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THEORY PART I 

ELECTRICAL AND EL.ECTRONIC PRINCIPLES II 
UNIT NUMBER U86/329 

BTEC 

CIRCUIT THEORY 

I. Applies circuir theory ro the solwion of simple circuit problems. 
a. Applies ohm's law 10 rhe solution of problems relaring to series·/JOrallel 

combinations of resiswrs. 

THE UNJT OF CURRENT 

The unit of current is the ampere, abbreviated by the symbol A. The ampere may he defined in 
terms of the force between conductors. 

An ampere is defined as the cons!rult current that flows in each of two infinitely-long parallel 
straight conductors of negligible cross.sectional area separated by a distance of one metre in 
vacuo when the force between these conductors is equal to 2 x I 0 · 1 newtons per metre length. 
This definition is simply illustrated in Fig. l . 

IA 

IA 

Fig. l Two infinitely long conductors placed l m apart. 

Lr the currents flow in the same direction, !he force is auractive, if the currents flow in the 
opposite di.rection as shown in Fig. I , the force is repulsive. 

CURRENT FLOWS DUE TO THE EXISTENCE OF A POTENTIAL 
DIFFERENCE (VOLTAGE) BETWEEN TWO POfNTS fN AN ELECTRICAL 
CONDUCTOR. 

Electrica.1 current is the flow of electrical charge and current flows through ft resistor when a 
source of energy is supplied. 

Let us consider a circuit where a d.c. source of e.m.f. £ and negligible internal resistance is 
connected across a resistor R. as shown in Fig. 2. 

£ 
1 ·1·-

·1 ; t: It 

y 

Fig. 2 Conventional current and voltage. 
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Convemionally, it is assumed that the current I flows from the positive tcnninal of the e.m.f. 
source to the negative tenninal as shown in Fig. 2. 

II is observed that the current/ flows from A to B via the resistor. therefore the point A is positve 
with m;pcct to the point B. and the porential difference across R is deuoted by V. 

The arrowhead denotes that A is positive and the tail end of the arrow denotes that B is negarive. 
Fig. 3 shows the convention of current and potential difference in a passive componeni. the 
resistor. 

l 
A0--.. •---1 R 

v 

------01 

Fig. 3 Conventional current and voltage in a passive component. 

E 

Fig. 4 Conventional current and voltage in an active component. 

1bc cell has an e.m.f. (electromotive force)£ as shown in Fig. 4, the positive side is denoted by 
the arrowhead and the ncgarivc side is denoted by the tail end of !he arrow. Observe that in Fig. 
3, I and V asc opposing each other and in Fig. 4, I and E are in the same direction. Note thar 
currenr flows only if the circuir is closed. Refcring to Fig. 2, we have E - V = 0 or£ - IR= 0 or 
E= V=IR. 

THE POTENTIAL DIFFERENCE (P.O.) 

The potcntial difference between two points in a circuit is the electrical pressure or voltage 
required 10 cause !he current flow between the points. The uni I of potential difference in the volt, 
V. The 1·0// is defmed as the p.d. across a resistance of one ohm carrying a currenr of one ampere. 
The p.d. between two points is one volt if one joule of energy is used in sending one coulomb of 
charge between them. 

l joule 
1 volt= l coulomb· 

'The unit of quantil)' of elecuic charge is the coulomb. One coulomb is thc quantity of electricil)' 
conveyed by a current of one empe.re flowing for one second. 

Ur'> x r hthch gc chuut M tcr a 
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OHM'S LAW 

Ohm's Law states that the potential difference ncross a conductor is proporional to the cu.rrent 
flowing through the conductor, provided the tempereaturc is constant, that is 

V oc I 

where .. is the proportionality sign and this sign is replaced by an equal sign by introducing a 
constant, R, in the equation 

V=RI 

where R =the resistance of the conductor. 

R = !'. = Potential difference accros the conductor 
I Current through the conductor 

LINEAR AND NON UNEAR RESISTORS 

For linear resistors. the ratio of V over I (V//) is always the same llfld it is equal to the value of the 
linear resistance. R. 

For non-linear resistors, the ratio of Vil is different at different values of Vor at different values 
of/. The following worked examples are used to illustrate the difference between linear and non 
linear resistors. 

WORKED EXAMPLE I 

Tests on linear and non-linear resistors resulted in the fol.lowing readings:-

V (volts) 0 15 25 35 45 60 
I (mA) 0 1.5 12.5 11.5 22.5 30 I 
R(O) ( ) ()()()(){) 

LINEAR 

/(mA) 0 2 7.5 22.5 44 so I NON LINEAR 
R(O) ( ) ( ) ( ) ( ) ( ) ( ) 

Complete the table and plot the following grJphs: 
(i) I against V for the linear and non linear resistors. 
(ii) R against V for the linear and non linear resistors. 
Using the above graphs draw your conclusions. 

SOLUTION I 

(i) LINEAR RESISTOR 

R= ~= - -1-5- =2,000'1atV=l5volts 
I 7.5 x IO ·' 

R = ~ = z5 = 2.000 0 al V = 25 volL~ 
I 12.5 x JO·' 
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R = ~ = 35 = 2,000 0 at V = 35 volts 
I 17.Sx 10 -3 

R = .!'.'.. = 45 = 2,000 O at V = 45 volts 
I 22.5x 10-3 

R = .!'.'.. = --60-- = 2,000 0 at V = 60 volts. 
I 30x 10-1 

l 

I 

l'OnWTW.~Y~ 

Fig. 5 Graph of I against V, the gradient is the same everywhere and the relationship is linear 
and passes through the origin. 

A graph of I in mA is plotted against V (volts). It is linear and pa'ises 1hrough the origin. The 
gradient i'i the same everywhere and the ratio VII is 2,000 n. Even when 1he cunent through R is 
zero and Vis zero. the resistance is 2,000 0 . 

NON LINEAR RESISTOR 

At V = 15 volts. R = ..\'.' = - 1-5- = 7.500 0 
I 2x 10-> 

at V = 25 volts, R = .!:'. = --2-5 - = 3,333 n 
I 1.Sx lO-> 

at V = 35 volts, R = .!:'. = 35 = 1,555 O 
I 22.5x10-3 

atV=45volts. R= X' = ~ = 1.0240 
I 44x 10 -' 

at V = 60 volts, R = ..!'.' = --60-- = 750 n. 
I 80x 10 -3 

Fig. 6 Graph of I against V, the gradient at different points is different. The relationship is non· 
linear. 

r <:hi ~ ch fvt IOI d 
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The grupb of I CmA) ngainst V (volts) is non linear and the gradient at the five different values of 
V are not the same. 

(i) FOR THE LINEAR CASE 

R (Q) is plotted against V (volts) and is shown to be horizontal line, indicating that the 
resistance is constant. 

(ii) FOR THE NON LINEAR CASE 

1 . 
l 
i 

L!f!iUlg)!(lp!; 

. .. .. ,. .. .. .. 
P'CTINtW.~.v~ 

Fig. 7 Graph of R against V. R is constant for all the values of V. 

R (Cl) is ploucd against V (volts) and is shown to be a curve. indicating that the resistance 
decrease.~ as the voltage is increasing. 

SERIES RESISTORS 

Three resistors in series can be connected as shown in Fig. 9, Fig. 10. Fig. 11 and Fig. 12 

- - -~ ·~ • - r 

Fig. 9 Resistors in series. 

b,~.6] - . -,., - "• 

Fig. 11 Resistors in series. 

Fig. 10 Resistors in series. 

Fig. 12 Resistors in series. 
r chi h chullt M !er a 
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In all the circuits in Figs. 9, 10, 11 and 12 above, it is observed that the current through each 
resistor is the same, therefore the resis1ors are in series. The sum of the p.d.s around a closed 
loop is zero or the sum of the voltages in a series circuit is equal to the total applied e.m.f. 

V -IR1-IR2-IR, =0 

or V = IR1 + IR2 +IR, 

taking I as a common factor 

V=l(R1 +R2 +R3) . 

Let R,. be the total resistance of the circuit 

v =JR,. 

therefore RT 2 R
1 
+ R, + Rr 

The toral or equivalent resistance of a number of resistors connected in series is given by the 
sum of the individual resistances. 

RESISTORS IN PARALLEL 

Three resistors in parallel can be connected as shown in Fig. 13 .. .. 

11 

It is observed thal the potential difference across each resistor is V. therefore the three resistors 
arc in parallel. 

The sum of the currents in resistors connected in parallel is equal to the cu.rrcm into the parallel 
network 

f=l , + t,+13. 

lf R,. is the total resislllllCe of the circuit, then I = V/R1. and hence ~ = ~ + l + ~ 
T I l J 

where / 1 = VIR,. /2 = V/R2, 1, = VIR,. according to ohm's law. Taking Vas a common factor on 
the right hand side of the equation 

dividing both sides of the equation by V 

Ur cocrrechlltch chulzl M lot " 
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ll1c equivalent resiscancc Rr of three resistors connected in parallel is given by the equation 
above. 

If the number of resistors is extended ton then.,}- = -} + ,}- + ~ + ... + ~. · 
1' I 2 l 

Forn=2 

I I I 
R,=R,+R;. 

I R +R 
It is convenient to re-arrange this fonnula as R = k R ' 

r t 1 

R1R1 or R, = '1(,+R, . 

Thus the tolal resistance of two resistors in parallel is expressed as the product of the two 
resistors over their sum. This fonnula is 011/y applicable for two resistors in parallel. This 
formula is useful to remember as 

R =produce 
T sum · 

Re-arranging equation (I) 

I I I I ~.!!J.R, +~ 
7f., = R, + 7f, + R, = R,R.,R, 

taking the reciprocal of each side, we have 

This formula is not so easy to remember. but useful for 3 resistors in parallel. 

Taking the reciprocal of each side of equation ( I) 

SERIES AND PARALLEL RESISTORS NETWORKS 

WORKED EXAMPLE 2 

Determine the total resistance of the networks between A and B showing clearly all lhe steps of 
your solution and expressing the results in three significant figures. 

Ur'> x r hlhch gc chuut M tcr a 
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Network of rcsiscors in series/parallel. 

a A • 
Fig.14 Fig. 15 

Fig. 16 

Fig. 17 

8 

a 

Fig. 20 

Jr cocrr <:hi t chulzl M Im " 
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SOLUTION2 

(i) R = R + 'Y!i_ = 1 + 
2 

x 
3 

= 1 + 
6 

= 2.2 0 
... I R, + R, 2 + 3 5 

(ii} R,..=R,+ R~~R,+ R,=4+ ~:: +7=1+2.73+7 =13.70 

R,.. = 4.24+ 10 +3 = 17.2 11. 

An easier way to find the combination of. the three resistors in parallel is to use the fact that. the 
total resistance of two equnl resistors in parallel is equal to the hnlf value of one, thus 12 n in 
parallel with 12 n is a 6 n resistor then 6 n in parallel with the third 6 n resi.stor gives the 
combination 3 n. 

4x2x I 4x2 7x !Ox 15 
R,.,,= 4x2+4x l +2x l +4+2 +7xl0+7xl5+10xl5 

R,.,,= 0.571+1.33+3.23= 5.13!l 

R,,, = 5.13 0 . 

R = I+ ~ + 4 x 5 x 6 + 7 x 8 x 9 x 10 
"" 2 + 3 4x5+4x6+5 x 6 7x8x9 + 7 x 8x l0+7x9xt0+8 x9xl0 

R,,, = I + 1.2 + 1.62 + 2.08 = 5.91 0 . 

The four parallel resistors can be found easier as follows:· 

l l l I I l l l l 'R = R' + 'R + R + if = -:; + 8 + 9 + iO = 0.143 + 0.125 + 0.111 + 0.1 = o.479 
T 7 I 9 10 

taking the reciprocals, we have 

R,=2.080. 

( ' ) g R.,R, 
VI • .,.= rr- R·-

1 n:l+ J 

Ur'> r hthch chu!Lt M !er a 
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·-~ 
R 

Fig. 21 Network of resistors in series/parollcl. 

..!YlJ_ 50 x 25 
RT,= R,+ R, = 5li+E =16.70 

R ,. R,l,R. = 68x37x68 = 17_70 r, R/l, +Rfl6 +Rjt6 68 x 37 +68 x68 + 37 x 68 

!!A 34.4 x 10 
R= R,+ R, + R,= 34_4 + 10 +30=7.75+30=37.80 

R =37.80 

RR 37.8 x 100 
R.,,= R+ k, = 37.8+100 = 27.4 n. 

(vii) R = ··'!:/!.J._ r, R
1

+ R
3 

R - .!!.&_ 
- R, +R6 

R _ (R, +R)R1 
.. - R,+R+R, 

:a: 2X4 4 
R, = = .,,..,...,.4 = " = 1.33 0 

I > l .L +q .> 
R = Rfi, = 12x6 72 7, R;+"R, 12+6 = T8 = 4 n 

R = 52.os + 1.92) 16 = 3 2 n 
.. 2.08 +1.92+16 . . 

b. Derives and applies the concept of proportional voltage and current division 
in circuit anualysis. 

Ur cocrrechlhch chiilzl M Im " 



THE CURRENT DIVIDER 

Fig. 22 Current divider. Equivalcnr circuir. 

The toral resistance for the circuit is 

R,= _!!b.. 
R1 + R1 

v 
~ ;- = + 

RR 
V = . ,:.:.i:.:.t~ I 

R1 + R1 

II 

- It 

v - !!../!.;_ 
I,= R- - R R 

2 I + l 

I !_ 
R, 

....!!J_ I 
R, +R2 

WORKED EXAMPLE 3 

Calculate the currenl5 in the I 0 and 2 0 resistors. 
t 

Fig. 23 Current divider. 

SOLUTION3 

'The t01al resistance of the circuit 
RR 1><2 2 

R, = k~~ = m = 3 n. 

.. . (I) 

... (2) 

Ur'> x r hlhch gc chuul M tcr a 



The total current I = ~ = 1 O 
R1 2 

3 
Using equations (I) and (2) 

we havc /1 =~ (15) =10A 

I 
l,=3(15)= SA. 

WORKED EXAMPLE 4 

12 

~ 
2 

= 15A. 

The total current i.n fig 22. / = 2 A. If R, =to KO and R, = 30 KO. dctennine the currents /1 and 
1,. 

SOLUTION4 

R 30x l0-1 60 
I ,= R-;:tR, /: (10+:1il)X'i0l X2= 46 =1.5A 

/ 2 = 2- 1.5 = 0.5 A. 

Fig. 24 Current divider. 

WORKED EXAMPLE 5 

In fig. 22, if /1 = 5 A, R2 =to Q and I= 12 A. detennine the value of R,. 

SOLUTIONS 

/
2 
= / - /

1 
= 12 -5 = 7 A 

p.d. across~ = I!, = 7 x to = 70 volts 

p.d. across R, = 70 = l ,R, 

R= 1Q l40 
I 5 

Ur cocrrechlhch chulzl M loo " 
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Fig. 25 Current divider. 

THE POTENTIAL DIVIDER 

The po1en1fal divider or po1entiometer is used in order to oblain a variable voltage from a 
conslanl vol cage supply. 

Cons ider the circuit in Fig. 26. The input voltage is fixed (V) and the output voltage (V,) is taken 
at the 1em1inals A and B. 

+ R 

Fig. 26 Potential divider. '----+-- --o a 
By changing the position of the sliding contac1 A, we can obtain any voliage from zero to the 
value of V. 

V =I (R, + R,) where the sliding con1ac1 divides the res istance R into resistances R, and R, 

V 1= 1R2 

V = l (R, +R2) ... (3) 

V,=IR, ... (4) 

Dividing equation (3) by equation (4) 

~ _ l (R1 + R2) 

V, - IR, 

we have V v, 
R,+ R, 
-;i-;-

or 

WORKED EXAMPLE 6 

If V = 100 volts R, = JO KO, R, = 90 Kn, calculate V1, the p.d. across R1, and V1 across R,. 

Ur'> Llc r"Chlhch chiilll M !er a 
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SOLUTION6 

V = IOxlO' xlOO= JQ.x lOO s lOvolls 
' 10xto>+90xl0' 100 

V= V, + V,= 10 +90= 100 V. 

Fig. 27 Pocential divider 

WORKED EXAMPLE 7 

i ..&__ 
Var Rt+Ra 

- ---<> 
t Vt• AiRtRa 

The circuit diagram or a potential divider or I 00 0 is as showm in Fig. 28. 

AB is connected across a 100 V d .c. supply and CD is connected across a 5 0 resisror which 
takes a currcn1 or I A. Detennine the position or lhe sliding con111<:1, X. 

4 

Fig. 28 Poienlial divider • 
SOLUTION? 

Lei R, and R, be the resistances orlhc 100 n. The tocal resisuncc orlhc circuit is 

The IOllll currem, I = VIR.,. 

• Fig. 29 Loaded polClltial dividet 

IOOY 

Let the resistance of AX • R 
1 

then BX 2 R 1 ,. I 00 - R 
1 

100 = / 
R,+(100 - R,)S 

160 - R,+S 



100-R 
cbercforc lOO-R ~ 5 I= I 

I 

therefore 100- R, 100 
100-R, +S ·R, + (100-R,)5 

100 - R, +5 

15 

=I 

(100 - R) 100 (100 - R, +5) _ 
{IOO-R

1
+ 5)[R,b OO-R, +5) + 5(100 - R,)) - I 

100 (100-R1) = R1(100-R1 + 5) + 5 {100-R1) 

10.000 - IOOR 1 +100R1 - R,' + 5 R, + 500 - 5 R1 

R1
1 -200R, +9,500 = 0 

R = 200± f200' - 4 x 9, 500 
I 2 

R, = 122.36 Cl or R, = 77.64 0. 

200± 44.72 
2 

The Conner is disregarded, and lhcrcfore R1 = 77.64 0 

WORKBD BXAMPLB 8 

Calculate R, in the network shown in Fig. 30. 
I 

Fig. 30 Loaded potential divider 

SOLUTION 8 

The p.d. across lhe 20 0 resistor = 20 x 2 = 40 V therefore the p.d. across R 
1 
= 240 - 40 "' 200 V 

the p.d. across the 160 - R, resistor is 40 V the current through the (160 - R1) resistor is 

40 
t, = 160 - R 

I 

l = l +2 = ~ + 2 = 200 
I 160-R, If; 

1
;,g ~X + 2 R, = 200 

I 

Ur cocrrechthch chiilzl M loo " 



40 R, + 2 R, ( 160-R,) =200(160 - R,) 

40R1 +320R1-2 R1
2 =32,000 - 200 R, 

2R1
2 -200R1 -360R1 +32,000 = 0 

R,'- 'lJJO R, + 16,000 = 0 

16 

R = 280±Y28<!_'_::_4x10.Q9(l_ = 280 ± 120 
I 2 2 

R = 2_~ =250'2 
I 2 

or R, = I60 = 80 Q 
2 

R, = 80 n is the correct value as 160- 250 produces a negative resistance. 

SUMMARY! 

OHM'S LAW 

TilE POTENTIAL DIFFERENCE ACROSS A CONDUCTOR IS PROPORTIONAL TO THE 
CURRENT FLOWING THROUGH THE CONDUCTOR, PROVIDED THE TEPMERATURE 
IS CONSTANT. 

CURRENT DIVIDER 

THE CURRENT THROUGH ONE RESISTOR OF TWO RESISTORS IN PARALLEL IS 
EQUAL TO THE RATIO OF OTHER RESISTOR OVER THE SUM OF THE TWO 
RESISTORS TlMES THE TOT AL CURRENT 

R 
/ 1 = R) R, I 

R 
/2 =~ I 

I l 

wbcre/1 is lhe current tbroughR1, /1 is the currenl through R1 and I is the totnl current 

VOLTAGE DIVIDER 

THE VOLTAGE ACROSS A RESISTOR OF RESISTANCE R, OF TWO RESISTORS 1N 
SERIESISEQUALTOTHERATIOOFR, TOR, +R, TIMES THE TOTAL VOLTAGE 

R V, = iitJr.V 
I 2 

where V1 is the p.d. across R,, V1 is the p.d. across R,. and Vis the total voltage. 

Ur cocrrechthch chulzl M Im " 
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EXERCISES I 

I. 1l1ree resistors of I. 2 and 3 n are con.nected in parallel. If the to1.1l current taken is 12 A 
find the current through each resistor. 

(Ans. 6.55 A. 3.28 A. 2.18 A) 

2. Two resistors of 3 n and 5 n are connected in parallel. If the total currcot taken is I A find 
the currem through each resistor. 

(Ans. 0.625 A, 0.375 A) 

3. Two resistors of 2 n and 8 n are connected in parallel. If the total current taken is 5 A find 
the current through each resistor. 

(Ans. I A. 4 A) 

4. De.term inc the currents. /
1
• and /1 shown in Fig. 31. 

Fig. 31 Current divider 

(Ans. 1.2 A. 2.4 A) 

5. Dctemtine the currc.nts 1
1
.1, and /

3 
as shown in Fig. 32. 

2A 

Fig. 32 Currents in parallel circuit 

(Ans. 0.853 A, 0.64 A. 0.512 A) 

6. If the total resistance of the network is In. in Fig. 33. 

(i) Find the value of the resistance, R. 

(ii) Find the currents /
1 
and /

2 
and the total current taken from the supply,/. 

I 

Fig. 33 Currents in parallel circuit 

(Ans. (i) 1.910 (ii)6.37 A, 2.37 A. 19.1 A) 
Ur'> r hthch chullt M !er a 
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7. Thc tO!al resistance of this combination of resistors is 10 n. in Fig. 34. 
Determine the value of R1, R

1
, RJ and R4• 

Fig. 34 Rcsisto.r in parallel circuit 

(Ans. 100 Q, SO 0. 33.Hl, 25 0) 

8. The resistance of a moving coil instrument is 5 0 and it is provided with a shum of 
resistance 0.0005 0. Find the current in the instrument when used to measure 15 A. 

(Ans. 1.5 mA) 

9. A resistor R is connected across a 100 V supply. A voltmeter of resistance 1.500 0 is 
connected between the CClltrc of the resistor and one side of the supply. Determine R if the 
voltmeter reading is 35 V. 

(Ans. 2570 0) 

10. Two resistors are connected in series as shown in Fig. 35 and Fig. 36 and the voltmeters v, 
and l'2 are connected in tum to measure the p.d. across R, and across R,. 

Determine the values of R1 and R,. if V,= 80 volts and V2 = 100 volts. 

Fig. 35 The effect of the resistance of a voltmeter 

°"'t----- -- 2oov-------o 
Fig. 36 The effect of the resistance of a voltmeter 

(Ans. R, = 2,000 0. R, = 2,500 0) 

Ur cocrrechlhch chulzl M Im " 
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11. Dctennine the value of the potential difference across the 5 n resistor, V
1 

in Fig. 37 (Ans. 
l.67V) 

toY 5 

1· I 
Fig.37 Potemial divider 

12. Det.ennine lhe value of !he the p.d. across the two 10 KO resistor, v, as shown in Fig. 38. 

tOOV 

Fig. 38 Loaded poteotial divider 

(Ans. 16.7 V) 

13. Determine the value of V by employing 

(i) the potential divider method 

(ii) the current divider method 

in Fig. 39. (Ans. 4.29 volts) 

tOV 

k 

Fig. 39 Ladder network. Potential divider principle. 

v 

14. Fig. 40 shows a d.c. source connected across a variable load resistance R. The e.m.f. of the 
source is 6 V, its internal resistance is l n The table below shows the current through the 
load in amperes, the load resistance in ohms and the power dissipated in the load in watl~. 

I (A) 6 ( ) 4 ( ) 3 ( ) 2.4 ( ) 2 

R (Cl) 0 
I I 3 1..!. 1..!. 1± 2 
4 2 4 4 2 4 

P(\V) 0 ( ) 8 ( ) 9 ( ) 8.64 ( ) 8. 

r cocrrechtloch chiilzl M IOI d 
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Cornplc1c the table and plol P against R and from your graph dc1ermine the ma~imum 
power dissipated in the load and note the value of R where this power occurs. Draw you 
conclusions. (Ans. 9 W. R = r = I 0 ) 

I 

6V 

Fig. 40 Maximum power transfer 

IS. Fig . 41 shows a series-parallel resistor network with the given data. 

Fig. 41 Loaded potential divider 

Calculate the value of R showing clearly the steps of your solution. 

(Ans.60) 

16. (a) Determine the total resistance of the network shown in Fig. 42. 

Fig. 42 Network of resistors. Determination of currents. 

(b) If the p.d. across AB i~ 10 volts. Determine: (i) the total current.I,. 
(ii) the current, Ir 
(ii) the currcnt, /1• 

(Ans. (a) 2.5 0 (b) (i) 4A (ii) 2 A (iii) 1.3 A. 

• 
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KIRCHHOFF'S LAWS 

c. Applies Kirc/1/ioff s Laws to problems i11volvi11g not more than two 11nknowns. 

NODE OR JUNCTION OF A NETWORK 

A node or a junction is shown in Fig. 43 as the bold dot at N. Currents flow into, or out of the 
node or junction. 

Fig. 43 Many wires connected to a common point (node or junction) 

CONNECTION OF CURRENT FLOW 

If the currents flowing into the node are assumed 10 be positive then the currents flowing out of 
1he node are negative. If the currents flowing into the node are assumed to be negative then the 
currents flowing out of the node are positive. 

KIRCHHOFF'S CURRENT LAW (K.C.L.) 

The sum of the currents flowing at the junction is equal 10 zero. Referring to Fig. 43 

l , +13 +1, - 11 - 15 =0 

or -1,-1,-1,+l,+l,=0 

We can clearly see that it docs not mailer which currents arc positive and which currents arc 
negative. If I,. I,. I, arc positive then 1,.1, arc negative and if 1,.1,.1, arc negaiivc then 1,. 1, are 
positive. 

LOOP OR MESH OF A NETWORK 

A simple loop or mesh is shown in Fig. 44. 

E 

l t. ·:-
Fig. 44 One loop or mesh 

~yOc~ 

6---BI_t 
where there is continuity of current and the loop is closed. It starts from the positive poii: of the 
e.m.f .• £. through the resistor R. the load. the internal resistance. r. of the ceU, and finishes at the 
negative pole of the e.m.f. 

VOLTAGE AND CURRENT CONVENTIONS 

The current I is assummcd to flow from the positive pole of E to the negative pole of£. The p.ds 
established in the network of Fig. 44 arc one across E. one across R and one across r. Fig. 45 

r <:hi ~ ch" t ~· Id 
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shows the first p.d. across the cell which is an active component. 

v 
Fig. 45 Convemional current and voltage in an active component. 

The positive terminal is shown by the arrow head of the voltage arrow and the negative terminal 
is shown by the tail end of the arrow. 

I and \I !he active device are in the same direct.ion. The other volmges are shown across the 
pass ive components, R and r. 

Fig. 46 shows the current flowing through the passive componcnl from A to B, and since lhe 
current flows from A 10 B. A is more pos itive than B. 

I R 
Ay.,;._-C:::J-~B 

v 
Fig. 46 Conventional current and voltllgc in a passive component. 

I and V :ire in opposition. 

Similarly the p.d. across r is as shown in Fig. 47. I flows from C to D, and C is more positive 
than D the arrow head shows the more positive potential. 

r 

v 

I • 
Fig. 4 7 Coovenlional current and vollllge in a passive component. 

c 

The p.d.s around the closed loop of Fig. 48 may be written as E - IR - Ir= 0 ... (2) 

considering the anticlockwise p.d., £.to be positivs and clockwise p.d.s /rand IR to be negative. 

if-::61 
~IR 

Fig. 48 Conventional currents and vollagcs in a one loop or mesh circuit 

Alternatively, if we consider the clockwise p.d. pos.itive then the anticlockwise p.d. is negative. 
This is shown if we change all the signs of equation (2) 

r ""r <:hi t ch. l M ra 



therefore 

or 

-£+IR +lr= O 
lr+/R =E 

I= .Ji_ 
r+R 
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KIRCHHOFF'S VOLTAGE LAW (K.V.L.) 

The sum of lbc e.m.f.s around 1hc closed loop is ZERO. 
Ref ming to Fig. 48. 

£ - IR - lr=O 
or E = l (R+r). 

h is very important for the student 10 pr~ctice and understand the conventions of currents and 
voltages for active and passive componenls. 

For 1his reason, the s1udent should mark the currents and 1he p.d.s for various networks shown 
below. 

WORKED EXAMPLE 9 

Detennine the currenl in each branch and I.he magnitude nnd direction of the p.d. between points 
A and C. for the circuit in Fig. 49. 

Dctcnninc also, the values V..,, and Vw and hence VA£' 

Fig. 49 Conventional currents and voltages in a two loop or mesh circuit. 

SOLUTION9 

Assume lhe currents Oow as shown. 

Applying KVL to loops ABDA and 8 £08. ABDA 

12- / 1 (1)- 4/1 - 8 (/ 1 + /2) - 2 (11 + 9 = 0 

or 15/1 + 1011 = 12 

or p1, + 212 = 2.4 .. . (I ) 

8 £D81oop 

2 (I,+ I ,) + 8(I, +11) + 2.s1, + 1.sr, = 24 

or 10/1 + 14/2 = 24 

M 
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or 11, + 1.411 = 2.4 I ... (2) 

Solving the simultaneous equations ( I) and (2) 
31, + 2/l = 2.4 

1, + 1.41, = 2.4 

31, + 21, = 2.4 

-31, -4.2/l = -7.2 

-2.21, = --4.8 

X(-3) 

Adding 

2.4 
12 =TI= 2.18 A. 

From equation (2). / 1 + 1.4 (2.18) = 2.4 

'· =--0.652 

V ..c = 411 + 8 (/1 + I,) = 4 (--0.652) + 8 (--0.652 + 2.18) 

V AC = -2.608 + 12.224 

V ..c = 9.62 volts. 

V AD = 4/1 +JO (/1 + f,} = 141
1 

+ IOJ, 

v Al)= 14 (-0.652) + 10 x 2.18 = -9.128 + 21.8 

V "° = 12. 7 volts. 

V m = 2.5/ 1 + to (/
1 
+ / 1) = 10/1 + 12.51, 

V.., = 10/1 + 12.5/1 = 10 (--0.652) + 12.5 (2.18) 

V ED = ...{i.52 + 27.25 

V w = 20.7 volts. 

VAE +Vw=V"° 

V ""= V .,,-Vw= 12.7-20.7 

V"" = - 8 volts. 

therefore Eis positive with respect to A. 

WORK.ED EXAMPLE 10 

Draw the assumed direction of branch current in the following circuit diagrams and hence mark 
the direction of potential differences across each component. 

Use small arrows for currents and large arrows for voltages. 

Ur'> r hthch chulll M !er a 
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SOLUTION 10 

r~=:J ~ lOV 25V 

a:::J 'i' I c 
40V 

Fig. 50 

c 

Iv 

A 8 
2V 

Fig. 51 

I, .- __. .- __. 
2V I, w 

1, .- __. __. 
I., 

A B A B 

3V IOV 

1, .- __. .-
E D 

sv 1,-1, 

Fig. 52 Fig. 53 

_. 
c 

.__ 

2.SV I, a 

.-
A B A c 

1, - 1, IOV 

__. .-
D 

1, 3.5V 
D 

Fig.54 Fig. 55 

Ur'> r hthch chullt M !era 
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,. B 

tl'· ti'· tl 1

• 
sov 20V IOOV 

E D c 

+ 0.1 

8 
Fig. 56 Fig. 57 

f'~' ~·· ~ ' +:: f ~ :f.00, 
L-~~~~~~B~~-' B 

Fig. 58 

Fig. 60 

A 

Fig. 59 

tOV 

_, i ~,________...," ~. 
t I 25V ;: ISV 

B 

Fig.61 

Ur'> r hlhch chulll M !er a 
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WORKED EXAMPLE 11 

Use Kirchhofrs laws to calculate (a) !he lhrec branch currents in the circuit of Fig. 62 

E 

t20 SOY 

Fig. 62 

(b) the potential difference between A and E, stating which point is at !he higher potential. 

SOLUTION 11 

(a) Let the currents be as shown in the diagram of Fig. 63. The p.d. across each component is 
marked by a large arrow. 

Applying Kirchhofrs laws for the loops: ABCDA and BEFCB. we have 

t 
D 

Fig. 63 
ABCDA loop 

80 = 401, + 120 (/, - 1,) 

or 1601, - 120/2 = 80 

or 1 41,1, - 31, = 21 ... (I) 

BEFCBloop 

120 (/, -1,)-60/, = -30 

or 120/,- 1801,= - 30 

or 41,-61, = - 1 ... (2) 

Solving !he simultancom equations (I} and (2) 

41, - 31, = 2 

41, -61,=-1 

Equation (I) minus equation (2) 

31, = 3 

12 = I A. 

.. . (I) 

... (2) 

sov 

c 

Ur'> r hthch chu!Lt M !er a 



Substituting in equation ( I) this value 

41, - 3(1) = 2 

41, =5 

/ 1 = 1.25 A. 
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The three branch currents through 40 n. 60 0 and 120 0 are: 1.25 A, 1.00 A and 0.25 A. 

(b) v,.. = 401, + 601? = 40(1.25) + 60(1) = 50 + 60 

V,.2 = l fO volts 

A is at a bighef' potential than E. 

WORKED EXAMPLE 12 

Use Kirchhoffs laws 10 obtain the values of the currents /1, / 1 and /3 in Fig. 64. 

Fig. 64 

SOLUTION 12 

Mark the voltages across the passive and active components by large arrows, in the Fig. 65. 

411! 12~t n,j 
36i 60i v 

Fig.65 D c 

LoopABCDA 

Talcing a clockwise direction around this loop 

36 + 60 - 41, -121, = 0 

or 411 + 1211 = 96 

or 111 +3/1 =24 ] ... (I) 

LoopBDECB 

Talcing again a clockwise direction around thiJ loop 

1212 - 31, -60 = 0 butt, = 11 -12 

or 1212-311 +3/2 =60 

or -31, + 1512 = 60 

or - I, + 511 = 20 ... (2) Ur'> r hlhch chu!LI M !er a 



Solving the simullaneous equations 

I, +3/
2
=24 

- / 1 -5/2 =20 

adding (I) and (2) we have 

81, = 44 

22 
11 = 4 =5.5A. 

From (I) / 1 + 3(5.5) = 24 

... (I) 

.•. (2) 

/ 1 =24-16.5 = 7.5 A or /2 = 7.5 A 

11 = 7.5 A 

/J = /1 - / 1 = 7.5 - 5.5 = 2.0 A 

/ 1 =2.0A. 

WORKED EXAMPLE 13 

29 

(a) (i) State the number or junctions or nodes that exist in the circuit of Fig. 66. 

(ii) Assuming that the branch currents are flowing as shown in the circuit of Fig. 66. 
apply Kirchhoffs current law and write down an equation at one of the junctions. 

(iii) State and label the number of loops that exist in the circuit of Fig. 66. Apply 
Kirchhoff's vol!age law, and write down two equations of two such loops, in tenns of 
11 and1,-

(iv) Solve the two simultaneous equations you have obtained in (ii) and (iii) giving your 
answers in three significant figures. 

(v) Redraw the circuit of Fig. 66 and indicate the branch currents and p.d.s by small and 
large arrows. 

A 

I1 

5 

+ 
t~V 

F 
Fig.66 

(b) For the circuit shown in Fig. 67 calculate the resistance between the terminals A and B. 

Fig.67 

Ur'> r hlhch chu!LI M !er a 
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SOLUTION 13 

(a) (i) There are two junctions or nodes, namc.ly the poinis B and E 

(ii) AtB 

1, + l - 1,=0 

At£ 

l = l, - 1, 

(iii) Three loops 

ABEFA. BCDEB. and ABCDEFA. 

Two such loops arc: 

ABEFAloop 

15+11= 51, 

IS+ 1 (12 - /,) - S/1 "0 

I -121, + 11, =-IS I 
BCDEB loop 

so= 21, + 71 

7(1, - 1,) + 21,. so 
1-11, +91,= SO I 

(iv) Solving the equations ( I) :Ind (2) s imultaneously 

- 11, + 91, =so ... (I) x ( 12) 

- 1211 + 7/2 = - IS ... (2) x (-7) 

Multiplying ( I) by 12 and (2) by (-7) we have 

-841, + 1081, = 600 ... (3) 

84/1 -49/2 = IOS ... (4) 

Adding equations (3) and (4) 

591,- 70S 

11 =I t.95 A 

substituting in (I) 

- 71, + 9(11.95) = 50 

-7/1 =SO- 107.SS 

/
1
=8.22A 

I = /1 -/1 = I l.9S - 8.22 ,. 3.73 A 

1= 3.73A. 
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(v) The direction of curTCnts arc com:ct as shows in Fig. 68. 
II 

! 
Fig. 68 

(b) Mark the tcnninals as shown in Fig. 69. 

Fig.69 

R 1 has a tenninal A and a tenninal B 

R
1 

has a tcnninal A and a tenninal B 

R, has a tcnninal A and a tcnninal B 

II 

therefore the three resistors arc re-drawn as shown in Fig. 70, showing three common 
tcnninals A and three common tenninals B. 

A f2 

Fig. 70 

R,R.ft, 
R..,, = R,R, + R,R, + R.jl, 

4 x 12 x 6 
4x 12+4x6+ 12x6 = 2 0 

I I I I 
or R ~ 4 + J2 + 6 • 0.25 + 0.0833 + 0.1666 m 0.5 ..,, 

I 
orR..,, = O.S =2U. 

SUMMARY2 

KIRCHHOFF'S CURRENT LAW (K.C.L) 

THE SUM OF THE CURRENTS FLOWING AT A JUNCTION OR NODE IS EQUAL TO 
ZERO 

KIRCHHOFF'S VOLTAGE LAW (K-V.L.) 

THE SUM OF THE EMF'S AROUND A CLOSED LOOP IS EQUAL TO ZERO. 

r cht ~ chullt M !er a 
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EXERCISES 2 

I. Using Kirchhoff's Laws calculate the current in each branch of the circuit of Fig. 71 

fV 

Fig. 7.1 Kirchhofrs Laws 

(Ans.1.175 A, --0.41 A, 0.765 A) 

2. Using Kirchhoff's Laws, calculate: 

lV 

(a) the three branch currents in the circuit of Fig. 72 

+ 

Fig. 72 Kirchhofrs Laws 

(b) the p.d. between the points P and Q, 

(c) the p.d. between the points x and r. 
(Ans. (a) 81.7 A. 1.27 A, 8.30 A (b) 10 V (c) 10 V) 

eov 

3. Calculate the current in each circuit when the tapping is set such that AC= 25 n. in Fig. 73 

• ... 
: 200V ....... 

Fig. 73 Kirchhofrs Laws. 

(Ans. 5.61 A, -4.82 A) 

I 

4. Apply Kirchhoffs current Law (K.C.L.) to the junction A and Kirchhofrs Voltage Law 
(K.V.L.) to the loops (I) and (2) of the circuit. of Fig. 74. and hence find / 1 and1,. 

Ur'> x r htltch gc chuut M tcr a 



Fig. 74 Kirchhofrs Laws 

(Ans. - 1.87 A. 4.06 A) 
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5. Detennine the currents I ,. 11 and 1
1
• in the circuit of Fig. 75. 

Fig. 75 Kirchhofrs Laws 

(Ans. 7.86 A, I i = 0.95 A) 

6. Calcula1e the current in the network of Fig. 50. 

(Ans. 5.83 A) 

la 

+ 
3V 

7. Referring to the circuit of example 10 Fig. 52, detennine the currents 11, / 2 and1, wltlch are 
assumed 10 flow from the posi1ive tenninals or poles of the cells 2 V, 3 V and 5 V 
re~-peclively. Redr~w lhe c ircuit by inserting lhe ac1ual flow of c-urrents. State the dischargjng 
and charging currents. 

(Ans. -0.3125 A, 0.o75 A. 0.2375 A) 

8. Calculate the current through the load of I 00 0 in the circuit of Fig. 53. 

(Ans.4A,4. I A) 

9. Detennine lhe magnitude and direction of the load cu.rrent in lhe circuit of Fig. 54 and the 
p.d. across the load. 

(Ans. 2.02 A, 1.99 A, 0.45 V) 

10. Detennine the actual currents through the 50 V, 20 V and 100 V d.c. supplies of Fig. 57 
redraw the circuit indicating the actual currenL~ flowing. 

(Ans. -44 A. - 14.8 A. 58.8 A) 

Ur'> r hthch chu!Lt M !er a 
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11. Dctenninc the currents through the resistors 1 n. 5 Q and I 5 Q and the p.d. across A and B 
of fig. 58. 

(Am. 5.26 A. 3.95 A. 1.32 A, 19.73 V) 

12. Cak:ulate the currents through the 100 V and 200 V d.c. supplies of Fig. 59. 

(Am. 48.5 A, -25.8 A) 

13. Determine the p .d. across A and B ofFig. 59. 
(Ans. 22.14 V) 

14. Determine the equivalent resistance between A and G. the diagonal of the cube or resistors 
of Fig. 58. employing Kirchhoff's Laws. (Ans. 5/6 0). 

15. Two batteries of e.m.f s of 5 V and 10 V have internal resistances of I Q and 5.5 Q 
respectively are connected in parallel across a load of 4.5 Q resistance. Detennine the 
branch currents. 

(Ans. 0.144 A, 0.935 A, 1.079 A) 

16. Two batteries of e.m.f s of 110 V and 120 V have internal resistances of 20 n and 40 n 
respectively are connected in parallel across a load of 100 Q . Determine the p.d. across the 
load. (Ans. 100 V) 

17. Two batteries of e.m.fs of 10 V and 5 V have internal resistances of I Q and 1.5 n 
respectively arc connected in parallel across a IO Q local. Determine the load current. 

(Ans. I= 1.75 A) 

Ur'> Llc r"Chlhch chiilll M !er a 



ELECTRIC FIELDS 

3. Applies the fundamental laws and properties of electric fields to problems im•olving 
capacitors 
a. /111rod11ces the concepts of electric field and electricj111.x to explain the forces 

of attraction and repulsion between charged bodies and defines electric field 
strength, potential and potemia/ difference in terms of force and work done 
on a unit charge. 

COULOMB'S LAW 

The mechanical force, F, in newtons exerted between two charged bodies is given by the 
fonnula 

where Q, and Q, are the charges of the bodies. r is the distance between the charges and e is the 
pennittivity of the medium. 

If the charges are unlike, the force is auroafre and if the charges are like, the force is repu/sfre. 
This fonnula describes Coulomb's law. the force is proportional to the product of the charges, 
and the force is inversely proportional to the square of their distance apart. r. If the medium is 
vacuum or free space then e is I\, and is the penninivity of free space(£,.= 8.85 x 10-1

: F/m). The 
force is reduced appreciably if the pem1ittivity of the medium is high. 

ELECTRIC FIELDS 

A charged sphere has an electric field. that is, represented by a field of radial electric lines as 
shown in Fig. 76. Two parallel plates with positive charge on one plate has an electric field, 
represented by parallel lines as shown in Fig. 77. 

I l I l l 
Fig. 77 

The region around the e lectric charge Q constitutes an electric field because any other charge 
placed in that region experiences a mechanical force given by Coulomb's law. 

Therefore any region in which electric charges experience mechanical forces is called an 
electric field. 

Ur cocrrechlhch gc chulzl Iv' Im " 
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ELECTRIC FLUX 

An electric field is represented by electric lines of force or electric flux. Electric flux emanates 
from a positive charged body as shown in Fig. 76. 

Electric flux is equal to the electric charge Q coulombs. 

Q =electric flux (coulombs). 

ELECJ.RJC FLUX DENSITY 

The surface area of a sphere is given by 4 trr ' where r is the radius t)f the sphere. 

The electric flux, Q, that emanates in three dimensions from the sphere has an electric flux 
density 

... (2) 

D stands for displacement of electric flux density (coulombs per square metre) (C/m') 
Q denotes electric flux in coulombs (C) 
A denotes area in square metres (m2). 

ELECT.RIC FIELD STRENGTH 

The electric field strength is given in newtons per coulomb or volts per metre (V/m) and is 
denoted by the symbol E. 

If the potential difference between the two parallel plates is V and the distance separated by the 
plates is d, then the electric field strength is given by 

... (3) 

If a very small, positive point charge Q is placed at any point in an electric field and it 
experiences a force F, then the field strength Eat that point is def med by the equation 

... (4) 

the electric field strength is the force in newtons per unit charge and its direction is that of the 
force F, thus the field strength E is a vector. 

b. Expresses field strength in terms of potential gradient. 

Potential gradient is the drop in potential per metre in the direction of the electric field. 

The work done by a positive point charge of one coulomb in moving a shon dist:tnce d.r metres 
in the direction of the field is E dx joules. 

The potential difference in volts between two points is equal to the work done. in joules. in 
moving one coulomb of charge from one point to the other. 

dv=Edt 

the potential gradient is therefore given by £ as 

Ur'> r hthch chu!Lt M !er a 
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... (5) 

37 

c. Esrablishes rhe relarionship berwee11 elecrric field srre11gth and electric flux 
density and defines re/alive permittivity and permillivity of free space. 

The ratio of the electric flux density to 1he electric field strength gives the penniuiviry of the 
medium 

. .. (6) 

D =electric flux density (coulombs per unit area) 

E =electric field strength (volts per metre) 

e =absolute pcnnitrivity (farads per metre) 

e = f..,f., where r.. = perminivity of free space 

e. = 8.85 x 10 -u F/M 

f., =relative penniuivi1y (no dimensions) 

~ 
~ 

... (7) 

d. Defines capacirance as the consra111 of proporlionality berween charge arul polenrial 
difference and es1ablishes 1/re rela1io11ship berwee11 capaci1a11ce and the physical 
dimensions of a pair of parallel plales. 

THE CAPACITOR 

Any two conductors between which an electric field can be maintained fonn a capacitor: 

Consider two parallel plates as shown in Fig. 78 subject 10 a p.d. of V volts, one 

Fig. 78 Two pardllcl plate capacit.or. 

plate is positively charged and the opposite plate i.s negatively charged. 

CAPACITANCE OF A PARALLEL PLATE CAPACITOR 

The capacitance, C = Q/V where Q is the charge in coulomb and Vis the p.d. across the plates 

D = JI 
A 

v 
E= d 

Ur cocrrechthch gc chulzt Iv' Im " 
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... (8) 

For n plates of metal foil interleaved with a dielectric of mica or waxed paper, C is given by 

E. E,A(n-1) 1 
C= . ... (9) 

----------------------------------------o-~-t-__ _ ______ _ 

11-:::::::::: ----------
~---------

Fig. 79 Several paralle.I plate capacitor. 

e. Derives expressions for energy stored by a capacitor 

A p.d. of V volts is applied across a capacitor C, the charge on the capacitor is given as 

Q=CV 

The charge Q is directly proportional to the p.d. applied. V 

Q .. v 

1bc energy stored, Wis equal to QV joules 

W=QV. 

Assuming that the capacitor is initiaUy uncharged, the energy at that instant is rero. When V is 
applied, the energy stored is IV = QV. The total energy stored in the capacitor is the average or 
mean value 

IV= O+QV - ..!. QV - 2- - 2 

IV= l QV 
2 

but Q=CV 

W= l (CV) V= .!. C\12 
2 2 

IV= ..!. C\12 
2 

... (10) 
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the energy stored in a capacitor is thus proponional to the p.d. squared, therefore it is greatly 
dependent on the voltage. 

f Solves problems relating to uniform fields in simple dielectrics involving the 
relationships established in a to e. 

WORKED EXAMPLE 14 

A 150 µF capacitor is connected across a 150 V d.c. supply. Delcnnine (i) the charge (ii) the 
energy stored. 

SOLUTION 14 

(i) Q=CV= 150x 10 .. x 150=22.5mC 

(ii) W= ~CV2 = ± 150x 10.;; 1502 = 1.69J. 

WORKED EXAMPLE 15 

A p.d. of IOOV d.c. is applied across the pla1es of a two-plate capacitor of capacitance 0.01 µF. 
'Ilic effective area of each plate is I 00 mm' and the absolute pennittivity of the dielectric is 150 
pF/m 

Detennine: (i) the electric nux density 

(ii) the electric field in1ens i1y 

(iii) tlie relative perminivity 

c. = 8.85 x 10 -12 F/m. 

SOLUTION 15 

( i) D=~ =CV= O.QI x 106 x 100 =OOl Cl , 
A A l OO x 10-" · m 

(iii) e = e,e. 

E 
E = -, e,, 

150 x 10-12 

8.85 x 10-•i = 16·95• 

WORKED EXAMPLE 16 

A two plate capacilor has an c ffec1ive area of 75 cm' and 1he dieleclric is air of 7.5 mm. A d.c. 
p.d. of I 00 V is applied. Calculate: 

(i) the potential gradient in the dielectric 

(ii) the capacitance 

(iii) the electric Oux 

Ur cocrrechlhch gc chulzl Iv' Im " 



(iv) the electric flux density 

e. = 8.85 x io -12 F/m. 

SOLUTION 16 

(i) E = ~ = ~ = 13.3 KV/m 
d 7.Sx 10 "' 

40 

(
.
1
.
1
.) C _ £0 £, A _ 8.85 x 10 "" x I x 75 x 10.... = 

8
.
85 

pF 
- d - · 7.5xl0 "3 

(iii) Q =CV= 8.85 x 10 -11 x 100 = 8.85 x 10-1• C 

(iv) D 2 q_ = 8·85 x io -•• = 0.118 x 10 "" C/m' . 
A 75xJO-< 

WORKED EXAMPLE I 7 

A capacitor is fonned by two parallel metal plates each of area 1,000 mm' and separated by a 
dielectric 0.5 mm thick. The capacitance of this arrangement is 500 pF and a d.c. p.d. of20,000 
V is applied to the terminals . 

Calculate: (i) the charge on the plates 

(ii) the relative permittivity of the dielectric 

(iii) the electric flux density 

(iv) the energy stored 

e. = 8.85 x 10 -12 F/m. 

SOLUTION 17 

(i) Q = CV=500x 10 -" x20.000 = 10 µC 

Q 
(ii) £= ~ = .!! 

E V 
d 

IO x 10 .. 
IOOOx IO"" 

20.000 
0.5 x 10 -i 

e=0.25 x I0 -9 F/m 

e = !!.. = 0.25x 10""' = 28.2 ' e. 8.85x 10-12 

O.oJ 
= 4xliV 

(" ') D= ~ = IOX 10 .. =0.01 C!m' 
tu A 1,000xlO .. 

(iv) W = .!. CV2 = .!. x 500 x 10 •11 (20,000)' = 0.1 J 
2 2 
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g. Deduces expressions for the eq11ivale111 capacitance of capacitors co1111ected i11 
series a11d parallel. solves simple problems and compares predicted and meas11red 
values for series and parallel capacitor co111bina1io11S. 

CAPACITORS IN SERIES 

Consider two capacitors in series connected to a d.c. supply as shown in Fig. 80. 

E
e, lei 3c!I ~ 

v,, 

-
Fig. 80 Capacitors in series v 

Let v, and V
1 

be the two p.d.s across C1 and Cl respectively. 

The total charge of the circuit is also the charge on each capacitor s ince Q = /1 and I is the same 
when the capacitors are charged 

UsiJlg K VL V = V, + V, ... ( I) 

and since Q =CV or V = ~ , v, = t, and V1 = ~ 

and substituting in (I) . Q = .Q + Jl c c, c, 

dividing each tcnn by Q. we have 

I~ = ~ + t I .. · (2) 

If there are n capacitors in series, the fonnula is extended to 

..!. : 1. + ..!. + ..!. + ... + ..!. ... (3) 
c c, c, c.. c. 

CAPACITORS IN PARALLEL 

11Je total charge of the system is shared between the two capacitors 

Q=Q,+Q, . . . (4) 

Fig. 81 shows the circuit of two capacitors in parallel 

E
e,~~· 

Ca 

-

-v 
Fig. 81 Two capacitors in parallel 
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V= QiC , V= $b_ V- g_ 
I c l ' - C 

Substituting lhesc values in equation (4) we have 

CV=C, V+C2 V 

dividing each term by V 

... (5) 

1be system can be extended to n capacitors in parallel, then the total capacitance 

I C=c, +c,+c, + ... +c. ... (6) 

WORKED EXAMPLE 18 

Detcnnine the equivalent capacitance of the capacitor networks of Fig. 82. 83, 84, 85: 

Fig. 82 Capacitors in series -cl ~I~ Ip 2/1 

I c.I .,,,., ..,., 
Fig. 83 Capacilors in series and parallel 

Fig. 84 Capacitors in parallel 

o--.--i" H ~~ 
~ J~ ~ 

lOp 

Fig. 85 Capacitors in series and parallel Ur cocrrechlhch gc chulzl Iv' Im " 
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SOLUTION 18 

(i) Referring 10 Fig. 82 

.!. = ..!.. + ..!.. + ..!.. = (l + ! + l) 106 = 6 + 3 + 2 = !.!. x 106 
C C1 C2 C3 I 2 3 6 6 

1herefore C =rt µF 

C- -~C£, 
or - G,l', + c:,-!~c--, .... +~c~,c-, 

_ lx 2x3 -<>-~ 
- TX2 + I x 3 + 2 x 3 x IO - 11 µF 

·· C C C ....!:.£__ c,c. (I x2 3x4)µF (2 12) 50 
(u) = rt r,= C

1 
+ C/ C

3
+C

4 
= T+2 + 3+4 =l,J +1 µF= 21 µF 

{iii) Referring 10 Fig. 83 

C = C, + C2 + C, = (10 + 20 + 30) µF = 60 µF 

. CC I xS S 
(1v) C11 = r,ft~ = m µF = 0 µF 

C
12

=C
3

+C4 =(10+ IO)µF=20µF 

CT c, (5/6) 20 
C= C, ~~r = 5/6+20 =0.8µF 

I 2 

C
1 

+(0.8+ IOO)µF= I00.8µF 

WORKED EXAMPLE 19 

For the circuit shown in Fig. 86 calculate: 

(i) the equivalenl capacitance 

(ii) the p.d. across the 30 µF 

(iii} 1he 101al energy stored. 

Fig. 86 Capaciiors in series and parallel 
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SOLUTION 19 

(i) The equivalent capacilance can be found by first talcing c, and c2 in parallel er,= c, + c,. 
c c 

then taking the two capacitors Cr, and C3 in series, Crr~ ~3 =CT' then taking C,and C, 

c,c, 
in parallel, C1 + c, = C1 and finally C = ---2 , the equivalent capacitance 

2 c,+c
12 

c,.
1 
= C1 + C2 = (1.5 + 10) µF = 25 µF 

ere, 2.5x 15 
CT= --1 

- = -- µF = 9.375µF 
c,,+c, 25 + 15 

C
12 

= C1 + c. = (9.375 + 10) µF = 19.375 µF 

c,c1 30 x t9.37s 
C= --2 = = II.TI µF. 

Cs+ c, 30+19.375 

(ii) In order to find the p.d. across 30 µF capacitor, we have to consider Fig. 87 where c, and 
C

12 
are in series across the 100 V clc. supply 

~J:-~IJ~ 
~~ 

IOOV 

Fig. 87 Equivalent circuit of cl!pacitors 

The total charge of the sys1cm is found from the fonnu ta Q = CV = 11. 77 x I 00 x I 0 ... 

Q = 1177 µC or 1.18 µC 

The p.d. across 30 µFis found from V = AIC, 

V= _!.t77 xt0"" =39.2 It 
30X JO -<> VO S 

(iii) W= 1 CV7=1xll.77x10 -'x J002=0.059 J 

W=59mJ 

h. Identifies and distinguishes between capacitors of differing construction and 
characteristics and relates dielectric strength to working \'Oltage. 

Most practical capacitors have their plates separated by an insulating material which is called a 
dielectric. It was shown cmiier that the effect of introducing a dielectric was to increase lhe 
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capacitance of the capacitor. according to the formula 

C= 

where£., is the relative permittivity of the dielectric constant. 

It is important that the dielectric shall be able to withstand the potenti.al gradient appl ied on it 
when the capacitor is charged. 

The resistance of the dielectric layer is Known as the i11.iulation resi-<Uwce which must be 
extremely high for a good component, in the order G !l. The insulation resistance depends on 
the area and thickness of the dielectric and falls with increase in temperature. 

for a large capacitance. the thickness of a dielectric is thin and the insulation resistance 
therefore will be low. 

If the potential gradient applied to a capacitor is exceeded from the quoted by the manufacturer. 
the insulation is likely to break down. 

A capacitor is rated to withstand a maximum working voltage. 

Different dielectric materials differ in the potential grndient they can withstand and to test a 
particular material. a dielectric of 1 mm thick is placed between the two electrodes. and the p.d. 
is then increased gradually across the plates until the insulation resistance breaks down. The 
potential gradient sufficient to cause breakdown of the insulation is called the dielectric strength 
of the material and is expressed in KV per mm. The dielectric strength in KV/mm for some 
materials is given. 

SUMMARY3 

F= Q,Q, (N) 
4nrr' 

v 
E=d (V/m) 

F 
E = Q (N/C) 

Material 

Glass 
Mica 

Polythene 
Barium Titanate 

Air 
Oil (Insulating) 

Dielectric 
Str ength KV/mm 

20 
40to 100 

40 
4 
I 

40 

£.= E,£. (F/m) 

C = e,e,A (F) 
d 

Ur cocrrechlhch gc chulzl Iv' Im " 



E= !!Y (V/m) 
dx 

e= ~ (f/m) 

Capacito.rs in series 

46 

J_ = J. +l+ ... + .!. c c, c, c, 

Capacitors in parallel C = c, + C1 + ... + C,. 

EXERCISES3 

Q=CV 

I. A parallel plate capacitor has a capacitance of 100 pf. What will be the new value of 
capacitance if the effective plate area is reduced by 50% and the dielectric thickness is 
doubled? 

(Ans. 25 pf). 

2. (a) What factors determine the capaci111nce existing between a parallel metal plates? 

(b) Write down the formula for the capacitance connecting the above factors and state th.e 
unit of each physical quantity. 

(c) For a given capacitor write down the expressions slating the units employed relating: 

(i) the potential difference and charge 

(ii) the potential difference and stored energy. 

3. Two air-spaced metal plates iosulated from each other are mounted so as to form a parallel 
plate capacitor. When the d.istance between the plates is 2.5 mm the capacitance is 5 pF. 
Determine the capaci1ance when the spacing is increased to 3.5 mm. 

How will the value of the original capacitor be affected if the whole is immersed in oil 
having a relative permittivity of S? 

(Ans. 3.57 pF, 25 pf) 

4. A p.d. of IS KV is applied to the terminals of a capacitor consisting or two circular plates, 
each having an area of 100cm2, separated by a dielectric 2.5 mm thick. If the capacitance is 
100 pf , calculate: 

(i) the electric flux 

(ii) the electric flux density 

(iii) the relative permittivity of the dielecttic (e. = 8.85 x I 0 · 12 F/m). 

(Ans. (i) l.S µC (ii) 1.5 x 10 .... C/m1 (iii) 2.82) 

5. A capacitor is charged with I 00 µC, if the energy stored is I µJ find (i) the p.d. (ii) the value 
of the capacitance. 

(Ans. (i) 0.02 v (ii) 5,000 µF) 

6. Two capacitors A and 8 have capacitances of 10 µF and 20 µF respectively. 
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Calculate the voltage across A and the energy stored in A when A and 8 are connected (i) in 
series and (ii) in parallel with a d.c. supp.ly of 20 V in both cases. 

(Ans. (i) I 3.3 V, 888 µ1 (ii) 20 V, 2 m1) 

7. Two capacitors I 0 µF and 30 µF are connected in series. Across both of these is connected 
a capacitoc of 20 µF. The whole combination is connected across a JOO V d.c. supply. 

Calculate: {i) th.e equivalent capacitance 

(ii) the p.d. across the 30 µF capacitor 

(iii) the charge on I 0 µF capacitor 

(iv) the energy stored by the 20 µF capacitor. 

(Ans. (i) 27.5 mF (ii) 750 mC (iii) 750 mC (iv) 0.1 J) 

8. A I µF capacitor charged to a p.d. of 100 V is connected across a second uncharged 
capacitor of 2 µF. the source of voltage being removed before the second capacitor is 
added t.o the first. 

Find (i) the resulting p.d. across the combined capacitors 

(ii) the energy stored in each capacitor before and after paralleling. Comment on the 
results obtained. 

(iii) if the two capacitors were discharged and then connected in series across the IOOV 
supply what would be the voltage across each capacitor? 

(Ans. (i) 33.3 V (ii)0.005 J.OJ; 554µ1, 1,109µ1. 5 mJ. l.66mJ, Loss 3.34 mJ (iii)66.7 V, 
33.3 V) 

9. Cal.culate: {i) the charge on each capacitor before C is connected. 

(ii) the total energy stored 

(iii) the value of C which when connected in parallel with the 20 µF capacitor 
would change v,. to 60 V with the same supply. 

Fig. 88 Series-parallel capacitors sharing charge. 

(Ans. (i) l.33 mC (ii) 0.132 J, 140 V, 60 V (iii) 3.3 µF) 
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10. Dctennine the total value of capacitance for each capacitor system in Fig. 89 and Fig. 90 

Fig. 89 Series-parallel capacitors 

Fig. 90 Series-parallel capacitors 

When C is (a) I µF and C is (b) JO µF. 
3 

(Ans. (a) O.S µF, S µF (b) iO µF, 3 µF) 
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MAGNETIC FIELDS 
4. Applies thef1111damental laws gol'ernini: ma1111eticjields to the solutio11 of problems 

relating to magnetic circuits and materials. 
a. Introduces the concept of the magnetic field and magnetic flux to explain the 

forces of attraction and repulsion between magnetised bodies and defines 
magnetic field strength. 

MAGNETIC FIELD 

A number of magnetic lines make up a magnetic field. A bar magnet or a pem1anent magnet 
possesses a magnetic field which can be detected by a small compass needle or by sprinkling 
iron filings in the field. The field due to a bar magnet is illustrated in Fig. 91 , while the magnetic 
field due to a solenoid is shown in Fig. 92. 

Fig. \I I The magnetic field round a bar magne.t 

t 

Fig. 92 The magnelic field due to a solenoid 

MAGNETIC FLUX 

The magnetic lines shown are flowing from 1he north pole, N and into the south pole. The 
magnetic lines do nor imerseci. 

The magnetic lines of force or the magnetic flux is denoted by the Greek letter <I> and it is 
expressed in wcbcrs (Wb). Faraday introduced the lines of flux as a pictorial method of 
representing the distribution of a magnetic field and they are used to define field quantitatively. 

The magnetic fields of two like poles and two unlike poles are shown in Fig. 93 and Fig. 94. 

Fig. 93 Like magnetic poles 
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Fig. 94 Unlike magnetic poles 

In Fig. 93 the magnetic field between the like poles is weak, and in Fig. 94 the magnetic field 
between the unlike poles is strong. The fonner field exhibits a fon:e of repulsion and the lauer 
field exhibits a fon:e of auraction. 

MAGNETIC FlELD STRENGTH OR MAGNETISING FORCE 

The magnetic potential difference or the magnetomotive fon:e (m.m.f.) is produced by the 
current Oow in a number of turns N. The m.m.f. is given by 

F = IN (ampere-turns) At 

The same current is used N times and it is shown in Fig. 95 

F 

Fig. 95 The magnetic potential difference (m.m.f.) 

This is analogous to the e.m.f. in an electric cin:uit. 

The magnetic field strength. H. is the m.m.f., F, per metre length, I. of the Oux path 

H=£ = IN (Atlm) 
I I 

where I is the length of the Oux path or the magnetic length. 

WORKED EXAMPLE 20 

A toroid shown in Fig. 96 is wound uniformly with IOOO rums and carries a current I= 2 A, the 
mean diameter of the toroid is 30 cm. Determine the magnetic field strength. 

Fig. 96 The toroid. 
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SOLUTION20 

1bc magnetic flux, '· flows in the direction shown according to the corkscrew rule and the 
magnetic length is 11D, the flux path 

H= IN = 2 xlOOO =2,122At/m 
I ir0.3 

b. Establishes the relationship between magnetic field strength and magnetic flux 
density and defines relative permeability and the permeability of free space. 

MAGNETIC FLUX DENSITY 

The magnetic line of flux' webers which cross an area A m1 is termed as magnetic flux density, 
B 

8 = t (tesla or Wb/m') 

In Fig. <n, the magnetic flux,'· crosses the cross sectional area, A, to give the flux density. 

Fig. 97 Flu.x density 

PERMEABILITY 

1bc relationship between magnetic field strength and magnetic flux density is given by the 
equation 

!!... : µ 
H 

and µ = µ
0
µ, . 

The ratio of B to H is termed as absolute permeability µ where µ
0 

is the permeability of free 
space which is a constant given as 4ir 10 -7 HIM (henrys per metre) and µ, is the relative 
permeability which is a number and has no dimensions (µ, = I for a non-magnetic material). 

The permeability is a measure of the magnetic performance of a material. 

c. Investigates the effect of the core material on the performance of an electromagnet, 
compares magnetisation characteristics of typical ferromagnetic materials obtained 
by measurement and deduces the range of values of relative permeability. 

AN ELECTROMAGNET. 

A number of turns are wound on a ferromagnetic core as shown in Fig. 98. 
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Fig. 98 The electromagnet. 

When the switch, S, is closed, current I nows in the windings thus sening up a magnetic as 
shown of flux density «I>· This is the principle of an electromagnet. Its advantages over the 
permanent bar magnet is that it may be swi1ehed on and off as required. It is a temporary magnet 
and must be made of soft iron. 

Referring to the previous fonnular. 

B= t• H= IN 
I 

and 

lfthe core is non-magnetic thenµ, = I and the ratio BIH is mi.nimum. lfthe core is ferromagnetic 
thenµ, is large (e.g. 7,000) and BIH is large. 

MAGNETIC MATERIALS 

Iron. nickel, cobalt and certain alloys of these metals can be made into strong magnets. and are 
known asferromog11~1ic materials. 

Steel is an alloy of iron, made by adding small percenlllge of carbon to pure iron and it is a much 
harder mcllll than pure iron. 

A permanent magnet can be made by placing a steel bar or rod inside a solenoid and the current 
switched on. The steel becomes a magnet and can pick up pieces of certain metals. 

Alloys of nickel and cobalt are used for making poweriul permanent magnets and arc called 
ferrites. These magnetize strongly and are not easily demagnetized. Ferrites have a high 
electrical resistaocc, and hence the current and power Joss arc ex1remely small. 

The graph of B against H for magnetic and non-magnetic material is shown in Fig. 99. 

8 
('T) 

Fig. 99 B/H graphs for magnetic and non-magnetic matcria.ls. 

The magnetization curve for a magnetic material is non-linear and for a non-magnetic material 
is linear. The former has a variable permeability and the latter a constant pemieability. this is 
shown in Fig. I 00 whereµ, is plotted against H. 
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II 

Fig. 100 µ/ H graph$ for magnetic and non-magnetic. 

There arc 'soft' magnetic materials and 'hard' magnetic materials. The fom1cr have high 
saturation Band low loss (iron, steel. silicon steel. nickel-iron alloys (30- 70% N1), cobalt • iron 
alloys. manganese and aluminium oitides (ferritcs) and the laucr have high residual magnetic, 
effect. The BH curves for the soft and hard magnetic materials are shown in Fig. 101 

Fig. IOI BH curves for son and hard materials. 

Magnetisation curves for silicon iron, mild steel, and cast iron are shown in Fig. 102. The 
relative penneability ploned against the flux density for these materials are shown in Fig. 103. 

Fig. I 02 BH curves for various materials. 

f 
j 

.... 

U M » ~ ~ t~ IA 1~ IA .... _ 
Fig. I 03 Curves of relative penneability 

against flux density for various 
materials. 

It can be deduced from the graphs of µjB that values ofµ,= 5000 for silicon iron at B = 0.75 T, 
µ, = 2,500 for cast iron at B = 0.225 T and µ, = 2600 for mild steel at B = 0.625 T may be 
obtai11ed. 

d. Relates mag11e1omotive force, reluc1ance and magnetic field strength and solves 
problems involving magnetic circuits having not more titan a single change of 
dimension, material or air-gap using data from magnetisation curves. 
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RELUCTANCE 
1bc student is familiar with the word resistance of an electric circuit. that is the controlling 
component of current in an electric circuit is the res istor. 

Reluctanu. S, is the analogous quantity in a magnetic circuit 

Reluctance= S = E. = ; 
Magnetomotive force 

nux 
.. . (I) 

and it is expressed in NWb (amperes/weber). Reluctance is analogous to resistance in an 
electric c.ircuiL lbe formula of equation (I) is analogous to the formula of resistance, R = VII 
which is ohm's law. 

Fig. I 04 which indicates the property of the reluctance which is the magnetic resistance of the 
magnetic circuit. 

,..------------
' s \ t 
I • 
I : 

l - F I 
~ 
x-

Fig. I 04 Reluctance 

S= f_ = .£. = ..L. .. 
; BA µHA 

.. .(2) 

The relationship between m.m.f., reluctance and magnetic field strength. H is given 

F F 
S= µHA = µ

0
µ,HA. ... (3) 

WORKED EXAMPLE 21 

A coil of 500 turns, wound on ring of magnetic material, carries a current of IA. The length and 
cross-sectional area of the nux path in the ring are 500 mm and IOOO mm' respectively. The 
realtive permeability, µ ,= 3500 andµ

0 
= 41t x 10 •1 Him. Determine (i) the magnetic Oux density 

(ii) the reluctance. 

SOLUTION21 

E IN 
S= °'i = BA 

('•) B TN =µ. µ, T 

B B Bl 
and H =µ_µ,=/NII= 7N 

47t X J0 •7 x 3,500 x I xSOO = 4.4 T 
0.5 

( ·11' .) S = IN I x 500 113 636 A/Wb 
BA s 4.4x J0·3 = ' 
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WORKED EXAMPLE 22 

A piece of iron bas a magnetic length of 150 mm a cross-sectional area of 500 mm'. nod a 
rc.lative penneability of 550. Find the reluctance of lhc iron. (µ• = 411 x 10 -1 H/m) 

SOLUTION 22 

__.!!!j__ = _ ,_ 

S= _ I _ 
µ. µ,A 

O. Is = 434,059 A/Wb. 
4trx t0 · 7 xS50xSOOx 10 "' 

AIR GAP 

A toroid of a magnetic material bas a radial cut as shown in Fig. 105. 

Fig. 105 A radial cut in a toroid. 

The magneti.c flux set up in the core is shown which also passes through the air gap. 

The magnetic circuit is now made up of two reluctances in series since the magnetic flux is the 
same in the core and in the air gap, assuming no magnetic leakage occurs. 

The magnetic lengths arc /
1 
that of the iron, and /

0
, lhat of the air gap. 

The total reluctance of the magnetic circuit is given by 

S = S + S = I, + 1• 
' • µ. µ, A ~ 

sinceµ, = I for the air gap. 

It is obvious that the effect of the air gap is to increase the reluctance of the magnetic circuit. 
This argument is analogous to that of one electric circuit, the total resistance is equal to the sum 
of the resistances since the same current flows through each resistor. 
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COMPARISON BETWEEN ELECTRIC AND MAGNETIC ClRCUlT 

ELECTRIC CIRCUITS MAGNETIC CIRCUITS 

TERM SYMBOL UNIT TERM 

Current I A Flux 

Electromotive E v Magnetomotivc 
force force 

Current Density J Nm' Flux density 

Resistance R a Reluctance 

Conductivity C1 S/m Permeability 

Resistivity p Om 

PERMEABILITY IS ANALOGOUS TO CONDUCTIVITY 

I RA 
R=p A orp=/ or 

B "A ¢1 
µ = Ti = Pl/ = /:A 

er= .!. = ..!_ = conductivity 
p RA 

I 
SA penneability 

therefore ~ is analogous top orµ is anologous to er. 

WORKED EXAMPLE 23 

SYMBOL UNIT 

~ Wb 

F A 

B Wb/m2 (T) 

s NWb 

µ Him 
IIµ m/H 

A 1500 tum coil is wound on an iron ring having a c.s.a. of IOcm'. and a mean diamelerof0.15 
m. There is a radial saw cut I mm wide in the ring. 

Calculate the current in the coil for a Oux of I mWb io the ring. 1be Biii curve for the iron is as 
follows: 

B (T) 0.62 

H(Nm) 150 

µ
0 

=4/l'X I0 -7 H/m 

0.88 

250 

1.03 

350 

1.13 

450 

1.18 

550 
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SOLUTION 23 

The magnetisation curve B/H is ploucd on Fig. I 06. 

ae>i. .• 

.... 

... 
... 

Fig. I 06 BIH Curve 

8=¢/A= lxtO-J =IT 
IOx 10 ""' 

IOO - ""' - H (M-) 

From the graph of Fig. 106, H, = 320 Nm corre~-ponding to B = I T. lf the air gap is not taken 
into account then H1 = 320 = IµI0.471 

/11 

1b.~5.7:' or 1500/1=0.471 x320 

320X0.471 
current due 10 the iron, /

1 
= 

1500 
= 0.IA 

S ~ I ~ 9 I x 10 _, 
H,= - i. =µ.A 1. = µ

0
A =4rrx10-'x10x1o :a =195•775 Nm. 

1l1e total magnetic field intensity 

If= 320+195,775 = 796.095 Nm 

Current due to the air gap 

HI 
I,= N = 

795775x0.00I 
1500 

= 0.531 A 

The tollll current = 0.1 + 0.531 = 0.631 A. 

e. Displays hysteresis loops on a C.R.O. and observes the effects of variation of 
magnetic material and magpetic field strength. 

HYSTERESIS 

Hysteresis is a Greek word meaning 'lagging' and in this context. means that the flux density, 8, 
is lagging behind the magnetic field intensity or magnetising fon:e. H. when a specimen of 
ferromagnetic material is taken through a cycle of magnetisation. 
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The specimen is initially in a demagnetised state. As fl increases, the magnetisation curve is 
non-linear as we saw previously and is shown as OA in Fig. 107. 

D 

Fig. 107 Hysteresis loop 

At A it saturates, that is, B is substantially constant as fl increases beyond the point A. If Hor I 
is decreucd rrom its value H •• the curve now follows the path AB, where at B. OB= B, when H 
= 08, = remancnt flux density. Reversing the current. the path follows, BC, CD. DE. EF and one 
complete cycle is traced when it ends at A. 

OF= H, = ooersive force, when B = zcro tesla. The closed loop ABCDEFA. is called a hysteresis 
loop when H has been reduced from H. to zero the iron is still magnetised in the positive 
direction and the magnetic flux density at that point is cal.led the remanent flux density, since 
there is a residual magnetism in the iron. The amount of negative magnetising force which must 
be applied in order to annul the remanent flux density is called the coersive force. 

The remanent flux density corresponding to saturation or the material is called remanence and 
the com:sponding coercive force is called coercivity. 

f. States that hysteresis loop is proportio11al to the area of the loop and explains the 
importance of hysteresis loss for a.c. excited devices. 

The energy stored in the magnetic material is proportional to the area of the loop. If can be 
shown that the cocrgy expended per cycle per cubic metre is equal to the area of the hysteresis 
loop in joules. 

Stelnmitz devised an empirical formula. namely 

Energy dissipated = I) 8 14 joules perm' per cycle 

where I) is the hysteresis coefficient and has numerical value between 250 and 300 for 4% 
silicon steel, 500 for sheet steel, 750- 3000 for cost iron steel and 3,000 - 4000 for cost iron. 

Energy dissipated per second= 'lf 8 ,_.in joules perm' where/is the frequency. Therefore the 
power loss= 'lfB.'·6 W/m '· 

SUMMARY4 

F=ln 

H=INll 

8= 4'/A 
I I 

S.=S;+ S. = µ. Ji.A +µ.A 

for series magnetic circuits 
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ELECTRICAL & . ELECTRONIC PRINCIPLFS II 

ERRATA 

P.17 6. /1 -2.73A P.322. I. JOA (l.27A) 83.0A(8.30A) 
P.33 9. t.91A(l.99A), 0.60V(0.4SV) 
P.34 13. Fis. 61 (Fis. S9), 14. Fis. 60 (Fia. SS) 
P.36 aecODd line from lbe bottom dV - - £iJi 

P. 37 E - dY ... (5) 6tb liDe • - E. ... (6) I till line .. - 9.IS )( ur lJ P/m 
tbr E 

P.41 

P.S9 

P.60 
P.66 

Jllb line I' = Sl. P.446111 from tbe boctom 100'(1002) Sill from 11>.l 
c 

botlom Q = C V. I' = .!l.. 9th from the boltom 1.18 mC ' . c,· 
3. Am. l.19A,2,121,000A/Wb, 0.757),4. Ans. (a) 2080(1.25) 
5. Am (b) SOO,OOOA/Wb, SOO,OOOA/Wb, N - 333) second liM from 

lbe bottom 0.5 mWb (SOO mWb) 
7th line (Am. 0 .96A) 4111 from lbe bottom 628 µWb (628 mWh) 
4lh from lbe botlom 40 (SO), E - - 40 volts 

P.67 first line !f! = - --
40
-- - - 800 A,1s. 

"' 50 " ur' 
Solutioo 28. 3333 volts (- 3333 volts) 

P.68 2od from tbc bottom 200 (700), - 15 a Ur' (7S a Ur ') 

P. 73 Solution 33 - 100 volts (- SO vollS) P. 77 8. 1: 10(10: 1) 

P.84 Solution 43 i - 0.3S3S.iD ( IS,708r • ~;) A 

P.87 luc Ii.De E, ~ 60 •(.,•- i) P.881ut line Ans. SOO .m{200xr • fo} 
P.9381h Ii.De l'2 = V: • vi P.103 Solution 5 I (ii) 95.4 mA 

(iii) V• = 1.43 I', V1 = 3 V Ve = 0.949 V (v) 0.137 W (2.4 A) 

P. 11918lb line / • .!. P.126 2od from lbe bol1om 0.625A(0.025A), 
T 

P. 127Slb from Ibo botlom /1-0.64A (0.04A) 



P.121 Fia. 208 O.OOOSO(O.OOOSO) P.134 2od from tbe boctom 4/1 - 22 • .5, P.13S6th 
from tbe boclom - 0 .32/1 - - l.l P.1311di from tbe boclom IS• 0.04- 0.60. 

P. 149 6cb line J - -'•- • .!!. - 0.999 , 0.001 
"• 11,A "'4 411xIO-'x1.000 • 7.S x to-• 4• • 10- 7 

lC '7-' x 10- 4 

- 796 
+ 

796 - 2,121,000 A/M, Ilda a - 1.19 x lOOO - 0.7' T 
7.5 x 10-' 1.591 

lllh 4. (.a) s 3 _, _ = 400,000 = 0.62I liDce 
IA. l".,4 4• x 10-7 .,,.t 

o-»-1-JOs-o.m-.,,- o.m -20U.3•20101o3S.F. 
, • • a.,ooo.6.10-• 

(b) N = 2$0, I= I A. S = -
1
-' - • _.i_ 

IA. ll,A IA.A 

- 400,000 + 400,000- llOO,OOOA/Wb 

t, OS 
P. ISOSth line (b) S1 • -- • • - 500,000 A/Wb 

1"0 llA 4• x 10-7 x lo' A 

s = s, • s. = .5 x lo' + .5 x lo' - l x to' A/Wb 

N = l x lo' x 0 . .5 x 10- 1 
- 333_ 

u 11th line 

s - _l_, _ + _l_ • 0.25 + ___ 0;;.;..00;:..:..;;I __ _ 

ia. ll,A IA.A 4• 10-7 177 x 2 x 10-' 4• 10-7 x l x 10- ' 

• 9,600.000 A/Wb - • - 11000 
lOOxlO-' lOOxlO-' 

I• 0.96A 
P.152 4. 3rd liDe 3.93 mlt (393 mlt) 

P.1561811 lille r - f.!OO x l0-
1f 1,200 - 11 W 

P .162 13. Fi1. 2A6 ~ ./i 
P. 16S7da lille from tbe boaom 4.IV(41V) 
P.167 2acl line from tbe boaom Fia. 2.55 (2.50) 

7da liDe from tbe boaom Fia. 2.54 (2.59). 
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EXERCISE 4 

I. A ring specimen of cost s1ccl bas a mean length of 50 cm and a cross sectional area of I 0 
cm' . 

If 300 turns of wire arc wound unifonnly round the ring. calculate the current required in 
these turns 10 set up a magnetic flux of 750 µ Wb in ring and gap.{µ, = 1000 for cost steel 
andµ. = 4trx 10-1 Him (Ans. 1 A) 

2. A perspex toroid has a mean circumference of 75 cm and a c.s.a of 10 cm'. The oil consists 
of 500 turns and carries a current of 5 A. 

Calculate : (i) the magoetornorivc force 

(ii) the magnetic field intensity 

(iii) the flux density 

(iv) the toial mllgJICtic flux 

(Ans. (i) 2,500 A (ii) 3,333 Nm (iii) 4.19 m T (iv)4.19 µ Wb) 

3. A coil having 1000 turns is wound on an iron core having a mean length of 100 cm and 
c.s.a of7.5 cm1• Calculate the currem required to produce a flux-density if 1.5 Tin the core. 

What would be the value of the flux-density of there was an cquavalent of a 1 mm air gap in 
the ring and current remained the same. 

µ, = 1000, and µ
0 

= 4irx 10 " H/m. 

(Ans. 1.19 A 1.591 A/Wb, 997 T) 

4. (a) A ring speciment made of steel-alloy has a mean diameter of 20 cm and a cross
sectional area of 6 cm2• In a certain magnetic test the reluctance of the ring is found to 
be 400.000 NWb. calculate the re.lative pcnneability of the steel-alloy in this case. 

(b) A radial airgap is now made in the ring and it is urufonnly wound with a coil of 250 
turns. When a current of I A flows in the coil. it is found that the reluctance of the air 
gap is the same as that for the ring, which is the same as that in (a). Calculate the 
magnetic flux set up in the ring. 

(Ans. (a) 1.25, (b) 313 µ Wb) 

5. (a) Make a neat sketch of a bysternis loop and with its aid explain the ienns: 

(b) (i) remancnt flux density. B,. 

(ii) Coersivc force, H,. 

(iii) irutial magnetisation, 

(iv) magnetic saturat.ion. 

(b) A ring specimen of cost steel has radia.I air gap 0.5 mm long cut througb the ring and 
the air gap has a reluctance of 5 x 105 NWb. The ring has a mean length of 50 cm and 
relative ixrmcability of 1000. Calculate the number of turns wound on the ring if 1.5 
A is required in these turns to set up a flux of 500 mWb 

(Ans. (3) (b) 398 NWb. 500.398 NWb. N = 167) 
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6. A rcrromagnctic toroid has a mean circumference of 25 cm, a cross sectional area of 2 cm1 

and is wound with a coil of I 000 turns. 

A I mm radial air gap is cut in the toroid. Calculate the coil cum:nt required to establish a 
Oux of I 00 µ Wb in the toroid. 

A magnetisation curve for the specimen is given: B (T) 0.47 0.60 0.66 

H (Alm} 2,000 3.000 4,000 

(Ans. 192 µA) 

7. (i) Write down an equation for the resistance of a copper wire in terms of its length and 
cross sectional a=, giving ihe units for each quantity. Give the analogous expression 
in a magnetic circuit and explain the term of each quantity and the respective units. 

(ii) Write down an equation for the magnctomotive force in terms of magnetic nux. 
magnetic length, permeability and cross sectional area. Give the analogous expression 
in an electric circuit. 

8. A ferro magnetic toroid ring with a mean total length round the iron of 400 mm, the cross
scction being 400 mm2 the number of turns wrapped round uniformly is I 00 and the direct 
current is 5 A. Calculate: 

(i) the rclucttnce of the ring 

(ii) the nux in the iron 

µ. µ, =4n x 10 .... H/m 

(Ans. (i) 795,775 A/Wb, (ii) 628 mWb} 

9. In question 8 an air gap of 4 mm is cut calculate the reluctance in 1he air gap wha1 is the 
total reluctance of the circuit? Wba1 is 1be effect of cutting an air gap? 

(Ans. 8.761 , 560 A/Wb) 
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ELECTROMAGNETISM 
5. Applies the fundamental principles and laws governing electromagnetic induction. 

a. Explains the motor principles in terms of the i11teraction between a magnetic 
field and a c11rre111 - carrying conductor and applies the relationship F = Bli 
to simple siwations. 

THE MAGNETIC EFFECT OF CURRENT 

Consider a current-carrying conductor as shown in Fig. I 08. A magoeti.c field is set up around 
the conductor according to the corkscrew rule as shown in the diagram or the right hand 
gripping rule. 

I 

Fig. I 08 The magnetic field around a current carrying conductor. 

Fig. 109 shows the current flowing out of the paper and Fig. I 10 shows the current flowing into 
the paper. 

Fig. 109 The current flowing out of the paper. 

Fig. I 10 The current flowing into the paper. 

The force on the conductor, F, in newtons depends directly on the flux density, 8, the length of 
the conductor, I and the current flowing through the conductor,/, 

F=Bll. 

If the currem I = I A, I = I m, B = I T then the force on the conductor F = I newton. If the 
conductor makes an angle 9 with the magnetic field then F is given 

F = 811 sin 9. 

Ur cocrrechlhch gc chulzl Iv' Im " 



62 

MOTOR PRINCIPLE 

The left hand rule illustraics clearly the motor principle as shown in Fig. I 11. 

F 

Fig. 111 The Left Hand Rule. 

The thumb, 1he first finger and the middle finger of the left hand when they are stretched out at 
right angles mutually, we have the force along the thumb, the magnetic field B along the first 
finger and the current along the middle finger. 

If a current - carrying conductor is placed at right angles to a magnetic field a5 sbow11 in the 
Fig. 112, the conductor 

s 
I 

N 

Fig. 112 Magnetic field being by a current-carrying conductor. 

is moved upwards out of the paper with a force F = Bil, where B is the llux density set up 
between the north and south, I is the length of the conductor in the rnag11etic field, and I is the 
current !lowing through the conductor. The current I generates a force. F, out of the paper. This 
is the motor principle. If the current is reversed then the force acts into paper. Fig. 113 and Fig. 
114 show the forces into and out oflhc paper respectively. 

Fig. 113 Left and Ruic. 

J 
F 

Fig. 114 Righi Hand Rule. 
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WORKED EXAMPLE 24 

A conductor 45 cm in length and carrying a current of 0.3 A is placed at right angles 10 a 
magnetic field having a flux den.sity of 1.0 T. Calculate the force on the conductor. 

SOLUTION24 

F= 811 

where B =flux density in teslas (T) 

I = length of conductor (m) 

I= current in amperes (A) 

F = force in newtons (N) 

F =I x0.3 x0.45 = 0.135 N. 

b. Observes the production of induced voltage and describes it as due to change in 
flux linkage. 

Consider the simple situation shown in Fig. 115 

is 

R 

Fig. 115 Induced e.m.f. Lenz·s Law. 

A stationary coil is connected to a resistor for cootinuity. A permanent magnet is moved along 
lite arrow shown towards the coil. The flux linkage, N ~ is changing whilst lite magnet is 
moving. Due 10 this change in flux linkage, an induced e.m.f. e, is established across R as 
shown. If the magnet moves now in lite opposite direction a., hown in Fig. 116, the induced 

Fig. 116 Induced e.m.f. Lem's Law. 

+ 
& -

e.m.f. is reversed. The induced e.m.f. ~ directly proportional to the rate of change of flux 
linkage. 

e= !!_ (N~) 
di 
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Since N is 1hc number of turns of 1hc coil which is cons1an1 

the induced e.m.f. is directly proponional to the rate of change of nux. 

If there is no rate of change of nux, there is no induced e.m.f. 

c. Establishes the relationships E = Blv and E = N d¢1dt and 11sed them to solve 
simple problems. 

From the above E = N ~~ 

Considering a conductor of length I and placed at right angle to a magnetic field as shown in 
Fig. 117. The conductor cuts the 

Fig. 117 A conductor culling a magnetic field al righl angles. 

magnetic field with velocity v (mis). 

The distance moved in I seconds is given as vi. For a conductor N = I 

E=N<!.fr. =Nd(~:) 

E=I d%A) 

since A= I (VI)= I vi 

E= !!_ (8 Iv I) 
di 

since 8, /and v are consumts and tis the only variable, 8/v f, (1) = 8/v 

E is the induced e.m.f. in the conduc1or, /, cutting a magnetic field of nux density 8 with a 
velocity v. 

WORKED EXAMPLE 25 

A conduc1or is moved at IS mis through a magnetic field having a nux density of I T. 
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Calculate (a) the e.m.f. induced per metre length of the conductor and (b) the force peJ" metre 
length opposing this movement if the conductor is connected in a circuit having a total 
resislllnce of I !l. 

SOLUTION25 

(a) E= 811' 

v = 15 mis, 8 = I T 

the e.m.f. induced per metre, f = Bv = I x 15 = 15 ~ 

(bl F = Bll 

E. = force per metre= Bl= Ix 15 = 15 N/m 
I 

where I = .!'.'. = ~ = 15 A. 
R I 

WORKED EXAMPLE 26 

A coil of 1,000 turns is subjected to a Oux change at the rate of 15 mWb/s. Determine the 
nugnitudc of the induced e.m.f. 

SOLUTION 26 

The magnitude of the induced e.m.f. is given by the fonnula 

E=N !tj 
dt 

E= IOOOx 15 x IO · ' = 15 volts 

where~ = 15x I0 ·1 Wb/s. 

d. Explains the historical anti technical significance of Fara day's and Lenz' s Laws. 

Fig. 115 extablishes an induced e.m.f. such tha1 it opposes the motion. Fig. 116 establishes an 
induced e.m.f. such that it opposes again the motion. Figures 115 and 116 show clearly Lenz's 
law and this is indicated algebraically by a negative sign 

E=-N~ 
dt 

. .. (I) 

IJ Lis the selt-inducrnnce of the coil in Fig. I 15 and Fig. I 16, there is an induced e.m.f. in the 
coil due 10 the change of current. 

E=-L !!!.. 
dt 

•.. (2) 
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The induced e.m.f. is directly propon ional to the rate of change of current. If there were no 
change in current, the induced e.m.f. would be zero. 

Equations ( I ) and (2) arc known as the Faraday's laws of electromagnetism. From equation (2). 
the self-induc.tancc may be defined 

Self-inductance= induced e.m.f. 
rate of change of current 

E 
L= ~ 

dt 

neglecting the negative sign in this case as it only indicates direction of induced e.m.f. or 
current. 

di 
and£=-L di arethe 

laws due to Faraday and the negative sign is due to Lenz.'s Law. 

WORKED EXAMPLE 27 

A centre.tapped coil of 1.000 turns is mounted on a magnetic core and has a self-inductance of 
50 mH. Calculate: 

(i) the induced e.m.f. when the flux changes at the rate of 40 mWb/s 

(ii) the self-inductance of each half of the coil and 

(iii) the rate of current change in the coil. 

SOLUTION27 

A centre-tapped coil of 1000 turns is shown in Fig. 1 I 8. 

IOOOtum• 

Fig. 1I8 Centre-tapped coil 

500 
turn& 

(i) £=-Nd,: = - IOOOx50xJ0 · , =-50volts 

500 
tum5 

(ii) The total self-inductance = 50 m.H. the self-inductance of each half coil is 25 mH. 

di 
( iii) E=-L dt 

re-arranging the fonnula 
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di -50 
di= SOx IO" =-1,000 Ns. 

WORKED EXAMPLE 28 

A current varying in rhe manner shown in the diagram of Fig. 119 is passed through a coil 
having an inductance of 500 mH. 

i(A) 

Fig. 119 Currenl/limc graph 

Calculate the e.m.f. induced in the coil during rhe periods OA, AB and BC. 

SOLUTION 28 

During the period OA 

di 
£ = -L - = -0.5 x 

di 

during 1he period AB 

(10-0) 
(l -O) X 10 .... = - 5,000 volts 

(10-10) 0 
£=-0.5 (4-f)x lO ' =-0.Sx 3x lO '=OV 

during 1he period BC 

(0- 10) 5x W3 
£=-0.5 (S.5-4)x10 -> = -1:5 =-3.333volls. 

Th.is example clearly esrnblishes U:nz's Law. 

c. Describes 1he concep1 of eddy currems and eddy c11rren1 loss, explaining their 
significance under conditions of a.<:. mag11eti.ration 

Coils nonn:tlly arc wound on ferromagnetic materi.als in order to increase the self-inducrance. If 
the ferro-magnetic materials are solid, eddy currents Oow in the solid material which cause a 
power loss and thus decreases the efficiency of the device. 

To reduce these "Eddy currents", lhe resislllnce of the core is increased by replacing ii with thin 
paimed laminations. 

Eddy currems are objectionable in generator and motor annature and transformer cores, i.n 
which they cause power losses and hence the efficiencies are decreased. 

Understands the w 11cep1s of se/f-a11d m11t11al induc1011ce mul re/ares these to rhe rramrformer 
principle. 
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f Defines self-i11ductance of a coil in terms of the proportio11ality of flux linkages 
and currellt in a linear magnetic medium and describes the productio11 of induced 
voltage due to change influx linkages. 

SELF INDUCTANCE OF COIL 

di d' E= - 1.. - =-N - -th dt 

I..= Ji. = induced e.m.f. 
di rate of change of current 
di 

I.. = self-inductance 

at s1e-Mly state 

The self-inductance is directly proportional lo the flux linkages (N') and inversely proportional 
10 the current. 

WORKED EXAMPLE 29 

The flux linked with a coil changes steadily from 5 mWb to 75 mWb in 7 ms. The average value 
of indu''Cd e .m.f. is 150 V. How many turns arc there on the coil? 

SOLUTION 29 

E = N ~~ = the average induced e.m.f. 

ISO =N (75 x I0-3-5 x JO -') = N 70 _ION 
7 x to -3 7-

N • 15thenumberoftums. 

WORKED EXAMPLE 30 

A current of200 mA flowing in a 75 mHcoil is reversed linearly in 150 ms. Calculnte the value 
of the e.m.f. induced in the coil. 

SOLUTION 30 

E=-l !!!. = 75 x JO-' 
dt 

(- 700 - 200) x 10-) 
150xl0 -l 

E -- 75 x400 I0 -3 02 l ISO X : . VO IS. 
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b. Deduces and applies tire relations/rip L = Ns' and£ = l !!i. 
dt 

DESIGNING A COIL 

Nq IN 
L = Tat steady state. H = T and S = --A

µ. µ, 

N' N' 
= 11µ_, µ,. A = S 

the self-inductance depends greatly on the number 

N' L= 
S 

of turns and it is inversely proportional to the reluctance. 

L=N ' µ µ ..1_ 
• , I 

and since µ •• A and I arc constants then the self-inductance depends on N 2 and the type of 
material with relative permeability. JI,. A coil wound 011 a ferro-magm:tic material gives a much 
higher self-inductance than when it is wound on a non-magnetic material. 

c. Defines mutual i11d11cta11ce and describes tire production of induced voltage due 
to change of mutual fl11.x linkage. 

MUTUAL INDUCTANCE BETWEEN TWO COILS 

Mutua.I inductance only c~ists between two coils. Consider two coils A and B which arc 
mutually coupled as show in Fig. 120. where M is the mutual inductance. 

A~ B 

00 
E1 '£;-

Fig. 120 Two coils closely coupled with mutual inductance M. 

Two coils arc said to have a mu1ual inductance of I henry if an e.m.f. of I volt is induced in 1he 
secondary when the primary current changes at the rate of t ampere per second. 

When the switch S is closed, the current in coil A changes. the induced e.m.f. in coil B is given as 

- ~ - ~ . E, -M dt - N, dt 
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WORKED EXAMPLE 31 

Two coils A and 8 are mutually coupled. the mutual inductance between them being 0.25 H. If 
the coils have 500 tums each, detennine 1he induced e.m.f. in coil 8 when 

(i) the current in coil A changes at 75 Ns 

(ii) the flux linking the coil changes at 0.5 Wb per second. 

SOLt.JTION 31 

(I.) di £ 2 = M Tt = 0.25 x 75 = 18.75 volls 

d~ 
(ii) £2 = N =-jf = 500 x 0.5 = 250 volts. 

COII.S CONNECTED IN SERIES AIDING 

Two coils A and 8 arc connected on an iron former as shown in Fig. 121 in series aiding 

Fig. 121 Two coils connected in series aiding. 

If the self-inductance of A is l , and the self-inductance of 8 is l 8 , the total self-inductance is 
given by 

where M is the mutual inductance of 1he two coils. 

COILS CONNECTED IN SERIES OPPOSING 

Two coils A and 8 are connected on an iron funner as shown in Fig. 122 

B • • A B • 

Fig. 122 Two coils connected in series opposing. 
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If again tlie self-inductance of A is LA and the self-inductance of B is L6 , the total self-inductance 
is given by 

l. = L, + L.-2 M. 

WORKED EXAMPLE 32 

Two coils, A and B. have self-inductances of 10 mH and 20 mH respectively. When conneC1ed 
in series aiding the total inductance is 35 mH. Calculate the mutual inductance and estimate the 
total inductance of the coils when they are connected in series opposing. 

SOLUT10N32 

Referring to Fig. 121 

L, = 10 mH and L• = 20 mH 

L=L, +L• +2M 

35 x IO_,= IO x 10 _, + 20 x IO_, + 2 M 

(35-30) x lO -> = 2 M 

M = 2.5 mH 

Referring to Fig. 122 

L =L, +L8 - 2 M 

= lOX 10 -' +20x 10 -1 -2x2.5x10 "' 

=30x t0 ·' - 5x 10-' 

L =25x 10 - ' H 

therefore 

L =25 mH 

INDUCTIVE AND NON INDUCTIVE CIRCUITS 

Straight copper wires possess a very small self-inductance, if the copper wires are in the form of 
a coil, the self-inductance is more predominant. 

To increase the self-inductance the coil is wound on a magnetic circuit. 

Therefore straight copper wires, coils on non-magnetic and coils on magnetic circuits arc 
inductive. 

Non-inductive circuits such as high stability resistors and incandescent lamps are made of wires 
bent back on itself since the field due to currem flowing in one direction canceb that due to 
current flowing in opposite direction Fig. 123 shows the construction of a non-inductive 
resistor. 
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Fig. 123 Non-inductive resistor. Wire is bent back on itself. 

d. Describes tire transformer principle in terms of Lenz' slaw a11d induce</ volts per 
turn, deducing tire effect of turns ratio on voltage ratio. 

THE TRANSFORMER PRINCIPLE 

Two coib of turns N, and N, are wound mi a ferro-magnetic core as shown in Fig. 124. 

Fig. 124 The basic principle of a transformer. 

1be coil N, is connected to an a.c. supply E, and the coil N, is coooccted to a load. The former 
coil is called the primary and the latter coil is called tile seco11dary. Applying Faraday's laws of 
electromagnetism 

d9 
E,=-N, at ... (l) 

d~ 
and E, = -N, di ... {2) 

assuming that the rate of change of flux is the same, that is. no flux leakage occurs dividing 
equation (I ) by equation (2) 

d~ 

5 -N, dt N, 
E, -N, d9 N, 

di 
e, N = __£_ ... (3) 
E, N, 

Therefore, the ratio of the induced e.m.f. of the primary to the induced e.m.f. of the secondary is 
equal to the turns ratio. 

Assuming no power loss between the primary and secondary. the primary volt-amperes are 
equal to the secondary votr-amperes 

E,f,=E/, 

E, /1 

or Y = T ... (4) . ' 
combining equations {3) and (4). we have 
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E N I E. = N, = ~ ... (5) 

c. Deduces that energy stored in an inductor is t U 2• 

Power is the rate of doing work 

P = power in walls 

W = energy or work in joules 

P= .!!'.'. orW=Pt=Elt=IRft=f1Rt. 
I 

When an inductor is completely demagnetised and is connected across a d.c. supply, the currem 
initially is zero and hence the energy is i.ero, t seconds later the inductor is energised and the 

current has grown to a finite value i, the induced e.m.f. is L 1/i and its energy will be (L ~) i dt. 

The energy stored in the inductor= I: (L~n i dt = J:Lidi = [1u{= 1u'. 
The current grows from i = o, to i = I. the final steady current. 

The energy stored in an i.nductor from i = o to i =I is W = 1 U 2, the energy stored in an inductor 

at any instant is W = 1 u' where i is the instantaneous current 

WORKED EXAMPLE 33 

(i) Calculate the e.m.f. induced in an inductance of 500 mH when lhe current is changing at a 
rate of 200 A/s. 

(ii) Calculate the energy stored in this inductance when the current is 5 A. 

SOLUTION 33 

(i) E= - l ~=-500x I0-3 200= - 50volts dt 

(ii) IV= t Li'= tx 500 x tO ..J x52 =6.25 joules. 

WORKED EXAMPLE 34 

Calculate the energy contained in an inductance of 5 H carrying a current of 1 A. 

SOLUTION34 

f Solves problems on self-inductance, mutual inductance and the transformer 
principle. 

THE RESISTANCE VIEWED AT THE PRIMARY OF A TRANSFORMER 
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Consider a simple t.rnnsformer in Pig. 125 whose a.c. input resistance is required 

Fig. 125 The a.c. input resistance at the primary of the transfonner 

. E N I 
From the equation ---1. = ___.!. = ..1 we have 

E2 N, / 1 

E, = (~) £,. .. (l)and 

E, 
and load R = T ... (3) 

2 

1, =I, (Z') ... <2> 
I 

The a.c. input resistance viewed at the prinulry term.ina.ls. R in is given 

R = .. Input voltage 

Input current 

subsiituting in this equation, eqUlltioos ( I) and (2) 

£, (Z·) 
R;l/f= --'-

1, (Z:) 

R - ~ (·'!J)' .. - 1
2 

N, 

and finally substituting R = !!.: , we have 
1, 

N ' 
R1• = (N') R ... (4) 

l 

the resistance viewed at the primary. 

WORKED EXAMPLE 35 

An ideal transformer having a 50: I step down ratio, has a load current and vollage of 0.2 A and 
50 V respectively. Calculate the primary current and voltage. 

SOLUTION35 

Using equation 

/ 1 = N, 
/; N, 

or / 1 =1
2 

!!1 
N, 
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I =0.2 J_=4mA 
I 50 

Using equation 

£ 1 N, 
'£; = Nz 

N 
or E,= tfE,=50x50=2.500V. 

' 
WORKED EXAMPLE 36 

75 

A 5: I step down transfonner has a primary voltage supply of 240 V lllld a secondary load 
resistance of 1,000 0. Calculate: (i) the resistance at the primary terminals 

(ii) the secondary voltage and 

(iii) the primary and secondary cum:nts 

SOLUTION 36 

(i) R,. = (Z;)' R 

R., = 51 x 1.000 = 25,000 il 

N, I 
(ii) E, = E, N = 240 x 5 = 48 volts 

I 

... £, 48 8 
(111)1, = - = -- =4 mA 

R 1.000 

11 = !!J. = 240 = 9.6 mA. 
R1• 25,000 

WORK.ED EXAMPLE 37 

A coil is wound with 1,000 turns. A current of 2 amperes nowing in the coil produce-~ a nux of 
100 µWb. Dctcnninc the value of the self-inductance. 

SOLUTION 37 

At steady stale 

... (I) 

from the equations E = -l !!!. = -N d_j 
dt dt 

from equation (I) 

the self-inductance L = N/~ 

l 
_ 1,000x IOOx 10 _. 
- 2 

l =50mH. 
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WORKED EXAMPLE 38 

A coil having an inductance of 225 mH is carrying a currenl of 20 A. Calculate the induced 
e.m.f. in the coil when the current is:-

(i) reduced to zero in 0.05 seconds 

(ii) reversed in 0.05 seconds 

(Ui) increased to 50 A i.11 3 seconds. 

SOLUTTON38 

(i) E=-l ~=-22Sx 10 .... (0-20)= 90V 
dJ o.os 

(ii) E=-1.. '!!._ = -22Sx IO "' (-20-20) = 180V 
dt o.os 

(iii) £=-l..i=-225xlO-' ~=2.2SV. 

SUMMARYS 

Lefi and Right Hand Rules are shown in Fig. 126 and Fig. 127. 

'b(: 
Fig. 126 Left Hand Rule 

I. F=Bllsin6 
2. E=Blv di 
3. E=-l di 
4 E= u'!! . _,.. dt 

5. U = N ~steady st.ale 

6. E,=M ~ 
7. E =N ~ 

l 1 ' dt 
8. W= 2 u: 

9 ~ = t!t 
. E, t•', 

Fig. 127 Right Hand Rule 

F = force on a conductor (N) 
B = nux density (11 

I= Current (A) 

I= length of conductor (I) 

6 = angle between the straight conductor and 
magnetic field (degrees) 

E =induced e.m.f. (V) 

v =velocity (m/s} 

L = self-inductance (H) 

!!!. =rate of change of current (A/s) 
dt 

'!/, = rate of change of Oux 

(Wb/s) 

N = number of turns 

M = mutual inductance (H) 
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N )' I I. R,. = (t R..., 
' 

EXERCISES 

IV= energy stored (J) 
E, = primary voltage (V) 
E, = secondary voltage (V) 

R,. = a.c. resistance ar the input terminals of 
rhe transformer (Q) 

!!i = tums·ratio 
N, R,;,., = load resistance (il). 

I. The force on a conductor of 0.5 m is 0.25 N and the conducror carries a current of 50 mA 
and is placed at right angles to a magnetic field. Determine the flwt density of the magnetic 
field. (Ans. ion. 

2. A conductor 40 cm in length and carrying a current of 150 mA is placed at 80° to a 
magnetic field having a flux density of 0.9 T. What is the angle of the conductor to the 
magnetic field having the same flux density and the force on the conductor is 1/5 that of the 
first case. (Ans. I 1.32°). 

3. A conductor ar righr angles to a uniform magnetic field of flux density, 50 mThas 10 cm of 
its lengrh in rhe field. Calculate the current required to cause a force of lOOmN to act on the 
conductor. (Ans. 20 A). 

4. A n:crangularcoil 20 cm long and 15 cm wide and consisting of one tum is rotated about its 
longer axis at 500 r.p.m. in a uniform magnetic field of 1 T field is situated normal to the 
nis. Determine the e.m.f. induced in the single tum coil, and in a similar coil of I 00 turns. 
(Ans. 0. 79 V, 79 V). 

5. An e.m.f. of 5 volts is induced in a coil due to a flux change at the rate of 0.5 Wb/s. 
Calculate rhe number or tum~ of the coil. (Ans. I 0). 

6. Calculate the e.m.f. induced in an inductance of 200 mH when the current is changing ar a 
rate of 500 A/s. (Ans. I 00). 

7. With the aid of two coils closely coupled together explain what is meant by mutual 
inductance. Two coils A and B arc mutually coupled. the mutual inductance between them 
being 0.2 H. Calculate the e.m.f. in coil B when the current in coil A changes at JOO A/s. 
(Ans. 20 V). 

8. An idcnl s tep up tr3nsfonncr hnving a turns ratio of 10: I is connected to a supply voltage of 
240 V. The secondary load is a resistor of 12 K!l. Calculale: 

(i) the secondary voltage and currcm 

(ii) the primary current 

(iii) the resistance viewed at the primary terminals. (Ans. (i) 2,400 V, 0.2 A (ii) 2 A, 
(iii) I 20 il). 

9 (i) Show thal the self-inductan~-e of a coil is directly proportional to the number of turns 
squared and the permeability of the magnetic material. 

(ii) Show that the reluctance of non-magnetic material is constant for aU values of current. 

(iii) Show that the reluctance of a magnetic material varies wirh the current. 

10. Explain briefly and clearly the construction of inductive and non-inductive componcms 
using conducting wires. 
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ALTERNATING VOLTAGES AND CURRENTS 
6 . Displays waveforms a11d determines the main parameters used to describe and 

measure them. 
a . Defines the terms ampliwde, period.frequency. instantaneous, peak-to-peak 

r.m.s average in relation to al1ernati11g (sinusoidal and 11011-simusoidal) and 
unidirectional waveforms and used an oscilloscope 10 display and measure 
these parameters. 

ALTERNATING SINUSOIDAL WAVEFORMS 

Fig. 128 shows an ahernating sinusoidal wavcfonn of two cycles, the y-axis is A sin (l}t and the 
x-axis is ax. 

. ..... 

Fig 128 A.C. sinusoidal wavefonn. 

Trigonometrically this wavcfonn is represented by the equation 

y=Asin<a 
The waveform commences at the origin 0. 

AMPLITUDE 

The maximum or peak value is called the amplitude and it is represented by A. 

PERlOD 

The period is the time taken to trace out one complete cycle and it is represented by T. 

FREQUENCY 

The frequency is the number of cycles trJced out in one second and is represented by f 

INSTANTANEOUS 

The instantaneous value of y is that value at a certain instant 1. (11 for example). 
At 1

1
• y = y1 =A sin a.w,. y

1 
is the instantaneous value of y at t = 1

1
• 

PEAK TO PEAK 

The peak-to-peak value is the value between the maximum or peak positive value and the 
maximum of peak negative value. In this case, the peak-to-peak value 2 A. 

R.M.S. (ROOT MEAN SQUARE) 

The r.m.s. is the square root value of the mean squares. This is best illustrated as follows: 

6" 0 30 60 90 120 150 180 210 240 270 300 330 360 

A sin 0° 0 f A 
·r f A A 1 A 

t 
2A 0 - f A -1A -A 13 - 2A -~A 0 

A' sin' 0° 0 iA' ~A' A' 4A' iA' 0 iA' ~A' A' 1A' !11' () 
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l)l +..!..A : + l.A ' +A 1 +l.A: +..!..A ' + 0 +.!..A' +l.A: +A'+ 1.11: +.!.11 1+0 
4 4 4 4 4 4 44 

The means squares= ·--- -----------
12 

~ A =V- = -- = 0.707 A approxima1ely. 
12 ..fi 

AVERAGE 

The average value of one complc1c cycle is zero since lhc posi1ive area of 1hc half cycle cancels 
the negative area of the other half cycle. 

The average value of one half cycle is given as 2:: = 0.637 A approximately. 

NON SINUSOIDAL WAVEFORMS 

Non sinusoidal wavefom1s such as lhe triangular and square wavcfonns are shown in Fig. 129 
and Fig. 130 respectively. 

Fig. 129 Triangular wavefonns. 

1 

T
Fig. 130 Square wavefonns. 

tlm• 

These wavcfonns arc called complex or non-sinusoidal waves. The amplitude and the period arc 
shown on lhe diagrams. 

b. Defines form factor and determines the approximate average and r.m.s. l'alue. of 
given si11usoida/ and 11011-.1·i1111soida/ wal'eforms. 

A siJ1usoidal wavcfonn 

Fonn foc1or = r.m.s. value 
avei-.ige value 

=I.II. 

0.707 A 
o.637A 

For any sinusoidal currcm or vohage the form factor is the same and it is always 1.11 
approximately to three significanl figures. 

For a non-sinusoidal wavefonn the fonn factor is different and should be detennined for each 
waveform. 
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Uses phasor and algebraic represemation of sinusoidal quamities. 
a. Defines a phasor quantity. 

PHASOR OR PHASOR DIAGRAM 

A phasor quantity has magnitude and direction. 

A current in a circuit is 3 A and leads the vohage by 25°. lf the voltage is taken as a reference. a 
horizontal line of indefinite magnitude. then three units arc scaled along a positive direction of 
25° to the voltage. If the current lags by 25°. then three units are scaled along a negative 
direction of 25°. Fig 131 represents the phasor quantity of current with respect to the voltage. 

I leadi"9 V 

Fig. 131 Leading and Lagging currents. 
l ~i~ V 

b. Determines the resultant or the addition of two sinusoidal voltages by graphical 
and phasor representation. 

PHASOR REPRESENTATION 

WORKED EXAMPLE 39 

Two sinusoidal voltages are applied across two components in n circuit 

£ 1 =10 sin wt 

l:.~ = 20 sin (Oll + 1C/2). 

Determine the resultant total voltage across the circuit and express in the form 
ER= E~ sin (llX ± ~). 

SOLUTION39 

Since £
1 

is a reference phasor quantity, it is drawn 10 units horizontally and since£, is 90° 
leading or 1C{}. leading, it is drawn up perpendicularly 20 unit~ as shown in Fig. 132. 

0 

-----,,£. 
/1 

I : 
I : 

I ! 
t 
I 

' 
Fig. 132 Phasor representation of voltages E, and£, and their resultant£ •. 
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The rcsuhant in this case is the hypotenuse of the right angled triangle. 

£.' = E,} +£,..' 

Em= Y 202 + 10: = 22.36. 

Fmm the righ1 ·angled triangle OF.,E• tan 0 = ~~ = 2 Md hence 0 = 63.43°. 

TI1e resultant is given by 

E• = 22.36 sin (ax+ 63.43°) 

but w is the angular velocity in radians per second, <a is the angle in radian and radian and it is 
better to express e in radians 

It 
63.43° = 63.43" x 180• = 1.11• 

£• = 22.4 sin (ax+ I.I I' ) 

the resultant voltage in three significant figures. 

GRAPHICAL REPRESENT A Tl ON 

WORKED EXAMPLE 40 

If£, = 10 sin ax and £
1 
= 20 sin (ax+ n(l) dctenninc graphically £1 + £,. 

SOLUTION 40 

e· 0 .& .& .& i .& s .& I . 7.& 4.ll. 
6 3 2 3 6 6 3 

sin 0- 0 0.5 0.866 t 0.866 o.s 0 --0.5 --0.866 

E'
1
: l0:4m9· 0 s 8.66 10 8.M s Io 1-s -8.66 

sin(&+ t ) 1 0.800 i 0.5 0 -0.S --0.866 - 1 --0.866 --0.S 

£, • 20 •in(ll' 't), 20 11.12 ! 10 
I 

0 - 10 - 17.32 - 20 - 17.32 - 10 

£, +£, 20 22.) 18.7 10 - 1.34 - 12.3 -20 - 22.3 - 18.7 

Fig. 133 shows the plot of 1he resuhant wavcfonn, £ , +£, against ox. 

1!1•1!1 
(Volh)~--.. 

... 

Fig. I 33 Rcsull3nt waveform for E, and £ 2, leading by 63°. 

3 .ll. 
2 

5.ll. 
3 II! 21! 

-1 --0.866 --0.5 0 

- 10 -8.66 - S 0 

0 0.5 0.866 I 

0 +10 117.32 12() 

-10 -1 .34 12.3 2() 

111e anlplilude oflhe resuhant waveform is approximalely 22.4 and the waveform lead by about 
l.1 '. 
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(v) Fonn fac1or = a~~~e = ~~:~ = 1.11 

(vi) v= IOOsin (3,142 x Ix 10 ~1 + i) = 100 sin 
7
: 

= 100(-.!. )=-SOvolls. 
2 

(b) i = 100 sin 3,142 t A 

this is t:iken as a reference since we draw a horizontal pbasor of 100 V equivalent to 5 cm (that is 
20 V per cm is the scale). The volmge is drawn at 30° to the horizomal and equal to 5 cm. 

Fig. 135 represents the current and volmge in a phasor diagram. 

Fig. 135 v leads i by 30° or i . 
WORKED EXAMPLE 43 

L 
100 i 

(a) Write down the mathematical expression representing a sinusoidal current having an r.m.s. 
value of 250 mA and frequency 2,500 Hz and leading a voltage by a phase angle of 75°. 

(b) Write down me mathematical expression representing a si.nusoidal voltage having n peak 
value of 100 Vanda periodic time of 2.5 ms nod lagging a currenl by a pha<1e angle ofrt/9. 

SOLUTION43 

(a) i = 250 x 10 _, -ff. sin (21t 2,500 t + 5 TI) A. 

Jt 5lt' 
where 75• = 1s0 x 180• = TI 

Jt 
i =sin(l5.708t+512> A 

(b) v= IOOsin (21t I~ t- ~) V 

I 
where T= f =2.S ms 

l !000 
f = 2.Sx IO-' = °"2,S =400Hz 

v = 100sin (2513.3t- ~ ). 

g. De1ermiT1es power;,, Ofl a.c. resislive circ11i1 from give" data. 

Power in a resis1ive ac. circuil is given by the r.m.s. value of currenl squared times the 
resistance of 1he resi.~tor 
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where I = r.m.s. value of current 

P= vi 
R 

where V = r.m.s. value of voltage. 

85 

'Ille power absorbed by a resistive load in an a.c. circuit is given simply by the product of the 
r.m.s. values of voltage and corrcnl. 

P=IV 

where I and V are 1he r.m.s. values of current and voltage. 

Since 1he phase difference between the voltage and correm wavefonns in an a.c. resistive circuit 
is ll:<O ~'ti cos 0 = I and P = IV. But 1he phase difference between I and V in non-resistive 
components is finite and 1his affects the power absorbed by the load. This will be covered in 
dedail i111he next chapter. · 

lf 1• = v. sin OJI is applied 10 a circuil of resistance R Q, the resulting current is rcpresemed by 
i = /M sin ax. 

TI1c power at any ins1a111 = P = IV = I" sin ox V" sin ox 

Mean power over a cycle = (mean value of i 1) x R 

=(mean value of I,/ sin1 OJI) x R 

I ' I I 
_!!.._ R = ~ x - lflx R 

2 V2 V2 

P =Ix Ix R = J'R = VI. 

Fig. 136 Shows the instantaneous values of currcm, voltage and power 

Fig. 136 Power curve for an a.c. resistive curve. 

Equation of power curve is given by 

p =fr=/" v. sin' ox 

I V = •
2 

• (1 - oos 2ox). 
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WORKED EXAMPLE 44 

A current wave of equation i = JO sin OJI mA is flowing through a 1.000 0 non-inductive 
resistor. Calculate the p.d. acmss the circuit and the instantaneous value of the power at 
OJl=lt{l. 

SOLUTION44 

The p.d. across the I KO resistor 1· = i x 1,000 = I 0,000 sin ax m V 

= IO sin ax \I 

The instantaneous value of the power = p = iv 

p= !O x JO -J sin WIX JO sin WI 

= 0.1 sin1 WI 

when <Ill= T . sin' <lX =sin' T = I and p = 0.1 W. 

SUMMARY6 

i ='~ sin (ax ± <!>) 

v = 11.,sin(ax±~) 

i, v are instantaneous values of current and voltage respectively 

1 • • v. are the peak values of current and voltage respectively 

f , V are the r.m.s. values of current and voltage respectively 

andV= ~ 
{2 

m = 2rrj = angular velocity radians per second 

f = frequency in Hz 

T = !If periodic time in seconds 

~ = phase angle in radians. 

Positive phase angle (leading) 

Negative phase angle (lagging) 

Form factor = r.m.~. value 
average value 

Fonn factor = 1.11 for sinusoidal waves. 

Average value of current or voltage 

1 =~' "··· .. , 7t ft r 
1-v . 
It e 

P = IV= I ' R = V' IR Power in a resistor. 
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SINGLE PHASE A.C. CIRCUITS 

7. Uses a.c. circuit theory to solve simple series a.c. circuit problems. 
a. Draws the pltasor diagrams and related volwge and current waveforms for 

circuits comprising. 

Pure resi.flance 
Pure ind11cta11ce 
Pure capacitance 

PURE RESISTANCE 

An a.c. vollage source is applied across a pure resistor R. where V is the r.m.s. voltage and 
I = VJR r.m.s. current, Fig. 137. 

- v-
Fig. 137 Pure non-induclive resislance. 

WAVEFORMS 

Fig. 138 shows lhe current in phase wilh the voltage. 

Fig. 138 In phase wavcfom1s 

PHASORS 

Fig. 139 shows the phasor diagram. If I is the reference phas<?r then Vis in phase with/. 

Fig. 139 Phasor diagram for a pure resistance. 
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PURE INDUCTANCE 

An a .. c. volrogc rource is applied across n pure inductance where V is the r.m.s. voltage and I is 
the r.m.s. current. Taking I ns the reference phnsor, the voltage leads the current by 90". Fig. 14-0 
shows the circuit and Fig. 14 1 the relevant waveforms. The phnsor diagran1 is shown in Fig. 
142. 

- v-
Fig. 140 Pure inductance. 

WAVEFORMS 

Fig. 141 Out of phase wavefom1s. i lags"· 

PHASORS v 

90• 

I 
Fig. 142 Phasor diagram for a pure inductance. 

PURE CAPACITANCE 

An n.c. volrogc source is applied across u pure capacitor where Vis the r.m.s. voltage and I is the 
r.m.s. current, Fig. 143 shows the circuit. Taking I as the reference phasor. the voltage lags the 
current by 90~. 

Fig. 143 Pure capacitance. -v-
Ur'> r hthch chu!Lt M !er a 



91 

The wnvcfonns and phasors are showns in Fig. 144 and Fig. 145. 

WAVEFORMS 

Fig. 144 Out of phase waveronns, /leads ' ' 

PHASORS 

.r 
Fig. 145 Phasor diagram for a pure copaci1ance. 

b. Describes inductii'e reactance and capacitive reactance it1 terms of impeding the 
flow of an alternating curre111 and uses basic relatio11ships to solve simple 
problems. 

INDUCTIVE REACT ANCE 

For Fig. 140 
. . V ' I XL= mducttve rcactancc = I (ohms aw) 

x,.=2rrfl..<!l> 

CAPACITIVE REACTANCE 

For Fig. 143 

X .. V • I ) , = capac111ve rcacrnncc = / (ohm s aw 

1 x, = 2 Tt/C (fl). 

WORKED EXAMPLE 45 

(a) A pure resistor is subjected 10 an a.c. soun.-e of 100 V r.m.s. and the current drawn is 10 A 
r.m.s. Calculate 1he resis1nnce. 

(b) A pure inductor is subjected 10 an a.c. source of 100 V r .m.s. (f = 50 Hz) and the current is 
10 A r.m.s. Calculate the renctancc and hence the i.nduc1ance. 

(c) A pure ~pacitor is subjected to an a.c. source of 100 V. r.m.s. (f = 50 Hz) and the currem is 
10 A r.m.s. Cnlculatc the renctnnce and hence the capacitance. 
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SOLUTION 45 

(a) R = _r = lOO =100 
I 10 

(b) x = x. = 100 =100 
L I 10 

Xt=21t}L 

L = XL = ___!.Q_ = 31.8 mH 
2 Trf 21t 50 

(c) X = ~ = IOO " 10 0 
' I 10 

X= - 1-
, 2 'lrjC 

C= - 1- = - -1- =318.3µF. 
2 nfX, 2 n 50(10) 

WORKED EXAMPLE 46 

92 

(a) An inductor of 50 mH when subjected to an a.c. supply of 50 Hz draws 100 rnA current. 
Calculate the inductive reactance and the a.c. voltage. 

(b) A capacitor of 500 µF when subjec1cd to an a.c. supply of 150 Hz draws 200 mA current 
Calculate lhe capacitive reactance and the a.c. voltage. 

SOLUTION46 

(a) X, =21t}L=211x50x50x 10 .... = 15.7 0 

V= IXL = IOO X 10 -' x 15.7 = 1.57 V 

(b) x = - 1- = l =2.120 
' 21ifc 211x 150x500x 10-<> 

V= IX, = 200 x 10 -' x2.12 =0.424 V. 

c. Draws phasor diagrams corresponding to l-R and C-R series circuits. 

L-R SERIES CIRCUIT 

An inductor normaUy possesses an a.c. resistrulce R which is shown in this case as a resistor in 
series with a pure inductor. Fig. 146 shows the equivalent circuit of an inductor. 

----v-
Fig. 146 L-R circuit. 
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THEPHASOR 

If I in the reference vector, v. is in phase wi1h I and Vi is leading I by 90°. Fig. 147 shows lhe 
phasor of an inductor. 

Fig. 147 Phasor diagr.un of an inductor. 

1be resultant vector is Vas shown in Fig. 147. The voltage triangle is shown in Fig. 148. 

Fig. 148 Voltage triangle. 

and applying Pythagoras theorem 

V2 =V/= V/ 

v. =ix. and v. =IR 

Ll 
v .. 

V' = 11X/ + / 2R2 = /1 (XL' + R') 

v = 1vx.' +R>. 

CR SERIES CIRCUIT 

RC Circuit is shown in Fig. 149 

C R 

,f ~-;~ 1 
- ---v---

Fig. 149 RC circuit. 

Fig. 149 shows the r.m.s. current I flowing through Rand C. I is the reference vector since ii is 
common through R and through C. 

THEPHASOR 

Fig. 150 shows the phasor diagram for the RC circuit in series. VR is in phase wilh I and v, lags 
/by 90°. 
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I 

'-------"'¥ 

Fig. 150 The pbasor diagram for a capacitor in series wi1h a resistor. 

The voltage triangle is shown in Fig. 151 

Fig. 151 Voltage triangle. 

y1 = V•'+ Ve' 

Vc= IX, and v. =IR 

~'· 
V 2 = /2R2 + / 2X, 2 

V' = /2 (R' +Xe') 

V = I -iR' +X/ 

d. Defines impedance as Z =Vil. 

IMPEDANCE 

For Fig. 146 and Fig 149, impedance is defined as 

Z= V 
I 

V I °'X/+R' 
ForFig. !46Z= T= 

1 

Z :-IR1+X,2 

V I ../R'+X 2 

ForFig. 149Z = I= 
1 

c 

Z :VR'+ X/ . 

e. Derives impedance triangle from 1·oltage triangles and shows that Z 2 = R 1 + X 1 

and that tan $ = XIR, sin$ = XIZ and cos~ = RIZ. 

The impedance triangles are simply derived from the voltage triangle by dividing each s ide of 
1he Fig. 148 and Fig. 151 by I since it is common. 

Then we have Fig. 152 and Fig. 153 which are the irnp..-dance triangles. 
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Fig. 152 Impedance triangle for LR circuit 

Fig. 153 Impedance triangle for RC circuit. 

From the impedance 1riangles we gel the following cqua1ions, by applying Pylhagoras 1hcorem. 

zl= R2 +XL' and Z' = R2 +Xe'-

ff$ is the phase angle, then we have from each triangle of Fig. 152 and Fig. 153 

1an q>= X/R 

cos$= R/l. 

sin$ =XL/l. 

l!JJlq=XcfR 

cos q, =Rrz 

sin q = X,JZ. 

f Applies equations in c, d, and e to the so/Wion of single branch L-R and C-R 
series circuits at power and radio frequencies. 

WORKED EXAMPLE 47 

In an R-C sericscircui1 the a.c. p.ds across Rand Care respectively 30 V and40 V. Calcula1e the 
Iota! ac. p.d. applied. 

SOLUTION 47 

Fromlhevohage triangleofFig.151 V2 = VR2 + Ve' 
V :VVf + V/ 

v. = 30VandVc =40V 

v = .J 30'+40' = v 900+ 1600 

~v2,500 =50V 

WORKED EXAMPLE 48 

ln an L-R series circuit the a.c. supply voltage is 240 V and 111a1 across R is 100 V. Calculate the 
p.d. across the inductor. 
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-v-
Fig. 136 Circuit and i, v waveforms. 

The current through R and the voltage across R are in phnse as shown, the r.m.s. current is I and 
the r.m.s voltage is V, the average power P =IV= V'JR = l'R. 

POWER IN A PURELY REACTIVE A.C. CIRCUIT 

Fig. 155 and Fig. 156 show the circuits and relevant i, v waveforms. 

-v-
Fig. 155 The pure inductor and i, v L' waveforms. 

t -v-
Fig. 156 1lle pure capacitor and i, vL' waveforms. 

At any instant, t, the power is iv, p = iv, i and v :tre out of phase by 90" when i = 0, v L is 
maxinmm when vL = 0, i is maximum. Similarly for the capacitor when i = 0, vc is negative 
maximum, when i is maximum vc is zero and the average power is zero. 

POWER IN A RESISTIVE/REACTIVE A.C. CIRCUIT 

The average power in a resistive/reactive circuit depends on the phase angle. 

P =IV cos 9. 

Resistive/reactive a.c. circuits are shown in Fig. 157 and Fig. 158. 
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i. Derives the power triangle from the voltage triangle and ide111iflts true power 
(P). appare/11 power (S). and reactive volt amperes (Q ). 

From the vohage triangles of Pig. 148 and Fig. 151, we muhiply each side by/, we have the 
power triangles as shown in Fig. 161 :llld Fig. 162 respectively. 

Fig. 161 Power triangle for inductive circuit 

Fig. 162 Power triangle for capacitive circuit 

Q = reactive volt amperes : I V sin ~ 

S = apparent power = IV 

P = true power = IV cos ~· 

j . Defines power factor as true powu/ apparent power and show that where V and I 
are sinusoidal, power factor = cos cj>. 

POWER FACTOR 

Power factor = !rue power 
apparent power 

TV cos~ 
--~ 

=cos,. 

k. Explains that power dissipation in series l-R amd C-R a.c. circuits is 12R. 

POWER DISS CPA TION IN SERIES l-R A.C. CIRCUITS 

The power dissipation in a pure inductor is zero and hence the only power which is dissipated is 
in the re.~istor R. 111is power is P = l ' R. Fig. 163 shows in L-R a.c. ci.rcuit. 
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Fig. 163 Power in L-R a.c. circuit. 

POWER DISSIPATION IN SERIES C-R A.C. CIRCUIT 

Similarly the power dissipation in a pure capacitor is zero and the only power which is 
dissipated is in the resistor R. Again this power is P = 12R. Fig. 164 shows the R-C a.c. circuit. 

Fig. 164 Power in R-C a.c. circuit 

I. Uses phasor diagrams to solve simple series L,C and R a.c. circuits. 

R-L-C SERIES AC CIRCUIT 

Fig. 165 shows the series RLC a.c. circui1 subject to an a.c. supply of r.m.s. voltage V and r.m.s. 
curreni I. 

Fig. 165 R-L-C series circuit 

1berc are three cases to consider 

a. lfVL>Vc 

b. lfVL <Ve 

c. !fVL =Ve. 

I 

The corresponding phasor diagrams arc shown in Figs. 166, 167 and 168. 
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Fig. 167 Phasor for v, <Ve 

v. 
Fig. 168 Phasor for v, =Ve 

From these phasor diagrams. we have the impedance triangles shown in Fig. I 69 and Fig. 170 
corresponding to Fig. 166 Fig. 167, Fig. 168 has no impedance triangle, Z = R. 

~X..-l\, 
R 

Fig. 169 lmpcdllOCc triangle for the inductive case. 

R 

·~==}e-x, 
Fig. 170 .Impedance triangle for the capacitive case. 

From Fig. 169 we have 

Z = VR' +O<, - Xe>' 
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From Fig. 170 we have 

Z = <IR:+ (Xe-XL)'. 

WORKED EXAMPLE 50 

In the circuit shown in Fig. 171 calculate the following: 

(i) The total impedance and phase angle of the circuit. 

(ii) The voltage across the capacitor. 

(iii) The vohagc across the coil. 

(v) The power developed in the circuit. 

(vi) The power factor of the circuit. 

r:b "v 
f~ IOOOHz 

Fig. 17 1 A series RLC a.c. circuit. 

SOLUTION 50 

Ci) XL= 2 nfl.. = 2 n x 1.000 x 52 x 10 --' = 326.7 n 

X = - 1- = I = 10.6 0 
C' 2 njC 2 11 x 1ooox1sx10 -• 

From the impedance triangle of Fig. 169 

z = v 100' + (326.7 - 10.6>' = 331.s n 
using the equation Z = ./ R2 + <X '· -Xcr · 

(ii) Vc = IXc = 0.166x 10.6= 1.76vohs 

where/= ..!'.. = ~ = 0.166A. z 331.5 

(iii) VR = IR= 0.166 x 100 = 16.6 volts 

(iv) \IL= IXL= 0.166 x 326.7 = .54.23 volts 

(v) P= / 1R=0. 166'x 100 = 2.76waus 

(vi) cos~ = Ji. = IOO = 0 302 z 331.5 . . 

WORKED EXAMPLE 51 

For the circuit shown in Fig. 172. 
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Fig. 172 Series RlC n.c. circuit. 

Calculate: (i) the impedance, 

(ii) the total current, 

103 

(iii) the voltage across each component, 

(iv) the power factor. 

(v) the power dissipated. 

SOLUTION SI 

(i) XL= 27t/L = 27tX 2.000x 2.5 x 10-.1= 31.42 n 

Xe= - 1- = I =9.95 0 
2n/C 21tx2.000x8x 10 ... 

Z = ./R' + (Xt - X<.)1 = ./ 151 + (31.42 - 9.95)1 = 26.2 {} 

(ii) I= ~=~ =0.4A z 26.2 

(iii) v. = 0.4 x 15 = 0.6 v 

v,. = 0.4 x 31.42 = 12.6 v 
Ve= 0.4 x 9.95 = 3.98 V 

(iv) cos~= 1 = 2~~2 = 0.573 

(v) P=l'R=0.4'xl5=2.4W. 

m. Defines series resonance as acc11ri11g when the supply rnl1age and current are in 
phase and skelches a phasor diaf(ram showing 1ha1: 

• VL =I',. al resonance 
• Vl and V, may be much greater than the s upply voltage. 

SERIES RESONANCE 

Series resonance occurs when the supply voltage and current are in phase. 

Fig. 173 shows this condition. 

Fig. 173 Series resonance. 
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z = "202 + (159.2 - 94.25)' = 67.96 n 

(ii) I= ..!:'._ = 200 = 2 94 A z 67.96 . 

I05 

Xe -X 159.2 - 94.25 
(iii) tan'=~= 20 =3.25 

~= 72.9°. 

The other component to be added must be a pure coil of reactancc 159.2 - 94.25 = 65 
approximately 

x, = 2rt/L = 65 

L=~ =l03mH 
2rtX 100 

such that XL= Xe 

v 200 
1. = R = w = 10 A. 

This problem is only a theoretical exercise since there is no pure coil in practice. Fig. 175 shows 
the new circuit for resonance. 

200V 

f • IOOIU 

Fig. 175 103 mH is added to cause resonance. 

WORKED EXAMPLE 53 

A series circuit consists of a coil of inductance of 250 mH, a resistor of resistance 30 n, and a 
capacitor of capacitance C. The circuit resonates when the supply is 240 V and the power 
frequency is 50 Hz. 

Calculate: 
(i) the value of C 

(ii) the resonant current 

(iii) the voluge across the inductor 

(iv) the power dissipated 

(v) the Q-factor of the circuit 

where Q = 2rr.f
0
LIR. 

SOLUTION53 

Ci> xL = 2rrf.L = 21t x so x 2so x w _, = 1s.54 n 

xL =78.54 n 
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RESONANCE: Z = R f = - 1
-t = ]'._ 

• 2n .fiE • R 
Vt=QV 

Vc=QV 

EXERCISE 7 

I07 

I. A capacitor of 100 µF capacitance is subjected to an a.c. supply of frequency 100 Hz. 
Detcm1ine the capacitive reactance. (Ans . 15.9 0 ). 

2. An inductor of 50 mH inductance is subjected to an a.c. supply of frequency 60 Hz. 
Detennine the inductive rcactancc. (Ans. 18.9 0). 

3. The reactance of a capacitor is 100 Q when subjected 10 an a.c. supply of 50 V. Calculate 
the current through the c ircuit. (Ans. 0.5 A). 

4. TI1e inductive reactance of a coil is 5 Q when it is subjected 10 an a.c. supply which draws 
5 A current. Calculate the a.c. supply. (Ans. 25 V). 

5. Sketch neatly a sine wave of current, and in relation to this current sketch the vol.tage 
wavefonn you would expect when this current passes through (i) a resi~1ance (ii) an 
inductance (iii) a capacilatlce. Label your diagrams. 

6. A series circuit consists of an inductor of inductance 0.5 H and a resistor of resistance 50 
0. A 240 V a.c. supply of frequency of 50 Hz is connected across the above circuit. 
Calculate (i) the impedance of the circuit (ii) the current drown from the a.c. supply (iii) the 
p.d. across the pure inductor (iv) the p.d. across the resistor and hence check that the supp.ly 
voltage is 240 volts. 

(Ans. (i) 164.9 0. (ii) 1.46 A (iii) 229.3 V (iv) 73 V). 

7. A coil takes a current of 5 A when connected to a I 00 V d.c. supply. when the same coil is 
connected to a 100 V 50 Hz a.c. supply the current drawn is I A. Explain why th~ 
currents differ. 

Calculate: (i) the resistance of the coil 

(ii) the impedance of the coil at 50 Hz. 

(Ans. 20 Q, 100 0). 

8. An inductor takes 10 A and dissipates 500 W when connected to a 200 V 50 Hi a.c. supply. 

Calculate: (i) The impedance. 

(ii) the power factor, 

(iii) the resistance. 

(iv) the inductru1ce. 

(Ans. (i) 20 Q (ii) 0.25 (iii) 5 Q (iv) 61.6 mH). 
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~ = BNA where A= bl the area of the rectangle 
I c 

~=deflection pe~ u.nit current 
=current sens1uvuy 

For ma,xiruum current sensitivity. 8 should be large. N is large. and A is large and c must be as 
small us it is possible. 

THE SHUNT 

A galvanometer is a sensitive ammeter, measuring very smau currents. In order to obtain larger 
currents, a resistor called the shunt is connected in pareUel with the galvanometer. 

Fig. 11!4 The shunt. 

I = __i!g_ I 
"' R0 +R,, 

I = _.!!_,.._ I 
c Rc+ R,. 

R ( R +R ) l=I + I =I + _g_ =I +I _!!..._.E 
(; .di G R.,. ('; (; R,. 

The terminaJs of the extended scale instrument. are, A· and B'. 

THE MULTIPLIER 

A multiplier is a large resistance RM connected in series with the galvanometer in order to extend 
the voltage scale. Fig. 185 shows the principle of multiplier. 

A 8 

v 
Fig. 185 The multiplier. 
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From Fig. 185 we have 

V =la (Ra + R.,) 

re-arranging the formula for R.,. 
\f 

R.,=t - RG. 
G 

I 12 

1be new vohmeter terminals are now A and 8 . 

WORKED EXAMPLE 54 

A moving coil instrument has a resistance of IS n and the full scale deflection is 50 mA. How 
would you adapt this instrument for use as an ammeter reading 0-5 amperes? 

SOLUTION54 

In order to adapt the moving coil instrument to read full scale deflection of 5 A, a shunt is 
connected across the instrument as shown in Fig. 186. 

SA 

Fig. I 86 Extended scale of am ammeter. 

15 
I,.= 15 + R,. 5 = 4.95 

15 x s 
15+R,. = 4 _

95 
= 15.151515 

R,. =0.151515. 

WORKED EXAMPLE 55 

A moving coil instrument has a resistance of 15 Q and the full scale deflection is 50 mA. How 
would you adllpt this instrument for use as a vohmeter reading 0-10 V? 

SOLUTION SS 

In order to adapt the moving coil instrument to read full scale deflection of JO V, a mu.hiplier 
resistor is cormected in series as. shown in Fig. 187. 

Fig. 187 Extended scale of a voltmeter. 

From Fig. 187 we have 

v 
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10 =50x lO· ' x l5 +R.,x50x JO · ' 

10,000 =50 {15+R..,) 

15+R..,=200 

R., = 1850. 

b. Uses ammeters and voltmeters correctly i11 d.c. circuit measurement. 

A BASIC AMMETER 

A moving coil instrument is basically a d.c. ammeter and is used to detect current from a few 
mA (milliamperes) to several hundred ampere!;. Galvanometers are used to measure small 
currents. only in the range of µA (micro-amperes). They have a large number of turns. are very 
sensitive and delicate instruments. Galvanometers have large resistances in the order of 50 n or 
100 n but in conjunction with shunts, the resistance is greately reduced. The higher the full 
scale deflection (f.s.d.) the smaller is the resistance between the terminals. Therefore, ammerers 
normally have a 1·ery small resistance between their terminals. 

Ammt!ters are connected in series with the component whose current is required to be mea.~urcd. 

A BASIC VOLTMETER 

A d.c. voltmeter is normally a moving coil d.c. ammeter with a large resistor connected in series 
and thus voltmeters normally have a very large resistance between their terminals. 

Voltmetu.> are connected in parallel with the component whose voltage is required to be 
measured. 

AMMETER AND VOLTMETER METIIOD FOR MEASURING RESISTANCE 

TI1ere are two ca~s to consider: 

(a) the mcnsuremcnt ofa low value of resistance of the order of 10 Q and (b) the measurement of 
a high value of resistance of the order of 5,000 n. 

Fig. 188 shows the connection of the animeter for low values of resistance. 

Fig. I 88 Mea~urement of low va.Jues of resistance. 

The current indicated on the ammeter is the total current of the circuit. 

If the resistance of the voltmeter. Rv = 1.500 n . then the currents ' • and /
1
, are given by the 

current divider as 

'·= l.500 /=0.9934/ (1) 1,510 ... 
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10 
' · = 1,510 / = 0.0066/ ... <2> 

In order to measure the resistance, R, a set of readings of I and V are noted as the rheostat is 
varied, R is then calculated from the average value of the ratios of VII, which will be slightly less 
than the actual value. 

The percentage error in this case will be about 0.66. This is shown in equation (2) and I k is taken 
to be approximately equal to the total current /. 

Fig. 189 shows the connection of the ammeter for high values of resistance. 

Fig. 189 Measurement of high values of resistance. 

'The current indicated on the ammeter is the actual current that flows through the resistance 
which i~ to be measured. But the volunetcr reading indicated will be slightly higher, since it will 
be measuring the p.d. of the ammeter as well, so in this case the value of resistance R will be 
slightly higher by considering the ratio of VII. 

In both the above methods, however. there are small errors. 

c. Describes with the aid of diagrams the principles of operation of an ohm meter 
and uses an ohm meter for the measurement of resistance. 

THE BASIC PRINCIPLE OP AN OHM METER 

A moving coil is connected in series with a variable resistor R, a ballcry of 3 V and the two 
terminals A and B as shown in Fig. 190. Whc.n A and B are short circuited and R is adjusted for 
full scale deflection of current, then this co.rTcsponds to 1,em resistance between A and B. 

The scale of ohmmeter is calibrated as shown in Fig. 191. 

Fig. 190 The ohmmeter. 

Fig. 191 Calibrated scale of an ohmmeteris non linear. 
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Tiic: sbon cin:uil is now replaced wi1h s1andard resis1ors of differcnl values such as 100 Q, 

500 Q , 1,000 Q , I 0,000 Q and lhey are placed in tum and then the resistance scale is calibrated 
as shown in Fig. 191. Note that the scale will be non-linear. 

To measure an unknown resistance Rx· it is placed between A and B tcnninals thus giving a 
deflection which gives its value. 

USE OF AN OHMMETER 

Short c ircuit A and B and adjust R to give zero resistance. Zero (corresponds to f.s.d. of current). 
Then replace the short circuit with the unknown resistnncc and read off its value from the 
calibrated scale. 

d. Explains the need for rectifier instrumellls and states the frequency and waveform 
limitation inherent in moving-coil rectifier instruments. 

RECTIFIER INSTRUMENT 

A moving-coil instrument is used in conjunction Mth a rectifier bridge circuit in order to 
provide an indication of alt.emating quantiles. This arrangement is shown in Fig. 192. 

Fig. 192 Rectifier instrument. 

When A is positive with respect to B. current nows through D,. through the moving coil meter. 
andD,. 

When Bis positive Mth respect to A. current flows through 0
3

, the moving coil meter and D,. 

The d.c. current, I,_,, flowing through the M.C., and the a.c. current I are connected by the 
expression 

I = .!E_ 
' ·'- I.I I 

where 1.11 as the fonn factor of the sinusoidal waveform applied as the a.c. signal. 

Rectifier instruments have their scales calibrated in terms of r.m.s. quantitic.~ and the :LC. signals 
arc sinusoidal. 

These instrumenL~ may be frequency limited. Rectifier moving coil instruments can be used on 
frequencies up to several KHz. 

c. Uses electronic and moving ·coil multimeter correctly for the measurements of I 
and Vin d.c. and a.c. circuits. 

We have seen previously that voltmeters possess much higher resistances between their terminals, 
than ammeters. 
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Voltmeters arc therefore graded according to their 'resistance per volt' at full scale deflection 
(f.s.d.). The tO!al resistance of the meter is !hat of the coil and the resisiance of the multiplier. If 
lhe full scale deflection is I 00 µA amd the p.d. is 1 V between the tenninals then the total 
resistance. R. is given by 

R= --1- = J.!t = 100000 
IOOxlO _. 100 ' 

and the resistance per 1'0/t is 10,000 O/V. A good grade voltmeter must have a resistance of at 
lc:Mt 1.000 O/V. 

Electronic 1•oltme1ers are widely used where the resistance between the tenninals is of the order 
of 10 Mn and lhus the current through lhe meter is negligible. Thus for accurate measurements 
electronic voltmeters are preferred for d.c. and a.c. circuits. 

f Uses a wattmeter 

TIIEDYNAMOMETER WATIMETER 

The dynamometcr wattmetcr is the most commonly used instrument in a.c. circuits. The 
dynamometu instrument is a moving coil instrument in which the magnetic field is not provided 
by a pcnnament magnet. but by another pair of coils. 'The dynamometer principle is basically 
mode· up of two fixed field coils and a moving coil. the current passes through the fixed coils and 
sets up a magnetic field which is effectively unifonn in the region around the moving coil. l11is 
is illustrated in the Pig. 193. 

Fig. 193 

The magnetic field is produced by lhe current / 1 flowing in two fixed circular coils which are 
connected in series in this case (!hen can be connected in parallel also). The field between lhe 
two coils is subst.antially uniform. and lhe moving coil, also circular. and carrying current /1 

rotates in !his field. 

Therefore when a dynamometer instrument is used as a watuneter the cum:nts in the fixed and 
moving coils are different. 

The fixed coil cuny the load cunent. and the moving coil carries a current proponional to the 
voltage across the load. 

The m.m.f.'s F, and F2 act in the directions indicated, and the operating torque Tis approximately 
given by 

T= KF
1 
F2 sin 9 

since F, is proponional to / 1 and F2 to I,. and sin 9 in numerically equal to sin 9 
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T= Kl, 11 sin 0 

when the instrument is used as an ammeter the moving coil is coruteofcd either in series or in 
parallel with the fixed coils. I , and I, are then bolh proportional to the eurrent I being measured. 
so the torque is proportional 10 f', and the instrument reads true r.m:s. 

The dynarnomcter instrument can thus be used on alternating cum:nl c ircuits. The wattmcter 
coMcction on a single-phase circuit arc usually made a.~ shown in Fig. 194. 

M L 

M-t:;;~ V+ V 

Fig. 194 wattmeler connection for measurement of power on a single-phase system. Nomial 
connection. 

Using these connections, the current coils measure the true current taken by the load, but the 
voltage coils measure the p.d. across the current coil in addition to the p.d. across lhe load- The 
res ult is that the power loss in the current coils of the instrument is included in the indication. 
The error is us ually small, but a compensation can be made if the resistance r, of the current 
coils is known. The power loss l'r, is then calculated and subtracted from the wattmeter 
reading. 

Alternative connections are shown in Fig. 195. 

r 
Mains Load 

Fig. 195 wattmeter connections for measurement of power on a single-pha..e system Alternative 
connections. 

The voltage coil then measures the voltage across the load, but the current coil measures the 
cum:nt taken by the voltage coil in addition to the current taken by the load. The rcsull is that the 
power loss in the voltage coil is indicated in the reading. Again the error is usually small, but 
compensation can be made if the resistan<.-e r, of the voltage coil is known. The power loss 
V1Jr. can then be ~-alculated and subtracted from the wattmeter reading. 

g. Uses double beam CRO in direct and indirect measurement of a.c. and d.c. 
voltages and to measure period and frequency. 

CATHODE RAY OSCILLOSCOPE (C.R.O.) 

A cathode Ray Oscilloscope (C.R.0) with 1wo amplifiers (double beam) is used to measure 
voltages visually. That is. two wavefonns may be displayed on the C.R.O. at any one time and 
thus the alternating voltage wavefom1s are studied. A special electronic circuit is built within the 
C.R.O and is called the time base. TI1c time base circuit produces an output voltage with the 
saw-tooth wavefom1 as shown in Fig. 196. 
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Fig. 196 Time base wavcfonn. 

The time bnse period = the sweeping time + the flyback time. This voltage is connected :icross 
the x plates in such a way that the spot is scanned across the screen from left to the right 
relatively slowly and is then flies b:lck lo the left hand side very quickly. This cycle then is 
repeated. The voltage to be examined is connected across the Y·plates. 

If the frequency of the time base is adjusted to be the same as the frequency on the y-plates, a 
steady wavefonn will be displayed on the screen. 

THE CATHODE RAY TUBE (C.R.T.) 

The cathode ray tube is the heart of the C.R.O. and it is simply described here . 

.:,_ H~ .. ""'" O.C. "fP'.Y - • 

Fig. 197 Construction of an Electrostatic Cathode Ray Tube. (C.R.T.). 

The C.R.T. is used 10 study the waveforms of d.c. and a.c. electrical vohages and currents. The 
construction of a typical C.R.T. with electrostatic deflection and focusing is shown in Fig. 197. 
h consists basically of the electron gun, the deflecting system of plates and the fluorescent 
screen. 

An indirectly heated cathode in the form of a nickel cylinder with an oxide coated end cap. A 
cylindrical grid, houses the cuthocle with negative potential for controlling the emincd electrons 
from the cathode. The anodes A, and A1 are discs with central. holes through which the electrons 
pass, a cylindrical anode, the focusing anode, is placed between A, and A,. The beam passes 
between two pain of parallel deflecting plntes, which are mutually perpendicular, the y-plates 
and the x·platcs. A p.d. across the x·plates produces a horizontal deflection and a p.d. across the 
y·plates produces venical deflection of the spot on the screen. 
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The funnel-shaped part of the c.r.t. is coated internally with graphite and is earthed. This allows 
the electrons which strike the screen to leak away. The screen however is coated with a 
fluorescent powder, such as 1Jnc sulphide (blue glow) or z., C orthosilicate (blue-green glow). 

The C.R.O. has a high input impedance which means that it docs not draw a high currenL The 

C.R.0. is a visual electronic voltmeter measuring a.c. and d.c. wavefonns. 

To measure a voltage, the peak-t.o·peak distance of the truce is measured io centimetres using 
the graticule mounted in front of the screen. Knowing the scru;itivity in volts per centimetre then 
enables us to convert this reading into volts. The amplifier controls are calibrated in V/cm or 
mV/cm. these cal.ibrations arc approximate. 

PERIOD AND FREQUENCY MEASUREMENT X AND Y CONTROLS 

The time base switch can be adjusted to measure the period and hcnc~ the frequency of the 
waveform. Let us assume that one complete cycle of a sinusoidal waveform is displayed on the 
screen, and that the length of the horizontal distance is 3.6 cm an the time base control is set at 
100 µs/cm. The periodic time of the waveform is given by 3.6 cm x 100 µs/cm = 360 µs 
(provided the C.R.O. is calibrated). 

T=360x J0 -4s. 

Tbe frequency of the waveform is found to be 

/ = ! = __ !_ . Hz 
I 360x10 -' 

=2.n8Hz 

I =2.78 KHz 

Fig. 198 Period and frequency measurement of a sinusoidal waveform. 

WORKED EXAMPLE 56 

A sinusoidal wnvefonn is displayed on the screen of an oscilloscope and the following 
measurements where made on the graticule of the screen: 

Peak - to - peak distance= 5.7 cm (venical) horizontal distance between the two peaks= 4.8 cm. 
The Y amplifier setting is 500 mV/cm and the time base setting is 100 µs/cm. 

De1ermine the approximate r.m.s. voltage. period and frequency. 

SOLUTION 56 

Peak-to-peak voltage= 5.7 cm x 500 x 10 -> V/cm 

=2.85 v 
Pe:ik voltage "'1.43 V 
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The d.c. supply is connected across one diagonal and the sensitive ammeter or galvanometer 
across the other diagonal. R 1 and R

2 
arc two standard resistors of high accuracy. R, is a four or 

five or six dial standard resistance box and R, is the unknown resistance which is to be measured 
by mea.ns of a null method. By adjusting R, it can be arranged that no current nows through G. 

THE BALANCED CONDITION 

Let I be the total current drawn from the d.c. supply£, and let / 1 and /2 be the currents that will 
now through R, and R,. and R, and R, respectively by adjusting R, so that no current nows 
through G. the pointer is at the centre of the instrument. The p.d. across CD is zero and the 
potential at C is equal to the potential at D. 

p.d. across AC = p.d. across AD 

/
1
R

1 
= l,R

2 
... (I) 

p.cl across CB = p.d. across BD 

/ 1R,=t,R, ... (2) 

Dividing equations ( 1) and (2) 

~ 12 R2 

l , R, = 12 R, 

R, R2 

!( = R, .. . (3) 

transposing equation (3) 

R, = ~·h , 
R . i is called the arm's ratio 

' 
R, is multiplied by R, (R, is the multiply) 

R, is divided by R2 (R, is the di»ide) 

R1 can be one of three resistors. R, = 10 n. R, = 100 n. R, = 1,000 n R2 can be one of three 
resistors R

1 
= 10 n. R

1 
= 100 n, R2 = 1,000 0 R

3 
is four. a five or a six dial variable resistance 

box. 

UNITS TENS HUNDREDS 
x 1 n x 10 n x 100 n 
HUNDRED THOUSANDS 
x too.ooon 

THOUSANDS TEN THOUSANDS 
x 1.000 n x 10.000 n 

The basic principle of the Wheatstone bridge depends on the balanced equation 

R, = (t ) R,. 
1 

For a resistance of 1.23 n 

R, = (1.~) 123 = 1.230 

and for a resistance of 100.000.000 n 
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EXERCISES 
I. Sketch the basic construction of a moving coil instrument, and explain the princip.le of 

operation. 

2. A moving-coil milli!Ullmcter has a coil resistance of 10 0 and gives a fuU scale deflection 
of current of 15 mA. 

(i) Calculate the value of the resistor required to enable the instrument 10 read 0-5 A. 

(ii) Calculate the value of the resistor requi.red to enable the milliammeter to read 0-500 
V. (Ans. (i) 0.03 0 (ii) 33.323.33 0 ). 

3. A moving coil meter movement has a coil resistance of 400 n and a resistor of 600 n is 
connected in series with it. The movement requires a cu.rrcnt of 2 mA for f.s.d. (full scale 
dcflectioo). Calculate the shunt resistance required to change the movement into a 0-1 A 
ammeter. 

(Ans. 2.004 0 ). 

4. Explain, with the aid of a suitable diagram the principle of operation of the Wheatstone 
bridge. Derive from first principles an expression giving. for th.c balanced condition. the 
unknown resistance in tenns of the known quantities. 

5. A 0 to SO V metcr has resistance of 500,000 Q what additional voltage multiplier resistor is 
required to enable the meter to indicate 0 to 500V. 

(Ans. 4.5 MO). 

6. For the WhcaLMonc bridge shown in Fig. 20 I. 

Fig. 201 Wheatstone bridge. 

Detennine: (i) the value of R, 

(ii) the p.d. across the 100 O 

(iii) the current through the 500 0 resistor. 

The bridge is at balance 

(Ans. (i) 125 0 (ii) 4.8 V (iii) 9.6 mA). 

6V 

7. Explain with the aid of a circuit diagram what is meant by a potential divider and show how 
two such potential dividers make up a wheatstone bridge circuit. 

8. Compare the Wheatstone bridge with the ammeter and voltmeter methods for measuring 
resistance. 
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9. An ammeter of resistance 0.05 n has a shunt of resistance 0.015 n connected across it. 
What is the total current flowing when the current through the ammeter is 5 A? 

(Ans. 21.7 A). 

10. A voltmeter with resistance of 1,000 n is used to measure the p.d. between points A and B 
of the circuit shown in Fig. 202. What is the voltmeter reading and how docs this compare 
with the true value. 

: 2oov ......... 

Fig. 202 voltmeter measurement. 

(Ans. 66.7 V). 

11 . An ammeter and a voltmeter arc used to chec.k the resistance of a resistor which is marked 
I KO. The circuit i$ connected as in Fig. 203, if the voltmeter has a resistance of 1 KO find 
the resistance value from the calculated insuumcnt readings. 

+ A >-----..---. 

+ 
IOOV 

Fig. 203 Ammeter/voltmeter method for measuring resistance. 

Tue resistance of the ammeter may be assumed to be negligible. State the enor in the 
calculated. value. 

(Ans. 51.55 V, 6.48 V). 

12. A moving coil instrument gives full-scale deflection when the current through it is 10 mA 
and the p.d. across it is 5 V. 

(i) Calculate the resistance of the inStrument. 

(ii) Find the value of resistor required to enable the instrument to read 38 V at full·sc:ale 
deflection and illustrate your solution with a diagram. 

(iii) Find the value of resistor required to enable the insuument 10 read 10 A at full scale 
deflection aod illustrate your solution with a diagram. 

(Ans. (i) SOO n (ii) 3.3 KO (iii) 0.505 0 ). 

13. Construct a simple olnnmetcr using an ammeter with a full-scale deflection of 15 mA a 
variable resistor, and a 15 V battery. Draw the circuit for the arrangement. 

Calculate the resistance indicated by the instrument when currents of (i) lmA (ii) 5 mA 
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and (iii) 10 mA arc flowing in the circuits. 

(Ans. (i) 14 Kn (ii) 2 KO (iii) 0.5 Kil). 

14. Suggest a suitable method of measuring each of the following: 

(i) The r.m.s value of a I 00 Hz sinusoidal voltage of the ordei! of 10 V. 

( ii) The r.m.s. value of a 250 KHz sinusoidal voltage of I.bit onkrof 100 m V. 

{iii) The peak value of a voltage pulse of rectangular wavefonn of duration about 20 µ s 
and repeating every I 00 µs . 
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SOLUTION PART II 

SOLUTIONS 1 

I. The total resistance is calculated from 1he fonnula 

J_ = _!_ + _!_ + _!_ 
R1 R, R2 R, 

I I I I 6+3+2 II 
R,=1+2+3=--6- = 6 

6 
R,<= II il. 

Fig. 204 shows the circuit 

Fig. 204 Parall.el resistors. 

The p.d. between A and B, V AB = 12 x ~ = 6.SS V. The currems /1, / 2 and t, can be 
II . 

delennincd /1 = V .afl = 6.SS A, 12 = V .af2 = 3.28 A, 13 = V ,,,f3 = 2.18 A. 

2. The circw1 is shown in Fig. 205 

Fig. 205 Current divider. 

Using the current divider formulae 

R2 S S 
I,= R,+R, I= SXI= g-=0.02SA. 
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3. Fig. 206 shows 1he circuit 

I 

Fig. 206 Cwrent divider. 

R, 2 
12 = -- I= - x 5 = I A 

R, +fl, 10 
I = -....!J_ I = .!_ x 5 = 4 A. 
I R,+R, 10 

4. Fig. 207 shows the circuit. 

Fig. 207 Current divider. 

10 I 
/ 1 = 10 + 20 x 3.6 = 3 x 3.6 = 1.2 A 

20 2 
/ 2 = IO+io x3.6= 3 x3.6=2.4A. 

5. ..!.. = .l + i + ..! = 20 + 15 + 12 = 47 
RT 30 40 50 600 600 

600 
RT= 47 = 12.8 0. 

The p.d. across the input= 12.8 x 2 = 25.6 V 

I, = 
2i06 

= 0.853 A, 12 = 
2106 

= 0.04A,I,= 
2
; 0

6 
=0.512A . 

..!_ = I I I .! 6· R, 3 + 7 + R = 
I I I R = I - 3 - 7 = 0.5238 

I 
R = 0.5238 = t.9 I Cl 

v, = p.d. across R = 10 x 1.91 = 19. I V 

/ 1 = 
1
;·

1 
= 6.37 A /2 = 

1
;·

1 
= 2.73 A 
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v R =1=6.37+2.73+ 10= 19.I A. 
T 

7. The total current= 1=0.1 + 0.2 + 0.3 + 0.4 = I A. 

The 1.otal vohage =Ix 10 = 10 V 

R = J.Q.= toOO 
I 0.) 

to 
R2= 0.2=500, 

10 
R3 = 0.3 = 33.3 O. 

to 
R, = 0.4 = 25 0 . 

8. Fig. 208 shows the circuit.· 

Fig. 208 Shunt. 

SJ = (IS - I) 0.0005 

51+0.0005 / = 0.0075 

I= ~::; = 1.49985 x 10 _, 

I= 1.5 mA approximately. 

9. Fig. 209 shows the circuit 

R 
IOOY 

Fig. 209 Loaded potential divider. 

1x1,500 
R 1=35 ... (I) 
"2 x l,SOO 

( 
fix1,soo) 

1 Ji +-2- -- = 100 
2 Ji x 1,500 

2 

••. (2) 

Dividing equation (2) by equation (I) we have 
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!!.x I ..SOO 
_2 __ _ 

it+ l-'-00 
_!00 =.!l. + _2 __ _ 
35 2 .!!.x 1.soo 

2 

II+ uoo 
2 

B_ x 1.SOO 
= -2 ___ + I 

1.500 

100 = !!_ +I+ I 
35 2 x 1500 

100 -~ = _Ji_ 
35 - 3,000 
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R = 2.571.4 0 hence R .. 2,570 0 . 

lo R 10.000 I 80 
• I R, + 10,000 I = 

Ri /1= 120 

Dividing (I) by (2) 

R, 10,000 2 
(R

1 
+ 10,000) R

1 
= 3 

R, x 10.000 
1
i = R~ + 10,000 = IOO 

/ 2 R1 = 100 

Dividing (4) by (5) 

R, 10.000 = I 
R, (R2 + 10,000) 

... ( I ) 

. . . (2) 

... (3) 

.. . (4) 

... (5) 

... (6) 

From (3) 30,000 R, = 2R1 R1 + 20.000 R, ... (7) 

From (6) 10.000 R, = R, R, + 10.000 R, ... (8) 

Subs1i1u1ing 2 x (8) in (7) 

30.000 R, = 2 R,R, + 2 R,R, + 20,000 R, 

10,000 R, = 4 R 1R2 

R, =2,5000 

and substi1uting this value in (8) 

10.000 x 2.500 = R1 2.500 + 10.000 R1 

10,000 x2,SOO= 12.SOOR, 

R = 10.009 x 2.500 = 2 000 0 
I 12.SOO • . 
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Fig. 211 shows the graph of P against R. 

IO 

0 
R(n.) 

Fig. 21 1 Graph of Power against load resislmlce. Maximum Power Transfer. 

The maximum power dissipation in the load is 9 W when R = 1 0. 

Therefore the max.imum power dil.-sipa1ion occurs in 1he load when the load resistance is 
equal 10 the internal resisiance. 

15. Referring to Fig. 41, the p.d. across the 6 n resistor = 6V the CUilen! through I.he 6 n 
resistor = ~ = I A 

/ 1 =I A 

the 1otal current =I = 11 + 0.5 = I + 0.5 = 1.5 A the p.d. across R = 15 - 6 = 9 V therefore 

R= ~ =60. 
1.5 

16. (a)R""=R,+ .!!J!L + R//(, 
R2 + R3 Rft, + R4R• + R,R6 

=l+~ + 3x3x3 
l+I 3x3+3x3+3x3 

= I + J. + 1 = I + l + I = 2.5 0 2 2 . 

(b){i) l
1 
= !.Q. =.!Q_ = 4 A 
R_.. 2.5 

I 
(ii) 12 = -i = 2 A 

... 1, 4 
(111) /> = 3 = 3 = 1.3 A. 
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SOLUTION2 

I. Redrawing Ag. 71, we have Fig. 212 showing the currents and p.ds, through and across 
respcclively. 

l 
Fig. 212 Kirchhoff's Laws. 

As.wme that the currents flowing in the 5 V and 3 V baueries are /
1 

and /1 respectively, and 
hence the load current through the S 0 load is / 1 + /2 by applying KCL. Mark the p.ds by 
arrows as shown. Applyi.ng K VL to the loops ABCDEF A and BCD EB, we have 

5-11 - (11+95 =Oor6/1 +511 =5 ... (1) 

3-212 -(/1 +9 5 =O or-5/ 1 - 7/2 =-3 ... (2) 

Multiplying equation (I) by 5 and equalion (2) by 6. we have 

301, + 251, = 25 ... (3) 

-301,-421, =-18 ... (4) 

Adding equations (3) and ( 4) 

-111, = 7 

the negative sign indicates that the assumed current/, is flowing in the opposite direction. 
Substituling /

2 
= -0.41 A in equation (I) • 

61, +51,=5 

6/1-5x0.41 =5 

61, =7.05 

11 = 1.175 A 

the assumed direction of I, is correct. therefore 11 is the discharging current. 

/ 1 +/1 =1.175 - 0.41=0.765 A. 

Therefore / 1 = 1.175 A discharging currcnl 

/ 2 = -0.41 A charging current 

/ 1 + 12 = 0.765 A the load current. 
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2. Fig. 21J is the redrawn circuit showing the currenL~ and voltages. 

Fig. 213 Kirchhoffs Laws. 

(a) Let / 1 and /2 be the direction of the currents in the batteries and 1, is the load currenl. 

At A, 1, + /2 = /1• thcrcforc I,= I , - 1,. 

Applying KVL to the loops PBA YP and BXQAB we have for the loop PBA YP 

100 = / 1 + (/1 - 'i) 50 + /1 

or 100 = 52 / 1 -50/2 

simplifying 50 = 2611 - 25/2 ••• (I) 

for the loop BXQAB 

80 + (/1 -/2) 50 =0.11, + 0.11
2 

80 : -50/ I + 50.2/ 2 

or 40 = - 25/1 + 25.112 
. .. (2) 

Multiplying equation (I ) by 25 and equation (2) by 26 we have 

1,250 = 6501, - 6251, . . . (3) 

1,040 = -6501, + 652.61, .. . (4) 

adding (3) and (4) 

2,290 = 21.61, 

/ 2 =82.97 A 

substituting this value in (I) 

50 = 261, - 25 x 82.97 

261, = 50 + 2074.25 

I,= 2124.25 = Sl.7 A 

26 

1, = /1 - / 2 = 81.7 - 82.97 = - 1.27 A. 

The assumed direction of the load current is incorrect - 1.27 A flows in the opposite 
direction indicated. through the 50 Q . Therefore/1 =81.7 A, /2 = 83.0 A, I,= -1.27 A 

(b) Let v rQ be the p.d. between p and Q and let v., be the p.d. between x and r. 
Applying KVL to the loops PQAYP and XQAYX, we have 
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111 +O.l/2 + Vl'Q= 100 

therefore V l'Q = 100-11 -0. 112 

= 100-81.7 - 0.1 x83.0 

= 100 - 81.7 - 8.3 

= 100-90 

= 10 vohs 

VXY+80 = 0.112 +111 

vxr =0.112 +11 -80 

= 0.1 (83) + 81.7 - 80 

=8.3+81.7-80=8.3+ 1.7 

=JO volts. 

3. Fig. 73 is now redrawn and ii is equivalent to Fig. 214. 

B 

Fig. 2 14 Kirchhoffs Laws. Equivalent circuit. ! 

Applying KVL to the loops DACBED and CGFBC we have 

DACBED 200 = 2511 + 75 (11 +I,) 

CGFBC 50 = U 2 + (11 + J,l 75 

simplifying 100/1 + 7511 = 200 

dividi.ng each tenn by 25 

411 +312 =8 .. . (I) 

1511 + n1, =so ... (2) 

Multiplying (I) by 75 and (2) by (-4) 

3001, + 2251, = 600 ... (3) 

-3001, - 3081, = -200 .. . (4) 

Adding (3) and (4) 

-831, = 400 

12 =-4.82A 

substituting this values in ( 1) 

41, + 3 (-4.82) = 8 

41, = 8 + 3 (4.82) 

41, = 2.25 

11 =5.61 A. 
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4. Fig. 215 shows lhe direction of currents and lhc p.ds. 

Fig. 215 Kirchhoff's Laws. 

Applying KCL at lhe junction A 

1, + 12 =IL 

Applying KVL to loop <D 
2=0.111 +IL 

or0.111 +11 +1
2
= 2 

or 1.111 +12 = 2 .. . (1) 

Applying KVL to loop <2> 

3=0.212 +1L 

or 0.2/2 + /1 + / 2 = 3 

1, + 1.21, = 3 ... (2) 

Multiplying equation (I) by I and (2) by (-I.I) 

1.11, +l,=2 

- 1.11, -1.2 (1.1)1, = 3(-1.1) 

orl.111 +12 =2 ... (3) 

-1.1/1 - 1.3212 = -3.3 . . . (4) 

Adding (3) lllld (4) 

--0.321, = 1.3 

1
2 

= 4.06A 

substituting 1
2 
= 4.06 in (2) 

1, = 3 - 1.2 (4.06) 

/
1 

=-1.87 A 

11 flows in the opposite direction indicated. 
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5. Fig. 216 shows the circuit with the currents and the voltages. 

F 

Fig. 216 Kirchhofrs Laws. 

AtthejunctionBt, =I, +12 

f J) 

Applying KVL to tbe loops ABEFA and BCDEB, we have 18 - 12 = 0.511 - 0.3/2 

orO . .S/1-0.3/2 = 6 ... {I) 

BCDEB 12 = 0.3/2 + 15 (11 + /,) 

or 151
1 

+ 15.31
2 
= 12 ... (2) 

Multiplying equ3tion {I) by -15 and equation (2) by 0.5 we have 

-7.51, + 4.51, = - 90 ... (3) 

7.51, + 7.651, = 6 .. . (4) 

Adding equations (3) and (4) 

12.15/z =-84 

/ 2 =-6.91 A 

substituting this value in (I ) 

0.51, -0.3 (-6.91) = 6 

0.51, = 6- 2.07 

/ 1 = 3·93 = 7.86 A 
0.5 

11 = 7.86A 

t, =11 +/
2
=7.86 - 6.91 =0.95 A. 

Therefore / 1 =7.86A,12 = -6.91 A and 1, = 0.95 A. 

6 R i . Fi 50 I 40 + 25 - to- 2o 583A . e emng to 1g. = 
1 

+ 
2 

+ 
3 

= . . 

7. Referring to Fig. 52, /1 +11 + 1, = 0hence1, = -11 - 11 Loop ADBEA 

3 - 2+211 -S/1 =0or 211 - .S/2 =-1 ... (I ) 
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LoopAOBCA 

- 3 +5/2 - 10/3 + 5 = Oor 512 - 10 (-/1 - /,) = - 2 

or IOI,+1511 =-2 ... (2) 

Multiplying equation (I) by 3, we have 

61, - 151, = -3 ... (3) 

10/
1 
+ 15/

2 
= - 2 ... (2) 

adding (3) and (2) 

161, = - 5 
s 11 =-16=-0.3125 A. 

Substituting th.is value in (I) 

2 (-0.3125) - 51
2 

= - I 

512 = -0.625 + I = 0.375 

12 = 0.075 A 

/ 3 = -{/1 + /2) = -(-0.3125 + 0.075) = 0.2375 A. 

The actual currents flow as shown in the diagram of Fig. 217. 

0-075A 

Fig. 217 Actual currents Kirchhoffs Laws. 

0.075 A and 0.2375 A arc the discharging currents and 0.3125 A is the charging current. 

8. Referring to Fig 53 and assuming that the currents flow from the positive tenninal of the 
batteries as shown by / 1 and I,. then the current through I 00 n is I 1 - / 1 since / 1 + (/ 1 - 1,) = 
11 at the junction A 

LoopABDEA 

IO+ 100(11 - / 2)=0 

or 10011 - 10012 = - JO 

or 10012 - J00/1 = JO 

or 101
2 

- IOI,= I 

loopACBA 

- 30+ 101, - 10 =0 

40 = 101, 

I , =4A 

. .. (I ) 
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substituting in (I) 

1012 - 4(10) =I 

10/2 = 41 

/2 =4.1 A 

/ 1- / 2 =4-4.1 =--0.1 A 
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!he curTCnt should flow in !he opposite direction from that indicated in !he diagram. 

9. Referring to Fig. 54, loop ADCBA 

2.5 - 1.5/1 + (/1 - / 2) 15 = 0 

or 13.51, - 15/2 = -2.5 

or 15/2 - 13.5/1 = 2.5 

LoopABDA 

- 15 (I , - I:)+ 3.5 - 1.5/2 = 0 

- 151, + 15/2 + 3.5 - 1.5/2 = 0 

- 151, + 13.5/2 = -3.5 

... (1) 

or 151, - 13.5/2 = 3.5 .. . (2) 

Multiplying {I) by 15 and (2) by 13.5, we have 

- 202.5/, + 2251, = 37.5 .. . (3) 

202.51, - 182.25/2 =47.25 .. . (4) 

adding (3) and (4) 

42.75 /2 = 84.75 

/
2

: 1.99A 

Substituting this value in (2) 

151, - 13.5 (1.99) = 3.5 

151, = 3.5 + 26.865 
/ 1 =2.02A 

/ 1 - / 1 = 2.02 - 1.99 = 0.03 A 

The p.d. across A and B, V., = 15 x 0.03 = 0.45 

to. Referring to Fig. 57, we have 

J, +/2+/J = O 

/) =-{/ , + !,> 

Applying KVL 

LoopEBDAE 

50-20 + 5/2- /1=0 

or /
1
-5/1 =30 ... (1) 
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I = _!L x 5.26 = 3.945 A 
I 5+ )5 

5 
l ,=zoxS.26 = l.31SA 

or /2 =I - 11 = 5.26 - 3.945 = 1.315 A 
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V.., = 5x 11 = 15 X /1 = S x 3.945 = 19.725 volts 

12. Referring to Fig. 59 

The total resistance of the load 

= _JO x 20 = 20 n. 
10 +20 3 

The circuit of Fig. 59 is now equivalent to the circuit of Fig. 219 

Fig. 219 Kirchhoffs Laws. 

Loop CABC 200=11 + 2~ (/1 +I,) 

n / + 201 =200 3 I 3 l 

231, + 201, = 600 . .. (I) 

LoopBDAB 

100 = 212 + ~ (/1 +/2) 

20 26 
or3l,+3 /2 = 100 

or 2011 + 26/2 c 300 ..• (2) 

Multiplying (I) by 20 and (2) by -23 we have 

4601, + 4001, = 12,000 ... (3) 

-4601, - 5981, = ~.900 ... (4) 

adding (3) and (4) 

- 1981, = 5,100 

/ 2 =-25.8A 

toov 
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substituting in ( I) 

231, + 20 (-25.8) = 600 

23/, = 600 + 516 

/ 1 =48.5A 

13. Referring to Fig. 61, we have 

I = 25 - 15 = 1.43 A. 
7 

V M = 25 -2/= 25 - 2 X 1.43 

V,. = 25 - 2.86 = 22.14 volts. 

141 

14. Referring to Fig. 60. we have. Let 3 I be U1e supply current, since the circuit is symmetrical, 
I flows in AB, I flows in AD and I flows in AE, then 1/2 flows in BC and BF, 1/2 flows in DC 
and DH, 1/2 flows in EF and EH and the total current flows out at Gas 3 I. 

Consider the loop ABCGA 

V =Ix I +1 x I +Ix I 

R =..!'.'.:!+!+.!.=~+! +~n 
3/363366 

R = ~n 6 . 

15. Fig. 220 shows the circuit required 

Fig. 220 Kirchhoffs Laws. 

Applying KVL to loop ABEFCDA 

5 = /1 + (/ 1 + 9 4.5 

5,51
1
+4.51

1 
= 5 ... ( I) 

Applying KVL to loop BEFCB 

10 = s.s12 + 4.5c1,+ 1,> 

4.5/1 + I0/1 = 10 ... (2) 

Multiplying (I) by 4.5 and (2) by (-5.5), we have 
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24.751, + 20.25/l = 22.5 ... (3) 

-24.751, - 5511= -55 .. . (4) 

adding (3) and (4) 

- 34.75/1 = -32.5 

/ 1 =0.935 A 

substituting thi~ vmlue in (I) 

5.SI, + 4.5 (0.935) = 5 

5.511 ~ 5 - 4.2075 

/ 1 = 0.144A 

1
1
+1

1 
= 0.144 + 0.935 = 1.079 A. 

Therefore the branch cuncnts arc: 

/ 1 = 0.144 A, /2 = 0.935A,/1 +11 = 1.079 A. 

16. Fig. 221 shows the circuit required 

Fig. 221 Kirchhoffs Laws. 

KVL ABCDA loop 110 = 20/1 + 100/1 + 100/1 

or 1211 +1011 = II 

Loop BEFCB loop 

120 = 40/1 + I00/1 + 1001, 

1001, + 1401, = 120 

or 1011 + 14/
1 
= 12 

... (I) 

or511 +712 =6 ... (2) 

Multiplying ( I ) by 5 and (2) by (-12), we have 

6011 + 50/2 = 55 ... (3) 

~J,- 841, =-72 ... (4) 

adding (3) and (4) 

-341, =-17 

/ =.!]=! 
l 34 2 

11 • 0.5 A 

substituting this value in (I) 



12/1 + 10 (0.5) = 11 

121, =6 

/ 1 =0.5 A 

11 + /2 = 0.5 + 0.5 = I A. 
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The p.d. across the 100 0 resistor load = Ix 100 = 100 V. 

17. Fig. 222 shows the circuit. 

E D 
Fig. 222 Kirchhoffs Law. 

Applying KVL to lh.c loops ABEFA and BCDEB 

LoopABEFA 10 - 5+ 1.51, -1, =0 

or 11 - 1.5/1 = 5 ... (I) 

Loop BCDEB 5 = 1.511 + 10/1 + 1011 

or 101
1
+ 11.51

2
=5 ... (2) 

Multiplying ( I) by (-10) and (2) by I, we have 

- 1011 + 1512 = -50 

10/1 + 11.51, = 5 

adding (3) and (4) 

16.51, = -45 

45 
I, =- 26.5=-l.7 A 

substituting this value to (I) 

I, - 1.5 (- 1.7) = 5 

1, = 5 - 2.55 
1

1
=3.45 A 

11 + I, =3.45-1.7 = 1.75 A 

fl= 1.75 A 

... (3) 

.. . (4) 
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The energy stored in A= ~ c. V} = t x 10 x 10 -6 x 13.332 

=888µ1. 

(ii) Fig. 224 shows the circuit of two capacitors in parallel. 

Fig. 224 Two cnpacitors in parallel. 

The p.d. across C• • 20 V. 

The energy stored in A • l. C v 1 2 A A 

• !x10x10""x201 
2 

=2 mJ. 

7. (i) The equivalent capacitance of the circuit of Pig. 225 is given by 

Fig. 22S series·parallcl capacitors. 

C=(IOx30 +20) µF 
\io+Jo 

C=27.S µF. 

+ ____ _. 

iOOV 

(ii) The charge on the 30 µF capacitor is found Q = G ~: ~) I 00 x IO "" = 750 µC 

~ 750x IO "" 
tbcp.d.acrosslhc30µF= c= 30x 10 ... -25 V. 

(iii) The charge on the 10 µ.F capacitor is the same as that across the 30 µF, 750 µC. 

(iv) W = icv'=ix20x10-'x100' = 0.IJ. 



8. 
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1i1c units of S arc A/Wb, of I ism of A is 1111, andµ is hcnrys per metre. 

(ii) Nf = <>S = <> µ;, A where Sis 1hc reluctance andµ= µJl, =absolute permeability. 

The analogous expression in an electric circuit is that of ohm's law: e.m.f.= cUJTent 
x resistance £ = JR curreol is therefore analogous to flux and volt:ige is anlllogous to 
magnetomotive force or ampere-turns in a magnetic circuit. 

I 400 x IO·J 107 

(i) S = µ,p , A = 41t x 10 .... x 400 x 10 _. = 41t = 795·775 A/Wb 

(ii) 9=/!J. = IOQ~~ =628µWb. s 795.775 

9. The reluctance of the air gap is given by 

whereµ, = I 

4x 10··1 

S= 41tX I0-' 400x IO "' =7,957,747 

= 7,957,747 A/Wb. 

The total reluctance 

s = s, +s. 
S

1 
= the reluctanec of the iron 

s. = the reluctance of the air gap. 

11=400 - 4 = 396 mm 

400 s, = 195,775 x 396 = 803,813 

S = 803.813 + 7,957,747 

S = 8,761,5li0 A/Wb. 

The total reluciance. 

The cffe4.'1 of introducing lhc air gap is 10 increase the reluctance of the circuit. The 
reluctance of 1he magnetic circuit with the gap is nearly 11 times larger than the reluctance 
without the gap and hence the magnetic flux is I I times smaller 

IN 5 x JOO 
9 =s = 8,70 l,560 = 57 µ Wb. 
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di 
6. E =L dt = 200x 10-> x 500 = 100 V. 

7. Two coils of self inductance L. and L, are plac.ed close to each olhcr as shown in Fig. 230. 
When the current in L. changes then the e.m.f. induced across the load resistor, R is£, = M 
tlildt, that is, an induced e.m.f. across R is established where there is a change of current in 
L • . 

Fig. 230 Mutual inductance for coils close to each other. 

When the coils are not placed close to each other, M may be negligible and the e.m.f. 
induced across R is also negligible. The concept of mutual inductance is wen illustrated. 

di 
E

2
=M di =0.2>< 100 = 20 V. 

£ 1 N, 12 (N•)' 
8. £, = N, = 7; and R1, = N, R 

N, 
N, = 10, £, =240 v andR = 12 Kn. 

£ 1 240 . 
(i) £, = N IN = l/lO = 2.400 V note that the transfomter 1s a step up. 

I 2 

£ , 2,400 
11 = 1i = .i2,()(X'J = 0.2 A. 

1, 0.2 
( ii) 11 = N IN . = 17fO = 2 A. 

I 2 

(iii) R,, = (~;JR= (;0 )' 12,000 = 120 n. 

H=INI/ 

N• BA BA 
L=y =NH/IN = N' HI =N' µJl,Afl 

L = N' µ.)J, Alf 

L depends greatly on the number of turns and a!Jo dcpmds on µ,, the relative 
permeability of the magnetic material. 

(ii) S = µ~ reluctance of a non· magnetic material the reluctance is independent of the I 

and since S depend~ on/, µ
0 

and A wb.icb are constants, it is constant. 
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(iii) S = ~ reluctance of a magnetic material 
µJJ~ · 

B ~A ;I 
Ji = µJJ, = /Nil = AIN therefore 

µ, = Altµ• and hence it is inversely proponional to / . 

10. Sec text and Fig. 123 

SOLUTIONS6 

I . (i) A non-sinusoidal wave is shown in Fig. 231 

Fig . 231 A non-sinusoidal waveform. 

(ii) A sinusoidal current wave is shown in Fig. 232 

Fig. 232 A sinusoidal waveform. 

I_,= IOOx f2rnA =141.4mA 

I 
T= IOOO I ms. 

t 
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(iii) A sinusoidal voltage wave is shown in Fig. 233 ,,,_, 

Fig. 233 A lagging sinusoidal voltage wave 

T= l: ...!. = IOOO ms=20ms 
I 50 so 

30° = rr/6 phase angle lagging. 

2. v1 = 15 sin OJI is a reference and it is drawn horizontally AB= 15 V. BC= 2S V. Using the 
cosine rule to the triangle ABC 

AC2 =AB' + BC'- 2 x AB x BC x cos 13S0 

=IS' + 252 - 2 x IS x 2S (--0.707) 

= 22S + 625 + S30.25 = 1,380.2S 

AC= V l,380.2S = 37.IS V = is the resultant. 

The phase angle of the resultant, ~ is found by the sine rule 

~ = ...12:.!.L 
sin~ sin 135° 

sin+= 2S x sin 13so = 0.4758457 
37.15 

9 = 28.4° 

v. = v1 + v, = 37. IS sin(«< - 28.4°) 

v. = 37.15 sin (OJI -28.4°) 

28.4° = 28.4 x l~O = 0.496c 

therefore v• = 37.2 sin (OJI -0.496'). 

The phasor diagram of Fig. 234 is drawn to scale by using a ruler, a set square and a 
protractor. Use 10 V = I cm scale. Measure AC and the angle c>. 

3. (i) V _, = IOOyZ = 141.4 V 

(ii) v = ~ x 100 V2 = 90 
.. It 

100 {2 
(iii) V,,.,,= fl = IOOV 

c 
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(iv) °' = 377 radians per second 

377 
(v) f=Tit=60Hz 

(vi) T= Jo= 16.7 ms 

(vii) v = 141.4 sin (377 x 5 x 10-3 + fl/4) 

= 141.4 sin ( l.885c + 0.78.54c) 

= 141.4 sin 2.67C 

=64.2 v 

(viii) + = 71/4 leading. 

i = I~ = /~sin (5001t 1-11/6) 

i = 100 sin (500111 - 71/6) m.A 

Fig. 235 shows the waveform~ of i and v which are in phase. 

Fig. 235 waveforms in phase. 

(a) (i)f= 3 14,200 =50KHz 
21t 

(ii)/= 
100fi1° .., =70.7m.A 

(iii) i= 100 x 10 _, sin (314,200x2 x 10 °"' -1!/12) 

= IOOx 10->sin(0.6284c-o.261n93C) 

= I 00 x I 0 -3 sin 0.3666'= 

= 1oo x 10-1 x0.358 

=35.Sm.A. 

(b) Power developed in lhe 2.2 KO= / 2 R where I is lhe r.m.s. value of current 

P= (100;10-7 2.200= 11 W. 

Ur'> r hthch chullt M !er a 



157 

(c) Fig. 236 shows that the current lags the voltage by lf/12 or 15°. 

~ 
tOOmA 

Fig. 236 Phasor diagram. 

6. Refening to Fig. 237 

E, is drawn horizontally representing JO V = I cm, OA = E1, AB= E2, drawn at an angle of 
60° leading to the horizontal, BC= E,, drawn at angle of 90" lagging to the horizontal. The 
resultant voltage is given by £ = 135 V since OC = 13.5 cm and its angle to the horizontal 
is about 3°. 

ER= E,, sin (WI+ 30°) or 

ER = 135 sin (CJll + 0.052c). 

0 

Fig. 237 Phasor diagram. 

7. V = 100 fi volts 

/ = 50Hz 

v = V...u sino:x 

3• 

1.1 .toov 

v = 100'{2 ff sin2 n/t =200 sin2nx50t= JOO 

sin 2 lt x 50 t = ~~ = { = sin lf/6. 

2n x 501 = lf/6 

I 
t = 600 x IOOOms 

I= 1.67 ms. 

8. i=200fisin Sn I 

(i) / =200(2 x w -' = 200mA =0.2A 
ff 

• 
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(ii) 21r.ft = 877 r 

877 
f= 2Jt = 139.6 Hz 

JS8 

(iii) i = 200'{2 sin 877 x JO · '= 200 f2 sin 0.877<' 

=217.43 mA=0.22 A. 

9. Average power dissipated 

(i) by calculation 

P =l 2R=N= V 1/R 

= JOVz x 220 = 3,110.8 W. 

(il) from the wavefonn of power see graph in text of Fig. 136. 

10. v=SOO sin (21t x --1- r+l!/10) 
!Ox IO _, 

v = 500sin (2001t r + l!/10) V. 

SOLUTIONS7 

I I 
I. Xc=2,,_fC =2JtxJOOx tOO x tO_. =IS.9 n. 

2. x, = 21tJL = 21tx60xSOx JO -'= 18.90. 

3. Xe= Tor /=~=~~ =0.5A. 

4. X,= 7 orV=IX,=5x5=2SV. 

S. Fig. 238 shows the phase re.lationsbips for i, v, and vC' 

Fig. 238 Wavefonns oot of phase. 

t 
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6. Fig. 239 shows the circuit. 

L 

v .. ----v. 
I ,.. 

2-40¥ 
5011& 

Fig. 239 L-R series circuit. 

(i) Z=VR'+X/ = V 502 + 157.12 = 164.9 0 . 

where XL =2itx50x0.5= 157.I Q 

( ·1·1) I 24o 1 46 A = 164.9 = . 
(iii) v. = IXL= 1.46 x 157.1 = 229.3 v 

(iv) V• =IR = l.46x50=73V 

(v) v2 = v; + v; = 73' + 229.32 

v = v 732 + 229.32 = 240 v. 

.. 

7. Fig. 240 and Fig. 241 show the d.c. and a.c. circuits of LR in series. 

5A 
+ 

100V 
Fig. 240 LR d.c. circuit. 

The 100 V is now across R since l is fully magnetised, R = 1~ = 20 0. Tbt resistance of 
the coil is 20 0 . 

I -----------
Fig. 241 LR ac. circuit. oov,50Hz 
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I = .!:'.= IOO =I A z z 
Z= 100 0 
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the impedance of the coil at 50 Hz is I 00 0. 

8. (i) Z = V R1 + X/ 

(ii) P = IV cos • 

.!:'. = 200 =200 
IO 

p 500 
cos•= IV= t0 x200 =0.25 

(iii) From the impedance triangle 

R cos • = Z 

R = Zcos • =20 x0.25 = 5 n. 
(iv) Z2 = R1 + XL1 

XL1 = z?-R1 

XL= YZ'-R1 = '/202 - 5'= v 400-25 = '{375 = 19.36 

21t/L = 19.36 

L= ~·~ =61.6mH. 

9. (i) P=/Vcos• 

p 1000 
cos9=w = t6x240 =0.26 

v 240 
(ii) Z = I = 16 =150 

(iii) From the equarion cos 9 = RIZ 

R =Zcos• = 15x0.26=3.90 

(iv) XL= YZ' - R1 = Yt51 -3.CJl= 14.480 

(v) XL =2rr.JL 

XL 
L z - - = 

2rr./ 

14.48 
2rr. x 50 = 46.1 mH. 

10. Fig. 242 shows the LRC series circuit 

-----t ,., ,,_ ___ __. 

Fig. 242 Series LRC circuit at resonance. 

Ur'> r hlhch chu!LI M !er a 



STEC 
SERIES 

ELECTRICAL AND ELECTRONIC PRINCIPLES II 

,,., l l"l'\lll'IUilll I \\\ll,\llO'.'\\ 

\ \h·.1lth "' t. 'I'• 111.·nH ,rn.I Ln. ou k,I!!.•- '" ('l l'""''Uh'\ I lh•<t• •ui:.111, m 0 111 ..,, I' h1 "'" I' 

'1'••1.111..,.lt" "'"'"''''h 111•1t ... -,1,-,,1m1•! .. ·, 

llu .. 1 .. ,,.1..,.tlll t lllU \I \\:llllll llUl\:ll l'ltl'.\.C ll'll'll•"'' l "t1i.k1.11I .. 
i ii ... 1ll.1l•11• 1•1 HI I l , •.I\\ h• \huh .111. t •H •rL 1h111u1\h 11 uh 111u1111m111 Ii. II' 

\I I 1111 I \I JU hi' \I I \I I I ll I'll IJI I \l 11 l II \I'll I\ \H.1 1 llOll 
cH·\,111\\HHU..ti'tH'll'l'\RI lltU lllhlU IO~ \\l'ltl\111\ 

1 l Kl I 

\'11111'\ 'It It! \llll \".1n.-1l'·""·n ... -,l ,-....,.,e.,1.H•'T•"''•••U.,..l11hwulll•,· 
Ill t t '\1111' \I IHl'I ll\l \I' l-'C .• l'•IRl,l1.JC 1, ... tJt..an1l11IL-p..1...,·1• 
11, 1_.,,.,,, ,11"11"'..a •• .iti.r•''" l· \'tUll'I 

~ ~: ::::~~::. ·:·:' :.:. : • .' '"" """ ~ > ' ~ 
e Pllllt\11\.\'l'\\:ll~l\lKltl' ~ 
e lcl) \K \'.\.Pc \;{11'1\'t t IH I ').:I It lll~t. 

e t 1 t\11\I' \I IU'' l'l ll \ll I \I 11 ' '' l'Ktllt \1111 1111 

e PllllKl,ll\lt\Hl"ll,\.'\lt\1'1'111\llU'' 

e I'll t.tt \It \I 1 t I l' \'.\II .\l'l'l ll \lllJ:'\' 

l' .. \ .S.S. l' lJ llLI C.\TIO;\S 
J'Rl\\11 \t \OJ\llt :0."U.'\lllh 'll'llll,lllt 

1111\lll,1 ; 1111111 

IC "ii"' '" I~ OJI' 

'"'' ... ;_ ... .,.,lllh 




