lc. shunt-wound 
generator it 25 Nm. The armature current of 
the generator is 16 A at this value of torque 
If  the shunt held regulator is adjusted so that 
the flux is [educed by 15 per cent, tbe torque 
increases to 35 Nm. Uelermtne the armature 
cunrnt al this new value of torque.

Prom Equation (I). №e shaft torque Г  of a generator 
is proportional lo Ф/.. where Ф is the Hun and I,  
is the armature current, or, Г  з  *Ф/,. where к is a 
constant.

The torque at flux Ф| and armature current l t\ is 
T\ — кф\1ш\ Similarly, T2 = АФ;/»:

„  „ , . Л  1Ф|/|| Ф|/и B y d m e o n - . — = —

lie nee * r  ♦ -X l6
35 0А5Ф, x l c  

И  x 35
U  ,CX  515725 = 26 354
That ii, the armaturr current al the new salue of 
torque If  26.35 A

Problem 19. A  100 V dc. generator 
supplies a cunenl of I5A  wben tunning at 
1500rev/mtn. If lie  torque on the shaft 
driving tbe generator is 12 Nm. determine
(a) the efficiency of the generator and (b) A r 
power lost in thr generator

(a) Pram Section 22.9. tbe efficiency of a generator 
= output power/input power x 100 per oeat

(b) The input power = output power + kotsei 
Hence. 7Ч2жл) = V I + losses 

Le. losses = Г(2 ял ) -  V I

-[(100X15)1 
Le. power loss = 1885 -  1500 = 3*5 \V

Now try the following exercise

Exerdte U l Further problems on lonn.
efficiency, and torque
1 Tbe shaft torque required to drive t dc. 

generator it lt.7Nm  wben it it tunning л 
1250rev/mir If its efficiency is 87 per cent 
under these condition* and tbe armature cur 
rent it 17.) A. determine the voltage at *e  
terminals of the generator (123.1 VI

2 A 220 V , 4.C. generator supplies a load ol 
37.5A and tuns at 1550 rev/m in. Determine 
the shall torque of the diesel motor driving 
tbe generator, If ihe generator efficiency is 78 
percent (65.2 Nm I

3 A 4-pole (Lc motor hat a wave-wound ema 
hire with 100 conductors. The useful flui l*M 
pole it 20mWb, Calculate tbe totqur exerted 
when a cunrnl of 40 A flows In each armature 
conductor. (303,7 Nm I

4 Calculate Use torque developed by a 240 V 
dx. motor whose aimature current is 50 A.



armature resistance is O AR and ii ninmnp >1 
lOtevfc 1167.1 Nm)

5 An 8-polr lap-wound d.c. nntor has a 200 V 
•apply. The armature has *00 conductors and 
a resistance of 0.8 Q. If  Ibe useful Rut per 
pule ia 40mWb and tbr aimaiurr current la

. Э0А. calculate (a) tbe speed and (b) tbe torque 
developed

Ka) 5.5 rev/s or }30rev/min (b) 152,*Nm|

6 A 150 V Ac. generator supplies a currrnl 
of 25 A »ben tunning at 1200 rrv/mia. If 
tbr loiqur on tbe ihafl dnving the generator 
is 35.8 Nm. determine (a) the efficiency of 
tbe generator, and (b) tbe power loss ia tbe 
generator

(to) 83.4 percent (b) 748.8W ]

22.12 Types of d.c. motor and their 
characteristics

(a | Shunt wound motor

In tbr ihunt wound motor the field winding i« 
in parallel with tbe armature across the supply as 
Aown in Fig. 22.16

2116

Par the drain shown in Fig. 22.16.

Supply voltage. V = t  + 1,ft, 
or generated c-m.f., E  = V - I.It, 

Supply carrel*. I  = /. + It

tnmi KiichhofTs current law

Problem 20. A 240 V ibuni motor takes a 
total cunrnl of 30 A. If  the field winding 
m i stance ft, = I SO П and the armature 
resistance * .= 0 4 0  determine (a) №e 
cunrnl in the armaniir. and (b) the hack 
e.m.f.

V 240
(a) Field ciureat It  = — = —  = 1A AIff 150

Supply curxesa I  m /. + It
Hence armature current, I ,  =s/ - I f  *3 0 - 1 .6  
=28 4A

(b) Back e.m.f.
E -  V - IA =  240-(28.4X0.4)= 228 64 volts

Charactmsttci

The two pri nopal characteristics air ibe torque 
/armature current and spe ed/arm aturr cunrnt rela
tionships. From these, tbe lorque/lprrd relationship 
can be derived.

(i) Tbe tbeorekal torque/armature cunrnt char
acteristic can be derived from the expression 
Г  oc ♦/.. (see Section 22.11). For a shunt 
wound motor, tbe field winding is connected 
in parallel with the annatarr cucuil and thus 
the applied voltage gives a constant field cur- 
гея. i.e. a Aunt-wound motor Is a constant (lux 
machine. Si not ♦ is constant, it follows that 
T a  /,. aad Ihe characteristic is as shown in 
Hg. 22.17

(It) The armature circuit of a d.c. motor has rests 
tancr due In tbr anaatiar wtntkag and bnubes. 
K, ohms, aad wbea armature силен I ,  Is flow
ing through It. Acre is a voltage drop of / Jt, 
volts. In Hg. 22.16 tbr armature resistance is
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shown aa a K-panic resistor in the aimaiutv ctr- 
сий lo help understanding. Alio, even though 
tfu* machine i i  a motor. because conductor* «гг 
rHating in a magnetic field, a voltage. £ ot Фа>. 
ia generated by the «mature conducton. From 
Equation (5). V  = E  + l,R , or E  = V — I J l ,  
However, bom Section 225, E  <x Фп. hence 
n «  Е/  ♦ Le.

E  V — /.Л*
«peed of rotation. m - « ------- (9)Ф Ф
Hot a «hunt motor. V. ♦ and R, air constants, 
hence at armaure current /, increases. / ,*. 
increases and V - IJR . decreases, and the «peed 
ia proportional lo a quantity which is decreasing 
and ii as shown in I'lg 2218 As the load on Ibe 
shall of the motor Incteaaes. I ,  increase» and 
the speed drop* «lightly In practice. Ihe speed 
falls by about 10 per cent between no-load and 
full load on many d.c. shunt-wound motor. 
Due lo IM> relatively «mall drop in speed, tbe 
dx. «hunl-wouad motor i i  taken a l basically 
being a consunt-speed machine and may be 
uaed for driviag lathes, lute» of »hafl>. fans, 
conveyor beh«. pumps, compressors. drilling 
machine» and to on.

F lltu rr 2118

Problem 21. A  200 V, d.c. shunt-wuunJ 
motor ha» an armature гемлапсе of 0.4 0 
and al a certain Joad has an armature current 
of ЭЮА and«4 » al I350rrv/m«n If  the luad 
Ml the abaft of the molar u  increased so th.it 
Itit arnature current increases lo 45 A. 
determine Ihe «peed of Ihe motor, assuming 
the flux remains consiam.

Tbe relationship E  а  Фп applies lo both general, 
and motor». For a motor. £  я  V - l,R, (see 
equation (5))

Hence £, *2 0 0-3 0  x 0.4 = 188 V 
and E i =200 -  45 x 0.4 = 182 V 

The relationship

£| _  ♦ !«!
E i Ф:«г

applies to both generators and motors. Siace tbe flux 
is constant. Ф, = Ф; Hence

*  (  1350 A 
188  Ф |  X  > ~ 5 T  '
1&2 “  ф| X <12

ie. n2 « 22.5 x I*2 ■ : 
188 : 21.78 rev/s

Thus tbe speed of the motor when the arma
ture current к  45 A Is 21.78 x eOrev/min i.e 
UtTrev/m in

Problem 21 A  220 V. d.c. ibuM-wound 
motor runs at 800 rev/min and the armatuir 
current is 30A. The armature circuit 
resistance is 0.40. Determine (a) the 
maximum value of armature current if the 
flux is suddenly reduced by 10 per cent and
(b) Ihe steady stale value of tbe штампе 
current al Ibe new value of flux, assuming the 
shaft torque of Ibe motor remains coast mu

(Ш) Since torque ia proportional lo armature cur
rent. (see (i) above), the theoretical speed/ 
torque characteristic ii as abown in Fig. 22.19

(a) For a dx. Ли nt-wound motor. £ = V - /.*• 
Hence initial generated e.m.f.
£ , = 220 - 30 x 0.4 = 208V. The ( »  
erated e.nuf. is also such that £  <* * "  *] 
at Ibe instant tbe flux is reduced, the SI*V J 
has not had time lo diangc. and E  * 2 °? *  
90/100 = 187.2V Hence. Ibe voltage drop 
due to the armature resistance ia 220 — 18 —
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U . 32 8V. Tbe Itntantaarow. value af thr
currrnt = 32.*/0.4 = 42 A Thla increase In 
currem U about three time» die initial value 
and cautet an increase In torque. (Г  ot 4>/,). 
Ibe motor accelerates because of the larger 
torque value until Heady Male conditioni aw 
■cached.

(b) T а  Ф/, and. a nee the torque it ooraUM. 
♦ if*i = W c -  The flu* Ф i* reduced by 10 
per cent, hence ♦ ; = 0ЧФ, Thus. Ф, x 30 =
0.9Ф] x lc  i c the steady state value of armature 
cunent. I c  = 30/0.9 a  31.33 A

(Ы  Scries-' ■tor
In the series-wound motor thr lield winding It in 
tenet with the агтаыгс acrou tie supply as tbown
in Hg 22.20

For tbe tenet motor tbown in Hg. 22.20.
Supply vokage V = E  + H R. + R,t 

or generated ejn.f. E  = V  -  HR, + Rr)

In a teriet motor, the armalure current flowt In the 
field winding and ia equal to tbe tupply current. I.

(I) The torque/current characteristic
к  it show n in Section 22.11 that torque T oc 
Ф!,.  Since the armature tnd field currents are 
the same current. /. in a series machine, then 
T а  Ф/ over a limited range, before magnetic 
taturation of ihr magnetic circuil o f the motor 
к  reached, (i.e. the linear portion of the В - II 
cwve for the yoke, polet. air gap. bntihes 
and armature ia leriei). Ihus Ф  <x I  and 
T  oc I 2. Alter magnetic saturation, Ф almoii 
become), a coastal* and T os / Ihus Ihe 
iKnrctical tortpie/curtent charaderitllc it as 
Aown «  Hg. 22.21

(■) The ipeecVcurrrtlt characteristic 
It it «how* Ш equation (9) that

_  V - IA

In a tenet motor. /, = I  and below the 
magnetic «aturauon level, Ф  <x / Ib u i a oc 
(V  - IR )/ I wtiere *  it tie  combined resistance 
of the «enrs field aad armature arcutt. Sinoe 
IR  ii tmall compared witb V. then an apptni- 
imate re labor «fop for the tpeed it я ос V/l ос 
l/ l tirice V  It conttam. Heme the theoreti
cal «peed/ourrent characterittic it at tbown in 
Hg. 22.22. The high speed at small value* of 
cunent intbeate that this type of motor must not 
be ran on vety light loads and invariably, mcti 
motori are permanently coupled to their load»

(iii) Tbe ttieoretical «pccd/larqur characteristic 
may be derived from (i) aad (til above by 
obtaining tie torque and «peed for variout val
ue! of cunent and plottiag ibe co-ordinates 
on the «pred/toKgje chancteriatics. A typi
cal tpeedAorque ctiaraclenmc it tbown in 
Hg. 22.23
A dc. u rle i motor talers a large cuneat 
in  Halting and Ibe diaracteriKic shown in 
Hg. 22^1 showi that tie tenet-wuuod motor 
hat a large torque when tbe current ia large. 
Н екг tbeae motors ate uied fix tractim dudi 
at uatm. aullt drkvety vehicle». etc.). driving 
fans and for cranes and boi«t. where a large 
initial torque it requited.

Hgurr 2X21
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Problem 23. Л aeries motor has an 
aimature resistance of 0.2 (2 and a scries 
tick] resistance of 0.3 Я . ll i i  connected lo a 
240 V supply and al I  particular load ram al 
24irv/s when drawing ISA  from ihe supply,
(a) Determine Ihe generated e.m.f. at 
this load (b) Calculate the speed of Ibe motor 
when the load it changed such that Ihe 
cunrnl I I  increaaed lo 30 A. Assume that this 
causes a doubling of Ibe Dux.

Le. since * 2  = 2Ф|

lei Compound wound motor
There air Iwo type» of compound wound n»»i*

fi) Lum n M ltf compound in which the * п ,  
.̂-winding is so connected that Ihe held du,- ,
' it'aansts tbal due to the shunt winding

(is) DHferentUd compound, in which Ihe senc, 
winding is so connected lhal Ihe field due (o
ll opposes that due lo ihe shunt winding

Hguir 22.24<a)sbows a long-shunt compound in. Hi,, ' 
and Hg. 22.24(b) a diort-shunt compound mot,.,

(a) With irfeirnce lo Hg. 22.20, generated e.m.f., 
£  I al initial load, i i  given by

В , = V - / .(* . + * ,)
= 240 — (15K0.2 + 0.3)
= 240 -  7.5 = 1)2 5 volts

(b) When (be current ii increased to 30 A. (he gen
erated e.m.f. Is given by:

El = V -/,<*. + *,)
= 240 -  (30K0.2 + 0.3)

= 240 — 15 = 225 volts 
Now e.mf. E  а  Фп thus

£ l _  ♦ )"!
E j Ф 2П1

232.5 Ф|(24)
22.5 *  (2 * , и : 

lienee
(24 X225)

Characteristics
A compound-wound motor has both a aeries and s 
shunt field winding, (ie . one winding in series and j 
one in parallel wllh tbe armature), and is usually I  
wound to have a characteristic similar in shape ю j 
a series wxnind motor (see Hguirs 22.21-22.23) Л 
limited amount of shunt winding is present to  irsinct 1 
Ihe no-load speed lo a safe value. However, by vary
ing the number of turns on the series and shun! j 
windings and Ibe directions of Ibe magneiic held» 1 
produced by these windings (assisting or opp<«- j 
ing). families of characteristics may be obtained to j 
suit almost all applications. Generally, compound- I  
wound motors are used for heavy duties, particularly j 
in applications where sudden heavy load may occur 
such as for driving plunger pumps, presses. geared 1 
Hfls, conveyors, hoists and so on.

typical compound motor torque and speed char-1 
acieristics are shown in Hg. 22.25

speed of motor, itj *  (232.5X2)

Aa ihe current has been increased from I5 A
lo 30 A. the speed has decreased from 24 rev/s
lo ll.fticv/s. hs speed/current characteristic is
similar lo Hg. 22.22

U .trev/s 22-13 T he  efficiency «Г a d .c . nrntor

U was staled in Section 22.9. that the efficiency 
a d-c machine is given by:

efficiency. ,  = K ,O0«
input power

of



Problem 34. Л 320 V «hunt motor lake» a 
total current of Я0Л and rare «I 
1000 rev/nun. If to  linn, friction and 
windage toasn amount lo l.5kW , the «hunt 
Held renitancc l> 40 0 and the armature 
Mirtancc t* 0.2 O. determine the overall 
еШстегк v of Ihe motor.

The circuit it ihown in Fig. 22.26. Field current. 
h  — V/Л, = 320/40 = 8A. Armature current 
'.  = / - / , = 80 -  8 к  72 A. С  = iron, toction 
•ad windage louei at 1SOOW. Efficiency.

, (320) (10) -  (72 Я (0.2) \
f = - Г .М » Й  = i* » ... ,  ,004

\ (320 X 80) J

figure U IS

Alto tlx total loaact я  / J* . + IfV + С  (for a «bunt 
Biotur) where f u the aim of ihe iron, friction and 
wipdac.' loaaci.

For a motor.

the input power = V I
and the output power = V I -  loeea

= V I -  / J* . - 1 0 - С

Hence d lck iK ) .

The «M citnn of a aaotor It a maximum when Ihe 
fond ia tuch that:

I.1* .  -  /гУ + C
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However for * sene» mod*. /| « 0  and Ibr l ] t ,  
lots needs lo be /*(*. -M r) lleoce efficiency.

i v i - i 4k. + r, ) - c } 
v i 1x 100»

For maximum efficiency /J (Л, + R() = С lienee 
efficiency.

Problem 27. A  Ac. series motor dnvcs a 
load al 30 lev/» and lakes a cunenl of 10 A 
when Ihe supply voltage is 400V. If  rite Mid 
resistance of the motor it 2 □ and the iron, 
friction «4 1  windage loases amount lo 
300 W , determine tbe efficiency of tbe motet

x 100»

(250X40) 
10000 -M 0  \

10000 '
360 

10000O x *00**»4'
Problem 26. A 200 V Ac motor develops a 
shall torque of IS  Nm at 1200rev/min If the 
efficiency is DO per cent, determine tbe 
cunenl supplied lo tbe motor

lhe efficiency of a motor = output power/input 
power x 100» 

lhe output power of a motor is tbe power avail
able lo do work at Us rtiaft and is given by Геи or 
Г(2лл) waits, wbere Г  Is the torque in Nm and n 
is tbe speed of rotation la rev/х. Ibe input power is 
tbe electrical power in wans supplied to the motor,
i.e. V I watte.

Thus for a motor, _________ 1

efficiency.
Г(2яя)

1  =  - у —  *  1 0 0 4

Le.
(300H/)

x 100

Ihus tbe currem supplied.

(15)(2*х30)<100)I-. (300XS0) 
U S A

Kfficiency.

,  = ( ---- ----- ) x 100»

_  / (400KIO) — (I0 )*(2 ) — 300\ 
~  I lin o u in i )(400Ц10) 

4000 — 300 — 300^

x 1004

x 100»

Now try Ibe following exercise

b r u t e  132 Further problems on Ac.
motors
1 A 240 V shunt nolor lakes a total cunrnt ol 

80 A. If  the Held winding resistance is 120 fi 
and the armature resistance is 0.4 П. determine
(a) tbe cunrnl In tbe armature, and <b> the 
back e.m.f. [(a) 78 A  (b) 20*H V|

2 A Ac. motor has a speed of 900 rev/nun when 
connected to a 460 V  supply. Find the appro* 
imate value of tbe speed of the motor when 
connected to a 200 V supply, assuming ihe l'ux 
decreases by 30 per cent and neglecting ibe 
amututr vail drop. |<5 9 rcv/min|

3 A  series molar having a aeries Held * я5 
lance of 0.25 П and an armature resistance of 
0.15 П, is connected to a 220 V  supply s'*1 31 
a particular load runs al 20iev/s wbea dra»'n? 
20A from the supply. Calculate Ihe ejn.l- gen
erated al lh*a load Determine also tie «f*™ 
of the motor when the load is changed sut* 
that the current Increases lo 25 A. Assume toe 
flux increases by 25 per cent , .

1212 V , 15.85 rrv/*l
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4 А 500 V ahum М П  takes a Inul опта* of 
100 Л and ram al I200rev/mrn If  ibe Aunt 
field resistance 300. the annalwr resistance 
la 0.25 Я  and tbe Iron, fricuoi and
кнае* amount lo 2 kW. determine Ihe overall 
efficiency of Ihe motor. (81.95 percent]

5 A 250 V, aencswound motor it tunniag al 
500rev/min and «t rfiaft torque it 130 Nan. If 
lit efficiency al tbia load It  88 per cent, find 
tbe cunenl take» from the supply. (30.94 A ]

6 la a teal on adc. motor, the following data wat 
obtained Supply voltage: 500 V. current taken 
fiom the supply: 42.4A, «peed S50rev/min. 
shall torque: 187 Nm. Determine the efficiency 
ot the motor cooed lo the nearest 0.5 per cent

(78.5 percent]
7 A  300 V aeries motor draws a current of 50 A  

Ibe field resistance is 40 mO and the armature 
rebalance it 0.2 Й. Determine the maximum 
efficiency of Ihe motor. (92 perceml

I  A series motor drive» a load al 1500 rev/ram 
and takes a current of 20A when tbe supply 
voltage U 250 V. If the total resistance of 
the motor is 1.5 П and the iron, friction and 
windage losses amount lo 400 W . determine 
ibe efficiency of toe motor (80 percent]

9 A tenet-wound motor is connected to a d.c. 
supply and devdopa lull load torque when tbe 
cunent it 30A and speed it 1000 rev/nnn If 
the flux per pole it proportional to the current 
flowing, tind tbe cunent and speed л  half 
Ad-load torque, when connected to the tame 
aupplv (21.2A. I415rev/mtn|

22.14 D .C. mrdor starter

V a dx. motor whose armature is stationary is 
: ■wllthed directly to lit supply voltage, it is likely

*41 U»e fuses protecting the motor will bum out 
ты» is because ihe «mature resistance I i  small, 
faquemly being leti than on- <*im. [bus. addlUoflal
**atam r mast he added to the armature cuuill at 
ffie last.mi Of doting the switch to start the motor 

| A t the speed of the mam increases the aimalun- 
B M t k n  are cutting lliiian d a generated wltagc. 
• j*1»! in oppoKiUon lo the applied voltage, it pro- 
•oed. which hmlts tbe flow of armature carrem

fhui Ihe value of the additional armature resistance 
can then be rrdaced 

When al normal running speed, the generated 
eJD.f. it  Mich that no additional tratataacr is mgnml 
in the aimaiuie circuit 1b achieve Ibis vmyny 
resistance in tbe armalurr circuit on startup, a d.c. 
motor Barter is used, as diown i* fig. 22.28

Hie starting handle is moved slowly in a dock- 
wise direction ta stan the motor. Pot a shunt-wound 
motor, the field winding is connected to stud I or 
to L  via a sliding coctact on the stalling handle, to 
give maximum Acid current, hence maximum flui. 
i*-ncr maximum torque on starting, since T «  */ .. 
A similar arrangement without the field connection 
ia used for series motor*

22.15 Speed contn>l o f d.c. m o to rs

Shunt-wound n ito n
The speed of a ahum wrumd dx. motor, n, is pro
portional to

V - I A  
♦

(•ее equation (9)). Ihe tpeed u vaned either by 
varying the value of flux. Ф. or by vary ing the value 
of Л. Tbe fonaer is achieved by uung a variable 
arsiM oi id  series with the field winding, as Aowa m 
fig 22.29(a) a * l such a resistor It called tbe «bunt 
■rid regulator 

A t the value of resistance of tbe shunt fiekl 
Regulator it incactued. the value of Ihe field currem. 
I t. »  decreased ТЫ» retulta in a decrease ia ihe 
value of tux. ♦. and beoue an laciraae in Ihe speed, 
■nee n oi l /Ф. Thus oaly speeds above that given 
without a rfaial Held n-gulator can be obtained by 
iMt method Speeds below thuae given by

v - l A
♦
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Hgurt 22.2V

air obtained by increasing the resistance in tbr 
armature circuit, u  shown in Hg. 2129(b), •‘hen

V -  / ,(* . + Ю hoc #
Sincr resistor R  it in senes with tbe armature, it 
camei the lull armature cunrnl and rnulu in a latye 
power loss in large motors wberr a considerable 
speed reduction it required for long periods

lhese method» of speed conlrol are demomtraled 
in the following worlud problem.

Problem 21. A  500 V «hunt motor turn at 
ill normal «peed of 10 rev/s when the 
armature cunrnl ii 120 A. Tbe armature 
resistance la 0.2 □. (■) Determine the speed 
when the cunrnl is Л0Л and a resistance of 
O S Q is connected in series with the 
armature, the shun Held remaining constant 
(hi Determine the speed when tbe current Is 
60 A  and tbe shunt field is reduced lo *0 per 
cenl of ils normal value by increasing 
resistance in the Held circuit.

(al With reference to Pig. 2129(b). beck ejn.f. i 
120 A. £| = V -  / Л  = S00 -  (120X0.2) t 
500 -  24 = 476 volls When /. = 60 A.

E i ж 500 — «ЮХ0.2 + 0.5)
Ж  500 -  («0X0.7)
Ж  500 -  42 = 45* mbs 

♦ i»l 
♦ :*2  

476 = » ,(I0 )
45* = ♦ ,"] 

from which.

Le. —  = rince

lb) Back cm  f when I ,  = 60A.

£ j ж 500 -  (60X0.2) 
ж М Ц * 12 ж 48* volts

from which.

(10X4**) ____  .,гпа̂ жШ Щ  = '2ап',ж

Serin-wound motors
The speed control of senes-wound motors is 
achieved using either (a) field resistance, or
(b) armature resistance techniques.

(■) The speed of ■ dc. series-wound motor is given
by:

where * Is i  constant. V is Ihe leiminal voltage. 
A is the combined resistance of the armaiure .rnd 
series field and *  is the flux. Thus, a seduction 
in flux results In an increase in speed This 
is achieved by putting a variable pm  stance in 
parallel with tbe field winding and reducing 
tbe field cwrrnl. and hence flux, lor * given 
value of supply cunrnt. A circuit diagram of 
this arrangement is shown in Rg. 22.30(a) A 
variable resistor connected in parallel with the 
series-wound field to control speed is called 
a dlverler. Speeds above those given with no 
diverter are obtained by this method. Problem 
29 below demonstrates this method.

Onanar

speed Я] i (10X458)
476

= 9 62 rev/s
(•)

Прит 2 1 »
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(h) Speeds below Buraial uc obtained by co*- 
aecting a varidrie testator in serin wtth the 
tk'ld winding and armature circa*. as tbciwn 
Ui Hg. 22.30(b). Tbi» effedivdy increase* die 
«■due of R in lhe equation

I V -

and Ihus reduce* Ihe ipeed. Since Ibe adibaonal 
nrмsit n carries die full supply current, a large 
power loss is associated witb large motors in 
which a considerable speed re duel ion is required 
for long period». ТЫ» method is demonstrated 
ia problem 30.

Problem 29. Oa full-load a 300 V aerie» 
motor take» 90 A and run  at 15 rev/». Tbe 
armature resistance Is 0.1 £2 and the aerie» 
winding resistance it 50m£2 Determine ibe 
•peed when developing full k>ad torque h»l 
with a 0.2(2 diverier in parallel with the tdd 
winding. (Assume lhal tbe flux is 
paopotiional to the Odd cunrnt).

A l 300 V, e.m.f.
£ , - V - / A - V - / (* .  + * . )

= 300 -  (90X0 1 + 0.03)
= 300 -  (90X0.15)
ж 300 -  13.5 > 286.5 volt»

With tbe 0.2(1 divener in parallel with R „ (aee 
Hg. 22.30(a)). the equivalent resistance.

к ^ о .2по̂ ж Ф 2 н о т = о ы а
0.2 + 0.09 0.25 

By curreni division, current

|,(to H g .2 iJ0 (.))= » f5 IH B ')/- 0 .»/

Torque Г  ot /,Ф  and for lull load tongue. /* Ф , = 
j

Since flu* is proportional to tidd cunent Ф i a  /.i 
»nd +2 <x 0 8/^ then (90X90) = (/d )(0.8/tf)

902 •
(ю т  which l l  я  —

ш  0.8

I 90 : 100 62 A

‘ lent* e.m.f. £ , m V  -  l* (R . + Я)
я  300 -  (100.62X0.1 + 0.01)

= 300 -(100.62 X0.14)
= 300 -  14 0*7 ш 2*5 9 volt» 

Now e.mf.. £ <% Ф л. from whack.
Ex Ф |»| l,i я |
Ег Ф ;* : 0 tl^ H i

286.5 (90)(1S)
285 9 s"

Hence

and new a peed, * j :

(0.8X100.62*,
(285.9M90X15)

(286 5X0 8X100.62)
a  1* 74 rev/»

Thus the speed of Ibe motor ha» increased 
ta n  15 rev/» (I.e. 900rrv/min> lo 16.74 rev/» 
(i.e. lOOtrev/nain) by insetting a 0.20 divener 
artistance in panllel with die aeriea winding.

Problem 30. A series motor tans at 
800 rev/mi n wben the voltage ia 400 V and 
Ibe cunenl u 25 A. Tbe armature reaaatance 
is 0.4 (2 and tbe aeries field resistance is 
0.2(2. Determine tbe resistance to he 
connected in senei lo reduce the speed lo 
600rev/nan with Ibe »am* cunrnl

With reference lo Hg. 
e.m.f., E i ж V -  

>400 
>400 
>400

Al 600rev/tMa. an 
the flui 1» unchanged. 

Thus E  ot Фа or E
E i
—  3
£2 

385 
E :

Hence —-  > — -

from which. £21

and £ ] 1

Hence 288.75 1 

Rearranging gives:

0 .6 +  R

22.30(b), al *00rev/min. 
/ (* . + * , )
-(25X0.4+ 0.2)
- (25X0 6)
-15 >3*5 volt»
oe Ibe cunenl is unchanged.

Ota and 
«1E —
«2

800
600
(385X600) .----- ---- ж 2*8.75 volts

800
1 V - l ( R .  + * . + R )
■■ 400 -  25(0.4 + 0.2 + Я )

400 -  288.75 >4.45

bom wbach. е ш  senes roastance, R > 4.45 - 0A 
i ( . | a  3 85 Q

ruai
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lbu> I hr addrtion of a aeriea rrnxam-e of 3.85 ft baa 
reduced the apeed from goo rev/nun lo 600rev/mtri

Now try tbe following exerciie

b m lK  133 Further pnM rntt on the 
speed control of Ал. motor*
1 A 350 V  «hunt Motor nini at its normal «peed 

of 12 rev/» when the «mature current ii *0A. 
The resistance of the armature n  0.3ft.
(a) Find the «peed when the current i« 45 A 

and a resistance of 0.4 ft u connected In 
senes with the armatuie. the «hunt field 
remaining constant

(b) Find the «peed when Ihe cunrnt U 45 A 
and the shunt field U reduced lo 75 per 
cent of II» normal value by increasing 
resistance in the field circuit

(la) 11.83 rev/* (b) 16.67 tev/*|
2 A senc* motor run* at 900 rev/min whea tbe 

voltage if 420 V and the cunrnt I* 40 A. The 
armature rrtUtaaue I* 0.3 ft and the icriei field 
reaitance ll 0.2 ft. Calculate tbe redatanoc lo 
be connected In «erie* lo reduce tbe «peed to 
720rev/min with the same cunrnl. |2ft|

3 A 320V u n ci motor takes 80A and nim 
at 1080 rev/mit) at full load. Tbe armature 
tendance It 0.2 ft and the «ene> winding 
reaiitance it 0.05 ft. Asnming the Aux la 
proportional to tie field cunrnt. calculate tbe 
apeed when developing lull load torque, but 
with a 0.15 ft dtvefler in parallel with the field 
winding. {I239irv/min|

22.16 M otor cooliag

Motors are often claaiifled according to the type of 
endoauir uaed. Ibe type depending on the condemns 
under which tbe motor is uaed and Ibe degree of 
ventilation required.

Tbe moat common type of protection u tbe irrrea- 
prutectrd type, where ventilation it achieved by 
fitting a Can internally, with the openinga at fee cad 
of Ihe motor fined with wire mcsfi

A  drip-proof type Ii similar to the acrren- 
ptotecied type hut haa a covet over tie screen to 
prevent drips of water entenng tbe machine.

A Папк-proof type is uaially cooled by the 
conduction of beat through the motor casing

With a pipe-ventilated type, air ll piped into the 
motor from a dast-free area, and an internally fitted 
faa ensures the circulation of dni cool air.

Now try Им W loaing exercises

|л е rctsr 134 Short arnwer question nn
<Le. machines

1 A ........ convent mechanical energy into
electrical enetgy

2 A ........  converts electrical energy into
mechanical energy

3 What doei 'commutation' achieve?
4 Poor commutation may cauie sparking How 

can thi< be improved?
5 State any five banc ptuti of a dc atachtnr
6 State the two groupi armature windings can 

be divided Into
7 What I* armature reaction? How can П be 

overcome?
8 The e.m.f. generated in an armature winding

Ii given by E  e  Ipb nZ/c  volti. State »hat 
p. ♦. a .Z  and r represent.

9 In a «erin-wound dc. machine, the field 
winding l l  la ........with tbe aimatare circuit

10 In a dc. generator, the relationihtp between 
the generated voltage, terminal vokage. cur 
rent and armature remittance u given by F. =

11 A  dc. machine has *« field winding m P *  
allel with Ae armatures circuit, it I* called a 
........ wound machine

12 Sketch a typical open-circuit cbat*cteiwi> 
for (a) a «eparately excited generator |b) a 
shunt generator (c) a aeriei general.и

13 Sketch a typical load cbaractenatlc for l»>» 
separately excited generator (b) a Aunt gen 
erator

14 Stale one application for (a) a a bunt genera'"1
(b) a lerie* generator (c) a compound gen1'1 
Mar

15 State tbe principle luatei la dc. machine-
16 Hie efficiency of a dc. machine i i  g i""n ^  

the ratio ( ........ ) per ornt
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17 The equation relating Ibe generated C M .t ..  
E . terminal voltage. armature curtena and 
atmaiutr resistance for a dc. mutor U Em

18 Ibe torque Г  of a dc. motor is given by 
T  = p+ ZI./xc newton metre*. State what 
p. Ф . Z, I  and r  represent

19 Complete the billowing. In a dc. machine
(a) generated e.m.f. a t.........x ..........
(b> torque ac........ x ..........

20 Sketch typical ebaradenstici of torque/arma
ture cunent for
(a) a «bunt motor
(b) a series mulor
(c) a compound motor

21 Sketch typical spced/traque characteristics 
for a shunt and series motor

22 State two application! for each of Ibe follow
ing moton:
(a) shunt (b) leries (c) compound 
In questions 23 to 26. an electrical machine 
runt at я rev/s. hat a «halt torque of T. and 
takes a cuirent of I  fiom a nipply volt
age V

23 Tbe power input lo a generator ia ........watu

24 Tbe power input lo a motor ia ........watta

25 Tbe power output from a generator ta ........
watts

26 Tbe power output from a motor i t ........
watts

27 Tbe generated e.mf. of a dc machine la 
proportional to ........w its

28 The torque prosjuced by a dc. motor U pro
portional to ........ Nm

29 л  Mailer is necessary for a dc. motor because 
tbe generated e m.f. is ........ at low speeds

30 The speed of a dc. shunt-wound motor will
I  ........ if the value of reartance of the abunt

field regulator it  increased
31 Tbe «peed of a dc. motor w ill . . . . . .  tf the

value of resistance in the armatutr circaH Is
increased

32 Ibe value of ibe speed of a dc. rtiunt wound
m otor....... at the value of the armatutr
current tncicaaes

33 Al a large value of torque, the speed of a d c  
senes-uotmd motor I i ........

34 Al a large value of held current. Ihe generated 
e.m.f. of a dc. «hunt-wound generator it 
approum acly........

35 In a senes-wound generator. Ihe terminal 
voltage increasei as tbe load cunent........

36 One type o f d.c. motor uses resistance in 
«erics with the Held winding lo obtain «peed 
variations and another type uses resistance 
in parallel with ibe field winding for die 
same purpoae КхрЫп briefly why these two 
distinct methods are used and why tbe field 
current playl a significant part in controlling 
the speed of a d.c. motor.

37 Name ihrar lypes of motor enclosure

Kxerdae 135 Muttl-eboke questions on 
dc. machine* i Answers on page 3761

1 Which of dbe following statements is ftdte? 
(a) A  d.c. motor converts electrical energy

to medhantcal energy 
(bl The eWctmcy of a dc. motor is Ibe ratio 

input power to output power
(c) A  d c  generator converts mechanical 

power to electrical power
(d) The cftdency of a d c  genennor Is the 

ratio output power to input power
A shunt-wound dc. machine it running at 
nrrv/s and has a shaft torque of T Nm. 
Tbe supply cunent в  1Л when connected lo 
dc. but-ban of voltage V whs. The arma
ture resistance of the machine is ft, ohms, 
tbe armature current it  /.Л and die gener
ated voltage it E  w ilt. Use this d*a to fend 
the formulae of Ibe quantities slated in ques
tions 2 to 9. selecting tbe cone cl ant wet from 
the followtog to):
(a) V - I.ft. (I» £  + /.*,
(с) V I Id) E  -  / .*,
(e) Г(2)гя| ff) V + I.K ,

2 Tbe input power when running at a generator

3 The out pul power when ranting aa a motor

4 Tbe input power when nmnaag at a motor

П /аЮ О К
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5 H r  output power when running aa a gener
ator

6 Ibr generated voltage when running as I 
motor

7 The terminal voltage when running as a gen
erator

8 Tbe generated voltage when running as a 
generator

9 The terminal voltage when running as a 
motor

10 Which of Ihe following statements Is M ie?
(a) A commutator is necessary as part of a

d.c motor to keep tbe armature rotating 
in the same direction

(b) A  commutator is necessary as part of a
d.c generator to produce unidirectional 
voliage at ihe terminals of the generator

(c) Tbe field winding of a d.c. machine Is 
housed In slots on the armature

(d) Tbe brushes of a d.c machine an usually 
made of carbon and do not rotate with Ihe 
aimaturr

11 If  the apeed of a d.c. machine is doubled 
and the flux remains constant, tbe generated 
e.m.f (t) remains the same fb) Is doubled
(c) is halved

12 If  the flux per pole of a sbuntwound d.c. 
generator it Increased, and all other variables 
are kept the tame, tie speed
(a) decreases <b) stays the same (cl increases

13 If  Ihe Dux per pole of a shunt-wound dc. 
generator it halved, tbe generated e.rnf. al 
constant tpeed (a) is doubled fb) ll halved
(c) remains the same

14 In a series-wound generator running at con
stant speed, as Ihe load cunent increases, the 
terminal voltage
(a ) increases (b ) decreases (c) Mays tbe tame

15 Which of the following statement! is falte for 
a tenes-wound d.c. motor?
(a) The speed decreases with increase of 

гг»stance In the armature circuil 
lb) Ibe speed increases as the Пах decreases 
(c l The speed can be com rolled by a divener 
Id) Tbe speed can be controlled by a ihuni 

field regulator

16 Which of dte following statements is fake'
(a) A  senes-wound motor has a latge siatiiny 

locque
(b) A  shunt-wound motor must be penna 

nently conaected lo ||a load
(c) The speed of a se*#-wound motor drops 

conitfdsnbfy When load is applied
(d) A shunt-wound motor is estentially a 

constant-speed machine

17 The speed of a d.c. motor may be increased by
(a) increasing the armature cunenl
(b) decreasing tbe field current
fc) decreasing ibe applied voltage 
(dl increasing Ihe fickl current

18 Ibe armature resistance of a (Lc motor is
0.5 n , die tupply voltage ia 200 V and the 
back e.m.f. it 196 V  at full speed. The atma 
lurr current it:
(a) 4A (b )8 A  (C)400A Id) 392 A

19 In (Lc. generators iron losses are made up of:
(a) hysteresis and friction losses
(b) hysteresis, eddy cunenl and btush con

tact lasses
(c) hystcrrsu. and eddy current losses
fd) hysteresis, eddy current and copper 

loaset

20 The effect of Inserting a resistance in aen ts 
with the field winding of a ahum motor Is lo
(a) increase the magnetic field
(b) increase the speed of the motor 
fc) decrease Ihe armature cunent
(d) reduce Ihe speed of the motor

21 The supply voltage to a (Lc. motor is 240 V. 
If  the back e.m.f. is 230 V and Ihe amialure 
resistance is 0.25 (2. the armature current is: 
(a)10A  (b) 40A <c) 960  A  (4) 920A

22 With a (Lc. motor, the starter resistor
(a) limits tie  armaiuie current to a safe start 

ing value
fb) controls Ihe speed of the machine
fc) prevents the field cunenl flow ing through 

and damaging the armature
(d) limits the field current to a sale it * '"1? 

value

23 From Fig. 22.31. the expected characteri** 
for s shunt-wound A c  generator ia:
(a) P |b )Q  (c) R s
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24 A commutator it a device fitted to a gene tu
tor Iu  function n:
(a) to prevent tpaifciag »heo Ihe load 

change*
<b) lo convert tbe ac. |eacmed into a d.c

(c) to coavey Ibe current lo aad fmm tbe 
winding*

(d) to generate a dinct cunent

ТЦ.ЮО*
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Three-phase induction motors

Al Ihe end of tils chapter you should be able lo:

• appreciate Ibe menu of three-phase Induction muon
• undentand bo» a routing magnetic ftekl u produced
• «ale the synchronous «peed, я, as (J/p ) and me In calculation»
• deaciibe Ihe phnciple of operation of a three-phase induction motor
• distinguish between squirrel-cage and wound-rotor typei of motor
• undentand bow a torque ia produced causing rotor movement
• undentand and calculate ihp
• derive ехргечюп» for rotor ejn.f., frequency, resistance. reactance, impedance, 

current and copper loaa, and u»e then) in calculations
• Hale tbe loaies in an induction motor and calculate efficiency
• derive tie torque equation for aa induction motor. Mate Ibe oondilion for maximum 

torque, and пае in calculation»
• describe lotque-speed and torque-allp characteristic» for an Induction motor
• stale and describe methods of slatting induction moton
• stale advantages of cage rotor aad wound rotor types of induction motor
• describe Ihe double cage induction motor
• stale typical applications of three-phase induction moton

23.1 Introduction

In dc. moton. introduced tn Chapter 22. conducton 
on a rotating armature pass through a stationary 
magnetic held. In a thrre-phaar Induction motor, 
the magnetic Held rotates and this has the advMUage 
that ao external electrical connections in Ihe ml or 
need he made. Its name Is derived from the fad that 
the cunent in the rotor Ii Induced by the magnetic 
held lastead of being aipplied through electrical 
connections lo the supply Ihe resub la a motor 
which: (I) к  cheap and robaat. ( t i ls  explosion 
proof, due lo the absence of a commutator or sUp- 
nngs and brashes with their asaocided spariung.

fiiil requires liale or do  skilled m aintenance, md
(iv ) has self-siantnt properties when switched to a 
supply with no additional expendiiuie on auxiliary 
equipment. The priacipal disadvantage of a three- 
phase induction motor is that its speed cannot tv 
readily adjusted

23.2 Pruductiin  o f a rotatinft Bta(tne"c 
M d

When a three-phase supply is connected 
symmetrical teee-phase windings. Ihe cV?\7  
Bowing in Ihe winding» produce a magnetic m
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This magnetic field u  constant In magnitude and 
iD M n at constant iprwl as rfiown hr low, and li 
called the synch ronau* sprrd 

Wilh reference lo H*. 23.1, Ibe winding are 
leptescnted hy throe ungte-loop conductors, оme for 
each phase, maikcd RsKf. YsYe and es8p. Ibe S aad 
F  ngnifving «ал and finish la practice, each phaae 
windmv comprises many turn» and ia distributed 
around the stator; the stnglekxsp approach ia for 
clarity only.

When the slato» windings are connected to a 
L ймее-рЬам- supply, the cunrnl flowing ia each 
| winding vanes with lime and ii as shown in

М м а  23.1

Hg. 23.1(a). If  ibe value of current in a wiatkng ia 
positive ihe ааашпркга is Blade that и flows from 
■ал lo finish of Ibe winding, i^ . if  it is the red 
phase, cunrnl Sows bom R% to Rf. U. away from 
thr viewer in and towards tie viewer in Rr When 
the value of curat«  ia negaive. (he assumption is 
aiade that a flows fnxn Hrash lo start. i.e towanls 
thr viewer in an ‘S ' winduig and away fatal tbe 
viewer In an ‘P  winding. Ai lime, say I ) , shown in 
Hg. 23.1(a), Ihe cunrnl flowing in the red phaae ia 
a maximum posrtve value. A l Ibe saae lime l|, the 
currents flowing in tie yellow and hhie phases are 
both 0.5 limes tbe maximum value and are negative.

The cunrnl Aoirtbution ia thr slalor windings it 
there lure as shown In Fig. 23.1(h), in which cur- 
irat flows away from die viewer, (shown an » )  
m R% since it ia positive, but towards the viewer 
(shown as O ) in Yt and B%. since these air neg- 
alive. The resting  magnetic field ia as thowa. 
Aie to ihe 'solenoid' action and apphcation at the 
cotkscrew role.

A short lime later al lime ij. the cunrnl flowing 
in tbe red phase has fallen lo about 0.87 times its 
maximum value and is positive, the currrnl in tbe 
yellow phaae Is urn  and tbe cunrnl in tbe blue 
ftiase is rtMiul 0.(7 limes its maximum value and is 
negative. Hence the current» and resultant magnetic 
field are as shown in Fig. 23.1(c). A l time f>. the 
currents in the red and yellow phases are 0.3 of their 
maximum value* and the cunrnt in Ihe Mue phase 
is a maximum negative value. The current» and 
arsultant magnate Add ate as shown ia Fig. 23.1(d).

Similar diagram lo Hg. 23.1(Ы, (с) and (d) can 
be produced fur all lime values and these would 
thow that Ihe Magnetic field travels ihnaigb one 
srvolution for each cycle of Ibe sapply vdlage 
applied lo the м о г  windings

By considering Ibe flux values ratbet than the 
current values, it it shown he low that Ihe routing 
magnetic Add has a со aslant value of flux. The 
three coils shown In Hg. 23.2(a). ate connected 
( l  star to a thtee-phaae supply. Let the positive 
^sections of tbe fluxes produced by currents flowing 
in the coils, be фА. Щ  and фс respectivdy. The 
tiirctions of фА. and Ф? do not alter, hut their 
magnitudes are proportional lo the currents flowing 
m Ac cods at any particular time. At time l\. shown 
in Hg. 23.2(b). the currents flowing in the colb are:

la, a maximum positive value. i.e. the flux ia 
towards рои* P; lA and ic. half Ibe maximum value 
mA negative. U . the flux la away from poiat P.

These силепа give rise k> tie magnetic luxes 
Фа . Фа and <c. whose magnitudes aad thredions 
are as tow n  ia Fig. 23.2(c). The resultant flux is

n *
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Figure 1X2

Ihr phasor sum of фл. фл and &  . shown at Ф in 
fig . 23.2(c). A l lime <2, Ibe currents flowing an: 

ig, 0.866 x maximum positive value. Ic. zriu. 
and Ia . 0.866 x maximum negative value.

Ibe magnetic fluxes and ibe resultant magnetic 
flux an as shown in Hg 23.2(d).

At Ume I).

■a It 0.S x maximum value and It positive 
I a  it a maximum negative value, and 
Ic la 0.5 x maximum value and is positive.

Ibe magnetic fluxes and tbe resultant magnetic 
flux are as shown In Hg. 23.2(e)

Inflection of Fig. 23.2(c). (d> and (e) shows that 
tbe magnitude of tbe resultant magnetic flux. Ф. In 
each сам it constant and it I j  xAe maximum value 
of Ф\. H  or A  . but thoi tts (Unction it changing 
Ibe process of determining the resultant flux may

he repeated for all values of time and thow s th 
the magnitude of the resultant flux it ceantant f< 
all values of tine and also that it rotates al coeitam 
■(iced, making out «evolution for each cyde of щ 
sup|J)[_ voltage '*

‘Ip

Ш  Synchronous speed

Tbe rotating magnetic Held produced by three-phase 
winding» could have hern produced by rotMinu г 
permanent magnet's north and south pole a  syn 
chronous speed (shown aa N and S al the ends of 
the flux phasort in Fig. 23.1(b). (c) and (dll. l ot i)„s 
reason, и it called a 2-pole system and an induction 
motor using three phase windings only it ctlle I j
2-pole inductioa motor If  tlx windings displaced 
from one another by 60" are uied. at shown m 
Hg. 23.3(a), by drawing Ibe currem and resultant 
magnetic fleld diagrams al vinous Ume values i  
may be shown dial one cyde of the supply current
lo tbe Hal or windings causes the magnetic Held to 
move through half a revolution. The cunrnl dmnhu 
tion in Ihe stator windings are shown in Hg. 23. 3(a). 
for tbe time I shown in Hg. 23.3(b).

“Г

Current

Flgurr Ш
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t  on be aeen I ha for it* windings on the Hater, 
t t  aagnetic flux produced l« Ihe u n  aa that 

I by touting two peimanmi magnet north 
fola and two permanent magnet south poles al 

LyKfeunoua apeed ТЫ» ia caBrd a 4-pale «умет 
I p l a n n J i K t i o n  innt.H usmj! m i  |* j.»  »in<in(!>  is  

| alrd a 4 pole uiducuoa rootot My increasing the
I  ■ a m  of pfw.se u ia d in g s  the nuniivr of polei can 
• It «airased lo any even number

la general, if  /  ia the frequency of the catrenu
■ tbr stator winding» and the atalor ii w and lo 
M ofuvalenl to p pain of polea. Ihe speed of 

Mun of the rotating magnetic Add. ix. Ibe 
loua speed, n, la givea by:

Problem 3. A Ihreeptiaae 2-pole nd o r la
lo have a syachronous apeed of 
6000rev/mia. Cakalale the fmpieacy of tbe 
aupply voltage.

Since n, ■■ ( i ) t h e n

frequency. /  = (я ,К p )

m (22)11), 
'  «0 M  2 '

1011 to

юиа speed.

p .  ( £ ) - ( g ) a a 4

I Ibe number of pale pairs la 4 aad thus I 
r af рака It •

■ationary part corresponding to the yoke of a dc. 
aiachine. It ia wound lo give a 2-pole. 4-pole. 6-
pole........... routing magnetic Odd. depending on
the rotor speed required Ibe rotor, coacapooduig 
to ibe aimatute of a dc aiadnae. »  bulk up of 
laminated iron, lo  redact eddy cutirnta.

In Ibe type moal widely used, known aa a 
squirrel-cage nrtor, copper or alumlnaim ban aar 
plaird In «tola o il In Ihe laminated iron. Ibe enda 
of Ibe bars being welded or htaird into a heavy 
ouoducting ring. <aee Fig. 23.4(a)). A  crws-sectronal 
view of a threephaae induction motia la shown in 
Hg. 23.4(b).

Tlf.1
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(Ь )

Figure 2Д4

lhe conductor! mr placed in dou in Ibe lun- 
naied iron rotor core. If the ilo ti Mr slewed. better 
suiting and quieter tunning is achieved Thii type of 
rotor has no exleriul connections which means lhal 
slip ring» and hnishei art not needed. Tbe squirrel 
cage motor is cheap, reliable and efficient. Another 
type of rotor 1» Ihe wound rotor. With thia type 
Ibe re are phaae windings in »lou. similar to those In 
the slab* The winding» may be connected in dar or 
deha and Ibe connections made lo three dip rings. 
The dtp ringi are uaed to add external reustance lo 
the rotor circuil. particularly for suiting (lee Sec
tion 23.13). but for normal running Ihe dip rings 
are short-circuited.

The principle of operation it Ihe same for both 
the squirrel cage and the wound rotor machines

conducton on Ihe rotor, ю that a torque It produced 
causing the rour to rotate.

23.6 Slip
The force exerted by the rotor ban causes the rotor 
to turn in Ibe direction of tbe routing magnetic held 
Aa Ibe rotor speed Increases, the rale at which Ihe 
muling magnetic field cult the rotor ban is lets and 
ihe frequency of the induced e.m .f.'t In tbe пйаг 
ban it  lew. If ttie rotor runt at the same speed »  
the rotating magnetic field, no e.m .f.'t are Induced 
in ibe rour. hence there is no force on them and no 
toique on the rotor. This the rotor dows down. 14» 
this reason the rotor can never run al «ynchronous 
speed.

When there ia no load on the rotor, the resistive 
forces due to »md%e and bearing friction are small 
and the rotor run very ncarty at synchronous speed 
Aa Ibe rotor it loaded, the speed falls and this cause» 
an increaae in Ibe frequency of the iixtocrd ernf. s 
in the rotor ban and hence Ibe rotor current, force 
and torque increase. Tbe difference between the 
rotor tpeed. n „ and the tynchronout speed. n „ is 
called the slip qm d. i.e.

sUp «peed «. n, -  rrv/t

Tbe ratio (я , -  » ,)/я, is called tbe fraction»! 'Up 
or just tbe dip. i. and ia usually expressed as a 
percentage. Thus

23.5 Princip le o f operation of a 
three-ph*»e Induction motor

When a three-phase tupply is connected to the daior 
windings, a rotating magnetic field Is produced. 
As ibe magnetic flux cuts a bar on the rotor, an 
e.m.f. It induced in it and since it is joined, via tbe 
end conducting ting», lo another bar one pole pilch 
away, * current flow» in the ban. The magnetic 
field associated with this cunent flowing In the 
ban interacts wuh the rotating magnetic field and 
a force Ia produced, lending to turn the rotor In 
tbe same direction as tbe rotating magnetic fleld, 
(aee Hg. 23.5). Similar forces are applied lo all tbe

d ip .i -  ( 5: — *  100*

Typical values of slip between no load and tuU 
load are about 4 to 5 per cent for small moton and
1.5 to 2 per ce* for large motors.

Problem 4. The sutor of a 3-phase. 4-p* 
induction motor Is connected to a 50II/ 
supply. Tbe rotor tuns m 1455 rev/ml* at In11 
load. Determine (al the tynchronout tpeed 
and fb) Ihe dtp al full load.
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(a) The number of pain of pole», p =» (4/2) ж 2 
Tbe supply frequency /  = SOH* Tbe syn
chronous speed, я . ж tf/ p ) = (30/2) =
25 гг*/».

<b) The rotor «peed, я , ж (1453/60) = 24 25 lev/». 

* lp  » з  (  — )  x 100»
я.

25 -  24.25 x 100%

= 3%

Problem 5. A  3-phaie. 60 Нг induction 
motor has 2 pole». If  the slip it 2 per cent at 
a certain load, dcKrmine (a) the synchronous 
speed, (b) the speed of the rotor, and (c) the 
frequency of the induced e.m .f.'i in the rotor.

PnoNem 6 A three-phase induction motor 
it aipphed Irom a 50 Нг supply and mnt at 
1200 rev/min when the slip u 4 pee cent 
Determine the synchronous speed

S ip . i a  (  П> )  x 100* 

c d ,  П,  a  ( 12CRotor speed, я, = (1200/60) = 20rev/» and f ss 4. 
Hence

x 100* of 0.04 :
■20

from which, n,(0j04) =e n, -  20 and
20 = я , -  0.<M л, = n ,(l -  0.04). Hence syn
chronous speed.

20 : 20.83 rev/s
1 -0.04 

: (20.13 x 60) rev/min 
: I250irv/m hi

Now uy the following exercue
(a) /  = 60 Hz and p = (2/2) = I Hence syn

chronous speed я , ж ( f t p )  = (60/1) = 
«0 rev/» or 60 x 60 = 3600 rev/min

2 x60eI = « 0 - i4 r- » 5 8 .8 re v / »
100

I* , the rotor run* at 58,8 x 60 = 352*res/mtoi
(c) Since the synchronous speed ii 60rev/s aad 

that of the rotor 1» 5* 8 rev/s. the rotating maf- 
nettc field cuts the rotor hum at (60 -  5* 8) = 

| 1.2rev/s.
Thus the frequency of the e.m .f.'i Induced In 
Ibe rotor bar» I» 1.2 H i

lixerdie 137 Further problems on dip
1 A  6-pole, З-рЬаи induction motot run» it 

970 rev/min al a certain load. If  the stator it 
connected lo a 50Hz supply, find tbe percent
age dip at Ihis load. (3*1

2 A J-phate, 50 №. induction motor ha» 8 pole». 
If the full load dip is 2.5 per cent, determine
(a) the synchronous speed.
(b) the rotor «peed, and
(c) the frequency of the rotor e.m.f.'»
[(a) 750 rev/min (b) 731 rev/min <c) 1.25 Hz)

3 A three-phase induction motor I» supplied 
from a 60 Hz Mipply and runs at 1710rev/min 
when the »l|p i i  5 percent Determine the syn 
chronotu speed |ll00rcv/mtn)

4 A 4-pole. 3-pbaae. 50 Hz induction motor nm» 
at 1440 rev/min at full load. Calculate
(a) the »yndironous speed.
(b) the «lip and
(c) the frequency of the rotor induced r a i . i

|<a) I500rev/min (b) 4 *  (c) 2Hz)

23.7 Rotor t .n X  and frequency

When an induction motor u uuuoauy. the itator and 
tutor winding» form Ibe etpavalenl of a Inuuformer 
m tboun in Pig. 23.6

T lh M O K
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Figure 2*6

The rotor e.m.f al lUKbtill it given by

U )

where E| it tbe tupply voltage per phase lo Ibr 
suior.

When an induction motor u running. Ihr induced
e.m.f. Ui ihr rotor Is lets tince lhe relttive movement 
between conductor! and tbe muting field is lem 
Ibe induced e.m.f. is proportional lo this movement, 
hence ii mutt be proportional to the tbp. i. Hence 
when running n «lor e m f per phase = E t = sEi

Le. rotor e.m.f. per phase (2)
<»l

Rotor frequency

Tbe rotor e.m.f. it induced by an alternating flu* 
and tbe rale at w tid i ibe flux puses the conductors 
is tbe slip speed Thus tbe frequency of tbe rotor
e.m.f. it given by:

/ , = (* , -  n,)p •  (  — )  (<!,/>)

<b) Synchronous speed, n, = f/ p  = 50/4
12 5rev/s or <12.5 x 60» = 750tev/nun

hence 0.

(0.06X12.5» = 12.5 -  n, 
and rotor «peed, 

я , ж 12.5 -  (0.06X12.5)
= 11 75 rev/s or 705 rev/mbi

Now uy Ibr (ollowing exercise

b tr d K  Ш  Further problems on rotor 
frequency
1 A  12-pole. .Vphase, 50Hz induction motor 

mm at 475rev/min. Determine
(a) the ilip  tpeed.
(b) the penrnU|e slip and
(c) Ibe frequency of rotor currents

((a ) 25rev/min (b) 5 *  (c) 2.511/1
2 The frequency of Ibe tupply Ю ibr tlalor of a 

6-pole inducUon motor it 50 Hz and Ihe rotor 
frequency It 2 Hz. Determine
(a) tbe dip. and
(b) tbe rotor tpeed. in rev/m in

|(a) 0.04 or 4 »  (b) 960revtoiin|

However (я , — я, >/n. is Ihe slip s and (я ,p ) is 
lhe supply frequency / , hence

(a) From Equation (3), / , = i f .  Henoe 3 ж (»)(50) 
from which.

2.3.8 Kotor Impedance and current

Kotor resistance
Ib r  rotor retulance Kj it unaffected by fteipicniy 
or slip, and hence remains constant.

Rotor rraetaner
Rotor reactance varies with the frequency of thr 
rotor currc*. At standsUU. reactance per pha«- 
X ] ж 2я fL . Wben tunnrog. reactance per ptu'>

*, - 2*IX
ж 2M tf )L from equation (3)
-  *2 n fL )

Le. * ,  = a j  (4)
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Z , = x * ]+ (* * ,)»

At standstill, slip I  »  I , then

Z j= N * j+ X j

Tm 2xn, 2xn,

Rgurr 1X1

Hgure 23.7 represents the rotor circuit when 
«•

Rotor impedance

Rotor impedance per phase.

____  . . . ^  ^■ Pm »rborn which. —  в  —  or —  = —
* . '  i  a*

lienee =
Л  я .

**• "  "г-- ------------ ж г
/>2 я ,

Л2 -  />„ i i  Ibe electrical or copper lo «  in the rotor, 
Le P i -  Pm = /Jftj. Hence

_  rotor tapper Ы »  _  l ‘K } 
ratar Input P t (9)

(5)

(6)

or power input to the rotor.

(10)

Rotor n im o l

front Pig. 23.6 and 23.7, at standstill, starting 
cunent.

(7)

23.10 Induction motor losses and 
eflcirncjr

Rgute 23.S sunsmarbeh loaaes in induction moton. 
Motor efficiency.

I power P m
— ---— ---- v *  UW%Input power P i

and when tunning, uutirni.

,  mS im 
K X

• (& * (*)

23.9 Kotor copper loss

fcwer P  = 2япТ, where Г  ia ihe torqae in newton 
«Mttts. hence torque T •  (P/bm ). If  P ) h  the 
power input lo the rotor from the rotating Add. 
*nd Pm is tbe mechanical power output (indudiag 
Diction losses)

Problem S. Ihe power supplied to а 
three-phase induct me motor is 32 kW and the 
stator losses ме 1200 W. If tbe shp it 5 per 
cent, determine (a) Ibe rotor copper lots,
(b) Ibe total mechanical power developed by 
the rotor, (c) the output power of Ibe motor 
if friction and w inder losses are 750 W , and 
(d) Ihe efficiency of tbe motor, neglecting

(a) Input power lo rotor ж «atot тр и  power

: 32kW -  1.2kW 
> 30 »kW

тиоюок
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р,.р, StWXlOMM 4 » ^ - Rotor pm - ff - Frtcton

llgurr 2Л.К

(то т liquRUOfl (9), 

d>p
rotor OOppetr k»s

rotor inpul 
5 roior copper loss 

*  100 ~  308 
from which, rotor roppcr Ion з  (0.05КЭ0.1) 
= 1 54 kW

(b) Toul mechanical power developed by (be rotor

= rotor input power - rotor losses 
= 30.8- 1.54 = 2»2*kW

(c) Output power of motor

c  power developed by the rotor 
-  friction and windage losses 

e  29.36 — 0.7J ■ 28 51 kW

(d) Efficiency of induction motor.

, . ( а в и ) х100»

1 32 1 
89 10%

x 100%

Problem 9. Tbe speed of the induction 
motor of Problem 8 is reduced to 35 per cent 
of ito synchronous speed by using extend 
rotor lesuunoe. If the tonjue and stator 
losaes are unchanged. detrnmne (a) the roior 
capper lou. and (b) the efficiency of Ibe

(a) Slip, i  = (  —— — ̂  x 100% 
я»

, ( 2 i Z ° ^ x loo%

= (0.65X100) = 65%
Input power lo rotor = 30 8kW (from Prob 
lem 8)

mtor copper loss 
rotor input

then rotor copper Ion = (jHonor input)

Since к

= 20 02kW 
(b) Power developed by rotor 

= input power to rotor
-  rotor copper loss

= 30.8 -  20.02 = 10.78 kW 
Output power of motor 

= power developed by rotor
-  friction and windage losses 

= 10.78-0.75 = 10.03 kW
Efficiency,

j  output power \
ln g i£ » r  >x l0 0 »

I 10 ®  \
*  I ) *  10° *32
= 31 34%
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Now tty Ibe following гxran*

Kxrrcisc 1.W Further pnM tim  aa l m  
and rfflckac)

1 The power supplied »  a three-phase induction 
motor n 50 кW  aad Ibe «ator louts are 2 kW. 
If  the slip is 4 per cent, determine
(a) Ibe rotor cofper Ion.
(b) Ihe lotal mechaiacal power developed by 

the rotor.
(c l the output power of the motor if friction 

and windage losses air I kW. and
(d) ihe efficiency of the motor, neglecting

((^ W k w T b t'^ O * кW  (c) 45.08kW
(d) 90.16*)

2 By using external rotor гея nance, tbe speed of 
the induction motor in PniMem I it mkiced 
to 40 per cent of its synchronous speed. If 
ibe torque and stator losaes are unchaaged. 
calculate
(a) tbe rotor copper loss, and 
(Ы  tbe efficiency of the motor.

((a) 28.НО кW (h) J6.40*|

Iто т Hquatioa (8). /, ■

lienee torque per phase.
х я 1 + (мХ2)г

i d s a * )
Тж= ^2яя.^

Le.

Т ж

23.11 Tort|UC equation fur an 
induction motor

Tbique

(bom liquation <10#

If their are m pfcaaes then tonjue.

Г З Д ’ м а Л

« i + tiT j»3

te.

■'Г1 1 * ; * ,  )
i. J * }  + («JTi)1

(11)

where к it a caaitant for a particular machine, te.

(12)r  i I )•т*'кГП*&]
Under normal oondttioni. Ibe supply voltage is usu
ally constant, hence Equation (12) becomes:

T x *>
« i- K r f i* 2

Tbe torque will be a maximum when Ihe denom
inator it • minimum and tbit occurs when

t

le . when

«ДГ]

* as —  ос К: = зХ} =  X, 
* J

from KqaaMon (4). Thus nsatdmwn tonpar occun 
when rotor resistance and rotoc reactance are equal. 
U . when * i  *  X ,

Problesns 10 to 13 following illustrate some of 
tbe charnel en sties of tlure pkase induction moton.

TUllOOK
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Problem 10. A  415V, three-phase. M Hz, 4 
pate. Slai4unnrdcd Induction molar ram «I 
24tev/s oa full load. Ib r  rotor rrsrstance and 
reactance per phaae aie 0 35 Q and 3.50 
respectively. and die effective rosor-stator 
turns ratio it  0.(5:1. Calculate (a) tbe 
synchronous speed, (h) tbe ilip , (c) Ibe M l 
load torque, (d) Ibe power output if  
mechanical toxici amount to 770W. (e) Ibe 
maximum torque. (0  the speed al which 
maximum torque occurs, and (g) the suuting 
torque.

(a) Synchronous speed, n. = { J /р) = (50/2) =
25 rev/s or (25 x 60) = 1500 rrv/mta

(b) Slip, i  = (  —— — )  = ~ = 0 04 or 4%
Ri 25

<c) Phase voliage,

£, = ^  = 239.6 volts 
H ill load torque.

*
2.Т»,

from Equation ( I I )

I 3(0.8511( З д а м Л /  (0.04X239.6)2(0.35) \ 
= 1 2*2 5) * 1 (0.35Я + (0.04 x  3.5Я *

— IS)
= 78 05 Nm

(d) Output power, ladudtng friction losses,
Pm = 2ли,Г

= 2*24Х7».03)
= 11770 walls 

Hence, power output a  -  mechanical losses
•  11770-770
■ I1000W
■ Ilk W

(e) Maximum torque occurs whenaim torque r
Г, = 0.350*3 = * ,

Л: 0 35**,ят,я тг

lienor maxlniimi torque,

T- = (0.013*0) I   ̂ Р»П (c>

0 1 (239.6)10.35 \
= (001^ | - 0 .3 5 ^ 0 .3 Я  I

/ 2009 29\
= (0.013*0) (■ Q ^  ) = 113 I*  Nm

(0  For maximum torque, slip j  = 0.1

Slip, i  = ( " ‘ i.e.
" I

a i. f ^
Hence (0.1X25) = 25- я , and 
a, = 25 -  (0.1X25)

Thus speed at which maximum torque occurs.
h, = 25-2.5  a22 5rev/ior L350m/mtoi

(g) A l Ibe start, i.e. al standstill, slip < ш I. Hence.

starting torque ■ I I P
2>rn, > № )

from Equation ( I I )  with » = I

i.e. starting torque = 22.41 Nm

(Note lhal the hill load torque (from pari <c)) »
78.05 Nm but ibe Marung torque it only 22.41 Nmi

0.1

Problem 11. IXerm ine for Ihe In d u c tio n  
motor in Problem 10 a  (nil load, (a) tie 
rotor cunrnt. (Ы  tbe rotor copper loss, and
(c) tbe starting current
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(а) Iтип» Iquanon (*). nilor rurrrnt

. . -fg)*
Х я|+ < *х,)»

(0.04 KO.M К2Э9.6)
X 0.35J + (0.04 X 3 5»-'

8.1464
: 21 *1 A

Problem 12. Far ibe induction motor in 
Problems 10 ind 11, If tic  sialor losses ue 
650W. dele mane (■) (he power input al fall 
load, (b) ibe effldency of Ihe motor at full 
load and (c) Ibe current ialu-п from Ibe 
supply al full load, if Ibe motor rons al a 
power (actor of 0.17 tagging.

(b) Net power output = 11 kW  from part (d). Prob
lem 10. Hence efficiency.

, = ^ * 100» , (  ‘U k . o o *  
input 1 12.91 '

= «5 21%
(c) Power input. P\ в  v^V i./lO o»* («ее Chap

ter 20) and а н ф  ж pf. в  0 *7 beace. supply

0.37696
(b) Rotor copper

loss per phate ж  / JB j

ж  (21.6112(0.33) 
в  163.45 W  

total copper Iom  (for 3 phases) 
ss 3 x 163.43 
в  490 35 W

(c) Prom Equation (7). Halting cunent,

IH i \ e
I  N 1 (0.I5K 239.5)

= 57 90 A

(Note lhai tbe ttartiag cunent of 57.90A is 
considerably higher Ibaa the full load cunent of 
21.61 A )

f t
v ^ V Lcos ф

12.91 x  1000 
s/5(415)0.I7

В 20.64 A

Problem 13. For Ibe induction toot of of 
Problems 10 lo 12. determine the tetituace 
of the rotor winding required fur maximum 
starting torque.

From Equation (4), rotor reactance X, в  tX ; A l the 
moment of sitaing, slip. < ж I. Maximum torque 
occun when rotor reactance equals rotor resistance 
brnoe for maximum torque. X ] в  X , в  iX j  
= X j =3 5Q.

Thus if tbe induction motor was a wound rotor 
type with slip angt then an external star-connected 
ш напсе of (3.5-0.33)11 в  3.1SO per phase 
oould be added lo (be rotor re ox nice to give max- 
unum torque al tuning (see Section 23.13).

Now try tbe following exercise

(a) Output power Ли *  ll.770kW  from pan (d). 
Problem 10. Rctor copper loss = 490.33 W  в
0.49035kW  from part (b). Problem 11. M alar 
Input power
f i = p ,  + rotor copper Iom 4- rotor stator lots 

в  11.770 + 0.4*35 + 0.650 
в  12 91 kW

Kxrrcisc 140 Further problems on Ibe 
torque equation
I A  400V. three-phase. 50Hz. 2-pole. sIm - 

connrcted induction motor tuns at 48.5iev/s 
on foil load. The rotor resistance and reactance 
per fhaac air 0.4 Q and 4.0 Q tetpecllvely. and 
the effective rofor-auior turns ratio It 0.1:1. 
Calculate
(a) Ibe synchro»•• speed,
(b) the slip.
(c) Ihe foil load totque.
(d) Ibe power outpi* If  mechanical losses 

amount to 500W.
(e) the maximum totque.
(f) Ihe speed Я  which maximum totque 

occurs, aad
(|) foe» starling lurifjc 

|(a) 50rev/s or 3000iev/min (b) 0.03 or 3 *
(c) 22.43 Nm (d) 6.34kW (e) 40.74 Nro

(f) 45tev/s or 2700rev/min (g) 107Nm)

TUshO
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2 Рос the mductK» motor ia Prohlem I. catcu- 
lale и full load
(a) Ibe ran* current,
(b) Ihe roior copper lo*». and 
(cj Ibe tuning current.

|(a) 10.62 A  <b) 135.3 W  (c) 45.96 A)
3 If tbe attfor lo»a» for the induction motor in 

Problem I are 525 W . calculate al full load
(a) ihe power input.
(b) the efficiency of Ihe motor and
(c) Ibe cunent икса from ihe aipply if ihe 

motor ran» al a power factor of 0.84
((a) 7.49 IcW (b) 84.65% (c) 12.87 A )

4 Par Ihe induction motor in Problem I, 
determine tbe renilance of die rotor winding 
required for maximum Hatting torque (4X>£1)

23.12 Induction mtrtor ttirqiw-spccd 
character tnlk-N

from Problem 10. pan» (c) and (g). Ii i i  >een that 
the normal oartlng torque may be le»» than tie full 
load torque Al»o. from Problem 10, pail» («) and 
(0 . a i» »een ibal the tpeed at which maximum 
torque occurs 1» determined by the value of the rotor 
resistance. Al synchronous «peed, tlip > s  0 and 
torque ii zero. Prom Iheae observation», tbe tonpie- 
speed and totque-iUp characteristics of an induction 
motor are a» ihown In Pig. 23.9

Ibe rotor trsjslsnce of an induction motor и u»u- 
aOy small compared with it» reactance (for exampk- 
* j = 0.35 Q aad X i — 3.50 in the above Ptotv 
leta»). ю  that л и ш и т  torque occur» at a high 
•peed, typically about HO per oeal of qraduoooui 
ipeed.

< utvo R4aTig. 239 i» a typical chanciertau f „  
an induction' maMr. The curve P cut» the ftill-load 
torque line at point X . showing that at fall load the 
slip i i  about 4-5 per cent. The normal operating 
conditions are between 0 and X . thus it can hr 
neen that for normal operation Ihe «peed variation 
with load ia qaile imall - ibe induction motor i- 
an almod constant-speed machine Redrawing the 
speed-1 orque characteristic between 0 aad X gives 
the charactensac ibown in Fig. 23.10. which it 
similar lo a dc. (bum motor as shown in Chapter 22

figure U I0

If  maximum torque и required al Hatting then 
a high resistance rotor i» necessary, wtuch gives 
characteristic Q in Fig. 23.9. However, aa can he 
soen. Ihe motor haa a full load »kp of over 30 per 
cent, which remits i l  a drop in e these асу Al»o such 
a motor has a large »peed vanaiion with variations of

Hgura 2Л9
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load, Carves It and S of Fig. 23.9 arc ctiaractensucs 
lor values of rotor resiaance's between tio tr of P 
and Q. Better startiag tongie than for curve P It 
obtained, but wtth lower efficiency and with tpeed 
vanauont under operating conditions.

A oquirrrl-cagr Induction mulor would nor
mally follow charadentuc P. lin t type of mactaae 
it highly efUcteat aid about constant speed under 
normal tunning conditions. However it bat a poor 
stamag torque and mutt he Hatted off-load or vety 
lightly loaded (aee Section 23.13 below). Alao. on 
startiag. tbe cunent caa be four or live timet the 
normal full load cunenl. (tie to tbe motor acttag 
like a transformer witb tecondary shod circuited. In 
Problem 11, for exaaiple. the cunenl at suniag waa 
nearly three timet tbe full load cunenl.

A wound-rator Induction motor would fol
low charactetittic P when tie slrp-nngs ate sbott- 
circuited, which it the normal running cnndklaa. 
However, tbe sltp-angi allow for tbe addition of 
resistance to tbe naor ctrcuil externally and. aa a 
result. for uarttng. tie  motor can have a character 
iatlc timilar lo cun* Q in Hg. 23.9 and tbe high 
startiog cunenl experienced by tbe cage induction 
motor can be overcome

In general, for tbrre-phaae induction moton. the 
power factor It anally between about 0.H and 0.9 
laggiag. and the full load eBictency it usually about 
80-90 per cent.

Iтощ Equation (12). It it  teen that lon|ue it 
proportional lo thr square of the supply voltage. Aay 
voltage vanauont therefore would seriously affect 
the induction motor performance

23.13 S ta rtin g  m ethods fu r induction 
m ulor*

Squlrrrl-cagf rotor

(i) IMrrct-on-lhu tlarttaig
With tbit method, starting cunent u high aad 
auy cauae interference with supplier lo other 
consumers.

Ш ) Auto tranaforwter start lag
Witb tbit method, an auto transformer it used
lo reduce tbe aator voltage. E  , and thus Ihe 
Marliag cuneal (aee Equation (7)). However, 
tie  Starting torque is seriously reduced (see 
liquation (12)). to the voltage it reduced only 
sufficiently lo give the trsgnrd reduction of 
foe starting cunenl. A  typical arrangement is 
Aowa m Hg. 23.11. A  douNe-tnow switch

K ip irr 23.11

conaecti fee auto traru former in arcuit for 
starting, aad when the motor it up to speed 
tbe switch l« moved to the run position which 
connects the tupply directly lo the motor.

(Hi) S ta r-d rlta  s tarting
With lias method, for starting, the connections 
to tbe stator phase winding are star-connected, 
so that the voltage across each phase winding
ii  (l/v/5) Л *. 0.577) of the line voltage. For 
running, tbe windings are switslied to delta- 
connection A typical arrangement is drown 
in Hg. 23.12 This metiod of starting is lest 
expensive than by aulo transformer

Wound rotor

When starting on load is necetaaiy. a wound rotor 
induction motor mua be used. Ib is  It  because 
maximum torque al Halting can be obtained by 
adding external rrsrstance to lhe rotor circuit via slip 
rings, (tee Prottem 13). A face-plate type darter it 
aaed. and at tbe resistance is gradually redaced. tbe 
nacbinc charactenstics at each stage will be similar
lo Q. S. R and P  of Fig. 23.13. A l each resistance 
aep. tbe motor operation will transfer from one 
characteristic lo Ihe next to that lhe overall starting 
charactenstlc w il be as shown by tbe bold bnr in 
Hg. 23.13 For very large induction motors, vety 
gradual and smooth slatting It adacved by a liquid 
type resistance.

23.14 Advantages of M |airrtl-caj(r 
induction motors

Tbe advantage! of tquintj-cagc moton compared 
with ibe wound rotor type air that they:

r t M O O K
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(i) are cheaper and morr n>hu»i

(ii) have tligbllyhifiierem cieKy and power tartor

(Ш) arr explonoti-piunf. и nee Ihe riik o( ipaifcititt 
it eliminated by the absence of ihp nnp aad 
brurtiet

23.15 A dvantages of w ound ro ior 
induclloD  m otors

Tbe advantage» of the woand rotor motor compared 
with ibe cage type are that they:

Figure 2.VI2

F i g u r e  U 1 J
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Л bave a much higher starting torque
0 ban a much lower Malting сипе m

, have a means of varying speed by Me of 
**' f sternal rotor nestaince

v | 6  Double сац« induction motor
r
у  advantage! of «pdnel-cage and wound rotor 
udion motors air raabined in tbe double cage 

' 1Щ1ЮП motor This type of induction motor ia 
Jjc e lly  conatntctod with the roior having two 
‘ one inside Ihe other. The outer cage ha* (ugh 

unce conductors to thai maximum totque ia 
l'«eved at or near nailing Tbe inner cage ha* 
‘ ,tnal low гея nance copper conductors but hi|h 
I’jtiaace since it ia embedded deep in Ihe iroa core
l,y  iorque-ipeed Aaractenstic of the inner cage 
. Lhat of a normal induction motor, at shown In 

23.14. A l atartiag. tbe oiaer cage produces the 
(«qur. but when mnmng tbe inner cage produces 
p  torque. Tbe combined chancterutic of uiaer aad 
JUT cages it shown in Fig 23.14 The double cage 
guenon motor Is highly efliaent when running

23.17 И м я of three-phase indtictkm 
Ш О кП

Three-phase induction moton air widely used In 
induaty and constitute almoa all industrial drive* 
where a nearly coast an! speed is required. from 
■mall workshops to tie  largest iadustrial enterprises 

Typical application! are with machine toola, 
pump* and mill moton. Tbe squirrel cage rotor type 
ia Ihe most widely ated of all *£. motors

Now try tbe fallowing exercises

Exerrtoe 141 Sbart answer questions on
three-phase Induction awtwrs

1 Name three advantages that a three-phase 
induction am or has when compared with a 
tLc. motor

2 Name the principal disadvantage оf  a three- 
phase induction molar when compared with 
a dx. motor

3 Explain baefly. with the aid of sketches, the 
principle ol ope M ien of a J-phaae induction 
motor.

4 I ixplain briefly bow slip-fmgieacy cunrnu 
air let up al the roior ban of a V phase induc
tion molar and why thu frequency varies 
with load.

5 Explain briefly why a '  рЬамс induction 
motor develop! no torque when running at 
synchronous speed. Define the slip of an 
induction motor and explain why Hi value 
depends oa the load on tbe rotor.

6 Write down the two properties of tbe mag
netic Held produced by the ttator of a three- 
phase induction motor

7 The speed al which tbe magnetic Held of a 
three-phase induction motor routes it called 
the........ speed

8 Tbe synchronous speed of a three-phase
induction motor it ........  proportional to
supply frequency

9 The synchronous ipeed of a three-phase
induction motor i t ........ proportional to the
number of pain of poles

10 Tbe type af roior moat widely used in a three- 
phase induction motor ia called a ........

11 Tbe lUp of a thise-phate UKbictioa motor it 
given by: « *  x 1004

12 A  typical value for be dip of a small three- 
phase induction motor i t ... *

13 At the load oa the rotor of a three phaie 
induction motor iacteaars. the d ip ........

14 *tao r coP>er *” * _
Rotor input power
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15 Su it  Ibe k w i in an Induction motor

16 Maximum torque nccun when ........  =

17 Sketch a typical «peedtorque characteristic 
for an induction motor

18 Stair two method» of starting »quirrel-cage 
induction melon

19 Which type of induction motor ia uaed when 
Marti ng on-load ia necessary?

20 Describe brieiy » double cage induction 
motor

21 Stale two advantage» of cage rotor machine» 
compared with wound rotor machine»

22 Slate two advantages of wound rotor 
machine» compared with cage rotor machine»

23 Name any three application» of three-pfaasc 
induction moton

Kxerdae 142 М а М ч М п  questions on 
three-phase Induction motor» (Anawtr* on 
page .376)

1 Which of the following «tale me пи about a 
three-phase aqatrrel-cage induction motor I» 
false?
(a) It ha» no external electrical connection»

lo it» rotor
(b) A three-phaae nipply ia connected lo tta 

sutor
(c) A magnetic Hut which alternate» it pro

duced
Id) ll ia cheap, rohutt and requires little or 

no (killed maintenance
2 Which of fee following statement» about a 

three-phaae induction motor I» false?
(a) The «peed of rotation of the magnetic 

field ii calked the lynchronou» speed
(b ) A  three-phaae supply connected lo the 

rotor produce» a rotating magnetic Held
(c) Tbe rutaur* magnetic held ha» a coneant 

speed and cnfMam magnitude
(d) ll ia eiteattally a constant «peed type 

machine
3 Which of Ihe following autemenu la false 

when referring lo a three-phaae induction 
motor?

(a) The synchronous speed is half the tupply 
frequency when it has four poles

(h) In a 2-pole machine, the synchronous 
speed is equal to the supply frequency

(c) If  the number of polys is increased, the 
synchroocoa speedy, reduced

(d) TbeяааеПюпооа «peed is invervlv pn, 
pottionl loth.' number of poles

4 A  4-pole three-phase induction motor ha» a 
synchronous speed of 25 rev/». The bequcncv 
of ihe »upply to the stator ia:
(a) 50 H i (h) 100 H i
(c) 25 Hz (d) 12.5 Hz

Questions 5 and 6 refer to a three-|Лач 
induction motor. Which statements are false7

5 (a) The slip speed i» the synchronou» speed
minui the rotor «peed

(b) Aa the rotor is loaded, the slip decrease.
(c) The frequency of induced roior e.m f 's 

increaacs wiib load on the rotor
(d) Tbe torque on Ihe rotor is due lo the 

interaction of magnetic fields

6 (a) If  the rotor is running al synchronous
speed, there is no torque on Ihe rotor

(b) If  the number of poles on Ihe stalor is 
doubled, Ihe synchronous speed is halved

(c) A l no-load, the rotor speed ia very nearly 
equal to Ihe synchronous speed

(d) The direction of rotation of the rotor is 
oppostte lo the direction of rotation of Ibe 
magnetic Held to give maximum current 
induced In Ihe rotor bars

A three-phase. 4-pole, 50 Hz induction motoi 
mnt at 1440 rev/nun. In questions 7 lo 10. 
determine the correct answers for the igian 
lilies slated, selecting your answer from the 
list given below:
(a) 12.5 itv/t (b) 25 rev/s (e) 1 rrv/s
(d) 50rev/» (e) 1» (0  4 *
(g) 50* (h) 4 Hz (1)50 Hz
(j) 2 Hz

7 The ■yntfcronoM »peed

8 Tbe dip «peed

9 Tbe penxMage slip
10 The frequency of lnthiced e.m .f» in tbe rotor

11 Tbe slip speed of an induction motor may he 
defined as the:
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fa) D u m b e r of pain of p o le t  +  f r e q u e n c y  
lb) ro to r  t p e e d  -  t y n c h r o a a u s  f o o l  
<c l ro tu c  t p e e d  +  ty n c h t io a o u i  «peed  
Id) •упсЬгмюш tp e e d  -  tu to r  wpet*I

12 Tbe dip speed of an induction motot dependi 
upon:
(« I aimaluie cunrnl fb) tupply voftage
fc) mechanical load (d) eddy currant

13 The suiting torque of a unple tqulnel-cage 
motor lc
(a) low
(t>) inciratet at rotor curtrnl rites
(c) decreases at rotor cunrnl ritet 
Id) high

14 Tbe slip tpeed of ш induction motor
(a) it zero until Ibe rotor movet and then 

ritei slighfly 
lb) is 100 percent until the rotor movet and 

then decrease I  ihghdy
(c) it 100 per cent until Ibe rotor moves and 

then fallt to a low value
fd) it zero until Ibe rotor movet and then 

ritet lo 100 per cent

15 A four-pole induction motor when supplied 
from a 50Hz tupply experiences a 5 per оеш 
dip. Tbe rotor tpeed will be:
(a) 25 lev/t fb) 23.75 irv/t
(c) 26.25 trv/t fd) 11.875 irv/t

16 A tutor winding of an induclian molar tup- 
plied from a three-phase, «0 Hz system is 
required lo produce a magnetic Hut totaling 
at 000 irvrfmin. The number of polet is:
(a) 2 (b)8 fc) 6 (d)4

17 Tbe tutor of t  dnre-phase. 2-pole induction 
motor it connected to a 50 Hz supply. The 
rotor rant ai 2880rev/min ai full load. The 
dip ia:
(a) 4.17* fb) 92*
(c) 4 *  fd) 96*

18 An 8-pol< induction molar, whea fed from a 
60 Hz tupply. experiences a 5 per cent slip. 
The rotor speed is:
(a) 427.5 rrv/min (b) S55 rev/mtn
(c) 900 newton (d) 945 rev/min

T U t t O O K



Assignment 7 ... / Л

ТЫ* **l*nm rnl cover» Ib t material contained In Chapter* 22 and Ы .

The marks for each quesuon an  shown in brackets at the end of each question

1 A 6-pole aimature ha» 1000 conductor» ami a flux 
per pole of 40mWb. Determine Ihe e.oLf. genet - 
aled «lien running M 600 rev/min when (a) lap 
wound (b) wave wound. (6)

2 The armature of a d.c. machine bat a renuuance 
of 0.3Q and It connected to a 200V wpply. 
Calculate Ihe e.mX generated when II la tanning 
(а) м  a generator giving 80 A (b) at a motor 
taking 80A (4)

3 A  15kW «hunt generator having an amutatv cir
cuit retiilaooe of I П  and a fleld resistance of 
160 0  generate» a terminal voluge of 240 V M 
full load Determine Ibe efficiency of Ihe gener
ator м full-load aawnung the Iron, friction aad 
windage lotaei amount to 500 W. (6)

4 A  4-pole d.c. motor hat a wave-wound annaiure 
with 1000 conductor». Tbe uaeful flux per pule 
It 40mWb. Calculate tbe torque exerted »hett a 
cunenl of 23 A flow» la each armature conduct».

(4)
3 A 400V rfuint motor ran» M lu normal «peed 

of 20 rev/a when Ibe armature cunrnl it 100 A. 
The armature roulance i» 0.23 O. Calculate tbe

tpeed. in rev/min when the cutKM it 30 A and 
a resistance Ы 0.40Q it connected in tertet with 
the armature. Ihe (hunt field remaining conttanl

O)
6 Tbe nator of a tbree-phaie. 6-pole Indiction 

motor it connected to a 60 Н/ tupply The rotor 
run» M 1133 rev/min M full load Drtcrmirv 
(a) the synchronous tpeed. and (Ы  the »bp at full 
load. (6)

7 The power tuppllrd to a tiure-phair induction 
motor it 40kW and tbe itator kniet are 2kW 
If the tlip It 4 per cent determine (a) Ihe rotor 
copper lou. e>) the loul mechanical power devel 
oped by Ibe rotor, (c) the output power of the 
motor if fnctionai and windage loate» are I 4XkW 
and (d) the c№clency of Ihe motor, neglectimi 
rotor Iron lou. (9)

8 A  400V. Ihm-phate. 100 Hz. 8-pole induction 
Motor ran» ■ 24.23 rrv/i on toll load. The rotor 
tcautaace aad laacunce per pbaac are 0 20  
and 2 0  roapectlvely and tbe effective rotor 
tutor turn» rMto la 0.80:1. Calculate (a) the syn 
chronout «peed. <b) the tlip. and (c) tbe hill load 
torque. (8)



Formulae for electrical power 
technology

THRKE-PHASE SYSTEM S:

Star I i  •  l r VL m J iV ,

Della VL = V , l t m > filf

Р  к  V l/l.co«* ar P  = i /Jit,

TVvo-wattmaer method 

TRA N SFO RM ERS:

V ' N ' 1* » ,Т г ' 7Г ,

(м  = / о « л Л  I ,  ж/оссяфц

£ ж 4.44 /♦  JV

Regulation ж f  £> £ |  )  к  Ю 0*

Equivalent drcuit: Л. = Я| + Я; (

X . = X , + X , ( ^ V  Z . = 4 <*; + x.J ) 

loaata
KffidTD Cy. I) =  I  -  —

t totput power = V j /j  co ifj 

Toul kju = copper lou + una lent

Input power a  out pul power + lewc*

ReiiiUnce ma idling R, = (  )  R i
" l

D.C. MACHIMCS:

Generated e.m.f. E  *= - «  Ф>»
с

Ir = 2 for wave winding, с ж 2 j for lap winding) 

Generator: £ = V + I.R .

’, - ( w 7 7 ] i ! w T c ^ KX)*

Motor E  ж V - / Л

____  / V/- / ? * ,- l fV - C \
Efficiency. if ■ ( V I ) K

£/. ,* 2 / .Tbtque = -—  ж ----- a  /,♦2хл жг

THRKK-PHA9K INDUCTION  M OTORS:

, я ( = 1 ^ х100 
p Я.

/ , » , /  ДГ, . . I i

£ * № * '  Л » !

z ' N ИЧ + Ы Гг)»!

T lf t lO O K
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B ff ic ta a c y .

Pm,=  _  =

Tonjur,

M o t  I o n  ro io r  o o p p tT  l o u  
ftK -tlon  &  W ind«nc Io m  

in p u t  p o w e r 2x11,

V * *

I )



Answers to multi-choice questions

CHAPTER L EXERCISE 4 Ipagr 7)

1 (с) 2 <d> 3 (с) 4 (i) S (c)
6 (Ы  7 <b> ft (c) 9 (d) 10 (•)

11 (b) 12 (d)

CHAPTER 2. EXERC ISE 1* IpaRt 19)

1 (b) 2 (b) 3 (c) 4 (b ) 5 (d)
6 (d) 7 (b) К (с) 9 (b) 10 (с)

I I  (с) 12 (d) 13 (■)

CHAPTER J. EXERCISE 1$ Ipagt 27)

I (c) 2 <d) 3 (b ) 4 (d) $ (d)
6 (c) 7 (b) ft (c) 9 (d)

CHAPTER 4. EXERCISE IS (pagt Ml

I (d> 2 (a) 3(b) 4 (c) 5 (b)
6 (d) 7 (d) ft (b) 9 (c) 10 (d)

I I  (c) 12 (*)

CHAPTER 5. EXERCISE 2J I png' 50)

1 (*) 2 (c) 3 (c) 4 (c) 5 (a)
6 (b) 7 (d) 8 (to) 9 (c) 10 (d)

I I  (d)

CHAPTER ». EXERCISE 3» (pagr M)

I (b) 2 (a) 3(b) 4 (c) 5 (a)
6 (b) 7 (b) ft (a) 9 (c) 10 (c)

I I  (d>

CHAPTER 7. EXERCISE M I png' 79)

I (d) 2 (b) 3 (b ) 4 (c) 5 (C)
6 (d) 7 (a) ft (c) 9 (c) 10 (c)

I I  (a)and(d). (b) aad (0, (c) and (e) 12(a)
13 (a)

CHAPTER ft. EX ERC ISE 40 (pagt *1)

1 (d) 2 (c) 3 (d) 4 (a) S <b)
6  <c) 7 (d) В (a) 9 (a) 10 <b)

CHAPTER ». EX ERC ISE 47 (page 102)
1 (c) 2 (Ы 3 (c) 4 (b) 5 (c)
6  (a) 7 (cl В (d) 9 (c) 10 <a)

11 (a) 12 (b)

CHAPTER 10. EXERC ISE 57ip.gr 125)

1 (d) 2 (a)iw (c) Э (b> 4 <b)
5 (c) 6 ( 0 7 (c) ft (a)
9 (1) 10 0) I I <»> 12 (c)

13 <b) 14 (p) 15 (d) 16 <o)
17 (n) 1ft (b) 19 (d) 20 <a>
21 (d) 22 (c) 23 (a)

CHAPTER 11. EXERC ISE M M p .g r 1J4)

1 (c) 2 (a) 3 (d) 4 (c) 5 <b)
6  (b) 7 (c) В (d) 9 (a) 1 0 (b)

11 (d)

CHAPTER 12. EXERC ISE 64tp.gr 14»)
1 (b) 2 (b> 3 (c) 4 (a) 5 <a)
6  (d) 7 (b) В (4) 9 (b) 1 0 <«)

11 (a) !2 <b) 13 (b) 14 (to) 15 (b)
16 <b) 17 (c) IB  (b) 19 (a) 20 <b)

CHAPTER U . EX ERC ISE 72(p.gr It l l
1 (d) 2 (c) 3 (b) 4 (c) 5 <a)
6  (d) 7 (e) в (a) 9 (c) I0 (« )

11 (b) 12 (d) 13 td) 14 (b) 15 (c)
16 (a)

CHAPTER 14. EXERC ISE 7 « ( W l*5i

1 (c) 2 Id) 3 (d) 4 (a) 5 (d)
6  (c) 7 (b) В (с) 9 (b) 10 <c)

I I  (b)

«
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CHAPTER 15. EXERCISE 86 <[»** 217)

1 (c) 2 (a) 3 <b) 4 (b) 3 (a)
6 (b) 7 (a) н (d) 9 (d) 10 (d)

11 (b) 12 (c) 13 <b) 14 (c) 13 m
16 (b) 17 (c) 18 (a) 19 (d)

c h a p t e r  16. e x e r c is e  <m (page 234)

1 <d) 2 <g) 3 (i) 4 (1)
5 <h) 6 (b) 7 ft) 8 0)
9 (a) 10 (d). <g), (i) and i(1) 11 <b)

12 (d) 13 (c) 14 <b)

CHAPTKR 17. EXERCISE 99 Ip a*' 246)

1 (d) 2 (b) 3 (a) 4 (c)
5 (c) 6 (a) 7 (b) * (a)
9 (d) 10 (b) 11 (d) 12 (c)

CHAPTER 18. EXERCISE 103 ipagiI 262)

1 (c) 2 (b) 3 <b) 4 <g) 3 <n
6 (e) 7 (1) 8 (c) 9 (a) 10 (d)

U  (g) 12 (b) 13 (O 14 (J) 13 (b)
16 (c) 17 (a) 18 (a)

CHAPTER 19. EXERCISE 107 (ш*t 27*»

1 <c) 2 (b) 3 <b) 4 (d) S (a)
6 (b) 7 (d) 8 (a) 9 (c) 10 (e)

CHAPTER 20. e x e r c is e 113 (pagt 301)

1 (g) 2 <e> 3 (a) 4 (a) 3 <r>
6 (a) 1 <*> * (1) 9 (1) 10 (d)

11 (0
16 <b)

12 (j) 
17

U J f 14 (b) 13 (c)

CHAPTER 21. EXERCISE 126 Ipagr 325)

1 (a) 2 (d) 3 (a) 4 (b) 3 (c)
6 (a) 7 <b> 8 (a) 9 (b) 10 (g)

11 <d) 12 (a) 13 <h) 14 ft) 13 0 )
16 <0 17 (e) 18 (b) and (c) 19 (c)
20 <b)

CHAPTER 22. EXERCISE 135 (p ap 351)

1 (b) 2 <e> 3 (e) 4 (c) 3 (C)
6 (a) 7 (4) 8 <0 9 (b) 10 <c)

11 <b) 12 (a) 13 (b) 14 (a) 13 (d)
16 (b) 17 <b) 18 (b) 19 (c) 20 ibi
21 (b) 22 (a) 23 (c) 24 (d)

CHAPTTCR 23. EXERCISE 142 (p ap 370)

1 (c) 2 <b) 3 (d) 4 (a) 3 (b)
6 <d) 7 (b) 8 (c) 9 (0 10 ()>

11 <d) 12 (c) 13 (a) 14 (c) 13 <b)
16 (b) 17 (c) 18 (b)
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Index

Absolute permeability. 71 
Absolute pemuttivay. 55 
Ax. bridges. 120 

gencfak*. 183 
vabes. 1K5 

Acceptor чгсим. 209 
Active power. 214 
Advantages of

squirrel cage inducUun motor. 367 
three phase aystems. 300 
wuund rotor induction molar. 36ft 

Air с фас it on. 64 
Alkalme ce ll 35
Alternating volta|e* and cunrnt*. 1*3 
Ammeter. 12. 106 
Amplifier gam. 267. 269 
Amplifier, trantutor. 142 
Amphtudc. 112. 185. 189 
Analogue instrument*. 105 

to digital ciavm w a. 276 
Angular velociy. 189 
Anode. 29
Apparent power. 214 
Armature. 330 

reaction. 330 
Asymmetrical network. 236 
Atom*. 10 
Attenuation, 236 

bands. 236 
Attraction-type m i instrument. 105 
Audio frequency transformer. 311 
Auto transformer. 319 
Avalanche effect. 132 
Average value. 185 
Avo meter. 12, 109

back e m f. 338 
Balanced network. 236 
Hand-рам litter. 236, 244 
Band-«top filter. 236, 245 
Bandwidth. 212. 265 
Base 136 
Battery. 32 
B-H curves. 70, 71 
K ip..I* junction *ans**%ur. 136 
Block Aagram electrical. 9. 10 
Bridge, u ..  120 

recufter. 132 
WlteMstone. 118

Brush contnct loaa. 337 
ВивГег amplifier. 270

Calibration accuracy. 122 
Capacitance, 54 
Capacitive a.c even*. 199 

reactance. 199 
Capacitors. 54 

chargmg. 248 
due barging. 66. 253 
energy stored. 63 
n  parallel and aeries. 59 
parallel plate, 57 
practical types. 64 

Capacity of celL 35 
Cathode. 29
Cathode ray oactloacope. 12. U l 

double beam. 112 
Cell capacity. 35 

primary. 34 
aecoadary. 34 
simple, 30 

Ceramic capacitor 65 
Om ctensbc impedance. 236.237 
Charactenstics. Ш ш м , 140 
CJiege. 3. 54 

density. 55 
force со. 90 

O ivg  mg a tap actor 24S 
of cell. 32 

O ienical effect» of cwrent. 17, I I ,  24 
Cvcuit diagram svmbda. 10. I I  
Cloaed-loop gam. 26#
Coercive force. 1*
Colector. 136
Colour coding Ы  машоп. 25 
Combination of waveforms 141 
Commca-modr rejection ratio. 266 
Commutation. 32*
Commutator. J24. 330 
Companaon between ekctncal and maple tx 

quantities. 77 
Complex wave. 114 
Composde aenes magnet* cavinta. 74 
Compound winding .130 
Compound wound genera»!» 335 

naraor, 344 
Cooductaacc. 5. 6 
Conducts, I I .  14. 127



378 INDEX

С о н и  « М  r a n .  171 
Contact potential. 129 
Continuity tester. 10»
Control. 89
Cooling of traasfocrncrs. 312 
Copper loss, 314, 337 

rotor, 361 
Core k» i. 337 

component, 306 
Core type transfonner. 311 
Coctoskmi, 31 
Coulomb, 3. I I  
Coulomb's law. 53 
О ся  value. 185 
(Читем. 10

decay ш I. R ctrcu*. 257 
division. 45 
g in . transistor, 145 
growth. 1. -R circuit. 255 
main effects. 17 
transformer. 323 

Cut off frequency. 236, 238 
Cycle. 184

Damping. 89. 105 
D C cacti* theory. 157, 164 

generator. 332 
characteristic», 333 
cftciency. 337 

D C  machine. 328 
construction. 329 
losses. 337 
torque. 339 

D C  motor. 89. 338 
efficiency. 344 
speed control. 347 
starter. 347 
•У!**. 341 

D.C potentiometer. 119 
transients. 248 

Decibel. 115 
meter. 116 

Delu connection. 291 
DekaMar comparison. 300 
Depletion layer. 129 
Design impedance. 238 
Dielectric. 54, 56 

strength. 62 
Differential amplifier. 272.274 
Differentiator circuit 260 
Digital lo analogue convemcn. 276

Dynaauc cunent gain. 144
«. 227

Dtschaagiag c^ aciun . 66. 253

Divcrtcr. 348
Dcping. 128
Double beam c m . 112
Double cage inductm mom. 369
Drift. I I

Edison ce l. 35 
Eddy current kiss. 3 I n 
effective value. I*T  \ f*z- 
Effect of time ccmstant on rectangular wave. 260 
Effects of electric current. 17 
Efficiency of: 

dc generator. 337 
dc. motor. 344 
mducticm motor. 361 
transfonner. 314. 315 

Ekctical: 
energy. 16
measuring instruments. 12. 104 
potential. 5 
power. 15 

Electric: 
hell. 84 
cell. 30
field strength. 53 
flux density, 55 

Electrochcnucal sencs, 30 
Electrodes. 29 
Electrolysis. 29 
Becaolyte. 29, 34 
Electrolytic capacitor. 65 
Electromagnetic induction. 93 

laws of. 94 
laccaomagnetiim. 12 
Electromagnets. 84 
Electrons' instrument*. 108 
Electrons. 10, 29 
Ekctroplaung. 30 
Electrostatic field, 52 
Em .f. 5 

equation of transformer. 308 
si armature wmdmg. 330 
aiduced in conductors. 95 
at a cell, 31 

Emitter, 136 
Energy. 4. 16 

stored in: 
capacitor. 63 
inductor. 99 

Equivalent cacwi of transformer. 312

Farad. 54 
Faraday s laws. 94 
Fertile. 78 
Filter. 236
Fleming's left hand rule. 86 
Fleming's ngbi hand mle. 94 
Force. 4 

on a charge. 90 
current-carrying conductor. 85
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Bonn beta. I t )  
brtnuUr. haU of. IS ). 2t3. 373 
Forward Iwu. 129. 136 

d und au tn . 130 
Lmpiency, 184, 184 
Fnction « I  wantage lauea. 337 
h ill wave rcrtiftcanon. 132 
Fuaei. I»

Galvanometer. I I t  
Generator

a c . 183
4 c . 328

Gnptule. *4

Half-power pomu. 211 
Half-wave п Ш к ш я . 132 
Harmonics. 114
H c a ii( effecu of селем. 17. 18 
Henry, 97 
Hertz. 184
High-pasa liltct. 236, 240 
Hole, 128 
HyMeresia. 77 

loop. 77. 78 
b o . 78. 302

Impedance. 201. 203 
triangle. 201. 203 

Induced e m f '.. 93 
Inductance. 97 

of a coil. 99 
Induction motcr. 334 

coatfnactioa, 357 
doable cage. 36» 
ко ш  and ettcieacy. 361 
principle of operation. 358 
production of rotaUB| fteU. 354 
aiming method!. M r 
torque equaOon. 369

-•peed charactenatic. 366 
usea of. 369 

Inductive ac cuvtut. 198 
swaehmg. 260 
reactance. 198 

M ticlun. 98
Initial slope and «me poaat method. 250 
bHaailanroaaa valuea. 185 
butnanent loadaaf eflrvt. Ю9 
Inaulauai n i u n  leMar. 109 
Insulators. I I .  IS . 127 
hategMor cucaat. 260 

op amp. 272 
Internal recuiaeK с of cell, 31 
kterpolu. 329

Inverting amplifier op Шф. 267 
Iton lueses. 314. 337 
Isolatiag transformer. 321 
bee alive imped пас e 237

km k. 4. 6. 16

Kilowatt bow. 6. 16 
KurhhofTa law», 157

I anyi m aenea and parallel. 49 
Lap winding. 330
Law» of electromagnetic aaducbon. 94 
L~ С  parallel ciraiat, 222 
U ad  and cell, 34 
Leclanche cell. 34 
L c a i'i law . 9 
ljftia g  magnet, 85 
Linear device, 12 
Linear acale. 105 
Lana of electric force, 52 
Lanes of magnetic Она. 68 
Load line. 144. 145 
Local action. 30 
Logarithmic ratio*, 115 
Loaaes: 

dc machatea. 337 
m JiK (wn nolora. 361 
transformer*. 4 4  

Umdspeakcr. 86 
Low-рам filter. 236. 237 
LR-C  Ш.С свсшй, 223

Mĵ DCbC
ciauns. 68. 74
effcett of cwTcnl. 17. 18
icld due lo elaclnc сипим. 82
ic k lv  68
iekl strength. 70
lux. 69
flax denaity. 6f 
screen*. 73 

Magneuaalioa carve». 71 
Magnetism* component. Я06 
Magnetiamg force. 70 
Magnetomotive force. 70 
Majority camera. 129 
MMchmf, 317
Maximum po*rr tovrfer the»«rear 179 

vafee. 113. 189 
Maxwell bodge 130 
Mean value. 183 
Memuremeal erroea. 122 

of power at .1 pfcaae ayatem. 183 
Megger. Ю9
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Mercury ce ll 34 
Mesh connection. 2*1 
Mk« C^WL'llor. 64 
Minonly cm m . 130 
Моют cooling. 330 

A c. *9. 328. 338 
efficiency. 344 
speed control, 347 
suiter. 347 
types. 341 

Moving coll autrumcnt. 89 
Moving coal rectifier astrueient. 1(8 

roo mslniment. 103 
Multimeter. 12, 109 
Multiples of unit*. 13 
Multiplier. 107 
Mutual induction. 97. 101

Negative feedback. 263 
Neutral conductor. 288 
Neutrons. 10 
Newton. 4 
Nile ceil. 33
Nominal impedance. 238 
Ncn-mvatmg amplifier. 270 
Non linear device. 12. 13 
n-p-n transistor. 137 
Norton's theorem. 172 

and TMveoin equivalent с ecu «s. 175 
n-type material. 128 
Nucleus. 10
Null method of measurement. 118

Ohm. 5. 12 
(Hun meter. 12. 108 
titan's law. 13 
Opcraional amplifiers. 264 

differential amplifier. 274 
integrator. 272 
n  vert mg amplifier. 267 
non-in vetting aapkfiet. 369 
parameters. 266 
summing ampliAer. 271 
transfer characteristic a. 265 
voltage comparator. 272 
vok«ge follower. 270

Paper capacilor. 64 
Parallel 

*c. circuits, 219 
connected capacitors. 59 
lamps. 44 
networks. 42 
plac capacitor. 57 
teaonaice. 224. 226 

Passbands. 236

Peak facta. 186 
Peak value, 112, М3 
Peak-to-peak value, 185. 189 
Period, 184
Periodic tone. U l. 184. 189 j
Permanent magnet. 68 . M *
PermeaNkty. TO 

absolute. 71 V * У
of fire space, 71 
relative. 71 

Permittivity. 55 
abaolute, 55 
of free space. 55 
relative. 55 

nwsor. 189 
Plastic capacitor. 65 
Polarisation. 30 
Potential 

difference. 5. 12 
divider. 40 
gradient. 53 

Potential, electric. 3 
Potentiometer, d c.. 119 
Power. 4, 6. 15 

active. 214 
apparent. 214 
factor. 214 
improvement. 230 
in a.c circuits. 213 

3-phase systems, 293 
measurement a  J-phase systems, 293 
tractive, 214 
transformers. 311 
inangle. 214 

p-n junction. 129 
p-n-p transistor, 137 
p-type material, 128 
Practical types of cap»-not. 64 
Prefixes of units, 3 
Primary cella, 34 
Pnnciplc of орешка of: 

movmg-cotl instrument. K9 
dc motor. 89
3 phase induction motor. 358 
transformer. ЗФ4

Protons. 10

Q-factor. 121. 2Ю.227 
Q meter. 121 
Quantity of elactacity. 11

Radio frequency transformer. 311 
Rating. 304
R-C psralel ac circuit. 220 
R-C senes ac circuit. 204 
Reactive power. 214 
Rectification. 132. 194



INDEX 381

Regulation of M i l in a ,  >13 
KcU ivr permeability. 71 
Relative pcnuMivity. >5 
Relay. 85 
Reluctance. 73 
R q a  lur citron. 227 
Hcmanence. 7*
Repulsion type m i instrument. 105 
Я е ш г  51. 12. 20 

aileraal. 31 
matching. 317 
vanauon. 20 

Resisuvay. 20 
Reautoc it4out ccdmg. 25 
R c so m bc c  

parallel, 224. 226 
■erica. 206. 209 

Reverse bias. 130. 13* 
characteristic». 130 

R -L parallel ax circuit. 219 
•еле» ас спай . 201 

R -L-C  seies 1 C circuit, 206 
R.m.i. vrfue. 112. 1*5 
Rotor copper loaa. 361

Scnle, 105 
Screw rale. S3. «4 
Seccndary cell». 34 
Selecuvay. 213
Self-excited generaon. 332. 333 
Self inductance. 97 
Semiconductor diode». 127. 130 
Semiconductor». 127 
Scparalcly-eicned generator». 332. 333 
Series:

»c circuits, 198 
ciieua. 39
connected capacitor», 59 
lamp». 49
геюшвее. 206. 209 
windmg. 330 
w«u>4 fo e n u . 335 

actor. 343 
Shell». Ю
Shell type transformer. 311 
Shunt. 107 

field regulator. 347 
winding. 330 
wound gen crane. 334 

■oli* 341 
Siemen.6 
Silicon, 127 
Simple cell. 30 
See wave, 184. 185 
Sagle-fhnae 

parallel AC circuit. 219 
■cnee ac t to a . 19» 
voltage, 2*7 

Smuaoidal wavefcem equation. 189

S I  units. 3 
Slew rata, 267 
S I* . 35*
Solenoid. 83
Speed control of Ac motor». 347 
S^Mrrel-cafe roke mductacn motor. 357, 367 

advantages of. 367 
Star connect». 2*8 
StaeMcka cotapanson. 300 
Statoe. 329 
Steady stale. 249 
Stopbands. 236 
Sub-multiples of units. 13 
Sub-system. 10 
Summing amplifier. 271 
Superpo»itHa thncrem. 161 
Swilchmg inductive circuit*. 260 
SvmboU, electrical. 10. I I  
Symmetrical network, 236 
Synchronous speed. 355. 356 
System. electrical. 9

T-network. 236
Tangent method. 250
Telephone rccetvtr (3
Temperature cocMcienl of resonance. 22
Thermal runaway. 147
Thevema'i thecenm. 166

and Ncelon equivalent cucuas. 175 
Three-phase

№ due non motuf. 354 
<upply. 2*7 
systems. 2*7 

advantages id. 300 
power, 293 
transformer». 321 

Time constant 
СЖ с «cun. 249. 250 
LR cucuit. 256 

Tuaauum oude capacitor. 65 
T.e^ue equation

(or induction moke. 363 
of a dx. machine. 33* 
speed character Mile <d induction moke. 366 

Transformation mho, 304 
Transformen. 303 

■Mo. 319 
conatnictacaL 311 
current. 323 
e m.f cifuarun. 30* 
equivalent CBCM I. 312 
isolaliag. 321
loaaes and ettcjcncy, 314. 315 
no-load phasor diagram. 306 
im-load phasor diagram. 310 
principle of opm ua. 304 
regulation of, 313 
three ftiasc 321 
voltage. 324



382 IN D EX

Transient CR cuvwl, 250 
ТУапмм! IA  citvu*, 256

action. 137 
amplifier. 142 
charmierutica. 140 
connectiona , 139 
aymboia. 139 

Transistors. 136 
True power. 214 
TVo-pori ndworiu, 236

InbaUwced network. 236 
l Tnit of electricity. 16 
I ’nite. 3, 7

gam. translator, 146 
transformer. 324 
tnanglc. 201. 204 

VUlmeter. 12. 107

W*t. 4. 15
Wattmeter. 109 ** ^
Wave winding. 330 
Waveform Harmonica. 114 
Waveform», 184 

combination of. 191 
Weber. 69
Wheatstone bridge, 118. 170 
Work. 4
Wound rotor induction motor. 358. 367 

advantage* of. 368

Variable an capacitor. 64 
Virtual earth. 267 
Vfah. 5. 12 
Voltage. 12 

comparator. 272 
follower amplifier. 270

Yoke. 329

Zcner diode, 132 
Zcncr effect. 132


