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Preface

This book is intended for the trainee electrician who is working towards NVQs, gaining competences in
various aspects of installation work.

It covers both installation theory and practice in compliance with the 18th edition of the IET Wiring
Regulations, and also deals with the electrical contracting industry, the environmental effects of electricity
and basic electronics.

The material in this book has been arranged to cater for student-centred learning programmes. Self-
assessment questions and answers are provided at the end of chapters.

Since January 1995, the United Kingdom distribution declared voltages at consumer supply terminals have
changed from 415 V/240V +6%/—6% to 400 V/230V +10%/—6%. As there has been no physical change
to the system, it is likely that measurement of voltages will reveal little or no difference to those before,
nor will they do so for some considerable time to come. However, | have used only the new values in the
examples in this book.

Brian Scaddan

Xi






Basic Inform_ation
and Calculations

Units

A unit is what we use to indicate the measurement of
a quantity. For example, a unit of length could be an

inch or a metre or a mile, etc.

In order to ensure that we all have a common
standard, an international system of units exists

known as the Sl system. There are seven basic SI

units from which all other units are derived.

Basic units

Quantity Symbol Unit ymbol
Length | Metre m
Mass m Kilogram kg
Time S Second S
Current | Ampere A
Temperature t Kelvin K
Luminous intensity | Candela cd
Amount of substance Mole mol

Conversion of units

Temperature

Kelvin (K) °C 273.15
Celsius (°C) K 273.15

Celsius (°C) g(°F 32)

9 C
Fahrenheit (°F) T 32

Boiling point of water at sea level 100°C or 212°F

Freezing point of water at sea level 0°C or 32°F
Normal body temperature  36.8°C or 98.4°F

Length
To Obtain Multiply By
mm cm 10*
m 108
km 108
cm mm i@*
m 102
km 10°
m mm (o8
cm 102
km 108
km mm 108
cm 10°
m 103
mm: millimetre; cm: centimetre; m: metre; km: kilometre
Area
To Obtain Multiply By
mm? cm? 10?
m? 10¢
km? il
cm? mm? 102
m? 10*
km? 10t
m? mm? 10°
cm? 104
km? 10°
km? mm? @*
cm? 1O
m? i@

mm?: square millimetre; cm 2

metre; km2: square kilometre; also, 1 km?

square centimetre; m?2: square

100 hectares (ha).




1 Basic Information and Calculations

Volume Multiples and submultiples of units
To Obtain Multiply By Name |Symbol Multiplier Example
mm? cm?® 10° tera |T 102 (1 000 000 000 000) terawatt
m? 10° (TW)
cm? mm? 103 giga |G 10° (1 000 000 000) gigahertz
m?3 106 (GHz)
3 s 0 mega | M* 10 ¢ (1 000 000) megawatt
m mm 10 (MW)
3 6
cm 10 kilo | k* 10°? (1000) Kilovolt (KV)
mm?3: cubic millimetre; cm *: cubic centimetre; m3: cubic hecto |h 102 (100) hectogram
metre. (hg)
) deka |da 10 (10) dekahertz
Capacity (daHz)
To Obtain Multiply By deci d 10* (1/10th) decivolt (dV)
mi al 10t centi |c 102 (1/100th) centimetre
(cm)
| 10°
. milli m* 10 ® (1/1000th) milliampere
cl ml 10 (MA)
I 10° micro | * 10 ¢ (1/2000 000th) microvolt
ml 103 (mV)
cl 10° nano |n 10° (1/2000 000 000th) nanowatt
ml: millilitre; cl: centilitre; I: litre; also, 1 | of water has a mass of (%)
1kg. pico p* 10 *2 (1/2 000 000 000 000th) | picofarad
(PF)
Mass "Multiples most used in this book .
To Obtain Multiply By
mg . e Mass (kg)
kg 100 This is the amount of material that an object is made
t 10° of. It remains constant. It is often confused with
g mg 103 weight, in physics it is quite different.
kg 108 ]
i 108 Weight or force (newtons, N)
kg mg 10° This is the effect of gravity on a mass. It is not
9 10° constant, the gravity at different places on the Earth
t 10° is not the same. Snooker balls travel horizontally in
t mg 10° exactly the same way on a table on the moon as they
g9 10° do on the Earth but they will fall into the pockets more
kg 10° slowly.

mg: milligram; g: gram; kg: kilogram; t: tonne .

Mass may be converted to force by multiplying by
9.81.

Force (newtons)=Mass (kg x 9.81)

Work (joules, J)

This is the process of moving objects over a distance
using force. Work is force times distance.

Work (joules)= Force (newtons) x Distance (m)

Energy (joules)

This is the ability to carry out work. 100 joules of
energy is required to do 100 joules of work.



Power (watts)

This is the rate at which energy is used or work is
done. Power is energy divided by time.

Energy (joules)

Power (watts) = —
Time (seconds)

Indices

It is very important to understand what indices are

and how they are used. Without such knowledge,
calculations and manipulation of formulae are difficult
and frustrating.

So, what are indices? Well, they are perhaps most
easily explained by examples. If we multiply two
identical numbers, say 2 and 2, the answer is clearly 4,
and this process is usually expressed as

22 4
However, another way of expressing the same
condition is

22 4
The superscript 2 simply means that the online 2 is
multiplied by itself. The superscript 2 is known as
the indice. Sometimes this situation is referred to as
‘two raised to the power of two’. So, 2 3 means ‘two
multiplied by itself three times’,

ie.2 2 2 8

Do not be misled by thinking that2 ®is2 3.

2 2222 16(ot2 4 8)
242 24 24 576 (not24 2 48)

Here are some other examples:

¥ 3 33 27

92 9 9 81

43 4 4 4 64

10° 10 10 10 10 10 100000

A number by itself, say 3, has an invisible indice, 1,
but it is not shown. Now, consider this: 2 2 22 may be
rewritenas2 2 2 2, oras 2* which means that
the indices 2 and 2 or the invisible indices 1 have been

added together. So the rule is, when multiplying, add
the indices.
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Let us now advance to the following situation:
10* 10 10 10 10

104 i is the same as —
102 10? 10 10

Cancelling out the tens

1¢ 1¢ 10 10
19 14

we get
10 10 10?

which means that the indices have been subtracted,
thatis4 2. So the rule is, when dividing, subtract
the indices.

How about this though: 4 2 is either 4 subtract 2 or
4 add 2, and remember, the addition of indices goes
with multiplication, so from this we should see that
10* divided by 102 is the same as 10* multiplied by
102.

So,

iis the same as 10 2
102

and conversely,
1
102

102

Hence we can see that indices may be moved above
or below the line provided the sign is changed.
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Self-Assessment Questions

1. Write, in numbers, ‘eight raised to the power of
four’.

2. Addition of indices cannot be used to solve

3?2 23 Why?

What is 10/10 equal to?

4. Replace 10/0 using the addition of indices. Write
down the answer using indices.

5. What is the answerto 3* 3 !, as a single number
and using indices?

o

Simple algebra

Algebra is a means of solving mathematical problems
using letters or symbols to represent unknown
quantities. The same laws apply to algebraic symbols
as to real numbers.

Hence: if one ten times one ten 10 2, then one X

times one X X 2 Thatis,
X X X?

In algebra the multiplication sign is usually left out. So,
for example A B is shown as AB and 2 Y is shown
as 2Y. This avoids the confusion of the multiplication
sign being mistaken for an X. Sometimes a dot (-) is
used to replace the multiplication sign. Hence 3 - X
means 3 times X, and 2F - P means 2 times F times P.

The laws of indices also apply to algebraic symbols.
For example,

1 1

X X X2 Yzyz y+ — X1 vzl Y 3, etc.
Addition and subtraction are approached in the same
way. For example,

X X 2X

3X X 2X

10P 5P 5P

M M F 1M F

Also with multiplication and division. For example,
X X X2

3M 2V 6M?2
1P o

7

1oy 5

Y

Formulae or equations

A formula or equation is an algebraic means of
showing how a law or rule is applied. For example, we
all know that the money we get in our wage packets
is our gross pay less deductions. If we represent each

6. What is 8° equal to?
7. Solve the following:
& Fr
@) e
(b) 10¢ 10°® 10+ 10°
5 57
© 2=

of these quantities by a letter say W for wages, G for
gross pay and D for deductions, we can show our pay
situation as

W G D
Similarly, we know that if we travel a distance of
60km at a speed of 30km per hour, it will take us 2h.
We have simply divided distance (D) by speed (S) to
get time (T), which gives us the formula

T

0|o

Manipulation or transposition
of formulae

The equals sign () in a formula or equation is similar
to the pivot point on a pair of scales (Fig. 1.1).

g .

Pivot

Figure 1.1 Balancing an equation.

If an item is added to one side of the scales, they
become unbalanced, so an identical weight needs to
be added to the other side to return the scales to a
balanced condition. The same applies to a formula or
equation, in that whatever is done on one side of the
equals sign must be done to the other side.

Consider the formula X Y Z.

If we were to multiply the left-hand side (LHS)

by, say, 2, we would get 2X 2Y, but in order to
ensure that the formula remains correct, we must
also multiply the right-hand side (RHS) by 2, hence
2X 2Y 2Z.

Formulae may be rearranged (transposed) such that
any symbol can be shown in terms of the other

symbols. For example, we know that our pay formula
isW G D, butif we know our wages and our gross
pay how do we find the deductions? Clearly we need



to transpose the formula to show D in terms of W and
G. However, before we do this, let us consider the
types of formula that exist.

There are three types:

1. Pure addition/subtraction
2. Pure multiplication/division
3. Combination of (1) and (2).

Points to Note

1. A symbol on its own with no sign is taken as
being positive (i.,e. Kis K).

2. Symbols or groups of symbols will be on
either the top or the bottom of each side of
an equation, for example

A M
B P

A and M are on the top, B and P are on the
bottom. In the case of, say,
w =2
S
X and R are on the top line and S is on the
bottom.
(Imagine X to be divided by 1, i.e. *4.)

3. Formulae are usually expressed with a single
symbol on the LHS, forexample Y P Q,
but it is still correct to show it as P Q Y.

4. Symbols enclosed in brackets are treated as
one symbol. For example, ( A C D) may,
if necessary, be transposed as if it were a
single symbol.

Let us now look at the simple rules of transposition.
(a) Pure addition/subtraction

Move the symbol required to the LHS of the equation
and move all others to the RHS. Any move needs a
change in sign.

IfA B Y X, whatdoes X equal?
Move the X to the LHS and change its sign. Hence,
X A BY

Then move the A and the B to the RHS and change
signs. Hence,
XY AB

IfM P R S, whatdoes R equal?
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We have

R M P S
R S M P

However, we need R, not R, so simply change its
sign, but remember to do the same to the RHS of the
equation. Hence,

R SMP

So we can now transpose our wages formula
W G DtofindD:
W G D
D W G
D G W

(b) Pure multiplication/division

Move the symbol required across the equals sign

so that it is on the top of the equation and move all
other symbols away from it, across the equals sign
but in the opposite position (i.e. from top to bottom

or vice versa). Signs are not changed with this type of
transposition.

If
A C
B D
what does D equal?
Move the D from bottom RHS to top LHS. Thus,
AD ¢
B 1

Now move A and B across to the RHS in opposite
positions. Thus,

B gorsimID ﬂ
1 A Py A
If
XYZ MP
T R

what does P equal?
As P is already on the top line, leave it where it is and
simply move the M and R. Hence,
XY ZR
TM
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which is the same as
XY ZR
TM

P

(c) Combination transposition
This is best explained by examples.

If
AP R D

XY S

what does S equal?
We have

S AP R
XY

D

Hence,
D XY

s =~
AP R

If
AP R D

XY S

what does R equal?

Treat (P R) as a single term and leave it on the top
line, as R is part of that term. Hence,

D XY
AS

P

Remove the brackets and treat the RHS as a single
term. Hence,

D XY
P R
AS
D XY
R P
AS

Self-Assessment Questions

1. Write down the answers to the following:
(@ X 3X
(b) 9F 4F
(c) 10Y 3X 2Y X
(d)M-2M
(e)P-3P 2P
12D
V5
30A
@ =5~
XS
h) Sz
2. Transpose the following to show X in terms of
the other symbols:
@XxX Y P Q

The theorem of Pythagoras

Pythagoras showed that if a square is constructed on
each side of a right-angled triangle (Fig. 1.2), then the
area of the large square equals the sum of the areas
of the other two squares.

Hence: ‘The square on the hypotenuse of a right-
angled triangle is equal to the sum of the squares on
the other two sides.’ That is,

H2 BZ PZ

(b)F D A X
L X Q P W
(d) 2X 4
(e) XM PD

A
O W

B H
(g)E o
(h)A-B-C ~
(i) X(A B) W
.M N P
0 =% ®

Or, taking the square root of both sides of the
equation

H BZ P?

Or, transposing

B HZ P2

or

P [HZ BZ



-

Figure 1.2 Pythagoras’s theorem.

1. From Fig. 1.3 calculate the value of H:
H B> P?
Neag
Jo 81

NER
9.487

H 2 H
AP 3 AP
B 9 B "
Figure 1.3 Figure 1.4

2. From Fig. 1.4 calculate the value of B:
B JH2 P2
152 122
V225 144

NER
9

Basic trigonometry

This subject deals with the relationship between the
sides and angles of triangles. In this section we will
deal with only the very basic concepts.

Consider the right-angled triangle shown in Fig. 1.5.
Note: Unknown angles are usually represented by
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B 3

Figure 1.5

Greek letters, such as alpha ( ), beta ( ), phi ( ), theta
(), etc.

There are three relationships between the sides

H (hypotenuse), P (perpendicular), and B (base),
and the base angle . These relationships are
known as the sine, the cosine and the tangent of the
angle , and are usually abbreviated to sin, cos and
tan.

The sine of the base angle ,

. P
sin —
H
The cosine of the base angle ,
B
cos —
H
The tangent of the base angle ,
tan P
B

The values of sin, cos and tan for all angles between
0° and 360° are available either in tables or, more
commonly now, by the use of a calculator.

How then do we use trigonometry for the purposes of
calculation? Examples are probably the best means of
explanation.

1. From the values shown in Fig. 1.5, calculate P
and H:

Ccos —
H

Transposing,
B 3
cos c0s 53.13

H

From tables or calculator, cos 53.13° 0.6

H = 5
0.6
Now we can use sin or tan to find P:
an o
B

Transposing,
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P B tan
tan  tan53.13 1.333
P 3 1.333 4(3.999)
2. From the values shown in Fig. 1.6, calculate

and P:
cos E 3 0.5
H 12
H 12
p 2
B 6
Figure 1.6

Self-Assessment Questions

We now have to find the angle whose cosine is 0.5.
This is usually written as cos ! 0.5. The superscript 1
is not an indice; it simply means ‘the angle whose sin,
cosortanis ...’

cos?! 0.5.

We now look up the tables for 0.5 or use the INV cos
or ARC cos, etc., function on a calculator. Hence,

So the angle

60
sin P
H
Transposing,
P H sin
12 sin 60
12 0.866
104

1. What kind of triangle enables the use of
Pythagoras’ theorem?

2. Write down the formula for Pythagoras’
theorem.

3. Calculate the hypotenuse of a right-angled

triangle if the base is 11 and the perpendicular is

16.
4. Calculate the base of a right-angled triangle if

the hypotenuse is 10 and the perpendicular is 2.

5. Calculate the perpendicular of a right-angled
triangle if the hypotenuse is 20 and the base
is 8.

6. What is the relationship between the sides and

angles of a triangle called?

7. For aright-angled triangle, write down a formula
for:

(a) The sine of an angle.
(b) The cosine of an angle.
(c) The tangent of an angle.

8. Aright-angled triangle of base angle 25° has a
perpendicular of 4. What is the hypotenuse and
the base?

9. Arright-angled triangle of hypotenuse 16 has
a base of 10. What is the base angle and the
perpendicular?

10. A right-angled triangle of base 6 has a
perpendicular of 14. What is the base angle and
the hypotenuse?
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Areas and volumes

Areas and volumes are shown in Fig. 1.7.

Areas
Square a a a 2 Rectangle h | Parallelogram h |
a
|
a a h
a
Cube 6a 2 Cuboid 2hb 2hl 2bl
or2(hb hl bl )
a
@ | ’
a b
h
Cone: Cylinder:
open ended prl hollow 2prh
solid prl pr 2 oneended 2prh pr 2
or pr( r) or pr(2h r )
solid 2prh 2pr 2
or 2pr(h r )
Cube a a a a 3 Cuboid h b |
Volumes
Circle pr 2 or p(i_z (b 3.1416) Elipse  pxy Sphere 4pr 2
Circumference 2pr or pd Perimeter p (x y )

Figure 1.7 Areas and volumes.






Electricity

What is electricity? Where does it come from? Molecules and atoms
How fast does it travel? In order to answer such
questions, it is necessary to understand the nature

of substances. The following paragraphs give a

very simple explanation of the relationship between
atomic particles as this area of physics and chemistry
is extremely complex.

Every known substance is composed of molecules
which in turn are made up of atoms. Substances
whose molecules are formed by atoms of the same
type are called elements, of which there are known
to be, at present, 118 (Table 2.1). Some of these are
synthetic.

Table 2.1 Elements

1 Hydrogen H 52 Tellurium Te
2 Helium He 58 lodine |
3 Lithium Li 54 Xenon Xe
4 Beryllium Be 55 Caesium Cs
5 Boron B 56 Barium Ba
6 Carbon C 57 Lanthanum La
7 Nitrogen N 58 Cerium Ce
8 Oxygen O 59 Praseodymium Pr
9 Fluorine F 60 Neodymium Na
10 Neon Ne 61 Promethium Pm
11 Sodium Na 62 Samarium Sm
12 Magnesium Mg 63 Europium Eu
13 Aluminium Al 64 Gadolinium Gd
14 Silicon Si 65 Terbium Tb
15 Phosphorus P 66 Dysprosium Dy
16 Sulphur S 67 Holmium Ho
17 Chlorine Cl 68 Erbium Er
18 Argon A 69 Thulium m
19 Potassium K 70 Ytterbium Yb
20 Calcium Ca 71 Lutecium Lu
21 Scandium Sc 72 Hafnium Hf
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Table 2.1 (Continued)

Atomic Number ame Symbol Atomic Number ame Symbol

22 Titanium Ti 73 Tantalum Ta

23 Vanadium Vv 74 Tungsten w

24 Chromium Cr 75 Rhenium Re

25 Manganese Mn 76 Osmium Os

26 Iron Fe 77 Iridium Ir

27 Cobalt Co 78 Platinum Pt

28 Nickel Ni 79 Gold Au

29 Copper Cu 80 Mercury Hg

30 Zinc Zn 81 Thallium Tl

31 Gallium Ga 82 Lead Pb

32 Germanium Ge 83 Bismuth Bi

33 Arsenic As 84 Polonium Po

34 Selenium Se 85 Astatine At

B35 Bromine Br 86 Radon Rn

36 Krypton Kr 87 Francium Fr

37 Rubidium Rb 88 Radium Ra

38 Strontium Sr 89 Actinium Ac

39 Yttrium Y 90 Thorium Th

40 Zirconium Zr 91 Protoactinium Pa

41 Niobium Nb 92 Uranium U

42 Molybdenum Mo 93 Neptunium Np

43 Technetium Tc 94 Plutonium Pu

44 Ruthenium Ru 95 Americium Am

45 Rhodium Rh 96 Curiam Cm

46 Palladium Pd 97 Berkelium Bk

47 Silver Ag 98 Californium Cf

48 Cadmium Cd 99 Einsteinium Es

49 Indium In 100 Fermium Fm

50 Tin Sn 101 Mendelevium Md

51 Antimony Sb 102 Nobelium No
103 Lawrencium Lr 111 Roentgenium Rg
104 Rutherfordium Rf 112 Ununbium Uub
105 Dubnium Db 113 Ununtrium Uut
106 Seaborgium Sg 114 Ununquadium Uug
107 Bohrium Bh 115 Ununpentium Uup
108 Hassium Hs 116 Ununhexium Uuh
109 Meitnerium Mt 117 Ununseptium Uus
110 Darmstadtium Ds 118 Ununoctium Uuo
Substances whose molecules are made up of by these molecules is stable (i.e. a solid). When the
atoms of different types are known as compounds. molecules of a substance are less tightly bound there
Hence, water, which is a compound, comprises two is much free movement, and such a substance is
hydrogen atoms (H) and one oxygen atom (O), that is known as a liquid. When the molecule movement
H,O. Similarly, sulphuric acid has two hydrogen, one is almost unrestricted the substance can expand and
sulphur and four oxygen atoms: hence, H,SO,. contract in any direction and, of course, is known as
Molecules are always in a state of rapid motion, agas.
but when they are densely packed together this The atoms which form a molecule are themselves

movement is restricted and the substance formed made up of particles known as protons, neutrons



and electrons. Protons are said to have a positive

( ve) charge, electrons a negative ( ve) charge and
neutrons no charge. Since neutrons play no part in
electricity at this level of study, they will be ignored
from now on.

So what is the relationship between protons and
electrons; how do they form an atom? The simplest
explanation is to liken an atom to our Solar System,
where we have a central star, the Sun, around
which are the orbiting planets. In the tiny atom, the
protons form the central nucleus and the electrons
are the orbiting particles. The simplest atom is that
of hydrogen which has one proton and one electron
(Fig. 2.1).

7 - D N
’ N
I/ \ Electron
1
1
1
\ Proton !
\ U
\ //
N
S ~ //

~ -

_

Figure 2.1 The hydrogen atom.

The atomic number (Table 2.1) gives an indication of
the number of electrons surrounding the nucleus for
each of the known elements. Hence, copper has an
atomic number of 29, indicating that it has 29 orbiting
electrons.

Electrons are arranged in layers or clouds at varying
distances from the nucleus (like the rings around
Saturn); those nearest the nucleus are more
strongly held in place than those farthest away.
These distant electrons are easily dislodged from
their orbits and hence are free to join those of
another atom whose own distant electrons in turn
may leave to join other atoms, and so on. These
wandering or random electrons that move about the
molecular structure of the material are what makes
up electricity.

So, then, how do electrons form electricity? If we
take two dissimilar metal plates and place them in a
chemical solution (known as an electrolyte) a reaction
takes place in which electrons from one plate travel
across the electrolyte and collect on the other plate.
So one plate has an excess of electrons which makes
it more vethan ve, and the other an excess of
protons which makes it more ve than ve. What
we are describing here, of course, is a simple cell or
battery (Fig. 2.2).

Now then, consider a length of wire in which, as we
have already seen, there are electrons in random
movement (Fig. 2.3).

2 Electricity

1

Figure 2.2 Battery.

Figure 2.3 Conductor with random electrons.

If we now join the ends of the wire to the plates of a
cell, the excess electrons on the ve plate will tend

to leave and return to the ve plate, encouraging the
random electrons in the wire to drift in the same
direction (Fig. 2.4). This drift is what we know as
electricity. The process will continue until the chemical
action of the cell is exhausted and there is no longer a
difference, ve or ve, between the plates.

Figure 2.4 Conductor connected to battery (electron
drift).

Potential difference

Anything that is in a state whereby it may give rise to
the release of energy is said to have potential. For
example, a ball held above the ground has potential in
that, if it were let go, it would fall and hit the ground.

13
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2 Electricity

So, a cell or battery with its  ve and ve plates

has potential to cause electron drift. As there is a
difference in the number of electrons on each of the
plates, this potential is called the potential difference

(p.d.).

Electron flow and conventional
current flow

As we have seen, if we apply a p.d. across the ends
of a length of wire, electrons will drift from  ve to

ve. In the early pioneering days, it was incorrectly
thought that electricity was the movement of  ve
protons and, therefore, any flow was from  ve to

ve. However, as the number of proton charges is
the same as the number of electron charges, the
convention of electric current flow from veto ve
has been maintained.

Conductors and insulators

Having shown that electricity is the general drift of
random electrons, it follows that materials with large
numbers of such electrons give rise to a greater

drift than those with few random electrons. The

two different types are known as conductors and
insulators. Materials such as PVC, rubber, mica, etc.,
have few random electrons and therefore make good
insulators, whereas metals such as aluminium,
copper, silver, etc., with large numbers, make good
conductors.

Electrical quantities

The units in which we measure electrical quantities
have been assigned the names of famous scientific
pioneers, brief details of whom are as follows. (Others
will be detailed as the book progresses.)

André Marie Ampere (1775-1836)
French physicist who showed that a mechanical force

exists between two conductors carrying a current.

Charles Augustin de Coulomb
(1746-1806)

French military engineer and physicist famous for his
work on electric charge.

Georg Simon Ohm (1789-1854)

German physicist who demonstrated
the relationship between current, voltage and
resistance.

Allessandro Volta (1745-1827)

Italian scientist who developed the electric cell,
called the ‘voltaic pile’, which comprised a
series of copper and zinc discs separated by

a brine-soaked cloth.

Electric current: symbol, I; unit, ampere (A)

This is the flow or drift of random electrons in a
conductor.

Electric charge or quantity: symbol, Q; unit,
coulomb (C)

This is the quantity of electricity that passes a

point in a circuit in a certain time. One coulomb is
said to have passed when one ampere flows for one
second:

Q It

Electromotive force (e.m.f.): symbol, E; unit, volt (V)

This is the total potential force available from a source
to drive electric current around a circuit.

Potential difference (p.d.): symbol, V ; unit, volt (V)

Often referred to as ‘voltage’ or ‘voltage across’, this
is the actual force available to drive current around a
circuit.

The difference between e.m.f. and p.d. may be
illustrated by the pay analogy used in Chapter 1. Our
gross wage (e.m.f.) is the total available to use. Our
net wage (p.d.) is what we actually have to spend
after deductions.

Resistance: symbol, R; unit, ohm ()

This is the opposition to the flow of current in a circuit.

When electrons flow around a circuit, they do not

do so unimpeded. There are many collisions and
deflections as they make their way through the
complex molecular structure of the conductor, and
the extent to which they are impeded will depend on
the material from which the conductor is made and its
dimensions.

Resistivity: symbol, ; unit, mm

If we take a sample of material in the form of a cube
of side 1 mm and measure the resistance between
opposite faces (Fig. 2.5), the resulting value is called
the resistivity of that material.

This means that we can now determine the resistance
of a sample of material of any dimension. Let us
suppose that we have a 1 mm cube of material of
resistivity, say 1  (Fig. 2.6a). If we double the length
of that sample, leaving the face area the same (Fig.
2.6b), the resistance now measured would be 2 (i.e.



1mm
1mm

1mm

1mm

Figure 2.5 Resistivity of a unit cube.

the resistance has doubled). If, however, we leave the
length the same but double the face area (Fig. 2.6¢),
the measured value would now be 0.5 (i.e. the
resistance has halved).

Hence, we can now state that whatever happens

to the length of a conductor also happens to

its resistance (i.e. resistance is proportional

to length) and whatever happens to the cross-
sectional area (c.s.a.) has the opposite effect on the
resistance (i.e. resistance is inversely proportional
to area).

So,

resistivity  length |
areaa

Resistance R

R
a

In practice, the resistance across a 1mm cube of a

material is extremely small, in the order of millionths
of an ohm () as shown in Table 2.2.

Table 2.2 Examples of resistivity

Material Resistivity, ( mm at
20°C)
Copper, International Standard 17.2
Copper, annealed 16.9-17.4
Copper, hard drawn 17.4-18.1
Aluminium, hard drawn 28
Silver, annealed 15.8
Silver, hard drawn 17.5
Platinum 117
Tungsten 56
Eureka (constantan) 480
German silver (platinoid) 344
Manganin 480

2 Electricity

Calculate the resistance of a 50m length of copper
conductor of c.s.a. 2.5 mm?, if the resistivity of the
copperusedis 17.6  mm.

1.414mm

Area 2 mm?

(@) (b) ©

Figure 2.6 Change of resistivity with length and csa.

All measurements should be of the same type,

that is resistivity, microohm millimetres; length,
millimetres; c.s.a., square millimetres. Hence 10 ° to
convert metres to millimetres.

R
a
176 10°¢
25
176 10° 50
25
176 10° 20
352 103

0.352

Calculate the resistivity of aluminium if a 100 m
length of conductor of c.s.a. 4 mm? has a measured
resistance of 0.7

R

3
R 50 10

a
R a
I
07 4
100 108
7 10*

28 10°

28 m m

4 1053

15
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2 Electricity

Reference to Table 2.2 will show that values of
resistivity are based on a conductor temperature of
20°C which clearly suggests that other temperatures
would give different values. This is quite correct.

If a conductor is heated, the molecules vibrate

more vigorously making the passage of random
electrons more difficult (i.e. the conductor resistance
increases). On the other hand, a reduction in
temperature has the opposite effect, and hence a
decrease in conductor resistance occurs. The amount
by which the resistance of a conductor changes with
a change in temperature is known as the temperature
coefficient of resistance.

Temperature coefficient:
symbol, ; unit, ohms per ohm
per°C( [/ /°C)

If we were to take a sample of conductor that has
aresistance of 1  at a temperature of 0°C, and

then increase its temperature by 1°C, the resulting
increase in resistance is its temperature coefficient.
An increase of 2°C would result in twice the increase,
and so on. Therefore the new value ofal resistance
which has had its temperature raised from 0°C to
t°Cisgivenby (1 t).Fora2 resistance the new
value wouldbe 2 (1 t),andfora3 resistance,
3 (1 1), etc. Hence we can now write the

formula:

R R@ t)

where R, is the final resistance, R, is the resistance
at 0°C, is the temperature coefficient and t°C is the
change in temperature.

For a change in temperature between any two values,
the formula is:

R@ t)
2@t

where R is the initial resistance, R, is the final
resistance, t, is the initial temperature and t, is the
final temperature.

The value of temperature coefficient for most of

the common conducting materials is broadly similar,
ranging from 0.0039 to 0.0045 //°C, that of copper
being taken as 0.004 //°C.

A sample of copper has a resistance of 10 ata
temperature of 0°C. What will be its resistance at
50°C?

R, R@L 1)
R 2
R, 10
t 50
0.004 / I C
R, 10 0.004 50)
10(1 0.2)
10 1.2
12

A length of tungsten filament wire has a resistance
of 200 at 20°C. What will be its resistance at 600°C
( 0.0045 //°C)?

R R t,)
@ 1)

R, ?

R 200

t, 20C

t, 600 C
00045 / /C

200(1 0.0045 600)
2 (1 0.0045 20)
2001 2.7)
(L 0.09)
200 3.7
1.09
679

There are certain conducting materials such as
carbon and electrolytes whose resistances display an
inverse relationship with temperature, that is their
resistances decrease with a rise in temperature,

and vice versa. These conductors are said to have
negative temperature coefficients. Carbon, for
example, is used for the brushes in some types of
motor, where friction causes the brushes to become
very hot. In this way current flow to the motor is not
impeded.

We have already learned that random electrons
moving in the same direction (electric current) through
the molecular structure of a conductor experience
many collisions and deflections. The energy given off
when this happens is in the form of heat; hence the
more electrons the more heat and thus the greater the



Figure 2.7 The water analogy.

resistance. So current flow can, itself, cause a change
in conductor resistance.

The water analogy

Consider a tap and a length of hose. With the tap
just turned on, only a trickle of water will issue from
the hose (Fig. 2.7a). Turn the tap further and more
water will flow (Fig. 2.7b). Hence pressure and flow
are proportional. Leave the tap in this position and
squeeze the pipe: less water will flow (Fig. 2.7¢).
Increase the opposition by squeezing more and even
less water will flow (Fig. 2.7d). Hence opposition and
flow are inversely proportional.

Now, for an electric circuit, replace the tap with

some source of electricity supply, change the hose
to a conductor and the constriction in the hose into
added resistance. The flow of water becomes the
current. We will now have the same effect, in that

a small voltage will only give rise to a small current
(Fig. 2.8a), an increase in voltage produces a greater
current (Fig. 2.8b) and a constant voltage but with an
increase in resistance results in reduced current flow
(Fig. 2.8c and d).

2 Electricity

Ohm'’s law

Georg Simon Ohm demonstrated the relationships
we have just seen, and stated them in his famous law
which is: ‘The current in a circuit is proportional to the
circuit voltage and inversely proportional to the circuit
resistance, at constant temperature’.

So, we can show Ohm’s law by means of the formula

-
R

Also, transposing,

R \ILandV I R

A 230V electric heating element has a measured
resistance of 19.2  (Fig. 2.9). Calculate the current
that will flow. (Note: Whenever possible, draw a
diagram, no matter how simple; this will help to
ensure that correct values are assigned to the various
circuit quantities.)
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2 Electricity

Small voltage

(@) supply (b)

[
[

Resistance

Constant voltage

| OV O |
\ Smaller b\

(c) | current (d)
Figure 2.8 Ohm’s Law.

R 19.2

E

Element

230
19.2

119A

Large voltage

' \ oVo J Small [ &
Source of | current

oV o Large
| current

What is the resistance of an electric lamp filament, if

it draws a current of 0.625 A from a 230V supply? (Fig.

2.10).
R. 7
L
Filament
| 0.625A
oV o
230V
Figure 2.10
R ¥
I
230
0.625
368

[
I
More resistance
Constant voltage
oV O Even smaller
current

What voltage would be required to cause a current of
2 A to flow through a resistance of 55  ? (Fig. 2.11).

OV O

Figure 2.11
V | R
2 55
110V

Electricity and the human body

Water is a conductor of electricity and since the
human body is made up of a high proportion of water,
it follows that it also is a conductor. However, unlike
other materials we have dealt with so far, there is no
exact value for body resistivity, and therefore body
resistance can vary, not only between individuals

but between values for each person. Depending

on whether the body is dry, moist or wet, the value
measured between hands or between hands and feet
can be anywhere between 1000 and 10000 . As we
have just seen from Ohm'’s law, the current flowing
through a body will depend on the voltage and the
body resistance. Different levels of current will have
different effects, the worst occurring when the heart
goes out of rhythm and will not return to normal. This
condition is known as ventricular fibrillation, and will



Table 2.3 Shock levels

Current (mA) ffect

1-2 Perception level, no harmful effects
5 Throw-off level, painful sensation
10-15 Muscular contraction begins, cannot let go

20-30 Impaired breathing

50 and above | Ventricular fibrillation and death

often result in death. Table 2.3 is a guide to the various
levels of shock current and their effects on the body.

It will be seen that 50 mA (0.05A) is considered to be
the minimum lethal level of shock current, so, if a
person’s body resistance was as low as 1000 , the
voltage required to cause this current to flow would be

vV | R
50 10°
50 vV

Note this voltage, it is important .

1000

Not exceeding
50V a.c.or 120V d.c.

Extra-low

voltage Conductors

(a) -
Figure 2.12  Voltage bands.

Measuring current and voltage

As current flows through a conductor, it seems
logical to expect that any instrument used to measure
current would need to have that current flowing
through it. This is known as a series connection

(Fig. 2.13).

| /‘\ |
\*J

Ammeter

Figure 2.13  Ammeter connections.

Voltage, on the other hand, is a measure of potential
difference between or across two points, and hence
a voltage measuring instrument would need to be

9 Low voltage
Earth
(b)

2 Electricity

Types and sources of supply

There are only two types of electricity supply, direct
current (d.c.) and alternating current (a.c.); d.c. is
obtained from cells and batteries, d.c. generators or
electronically derived from a.c. (rectification); a.c. is
obtained from a.c. generators.

The methods of producing a.c. and d.c. supplies are
discussed in later chapters.

Voltage bands

Extra low Not exceeding 50V a.c. or 120V d.c.
between conductors or conductors and earth
(Fig. 2.12a).

Low Exceeding extra low, but not exceeding
1000V a.c. or 1500V d.c. between conductors; or
600V a.c. or 900V d.c. between conductors and
earth (Fig. 2.12b).

50V a.c.or 120V d.c.

1000V a.c.-1500V d.c. 600V a.c.-900V d.c.
——

9 Earth

Conductors

connected between or across two points in a circuit.
This is known as a parallel connection (Fig. 2.14).

Voltmeter

Figure 2.14 Voltmeter connections.

So, the arrangement of instruments to measure the
current and voltage associated with a circuit supplying,
say, a lamp would be as shown in Fig. 2.15.

O

Supply ® Lamp
T ve and ve

connections for
d.c. supply

Figure 2.15  Ammeter and voltmeter connections.
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2 Electricity

In order to allow all the current needed by the lamp to
flow, the ammeter should not impede that flow, and
hence should have a very low resistance. To ensure
that very little of the current needed is diverted away
from the lamp via the voltmeter, it should have a very
high resistance.

Components of a circuit

An electric circuit (Fig. 2.16) comprises the following
main components:

1. A source of supply, a.c. or d.c.

2. Afuse or circuit breaker which will cut off supply
if too much current flows. This is called circuit
protection .

3. Conductors through which the current will flow.
Two or more conductors embedded in a protective
sheathing is called a cable.

Control
Protection
O\ O
Fuse or
MCB

Switch

@]
a.c.ord.c. () Load
supply o

Figure 2.16

4.

5.

Conductor

Circuit components.

A switch with which to turn the supply on or off.
This is called circuit control.

A device which needs current to make it work. This
is known as the load.

Self-Assessment Questions

1. Protons and electrons have equal and opposite
charges. What are they and which is which?

2. What does an atomic number give an indication

of?

What are random electrons?

4. (a) What is the difference between a conductor

and an insulator?
(b) Give three examples of each.

5. In what units are the following quantities
measured?

() Current

(b) Potential difference
(c) Resistance

(d) Charge

(e) Resistivity.

6. What length of 4.0 mm?2 copper conductor,
having a resistivity of 17  mm, would have a
measured resistance of 0.68 ?

7. A 100m length of aluminium wire
(28 mm) has a resistance of 0.7
What is its c.s.a.?

8. A length of copper wire has a resistance of 0.5
at 0°C. What would be its resistance at 50°C if
the temperature coefficient is 0.004 //°C?

9. A coil of aluminium wire has a resistance of 54
at 20°C. What would be its resistance at 70°C
( 0.004 /I °C)?

s

10.

11.

12.
13.

14.

15.
16.

17.

18.

What would happen to the current in a circuit if:

(a) The voltage is constant and the resistance is
doubled?

(b) The voltage is doubled and the resistance is
constant?

(c) The voltage and the resistance were both
trebled?

Ignoring any effects of temperature, what would

happen to circuit resistance if the current was

increased?

State Ohm's law.

Solve the following circuit problems:

(@1 10A,V 230V,R 2

(b)) R 384,V 230V,I ?

(cR 60,1 04AV ?

At 110V, what body resistance would allow the

accepted lethal level of shock current to flow?

What do the letters a.c. and d.c. stand for?

What are the limits of a.c. extra-low and low

voltage?

Draw a labelled diagram of the connections of

instruments used to measure the current and

voltage in an a.c. circuit supplying a lamp. Include

on the diagram circuit protection and control.

In such a circuit as described in question 17

above, the instrument readings were 0.5 and

12 A. What is the resistance of the lamp?



Resistance, Current and
Voltage, Power and Energy

Resistance

We should know by now what resistance is and how
it affects current flow. How ever, a circuit may contain
many resistances connected in various ways, and it is
these connections we are to consider now.

Resistance in series

Remember how we connected an ammeter in series
in a circuit so that the current could flow through it?
Two or more resistances or resistors connected in the
same way are said to be connected in series. It is like
squeezing a hosepipe in several places (Fig. 3.1).

The more depressions we make in the pipe, the less
water will flow — similarly with resistance (Fig. 3.2).

Less current will flow with, for example, R , connected
than with R, and R,. Hence we can see that the more
resistances that are connected in series, the smaller

Figure 3.1 Resistances in series.

R, R, Ry
— ]

Figure 3.2 Resistances in series.

the current flow. So, the total resistance R , of a
number of resistances in series is

R R R R
As we have seen in Chapter 1, a conductor will have
a resistance to the flow of current. Hence if we take
a length of conductor and add another length to it
(series connection) the resistance will increase. So
resistance is proportional to conductor’s length. This is
important to remember, because if we supply a load
with lengthycable, the current flow may be reduced to
such an extent that the load may not work properly.

A load has a fixed resistance, so a reduced current
due to cable resistance means that there must be

less voltage across the load. This voltage loss is called
voltage drop and is a very important topic.

Consider the following circuit (Fig. 3.3). The conductor
resistances and the lamp resistance are all in series:

Cable resistance 0.5 05 1
Total series resistance R. R

124
25

Circuit current | \é

12

25
0.48A
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Conductor
resistance, R¢

Ve

O
12V supply
o

Conductor
resistance, R¢

Figure 3.3

This current flows through all the series
components, and where we have current flow we
must have potential difference (p.d.). So, each of
these components will have a p.d. across them.
Hence, the p.d. across each conductor is

V. | R, (Ohm's law)

048 05
0.24Vv

Total p.d. across cable 2 0.24
0.48V

The p.d. across the lamp is
V. I R

0.48 24
11.52V

Now, if we add these p.ds together, we get

0.48 11.52 12V (the supply voltage)

Hence we have lost 0.48 V due to the cable resistance,
and the lamp has to work on 11.52 V not on 12V. The
0.48V lost is the voltage drop due to the cable.

If we were to make the cable, say, six times longer,
its resistance would become 6 1 6

Circuit resistance 6 24
30

Total current |

8|5 I <

0.4 A (less than before)

Cable voltage drop | R_
04 6
24V

The p.d. across the lamp is

V. IR
0.4 24
9.6V

Check: 2.4V 9.6V 12V.

So, we can now state that, for a series circuit, the
voltages across all the components add up to the
supply voltage. That is,

(VARVARVARYA

Voltage drop

In order to ensure that loads are not deprived of

too much of their operating voltage due to cable
resistance, the IET Wiring Regulations recommend
that the voltage drop in a circuit should not exceed a
certain percentage of the voltage at the origin of the
circuit. This percentage is 3% for lighting and 5% for
power. Hence, for a 230 V single-phase supply, the
voltage drop on a lighting circuit should not exceed
3% of 230:

3 230
100

6.9V

and on a power circuit 5% of 230 V

5 230
100

A circuit (Fig. 3.4) comprises two heating elements
each of 28.8 resistance. These are connected in
series across a 230V supply. If the supply cable has a
resistance of 2.4  calculate:

115V

(a) the total circuit current

(b) the total circuit resistance

(c) the cable voltage drop

(d) the voltage available across each heater.

(a) Total resistance:

R R R R
24 288 288
60

(b) Total current:
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Re 2.4 R 288 Re

' 111

28.8

L=

o) LVCJ ! Ve ! Ve

230V
o

Figure 3.4

(c) Cable voltage drop:

V. | R,
3.833 2.4
9.2V

(d) Voltage across each element:

Ve | R,
3.833 28.8
110.4V
Check:
VoV, V. L
9.2 1104 1104
230V

Resistance in parallel

Remember the connection of a voltmeter across
the ends of a load? This was said to be connected in
parallel.

Similarly, if we connect one or more conductors
across the ends of another conductor (Fig. 3.5), these
are said to be wired in parallel.

If each of these conductors has the same cross-
sectional area (c.s.a.), then the effect of three wired

in parallel is that of having one conductor three times
as large as any one. As we have seen in Chapter

2, anincrease in c.s.a. results in a corresponding
decrease in resistance, so parallel connections reduce
resistance.

Figure 3.5 Resistances in parallel.

Wiring two cables in parallel, or, more simply,
changing one for a larger size, will reduce
resistance and hence lessen voltage drop.

In the IET Regulations, there are tables giving the
values of voltage drop for various types and sizes of
conductor. These values are given in millivolts (mV)
for every ampere (A) that flows along a length of 1
metre (m) (i.e. mV/A/m). So, we should be able to
check on our original comments that resistance, and
hence voltage drop, reduces with an increase of c.s.a.
For example, a 10.0mm?2 conductor should have ten
times less of a voltage drop than a 1.0 mm?2 conductor.
Reference to table 4D1B, column 3 (IET Regs)
confirms this: the millivolt drop for 1.0 mm?2 being

44 mV and that for 10.0 mm? being 4.4mV.

Addition of resistances in parallel

Consider, say, three resistances connected in parallel
across a supply (Fig. 3.6).

It will be seen from the figure that, unlike a series
circuit, the same supply voltage is being applied
across each resistance. In this case, it is the current
flowing through each resistance that is different
(unless, of course, all the resistances are of the same

OV O

Figure 3.6 Resistances in parallel.
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value). The total current, therefore, is the sum of each
of the individual currents:

If we now use Ohm'’s law to convert | to V/R we get
Vv v Vv
R R R, R,
Now, dividing right through by V, we get
Y \Y, Y Y
VR VR VR VR
The V cancels out, leaving

1t 111
R R R R

Referring to Fig. 3.7, calculate the total resistance of
the circuit.

1
4
0.25 0.125 0.5

0.875

Tl Dl Dl Ok

Transposing,
1

0.875
1.143

The total resistance in parallel is less than the
smallest resistance in the circuit.

Py

Figure 3.7

There are some short-cuts to the calculation of
resistance in parallel. These are as follows:

1. For a number of resistances identical in value, the
total resistance is the value of any one divided by
the number of resistances. That is, twelve 24
resistances in parallel will have a total resistance of
24/12 2

2. For any two resistances in parallel, the total may be
found by dividing their product by their sum. Hence
a6anda3 resistance in parallel would have a
total of

Product 6 3 g
Sum 6 3 9

This method can be used for more than two
resistances, by simply doing two at a time.

Determine the total resistance of the circuit shown in
Fig. 3.8.

Use product/sum for R, and R,, then for R, and R, and
then again for the two totals.

Hence,

TotalforR and R, —— 2
TotalforR, and R, —— 1.6

Overall total

Figure 3.8

Insulation resistance

As already known, insulation is a very poor conductor
and hence presents a very high resistance to the

flow of current. Consider then two short lengths of
conductor, A and B, separated by insulation (Fig. 3.9).
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Current is inhibited from flowing from A to B due to
the insulation which could be said to comprise an
infinite number of very high resistances in parallel
(Fig. 3.10).

If we now extend the length of these conductors and
insulation, the effect is that of adding extra parallel
resistance to that insulation, and as we have just seen,
the greater the number of parallel resistances, the
smaller the total resistance. So an increase in cable
length results not only in an increase in the conductor
resistance, but in a decrease in insulation resistance.

The insulation resistance of an installation must, of
course, be very high, usually in the order of many
millions of ohms (i.e. megohms, M ). The IET
Regulations require that the minimum acceptable
value is 1.0M for circuits up to 500 V.

,QVXQ@DWLR

M.

Figure 3.10 Insulation
resistance.

Figure 3.9 Insulation
resistance.

Current distribution

From Fig. 3.11 determine (a) the total resistance, (b)
the total current and (c) the current in each resistance.

(a) Using the product/sum method:

Totalof R, and R, 6—2
Using this value with R,
Total R 28

1.6

(b) Total current:
vV 24

— 15A
R 16

| 8
I A

OV O
24V

Figure 3.11

(c) Currentin R;:
vV 24

l, — — 4A
R 6

Currentin R,

I Vo2 8A
R, 3

Currentin R;:

I v 2—4 3A
R 8

3
Check: Total current | should be
[ P T N
4 8 3 15A

Combined series — parallel
connections

Current-using pieces of equipment in installation
circuits are connected across the supply and are
therefore wired in parallel. The cable supplying such
equipment, however, is connected in series with the
parallel arrangement (Fig. 3.12).

To calculate the total resistance of the circuit, the
parallel network must be worked out first and this total
is added to the series cable resistance.

Three lamps A, B and C, having resistances of 1440,
960 and 576 , are connected to a 230V supply by

a cable of resistance 2 (Fig. 3.13). Calculate (a) the
total circuit resistance, (b) the total current, (c) the
cable voltage drop, (d) the voltage across the lamps
and (e) the current drawn by each lamp.

(a) Total resistance of A, B and C in parallel:

1440 960

1440 960
576

A and B product/sum

25
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Loads connected
in parallel

Total cable resistance

R
1) L=
Supply
? I VL 1

Figure 3.12 Series/parallel combination.

(e) Current through A:

| A 1440
A
@ , o 228441586

A
5 R, 1440
cable Iy B 960

| GQ Current through B:

V
: LVCJ I, - 2284 4 5379
| C 576 R, 960
O C
230V Current through C:
! Vi ! Vv, 2284
. == —— 0.3965A
R. 576
Figure 3.13 Check: 1, I, I.should equal total current I.
' Hence, 0.1586 0.2379 0.3965 0.793A,
correct.

This is the same value as lamp C.
. 576 The following examples show other resistance
Totalwith C —— 288 P~ : :
2 combinations not usually encountered in ordinary
installation work, but which, nevertheless, need to be

So the resistance of the lamp circuit is 288 understood.

Total resistance of circuit R R, R,

290
Calculate the total resistance of the circuit shown in
(b) Total current: Fig. 3.14.
| \L @ 0.793 A It is important to recognize which resistances are
R 290 either in series or in parallel with other resistances.
That is,
(c) Cable voltage drop: . . L
1. Two or more resistances can only be in series if
Ve 'R, 0793 2 1586V they are connected end to end with no joins from
other resistances between them.
(d) Voltage across lamps: 2. Two or more resistances can only be in parallel
V.V V, if the ends of each are directly connected to the
230 1.586 228.4V ends of any other.

So, in Fig. 3.14 there is no single resistance in parallel

Check: V; also equals with any other, and only C and D are directly in series:

I R 0.793 288 228.4V.

L

Totalof Cand Dinseries 4 2 6
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8 4 2
c o]
10
E
L=
o O
Figure 3.14
3
B
8
A
L= | 6
CD
L= |
10
E
L= |
O O
Figure 3.15

So these two could be replaced by a single resistance
of 6 (Fig. 3.15). Now we should see that B and CD
are in parallel:

product 3 6

Total of B and CD —_—
sum 3 6

2

So B and CD could be replaced by a 2 resistance
(Fig. 3.16). Now, A and BCD are in series:

Totalof AandBCD 8 2 10

Once again these can be replaced by a single 10
resistance (Fig. 3.17):

Total of E and ABCD in parallel is clearly % 5

So, total resistance of original circuit is 5

8 2
10
E
L= 1
O O

Figure 3.16

10
10
o O

Figure 3.17

Calculate the total resistance in Fig. 3.18, the voltage

at point X, and the current through resistance F.
Totalof Aand Binseries 16 1 2.6

(7 3y(7 3 21

So, the resultant circuit is shown in Fig. 3.19.
Totalof CDand Einseries 2.1 19 4

So, circuit is now as shown in Fig. 3.20.

Total of CDE and F in parallel j—g 2.4

Total of C and D in parallel

So, the resultant circuit is shown in Fig. 3.21.
Total of AB and CDEF in series 2.6 24 5

As shown in Fig. 3.22.
Total circuit resistance 5

Total current | \i E 2A
R 5

The voltage V, dropped across A | R

A

2 16
3.2V

Since the supply voltage is 10 V, then the voltage at
Xis:
1023.2 6.8V

To find the current through F, we need to know the
p.d. across it (i.e. across YZ). From Fig. 3.21, the total
resistance between Y and Z is CDEF whichis 2.4
and the current flowing through it is a total current

of 2A.

The p.d. across YZ | CDEF

2 24
48V

Ve 48 gga
6
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7
1.6 1 3 1.9
—fatofs fot{o}1{e o
X Y z
Ie r_ﬁ__j
)\ > L F ]
10V
0 ©
Figure 3.18
2.1 1.9
R I R
2.6

1oV
O O
Figure 3.19

4
CDE

2.6

AB
J S
Y z
6
—{ F
|
I A F
1oV
o O
Figure 3.20
2.6 2.4 5
[ coEF |—o0—]
AB CDEF —
Y z
14 A
v 1oV
O O O O

Figure 3.21 Figure 3.22



3 Resistance, Current and Voltage, Power and Energy

Power: symbol, P; unit, watt (W)

Someone with plenty of energy has the potential to
convert that energy into work. The rate at which that
energy is converted is called power. Hence power is
the rate of energy conversion, that is:
energy

time

P

Two engineering pioneers, Watt and Joule, gave their
names to the units of power and energy.

James Watt (1736-1819)

British engineer who invented the improved steam
engine and introduced horsepower (hp) as a means of
measuring power.

James Prescott Joule (1818-1889)

British scientist and engineer best known for his
mechanical equivalent of heat and his work on the
heating effect of an electric current.

Energy is measured in joules and of course the Sl unit
of time is the second:

joules

Power in watts —————
seconds

Transposing, we get
joules = watts x seconds
1J 1Ws

Joule showed by experiment that heat energy was
produced when a current flowed through a resistance
for a certain time, and from these experiments it was
shown that

joules 12 R seconds
But we have already seen that

joules watts seconds

Watts 12 R

Hence electrical power

P IZ R
By using Ohm’s law, we can develop two other
equations for P. Hence,

\Y,

[
R

Therefore, by replacing | with V/R, we get
V2
R2
V2
R

P R

Similarly,
R ¥
I
So,
P 12 v
I
P 1V

Hence power is

2

PIZRorPVEorPIV

Nearly all of us are familiar with power. It is all around
us in our homes, for example a 60 W lamp or a 3kW
fire; in fact all appliances should have ratings of power
and voltage marked on them.

The rated values are extremely important. A 60 W
230V lamp will dissipate 60 W only if connected to

a 230V supply. The resistance of the lamp when
working is of course unaffected by the voltage and
we can calculate this resistance from the lamp’s rated
values. For a 60W 230V lamp:

P 60W;V 230V;R
V2
R

L
V2
Lop
2302
60
52900
60
R 88L7

L

lamp resistance

P

If we therefore supply the lamp from a 200 V source,
the power dissipated by the lamp would be
2
p V2
2002
881.7
40 000

881.7
P 4537 W

Two 100 W 230V lamps are wired in series across a
230V supply. Calculate the power dissipated by each
lamp and the total power dissipated.

Both lamps have the same resistance:
V2
R

L

p

29
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—— 0O 230V O—m—
Figure 3.23

V2
R &

52900

100
R 529

L
It is clear from Fig. 3.23 that as both resistances are
the same, then the voltage across each is the same:
230

2
115V

VA VB

Vi

"R,

13225
529

P, 25W

A

P, 25W

Total resistance R R, Ry

total

529 529
1058

2

Total power P_ V?

52900
1058
P 50W

whichisP, P,

Thus the individual powers dissipated in a series
circuit may be added to find the total power
dissipated.

Also notice that when two identical lamps are
connected in series the power dissipated by each is a
quarter of its original value (i.e. 200W down to 25 W).

Two lamps A and B are connected in series across a
230V supply. Lamp A is rated at 40W 230V and lamp
B at 60W 230 V. Calculate the power dissipated by
each lamp and the total power dissipated (Fig. 3.24).

Ry 13225 Rg 88L7

I VA T VB !
I A
O 230V O
Figure 3.24
Lamp A Lamp B
2 2
RA V_ RB V_
PA PB
52 900 52 900
40 60
R, 13225 R, 88L7

In this case, we need not calculate V, and V,. As | is
common to A and B, we could calculate power from
I?R. To find I:
R R, R,
13225 881.7
R 2204.2

and

o<

230

2204.2
I 0.1A

IR,
0.01 13225
P, 13.225W
P, IR,
0.01 8817
P, 8817W
P P. P
13.225 8.817
P 22W

total

Check: P__, is also equal to IR:
P 0.01 2204.2

total
22W

It can be seen from this example that a considerable
amount of power can be lost by series connections.

It is also obvious that incorrect selection of cables

can cause a loss of power to the equipment they are
supplying.

However, these power losses can be put to some
useful purpose, for example in an electric grill that has
three heat settings (Fig. 3.25).



3 Resistance, Current and Voltage, Power and Energy

Grill elements

Switch

=
|
|
|
|
|
|
|
_I

(A and B in series)

(Only A is used)

Figure 3.25 Three heat switch.

If each element were rated at 1 kW 230V, then on
high heat A and B would both have their rated voltage
and would both dissipate their rated power, that is
1kW each, giving a 2kW total. On medium heat only
one element is used, giving 1 kW total. On low heat,
as A and B are in series each will dissipate 250W (a
quarter of 1 kW), giving a total of 500 W.

Electrical energy: symbol, W;
unit, kilowatt-hour (kWh)

Energy is the ability to do work and is measured in
joules (J). As we have already seen,
ljoule 21watt second
power time

Generally, in considering domestic loads we measure
the power in kilowatts and time in hours:

Energy kW hours
kWh (kilowatt hours)
To convert watt seconds to kilowatt hour:
watt seconds

kwh
1000 3600
Also
joules
3600000

The kilowatt hour is often referred to as a unit of
electricity, that is

6kWh 6 units

(A and B in parallel)

which could be

6kW for 1 h

or 3kWfor2h

or 2kW for3h

or 1kW for 6 h, etc.

As previously mentioned, domestic and industrial
appliances are connected in parallel to the supply
and therefore the energy each consumes may
simply be added together to determine the total
energy used.

A domestic consumer has the following daily loads
connected to the supply:

Five 60W lights for 4 h

Two 3 kW electric fires for 2 h

One 3kW water heater for 3 h

One 2kW kettle for 1h
Calculate the energy consumed in 1 week.

Light E 5 60 4 1200 1.2kWh

Fires E 2 3 2 12.0kwh
Water heater E 1 3 3 9.0kWh
Kettles E 1 2 05 1.0 kWh

Total for 1 day 23.2kWh

Energy expended in 1 week 7 23.2
162.4 kWh
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Tariffs

Tariffs are charges made by the Distribution Network
Operator (DNO) for the use of electricity. There are
several types of tariff available depending on the

kind of installation (i.e. domestic, commercial, etc.).
However, the basis of tariff calculation is a charge per
unit (kWh) consumed.

If the cost per unit of electrical energy in the previous
example is 10 p per unit, calculate the cost to the
consumer over a 13-week period (one quarter).

Total energy consumed per week 162.4 units (kWh)
Costat 10 p perunit 10 162.4
1624 p
16.24
Cost for 13 weeks 13 £16.24
£211.12

Measuring power and energy

A wattmeter is connected as shown in Fig. 3.26.

It is basically a combination of an ammeter and a
voltmeter, and it measures the product of current and
voltage:

P (watts) | V

An energy meter is similar to a wattmeter and its
connections are the same. However, it is designed to
show the number of kilowatt hours of energy used.
Itis familiar to most of us as our electricity meter
(Fig. 3.27).

Water heating

We have just discussed electricity energy and showed
that
joules

kWh ——
3600000

Joule in his experiments showed that 4.2 J of
electrical energy 1 calorie of heat energy. Hence

it required 4.2 J of electrical energy to raise the
temperature of 1 g of water through 1°C or 4.2 J/g/°C
or 4200 J/kg/°C.

This value is called the specific heat of water (SH),
that is if 2 kg of water was raised through 2°C then
the amount of electrical energy required to do this
would be

2 2 4200 16800J

Current coil
\/VNWattmeter
§ Y Y Y Y

@)

Supply
(e}

Load

\oltage coil

Figure 3.26 Wattmeter connections.

Hence,
Joules mass (kg) changein temperature ( C)
SH of water (4200)

But
joules
3600000

Heat output in kWh
mass change in temperature SH
3600000

If a system is 100% efficient then the output of the
system should be equal to its input (i.e. there are no
losses).

How long will it take for a 2 kW 230V kettle to
raise the temperature of 2 | of water from 8°C to
boiling point? Assume 100% efficiency. (SH of
water 4200J/kg/°C and 1l of water has a mass of
1kg.)

mass change in temperature SH
output 3600000
2 92 4200
3600000
0.215kWh

kwh

As the system is 100% efficient,
kWh

: kWh
input output

and, as 2kW is the input power dissipated by the
element,

2 hours 0.215

Hours —0'2215

0.1075h
6.45min
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!?ao"ust,)le-insulated L o J To fuse board
Brown Brown J
Grey sheath 4—{ \
Blue Blue ‘\
From mains Double-insulated
‘tails’
Figure 3.27 Energy meter.
Efficiency mass change in temperature SH
kWhoutput
The efficiency of a system is the ratio of the output to 3600000
the input: 137_60_4200
Percentage efficienc output 100 3600000
9 Y input 9.59 kWh
But
Exampie Efficiency 2Pt 100
input
Calculate the efficiency of a water heater if the output 959 100
in kilowatt hours is 24 kwWh and the input energy is 80 80
30kwh.
kWhinput 9k?/g\)/h 100
Efficiency %) 2UPU 100 nput
nput 12kwh
24 ) )
2 100 As the input power is 3 kW,
80% kWhinput kWinput hours
12 3 hours

Hours 12
Example : 3
Time 4 hours

Calculate the time taken for a 3 kW immersion heater
to be energized to heat 137 | of water from 10°C to
70°C. The efficiency of the system is 80%. (SH of
water 4200J/kg/°C and 1l has a mass of 1kg.)

If the tank were lagged to prevent as many losses
as possible, the efficiency would improve, reducing
the time taken and hence ensuring greater economy.

33



3 Resistance, Current and Voltage, Power and Energy

Self-Assessment Questions

1. A 230V electric iron has a resistance of 96 and 8. Three lamps have the following rated values:

34

is connected to a socket outlet by a twin cable,
each conductor of which has a resistance of
0.1 . If the total resistance of the cable from

60W 230V; 100W 200V and 40W 100 V.
Calculate the power dissipated by each if they
are connected in series across a 230V supply.

the fuse board to the socket is 0.8 , calculate 9. From the diagram, calculate the total resistance,
the total resistance of the whole circuit. the current in each branch, the voltage at X and
2. If the total resistance of the three lamps in the Y, and the p.d. across XY.
diagram is 4128 , calculate the resistance of 3 12
amp A — o +—
2304 384 x
o | | | | ] o
| | | | L
Lamp A Lamp B Lamp C 6 Y 4
3. An electric kettle, an iron and a food mixer have
element resistances of 28.8, 96 and 576
respectively. If they are all connected in parallel, 30V
calculate the total resistance. o O
4. A 2.5mm?220m long twin copper cable supplies
a heating appliance having three elements 10. A domestic consumer has the following loads
each of resistance 57.6 . If the elements are connected each day (supply voltage 230V).
arranged such that two are in series and the Five 100W lamps for 4 h
third is in parallel with these two, calculate: One 3kW immersion heater for 2 h
(a) the resistance of the cable and (b) the total One 10kW cooker for 11h
resistance of the whole circuit. (  for copper is Two 3 kW electric fires for 3 h
17 mm.) Sundry appliances taking 12A for 2h
5. (a) What are the maximum permissible voltage If electricity costs 7 p per unit, calculate the cost
drops in an installation, as recommended by for one quarter (13 weeks).
the IET Regulations? 11. Itis required to raise the temperature of 1.5 | of
(b) Alength of cable supplying a cooker at 230 V water in a kettle from 5°C to 100°C in 3.5 min.
has a resistance of 0.24 . If the cooker has Assuming 100% efficiency, calculate the
a total resistance of 5.76 , calculate the nearest size of element required to do this. (SH
voltage drop along the cable. Is this value of water  4200J/kg/°C.)
permissible? 12. An immersion tank contains 110 | of water at
6. If an electric fire of resistance 28.8 , an 15°C. An immersion element supplied from a
immersion heater of resistance 19.2 , a small 230 V source takes 12.5 A when energized and
electric kettle of resistance 57.6  and a toaster heats the water to 78°C. If the system is 90%
of resistance 115.2  are connected to a 230 V efficient, calculate for how long the element is
domestic power circuit, calculate the current energized. (SH of water 4200J/kg/°C.)
taken by each appliance and the total current 13. A small 251 boiler is completely filled with water
drawn from the supply. at 12°C. The heating element has a resistance
7. What would be the resistance of, and the current of 28.8 and is connected to a 230 V supply. If

drawn by, the following when connected to a
230V supply: (a) a kW 230V immersion heater;
(b) a 600W 230V food mixer; (c) a 1kW 230V
electric fire and (d) a 40W 230V filament lamp?

the boiler raises the temperature of the water to
boiling point in 97 min, calculate the efficiency of
the system.



Electromagnetism

Before we deal with this major subject, it would be
sensible to discuss basic magnetism briefly.

Magnetism

We are all familiar with simple magnets and have
probably seen the lines of force traced on paper with
iron filings. The quantity of lines of force that come
out from a magnet is called the flux and is measured
in webers (Wb).

Wilhelm Edward Weber (1804-1891)

German scientist famous for his work in the
measurement of electrical quantities.

Flux density: symbol B; unit tesla (T)

Just as population densities are measured in
people per km?, flux density is measured in flux per
m? or Wb/m?2. This unit, however, is known as the
tesla (T).

(Wb)
a (m?)

B (T)

Nickola Tesla (1856—-1943)

Yugoslavian electrical engineer renowned for his work

on a.c. generation and distribution.

A motor field pole has an area of 60cm?. If the pole
carries a flux of 0.3Whb, calculate the flux density.

B 72 0.3Wb;a 60cm? 0.006m?

0.3
0.006
50T

Electromagnetism

Field around a conductor carrying
a current

When a conductor carries a current, a magnetic field
is produced around that conductor (Fig. 4.1). This field
is in the form of concentric circles along the whole
length of the conductor. The direction of the field
depends on the direction of the current — clockwise
for a current flowing away from the observer and anti-
clockwise for a current flowing towards the observer.
In order to show these directions, certain signs are
used (Fig. 4.2).

The screw rule

In order to quickly determine the direction of the
magnetic field around a current-carrying conductor,
the screw rule may be applied (Fig. 4.3).

Conductor

Direction
~ of flux

Direction
of current

Figure 4.1 Magnetic eld around a conductor.
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e _ -
e ~<— Field, .7 N
ya AN . / \
/ v clockwise / \
/ \ / \
/ \ / \
| | |
\ / \ /
\ / . \ /
\ / Field, —\ /
AN . . /
N e anticlockwise  ~_ 7
-~ S
(@) (b)

Current flowing away
from observer

Current flowing
towards observer

Figure 4.2 Symbols for current direction.

Conductor

—_—> |

Direction of current
—>
Direction of screw

Figure 4.3 The Screw Rule.

Imagine a screw being twisted into or out of the end
of a conductor in the same direction as the current.
The direction of rotation of the screw will indicate the
direction of the magnetic field.

Force between current-carrying
conductors

If we place two current-carrying conductors side by
side, there will exist a force between them due to
the flux. The direction of this force will depend on the
directions of the current flow (Fig. 4.4).

In Fig. 4.4a, there is more flux between the
conductors than on either side of them, and they will
be forced apart.

In Fig. 4.4b, the flux between the conductors is in
opposite directions and tends to cancel out leaving
more flux on the outside of the conductors than in
between them, so they will be forced together.

The direction of movement can be found using
Fleming’s left-hand rule.

Force Force
-~ —_— B ——

e T T = e~ =

s - —— s T~ N
P N < N\ /7 ~_ -~ <\
/// 27NN \/// 7NN /7 T TN -—=7, SN
[/ NN Ny AT I \ / )
LB O iy (B

VWY 77 n A\ 770 Ly / \ /
NN NNN_ o VNN N
AN VRN 7/ N o ——— 7
N T~ N T~_ 7 s N~ S~__- 7

SNa - Se__ -~ ~___ -7 T T T~ >

Figure 4.4 Force on a current carrying-conductor.

Fleming’s left-hand rule

If the thumb, first and second fingers of the left hand
are placed at right angles to one another (Fig. 4.5),
they indicate:

First finger Field

seCond finger Current

thuMb Motion

SeCond 90° First
finger, Current finger, Field
90°

ThuMb,
Motion

Figure 4.5 Flemings left-hand rule.

Force on a conductor carrying a current
in a magnetic field

If a current-carrying conductor is placed at right
angles to a magnetic field, a force will be exerted on
that conductor (Fig. 4.6). This force is measured in
newtons.

Direction
of movement

~o - =~
| _—~ />\\\\: ///: I~ T~
‘////»\\\\\; - ~J~-
/ \ - 7 AN =~
/ \ / \
N ! | ! | S
\ / ! /

N . _ A s -
:\\\ ////( ~_ N o -7
SN R
S~ _-" \\\\>// i
- — S~ ——

Direction

of movement

Figure 4.6 Movement of a conductor in a magnetic
eld.

Sir Isaac Newton (1642-1727)

English scientist of considerable fame, known
especially for his work on force, mass, motion and
momentum.

In Fig. 4.6a, the flux above the conductor is greater
than the flux below, and the conductor is forced
downwards. In Fig. 4.6b, the current and hence
the field around the conductor is opposite to that in
Fig. 4.6a and the conductor is forced upwards.
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The magnitude of this force is dependent on three Conductor

things: moving through
field ¢

1. the current flowing in the conductor ( I).
2. the density of the magnetic field ( B).
3. the length of the conductor in the magnetic field ( I). 3‘#

F (newtons) B (teslas) | (metres) | (amperes)

N

Calculate the force exerted on a conductor 40 cm
long carrying a current of 100A at right angles to a
magnetic field of flux density 0.25 T. I

7/
L/
[/
£/,
[/

S

hg !

F ?2:.B 0.25T:| 40cm 0.4m:| 100A Figure 4.7 E.m.f. induced in a moving conductor.
F B I I
0.25 0.4 100

of that conductor. If we were to reverse the process
and physically move the conductor through a magnetic
field, such that it cuts across the flux, then a current
would flow in that conductor (Fig. 4.7).

Example As we have already seen in Chapter 2, a pressure is

required for a current to flow. Therefore, if a current
flows (Fig. 4.7) then an e.m.f. must be producing it.
This e.m.f. is called an induced e.m.f. and its direction
is the same as that of the current flow. This direction
can be determined by using Fleming’s right-hand rule.

F 10N

A circular magnetic field has a diameter of 20 cm and
a flux of 149.6 mWh. Calculate the force exerted in a
conductor 21 cm long lying at right angles to this field
if the current flowing is 15 A.

B J—
a Fleming’s right-hand rule
But If the thumb, first and second fingers of the right hand
a d2 are arranged at right angles to one another (Fig. 4.8)
4 they indicate:
3.1416:d 20cm 02m:B 7 First finger, Field (north to south)
149.6mwWb 149.6 103 Wb seCond finger, Current (and e.m.f.)
3.1416 0.2 0.2 thuMb, Motion
4 The magnitude of the induced e.m.f. depends upon:
0.031416m? 1. the flux density of the field ( B).
B — 2. the length of the conductor ().
a 3. the velocity at which the conductor cuts across the
3
149.6 10 47627 flux (v).
0.031416 E (volts) B (teslas) | (metres) v (metres/second)
F 7B 4.762T;| 2lcm 0.21m;| 15A
F B I |
First
4,762 0.21 15 finger, Field
F 15N
. . . SeCond
The e .m.f. induced in a moving finger, Current
conductor (and e.m.f.)
ThuMb,
We have seen that passing a current through a Motion
conductor in a magnetic field produced a movement Figure 4.8 Flemings right-hand rule.
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A conductor 15 cm long is moved at 20 m/s
perpendicularly through a magnetic field of flux density
2T. Calculate the induced e.m.f.

E 7B 2T;I 15cm 0.15m;v 20m/s
E B Il v

2 015 20
E 6V

Application of magnetic effects

There are major areas in which the magnetic effects
of electric current are used. These are measuring
instruments and motors (discussed in later
chapters), solenoids, electromagnets, inductors and
transformers, etc.

Solenoid

If we wind a conductor on to a hollow cardboard
cylinder or former and pass a current through it, the
whole assembly will act like a magnet, having a north
and south pole, and an iron rod will be drawn inside
the solenoid when it is energized. This effect may be
used in various ways.

One example is a chime bell (Fig. 4.9). When the bell
push is depressed, the solenoid is energized, the soft
iron rod, with plastic end inserts, is attracted by the
magnetic field in the direction shown, and the chime
(ding) will sound. When the bell push is released, the
spring will return the rod with enough force to sound
the chime (dong) again.

Electromagnet

If the coil of the solenoid is wound on an iron core,
when energized, the coil will cause the core to act as

Soft iron
Plastic - Spring
Crime % f iz .
(ding) ~————"] (dong)
Supply
DBeII push

Figure 4.9 ‘Ding-dong’ chimes for d.c. or a.c. supplies.

Iron armature
Electromagnet

Iron core 4{(:%/

Supply

O—‘

Figure 4.10 Trembler bell.

Striker

Spring

Fixed contact

[] Bell push

a magnet. This effect is used in many different ways,
for example in bells, relays, contractors, telephones or
circuit-tripping mechanisms.

Figure 4.10 shows how a simple trembler bell works.
When the bell push is operated, the electromagnet is
energized and the iron armature is attracted to it, the
striker hitting the bell. This action, however, breaks
the circuit at A and the electromagnet de-energizes.
The spring returns the striker and the armature to
their original position, completing the circuit, and the
electromagnet is energized again.

Another device making use of the same principle is
the electromagnetic trip. Its latching mechanism is
similar to that of the thermal trip, but the bimetal is
replaced by an iron armature (Fig. 4.11). The current
supplying the load flows through the coil and the
closed contacts. The coil is designed to allow a certain
value of current to flow, and beyond this amount the
core of the electromagnet is magnetized sufficiently

to attract the armature, causing the circuit to be
interrupted.

Direct-current generator

We have just seen how an e.m.f. is induced in a
conductor when it is moved through a magnetic field.

This effect is the principle which enables a simple
generator to work (Fig. 4.12). A single-loop conductor
arranged as shown in this figure has its ends
connected to a simple commutator, which comprises
two copper segments insulated from each other.

The commutator and the loop are fixed to a central
shaft that enables the whole assembly to rotate
freely. Two fixed carbon brushes bear on the surface
of the commutator, enabling an external load to be
connected to the generator.

When the loop is rotated in the direction shown,
side A will travel downwards and side B upwards.
From Fleming’s right-hand rule (p. 64), the current
and hence the induced e.m.f. will be in the direction
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| —]
o r-— 5
coi— ||| .
T e —
e %\
Armature

(a) (b)
Figure 4.11 Tripping mechanism.

Figure 4.12 Simple single-loop d.c. generator.

shown, making brush A ve and B ve. After 180°
revolution, side A will be travelling upwards and side
B downwards, but the induced e.m.f. stays in the
same direction (right-hand rule) and so the polarity at
the brushes remains unchanged. We have therefore
generated a d.c. source of supply.

In large generators the magnetic field is provided

by electromagnets rather than permanent magnets.
The single loop is replaced by many such loops held
in slots in an iron core. This arrangement is called an
armature. The commutator fixed to the armature

shaft has of course many insulated segments to which
the ends of all the loops are connected.

The armature is laminated, that is made up of many
thin sheets insulated from one another. This is done to
reduce eddy currents.

Eddy currents

As we have seen, cutting magnetic flux with a
conductor induces an e.m.f. in it, and if the conductor
is a part of a complete circuit, a current will flow.

The iron of an armature as well as its conductors cuts
the flux and small currents are induced in the armature
core, which, when circulating together, can cause it to
heat up. This effect is overcome to a large extent by

laminating the core. This confines the currents to each
lamination and prevents a large circulating current
from building up.

Alternating-current generator

The principle of a.c. generation is the same as that of
d.c. The ends of the loop in this case, however, are
terminated in slip rings, not a commutator (Fig. 4.13).

As the loop rotates, side A will have an e.m.f. induced
first in one direction and then in the other. Therefore,
as side A is permanently connected to a slip ring A,

(6]

Figure 4.13 Simple single-loop a.c. generator.
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-

d.c.

Field winding input via
slip rings

Figure 4.14 Single-phase a.c. generator.

this ring will be alternatively ve and ve. The same
process applies to ring B. The generated supply output
is therefore alternating.

In practice, large generators are arranged such that
the magnetic field rotates, its flux cutting across the
armature conductors (Fig. 4.14). In a generator of
this type, the armature is made stationary and called
the stator, while the rotating magnetic field, in the
form of an electromagnet, is called the rotor. This
arrangement is preferred to that in Fig. 4.14 because
of the excessive cost of providing slip rings and
brushes capable of handling the large output currents.

The single-phase a .c. waveform

Figure 4.15 shows a cross-section through a single-
loop generator. It will be seen that in the vertical
position AB, the loop sides are cutting no flux and
hence no e.m.f. is induced. However, as the loop
rotates, more and more flux is cut and hence more
and more e.m.f. is being induced, up to a maximum
in the horizontal position. Further rotation causes the
e.m.f. to fall to zero again. This rise and fall of the
e.m.f. can be traced graphically.

Rotation

»

A

B

a.c.
output

Stator
pole

Stator winding

Since the current will flow in the same direction as
the induced e.m.f., it also will rise and fall with time
and the e.m.f. The current and the e.m.f. are said to
be in phase with one another.

Figure 4.16a shows a single conductor rotating in

a magnetic field; after each 30° of revolution the
conductor is at positions 1, 2, 3, 4, etc. The horizontal
axis of Fig. 4.16a is the circular path taken by the
conductor simply opened out to form a straight line,
each 30° linear space corresponding to each 30°
angle of movement. The vertical axis represents

the magnitude of the induced e.m.f. As the induced
e.m.f. depends on the amount of flux being cut, which
itself depends on the position of the conductor, the
magnitude of the e.m.f. can be represented by the
conductor position.

Hence each 30° position of conductor rotation
(Fig. 4.16a) can be represented by an e.m.f. at each
30° space of linear movement (Fig. 4.16b).

Figure 4.15 Cross-section through a single loop generator.
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Positive half-cycle

Peak value

(@) (b)

Negative half-cycle

Figure 4.16 Single conductor rotating in a magnetic eld: one complete cycle.

The resulting graph indicates the e.m.f. induced

in one complete revolution of the conductor. This
waveform is called a sine wave, and any quantity
that has a wave of that nature is called a sinusoidal
quantity.

Figure 4.16b shows the variation of the e.m.f. during
one revolution of the conductor and is termed one
cycle.

Frequency: symbol, f; unit, hertz (Hz)
( cycles per second)

The number of complete cycles which occur in one
second is called the frequency (Fig. 4.17). In the
British Isles, the frequency of the supply is 50 cycles
per second or 50Hz.

Heinrich Rudolf Hertz (1857-1894)

German physicist who demonstrated the transmission
of electromagnetic waves.

~—1 second —

I
| :«- 1 second —»=

|
|
| |
| |
| |
| |
t 1s t 1s

f 2Hz f 3Hz
Figure 4.17 Frequency.

Drawing the waveform of an
alternating quantity

The following example shows how the waveform of
an alternating quantity can be drawn.

Draw the waveform of a sinusoidal e.m.f. having a
maximum or peak value of 90V, and from it determine
the value of the e.m.f. after one-third of a cycle.

First, a suitable scale must be chosen and then a circle
with a radius representing 90 V is drawn (Fig. 4.18).
(This radius representing 90V is called aphasor,
phasors simply being straight lines drawn to scale to
represent electrical quantities.) We will choose a scale
in which 1cm 30V so that 90V will be represented
by 3cm.

Now the circle is divided up into 30° segments. If the
scale permits, it can be divided into 15° segments: the
more the points on the waveform the easier to draw
and the more accurate the result.

After one-third of a cycle the conductor has moved 1/3
of 360° (i.e. 120°) and the vertical measurement |, to
scale, is the value of induced e.m.f. at that point. By
measurement,
| 2.6cm
2.6 30
78V
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Figure 4.18 Sinusoidal waveform.

Addition of waveforms The resultant waveform is drawn by adding the value
of waves A and B at each 30° interval (e.g. at 60°, B

Sometimes two or more voltages or currents are has a value of 4 mm and A has 25 mm).

acting simultaneously in a.c. circuits, and they may
not act together. Under these circumstances they are A Bat60 4 25 21lmm

referred to as being out of phase. This is the value of the resultant at 60°. By

Whether the voltages or currents are in or out of phase,  measurement, the peak value of the resultant is 4 cm.
their combined effect or resultant can be shown. Peakvoltage of resultant 4 30 120V

Two sinusoidal voltages A and B of peak values 90 Root-mean-square (r  .m.s.) value
and 60V, respectiv.ely, act together in a circuit. If As discussed in Chapter 3, a current passing through
voltage B lags behind voltage A by 70°, draw the two a resistance has a heating effect, the magnitude of
waveforms on the same axis and show the resultant which is measured in watts. and we have also seen
voltage. What is its peak value? that
The construction is carried out as follows (Fig. 4.19): P 12 R
1. Choose a suitable scale. and
2. Draw two circles, one inside the other, of radius
corresponding to 90 and 60V. p .
3. Starting at A, divide the larger circle into 30° R
segments. o ] ) . so that the power (or heat) dissipated in a resistance
4. Startmgtat B, divide the smaller circle into 30 is proportional to either the square of the current or
segments.

the voltage. Take, say, an a.c. current of peak value/

5. Draw each waveform. amperes, draw its waveform over half a cycle and

ve

Peak value
,x/ “*s_ Resultant
\
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’ \
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L — _Z _______ v D e e e e e e e .
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Figure 4.19 Addition of waveforms.



then square the value of the current at each 30° or
15° spacing (instantaneous values), and then draw a
waveform using these squared values. The resulting
wave will represent the power dissipated. The average
or mean heating effect will therefore be the sum of

all the instantaneous values divided by the number of
instantaneous values,

ip i

i2 2
12 I3 1

number of values

\/i 2 j2 j2 gz

1 2 3 4

number of values

(in other words, the root of the mean of the squares).

This can be shown mathematically to be 0.7071 of the
peak value,

r.m.s. max

0.7071

where | is the root-mean-square current and |__ is
r.m.s. max

the peak value of the current.

If we connect a resistance to a d.c. supply and draw a
d.c. current equal to the value of the a.c. r.m.s. value,
the heating effect will be the same in both cases. We
can therefore define the r.m.s. value of alternating
current or voltage as ‘that value of alternating current
or voltage which will give the same heating effect as
the same value of direct current or voltage’, that is

10A (rm.s.)) 10A (d.c)

Unless otherwise stated, all values of voltage and
current quoted on a.c. equipment are given as
r.m.s. values.

It is interesting to note that the peak value of our
230V domestic supply is

vV, . V. 07071

V VI'.mASA
" 0,7071

230
0.7071
325.2V

It is also interesting that the r.m.s. value of an
alternating quantity is achieved when the conductor
has rotated through an angle of 45° (Fig. 4.20). It will
be seen that

V sin45

VvV 0.7071

4 Electromagnetism
\ value _
45° 45° \\/

Figure 4.20 R.m.s. value of a sine wave.

Average value

The average value of all the instantaneous values that
make up a sine wave is given by

I 0.637

average max

Three-phase a .c. generator

The principle of generating a three-phase supply is the
same as that for a single phase. In this case, however,
the stator poles are arranged 120° apart (Fig. 4.21).
With the rotor in the position shown in the figure, the
induced e.m.f. is at a maximum in the brown phase,

is increasing in the black phase and is decreasing in
the grey phase. There are therefore three waveforms,
each 120° apart (Fig. 4.22). If we were to find the
resultant of, say, the brown and black phases first and
then add this to the grey phase, we would find that

the total resultant was zero.

Hence, in a balanced (all phases equal) three-phase
system the resultant voltage and current is zero. As
discussed later, this fact is important in distribution
systems and in the design of three-phase motors.

Inductance: symbol, L; unit,
henry (H)

Let us consider the effect of forming a coil from a
length of wire and connecting it to a d.c. source of
supply. Figure 4.23 shows the distribution of the
magnetic lines of force, or flux, produced by such a
circuit. We know that if we wind the same coil on to
an iron core, the lines of force tend to be confined
to that core and the flux is much greater (Fig. 4.24),
and that when a conductor is cut by magnetic lines
of force, a current, and hence an e.m.f., is produced
in that conductor. Consider what happens when the
switch S is first closed (Fig. 4.24).

As the current increases from zero to a maximum,

the flux in the core also increases, and this growing
magnetic field cuts the conductors of the coil, inducing
an e.m.f. in them. This e.m.f., called the back e.m.f.,
operates in the reverse direction to the supply voltage
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Figure 4.21 Simple three-phase star-connected a.c. generator.
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Figure 4.23 Fiux distribution for a coil.
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Figure 4.24 Self-inductance.

Black

Grey

and opposes the change in the circuit current that is
producing it. The effect of this opposition is to slow
down the rate of change of current in the circuit.

When the switch S is opened, the current falls to
zero and the magnetic field collapses. Again, lines of
force cut the conductors of the coil inducing an e.m.f.
in them. In this case, the e.m.f. appears across the
switch contacts in the form of an arc.

Induced e .m.f. due to change in flux

The average value of the induced e.m.f. in a circuit
such as the one shown in Fig. 4.24 is dependent on
the rate of change of flux and the number of turns of
the coil. Hence the average induced e.m.f.

N volts

E 2 1
t

The minus sign indicates that the e.m.f. is a back
e.m.f. and is opposing the rate of change of current.



The magnetic flux linking the 1800 turns of an
electromagnet changes from 0.6 to 0.5 mWhb in 50 ms.
Calculate the average value of the induced e.m.f.

(E induced e.m.f.).

, 0.6mWb; | 0.5mWhb;t 50ms;N 1800
E (o W) N
t
08 05 455 100
50 10°
0.1 1800 18
50 5
3.6V

Self-inductance

Self-inductance is the property of a coil in which

a change of current, and hence a change of flux,
produces an e.m.f. in that coil. The average induced
e.m.f. in such a circuit is given by

La, 1)

E volts

The inductance L can be calculated from

L

where N number of turns, flux in webers and

| current.

The unit of inductance

The unit of inductance is the henry (symbol H) and
is defined as follows: ‘A circuit is said to possess an
inductance of 1 H when an e.m.f. of 1 V is induced in
that circuit by a current changing at the rate of 1 A/s’.

Joseph Henry (1797-1878)

American electrophysicist whose work with
magnetism led him to discover self-inductance.

Mutual inductance: symbol, M; unit,
henry (H)

Let us consider the effect of winding two coils on the
same iron core (Fig. 4.25).

A change of current in coil 1 produces a change of flux
which links with coil 2, thus inducing an e.m.f. in that
coil. These two coils are said to possess the property

4 Electromagnetism

Path of flux
(T 0 =y -7 AY
SRR [ g
4
/\)‘/ 1 2 M}/; Average induced
‘ 1]
o=y i )‘//r/(: emfE
\ } c)‘/v‘/
b ___
| |

Figure 4.25 Mutual inductance.

of mutual inductance, which is defined as: ‘A mutual
inductance of 1 H exists between two coils when a
uniformly varying current of 1 A/s in one coil produces
an e.m.f. of 1V in the other coil'.

If a change of current (I, 1), in the first coil induces
an average e.m.f. E in the second coil, then

M(, 1)

E volts

But E can also be expressed as

E Mvolts
Then
MG W) )
t t
M (. . N henrys
a 1)

Two coils A and B have a mutual inductance of 0.5H.
If the current in coil A is varied from 6 to 2 A, calculate
the change in flux if coil B is wound with 500 turns.

M O05H;I, 6A;l, 2A;N 500, ( , ) ?
w Lz 2y
aQ 1)
( y M 1) 05 62
2 1 N 500
05 4 2 4y
500 500

Time constant: symbol, T

When considering inductive circuits, it is useful to
represent the inductance and resistance of a caoill

as separate entities on a circuit diagram. A typical
inductive circuit is shown in Fig. 4.26.
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I (A)
X

Time (s)

Figure 4.27 Growth of current in an inductive circuit.

When switch S is closed, the current increases from
zero to a steady maximum, given by
\

| —amperes

™R
Figure 4.27 shows the growth of current in an
inductive circuit. At any instant, say X, on the growth
curve, if the rate of growth of current at that instant
is such that if it continues to increase at that rate it
would reach its maximum value in L/R seconds, then
this period of time is called the time constant and is
given by

T L seconds
R

Graphical derivation of current
growth curve

Construction

1. Select suitable scales for the two axes.
2. Draw the dotted line corresponding to the value
of the maximum current (from | V/R).

3. Along the time axis, mark off OA corresponding

to the time constant T (from T L/R).

Draw the perpendicular AB.

Join OB.

Select a point C close to O along OB.

Draw CD T horizontally.

Draw the perpendicular DE.

Join CE.

10. Repeat procedures 6-9 for the line CE, and
continue in the same manner as shown in the
figure.

© o NoGOA

== T Imax

I(A)

Time (s)

Figure 4.28 Graphical representation of current
growth curve.

11. Join all the points O, C, G, J, etc., to form the
growth curve (Fig. 4.28).

The more points that are taken, the more accurate the
final curve will be.

A coil having a resistance of 25 and an inductance
of 2.5H is connected across a 50V d.c. supply. Derive
the curve of the current growth graphically (Fig. 4.29).

- vV 50 2A; time constant, T L 25 0.1s
R 25 R 25

Scales: 10cm 1A and 10cm 0.2s

Derivation of curve of current decay

The curve of current decay is constructed in the same
manner as the growth curve, but in reverse as is
shown in Fig. 4.30.

2T AT A A A T Io—E==T— -~~~ ——— Imax
iviya s
Al ——r=-
| A1l
I I
I I I
1.5 -
I I I
L
I I
. : I I
< 1.0 :: i
= S
| I
| I
| I
054 [------
I
I
I
I
O I T T T T T
0.1 0.2 0.3 0.4 05 0.6
Time (s)

Figure 4.29 Current growth.
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Figure 4.30 Current decay.

Energy stored in a magnetic field

As we have already seen, opening an inductive circuit

produces an arc across the switch contacts. This arc
is the dissipation of the magnetic energy which was
stored in the coil; the value of this energy can be
calculated from

W 1 L I2joules

When carrying a current of 1.2 A, each field coil of a
generator has an inductance of 2.5H. Calculate the
value of the energy stored in each coil.

W energy stores;| 1.2A;L 2.5H
W 1L I?
25 12 1.2

2
1.8J

Inductance ina .c. circuits

Inductive reactance: symbol, X
ohm ( )

Let us now consider the effect of supplying an iron-
cored coil of negligible resistance with an alternating
current and voltage.

L unit,

In this instance the current, and therefore the
magnetic field, is building up and collapsing (in the
case of a 50Hz supply) 50 times every second and
hence a continual alternating back e.m.f. is produced.
As we have seen at the beginning of the chapter,

the back e.m.f. opposes the change in circuit current

4 Electromagnetism

which is producing that e.m.f. Therefore, under a.c.
conditions the e.m.f. produces a continual opposition
to the current (much in the same way as resistance

does in a resistive circuit). This opposition is called the

inductive reactance (symbol X  and is measured in
ohms). X is given by

X 2 fL

L

where f  frequency in hertz and L  inductance in
henrys.

Calculate the inductive reactance of a coil of
inductance 0.5H when connected to a 50 Hz supply.

X, ?%f 50Hz L 0.5H
X, 2 fL

2 50 05

2 25

50

157.1

When an a.c. supply is given to a pure inductance, the
principles of Ohm’s law may be applied (i.e. V1 X).

Calculate the current taken by a coil of inductance
0.8H when connected to a 100 V, 50Hz supply.

X vV 100V;f 50HzL O0.8Handl 2

L

In order to find the current, the formulaV | X must

be used,; therefore the value of X must be calculated
first.
X, 2 fL
2 50 0.8
80
251.36
vV I X

L
A
XL

100

251.36
0.398 A

Representation of current by a
phasor diagram

In a purely resistive circuit (Fig. 4.31a), only the

magnitude of the current is opposed by the resistance,

a7
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\%
(@ Otz ©

\oltage

Current

(b) W

Figure 4.31 (a) Circuit diagram, (b) waveform.

f

Figure 4.32 (a) Circuit diagram, (b) waveform.

and as the current and voltage alternate at the same
time they are said to be in phase. Figure 4.31b shows
the waveforms of current and voltage in a resistive
circuit.

In a purely inductive circuit (Fig. 4.32a), the rate of
change of current is opposed by the reactance of the
coil, and the effect of this opposition is to make the
current lag behind the applied voltage or be out of
phase by 90°. The waveforms of current and voltage
in a purely inductive circuit are shown in Fig. 4.32b.

The current lags the voltage by 90°, as V has reached
its maximum at point A when current is zero at
point B.

We can represent this effect by means of phasors
(scaled lines representing electrical quantities). Figure
4.33 shows the phasor representation of current and
voltage in a purely resistive circuit. Figure 4.34 shows
the phasor representation of current and voltage in a
purely inductive circuit.

Direction of movement

of phasors
; —v)

Figure 4.33

v \ Direction of movement
of phasors

Current lags voltage by 90° (out of phase)

Figure 4.34 Voltage and current in phase.

Resistance and inductance in series
(R—L circuits)

Consider a coil which has inductance and resistance
as shown in Fig. 4.35.

It is clear that the applied voltage, V, comprises the
voltage across L, V,, and the voltage across R, V,, the
current remaining. However, unlike purely resistive
circuits, we cannot merely add V| to V, to obtain V.
The reason for this is that in the inductive part of the
circuit the common current | is out of phase with V |
and in the resistive part | is in phase with V, V, and
V, can only, therefore, be added graphically (or by
phasors) as in Fig. 4.36.

By construction, we can see that V , is in phase with |
and V,_ is 90° out of phase with | and that the resultant
is the applied voltage V. is the number of degrees
that | lags behind the applied voltage V.

L R
N Y VYN —
L |
| Vi l VR |
[
v
O—

O fHz

Figure 4.35 R & L in series.

| (common)

Figure 4.36 Phasor diagram.
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From Fig. 4.36 it can be seen that the triangle abc is
right-angled, havingab V,bc V andac V.. Hence
by Pythagoras’ theorem: z XL

ab Jac® bc?
\% 2 V2 R
Figure 4.39 Impedance triangle.

This formula need not be remembered; it is simply A choke coil has a resistance of 6 and an inductance
a useful check after a value has been obtained with of 25.5 mH. If the current flowing in the coil is 10 A
the aid of a phasor diagram. when connected to a 50 Hz supply (Fig. 4.40), find the

supply voltage V.

In order to solve the problem by the use of phasors it
is necessary to know the values of V,_and V.. Hence,
It is clear that there are two separate oppositions V. I R 10 6 60V

to the flow of current in an R—L circuit, one due to v 1 X

resistance and the other due to reactance.

Impedance: symbol, Z ; unit, ohm ( )

L L

X 2 fL

The combination of these oppositions is called the -
2 50 255 10°

impedance of the circuit: its symbol is Z and it is

measured in ohms. 8
Impedance may be defined as the total opposition Vi X
offered by the components in that circuit. Ohm’s law 10 8
may once again be applied: 80V
z v By phasors we can draw Fig. 4.41 (scale 1cm 10V).
! By measurement V. 100V. Check by Pythagoras’
where V is the applied voltage of the whole circuit. theorem:
. Z JR? X?
Impedance triangle -
) ) ) /62 82
From Fig. 4.37, it can be seen that a triangle can
represent all the voltages in the circuit. v100
If we now divide these voltages by the current | which 10
is common to all components in the circuit the triangle v oIz
can be shown as in Fig. 4.38. vV 10 10 100V
V, V,
v Z + X 2 R
| | | L 255mH R 6
Therefore the triangle can be shown as in Fig. 4.39. v, I
This triangle is called the impedance triangle. | 10A VR
Applying Pythagoras’ theorem:
\Y
—O O—
Z JRrR® XE 50 Hz
Figure 4.40
v Vi j-——————————- IV (not to scale)
[y Vi !
v v, ! |
80V :
Ve |
Ve I |
L
Figure 4.37 Voltage Figure 4.38 60V A
triangle. Figure 4.41
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Resistance and inductance
in parallel

Again, unlike resistive circuits, currents in parallel
branches of an R—L circuit cannot simply be added to
find the total current. It will be seen from Fig. 4.42a
that the common quantity in the circuit is the voltage.
This is used as the reference phasor (as the current
was in the series circuit).

z v
I
The current in the resistive branch | is in phase with
the applied voltage and the current in the inductive
branch | lags the applied voltage by 90°. The
resultant of these two currents is the supply current |
(Fig. 4.42b). The impedance Z is given by

z 5

A non-resistive inductor of 51 mH is connected to a
non-inductive resistor of 10  across a 200V, 50Hz
supply. What is the value of the supply current and the
impedance of the circuit (Fig. 4.43)7?

In order to find I, the values of | and | must be found:

.V 20
tOX, 16
125A
L Vo200
R R 10
20A
By phasor diagram (Fig. 4.44), | 23.7A:
z 5
200
23.7
8.45
Powerina .c. circuits

All the power (watts) in a circuit is dissipated in the
circuit resistance (Chapter 3). The purely inductive part
of the circuit consumes no power; it only provides a
magnetic field.

Consider the circuit shown in Fig. 4.45. We have
already seen the phasor diagram of the voltage in
the circuit and developed a voltage triangle from it.
Now we multiply the voltage by the common current
(Fig. 4.46).

ButV | P. Therefore the triangle becomes as

Vv \Y N
I, N and | B shown in Fig. 4.47.
X 2 LfL This is called the power triangle but as the inductive
- . part of the circuit consumes no power, it is called the
2 50 5110 wattless component of power (VAr). The resistive
16 part is called the wattful component or true power
and the combination of the two is known as the
v
Z |_ IR
v
: g
I }
R I
| — !
L !
IR \
| a }
\% | '
O fhz © S
(@) (b)
Figure 4.42 R & L in parallel.
R L
— L
S | | |
| | |
:<—V —>:<— \Y —>:
— ! | ® ARG
| o o I, 12.5A O v O0———
Figure 4.43 Figure 4.44 Figure 4.45 R & L in series.
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Vg |
MM
kw
Figure 4.48 Power
triangle.

VR

Figure 4.46 Voltage triangle.

Volt amperes
(VA) Volt amperes
reactive
(VA)

Volt amperes
resistive
(watts)

Figure 4.47 Power
triangle.

apparent power (VA). The power triangle is usually
shown in terms of kVA , kW and kVA (Fig. 4.48).

The relationship between the true power and the
apparent power is very important.

Power factor

The ratio of the kW (true power) to the kVA (apparent
power) is called the power factor (PF):
PE kw
kVA
By trigonometry
kw
kVA
PF cos

cos

As the voltage, impedance and power triangles have

the same angles, cos s either
V, R kw
= o — o —
Vv z kVA

all of which equal the PF.

As the original triangle was formed from the phasor
diagram (Fig. 4.36), is the angle between the
current and the supply voltage, and therefore PF
may be defined as: ‘the cosine of the angle of phase
difference between the current and the applied
voltage’.

PFs in inductive circuits are termed lagging as the
current lags the voltage.

When the true power equals the apparent power, the
PF of 1 is usually referred to as unity. Under these
circumstances there would be no wattless power
(kVA) and the current taken by the circuit would be at
a minimum. This is clearly an ideal situation.

4 Electromagnetism

The beer analogy

This is a useful way to explain the PF. Figure 4.49
shows a pint beer glass with the main body of beer
and the head. Although the glass is full, part of it is
useless (remember this is only an analogy) and the
true amount of beer is less than a pint. A ratio of true
to apparent beer would indicate how much head there
was. So, if this ratio (pint factor) were 1 or unity there
would be no head, and a PF of 0.5 would mean half
beer and half head. Clearly, it is better to have a PF
close to unity.

All large plants (motors, transformers, etc.) are rated
in kVA, unlike most domestic appliances which are
rated in kW. The reason for this is best explained by
an example.

T

Figure 4.49 Beer analogy.

If a heating appliance has a power rating of 1LkW at
230V it will take a current of

1000
230
4.34 A

But if a motor has a power rating of 1 kW at 230V and
the motor windings cause a PF of 0.6, then as

PE kw
kVA
kVA w
PF
1
0.6
1.667 kVA
1667 VA
and since
Current volt amperes
volts
| 1667
230
7.25A
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had the cable supplying the motor been rated on the
kW value it would clearly have been undersized.

Applications of inductance

Inductors, or chokes as they are more popularly called,
are used in many areas of modern technology. In
electrical installation work the main application is in
fluorescent lighting, where the choke is open-circuited
across the ends of the tube to cause it to strike.

This effect is discussed further in Chapter 10. Motor
windings are also inductances.

Transformers

As we have seen earlier, two coils that are wound
on the same iron core have the property of mutual
inductance, because a change in flux, and hence

in e.m.f., in one coil produces, via the iron core, a
corresponding change in the other coil.

If we take the same arrangement and apply an
alternating voltage to one coil, it will induce an
alternating e.m.f. in the other coil; this is called the
transformer effect. The coil or winding to which the
supply is connected is called the primary and the
winding from which the induced voltage is taken is
called the secondary (Fig. 4.50).

The relationship between the voltage, current and

number of turns for each winding is as follows:
V. N |
s
Vo N,

s p

where v, primary voltage, I primary current,
N, primary turns, V_ secondary voltage,
I, secondary current and N, secondary turns.

Transformers which have a greater secondary voltage
are called step-up transformers, while those with

a smaller secondary voltage are called step-down
transformers.

Laminated steel core

Iy Is
o—— f——s>———0
[ — —
q b q p
T b )
Vp — LN Ns V,
[ — ——
— T
D q
O O
Primary Secondary
winding winding

Figure 4.50 Simple transformer.

A single-phase step-down transformer has 763 turns
on the primary and 365 turns on the secondary
winding. If the primary voltage is 230 V calculate

the secondary voltage. Also calculate the secondary
current if the primary current is 10A.

Vo N
VS NS
V. N
V P S
s N
P
230 365
763
110V
Also
Vo ks
V. |
s p
|V
I P p
S Vs
10 230
110
21A

Note the larger secondary current. The secondary
winding would need to have a larger conductor size
than the primary winding to carry this current. If the
transformer were of the step-up type, the secondary
current would be smaller.

Types of transformer
Double wound

This type is constructed as shown in Fig. 4.50. Two
electrically separate coils are wound on to a common
silicon steel core.

The core is laminated to lessen the effects of eddy
currents and silicon steel is preferred, as there are few
losses due to hysteresis. These losses are dealt with
later in this section.

The double-wound transformer is the commonest
form of transformer and has a wide range of
applications.

Auto-transformer

In this type of transformer a single coil is wound on
to a steel core, the primary and secondary windings
being part of one winding (Fig. 4.51).

The main use of this type of transformer is in
the grid system. When 400 000V (400kV) has to
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Secondary
winding
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Common terminal
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Figure 4.51 Auto-transformer.

be transformed (stepped down) to 132 kV, huge
transformers are required. Auto-transformers are used
mainly because, a great saving in copper and hence
expense is achieved as there is only one winding.

The main disadvantage in using auto-transformers for
applications such as bells or train sets, etc., is that the
primary and secondary windings are not electrically
separate and a short circuit on the upper part of the
winding (see Fig. 4.51) would result in the whole of
the primary voltage appearing across the secondary
terminals.

The same ratio applies between the voltages, currents
and number of turns.

The current transformer

The action of this transformer is the same as

those previously discussed. It is a step-up (voltage)
transformer and is used extensively for taking
measurements. The most common form is the bar
primary type (Fig. 4.52).

It is clearly impracticable to construct an instrument
to measure currents as high as, say, 200—300A,

so a current transformer is used to step down the
secondary current to a value which can be measured
on a standard instrument.

A current of 300 A flowing in a bus-bar needs to be
measured. The ammeter available has a maximum
rating of 0.5 A. How many turns on the secondary of
a current transformer would be required to measure

Bus-bar (primary)

Core wound with many
turns (secondary)

Ammeter

Figure 4.52 Bar primary transformer.

4 Electromagnetism

the primary current, where N o 1 (single bus-bar),

I 300A and I, 0.5A (instrument rating).
LNy
N,
N NP |P
S IS
N 1 300
0.5
600turns

Transformer losses

Ideally, the power input to a transformer (I |~ V)
should equal the power output (I, V). However,
there are power losses which reduce the efficiency.
These losses are copper, eddy current and hysteresis
losses.

Copper (I1°R) loss

Current flowing in the copper windings causes a
heating loss.

Eddy current loss

This loss is caused by alternating currents which are
induced magnetically in the core. They are reduced by
laminating.

Hysteresis loss

This is an energy loss due to the changing magnetism
in the core.

If we take a sample of unmagnetized iron (Fig. 4.53),
wind a coil on it and pass a current through the
winding, the core will become magnetized. The
density of the flux will depend on the current and the
number of turns. The product of the current and the
turns is called the magnetizing force (H).

Clearly, once the coil has been wound it is only the
current that is variable, and if it is increased the core
becomes magnetized. A graph of this effect is shown
in Fig. 4.54a—e. The current in the coil is increased
from zero to saturation point. Beyond this, an increase
in the current does not increase the magnetism

(Fig. 4.54a). If the current is now decreased to zero

Core

Figure 4.53
53
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(@ (b)
B
——a
c //“
/
d L,/
Coercive ¥ 0 H
force
(c) Increasein |
B
— a
g - a //
// /
; /
d Pid //
(o] f H (o] g H
e e f
(d) (e)

Figure 4.54 Production of an Hysteresis loop.

(see Fig. 4.54b), its path is along (a,c) and not along
(a,0), leaving the core slightly magnetized. This
remaining magnetism (o,c) is called the residual
magnetism or remanence.

If the polarity of the supply is now reversed and
the current increased again, the current follows
(c,d) (see Fig. 4.54c). Clearly some force has been
used to reduce the remanence to zero (0,d). This
force is called the coercive force. This would

not have occurred if the current had followed

the original route (0,a). Hence, energy has been
used to overcome the remanence. This is an
energy loss.

If the current is further increased in the same
direction, saturation point will be reached again
(e) and the core will have reversed polarity.
Decreasing the current to zero will result in

a remanence (o,f) which has to be overcome
(Fig. 4.544).

Small coercive
force less loss

Figure 4.55 Hysteresis loop for transformer core.

Another reversal of polarity and an increase in current
will result in a coercive force (0,9) being used (energy
loss). A further increase in current will bring the curve
back to (a) (Fig. 4.54). This complete curve is called
the hysteresis loop (Fig. 4.55).

If the supply to the coil were alternating current,

the polarity would be changing constantly and there
would be a continual energy loss. It can be minimized
to some extent by using a silicon steel core, the
remanence of which is easily overcome.



Self-Assessment Questions

1.

10.

11.

12.
13.

14.

15.

A magnetic flux density of a circular field is 27 T.
If the flux is 108 mWh, calculate the area of the
field.

A magnetic field has a flux of 54 mWb and a
cross-sectional area of 9cm?. Calculate the
field's flux density.

A conductor 11 cm long is lying at right angles
to a magnetic field of flux density 10 T; if the
conductor carries a current of 10.91 A, calculate
the force on the conductor.

A conductor 8 cm long connected to a 50 V d.c.
supply is situated at right angles to a magnetic
field of flux 30 mWhb and a cross-sectional area
15cm?. If the force exerted on the conductor is
16N, calculate the resistance of the conductor.
With the aid of diagrams, explain why a force is
exerted on a conductor carrying a current in a
magnetic field.

Give three examples of how the magnetic
effect of an electric current may be used, using
explanatory diagrams.

With the aid of sketches, explain the difference
between simple d.c. and a.c. generators.

Draw a diagram showing the arrangement of a
typical single-phase a.c. generator and explain
its action.

An alternating current has a peak value of 50A.
Draw to scale the sine wave of this current over
half a cycle and from it determine the value of
the current after 70°. What is the r.m.s. value of
the current?

Explain the meaning of the term ‘root-mean-
square value’.

What is the meaning of the term ‘frequency’?
lllustrate your answer with sketches.

What is meant by three-phase generation?

If a coil has an e.m.f. of 6V induced in it by a flux
changing from 0 to 36 mWhb in 0.18 s, calculate
the number of turns on the coil.

(a) What is self-inductance? (b) A relay coil

of 300 turns produces a flux of 5 mWhb when
carrying a current of 1.5A. Calculate the
inductance of the coil.

An iron-cored coil having an inductance of 0.1H
and a resistance of 1.25 is connected to a 25V
d.c. supply. Calculate the circuit time constant
and the maximum current. Draw to scale the

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

4 Electromagnetism

curve of the current decay when the supply is

switched off. What will be the value of current

after 0.15s?

(a) What is the effect of opening an inductive
circuit? How can this effect be used? (b)
The energy stored in a coil is 2J; if the
inductance of the coil is 160 mH, calculate
the coil current.

An inductor of negligible resistance has

an inductance of 100mH and an inductive

reactance of 31.42 when connected to an a.c.

supply. Calculate the supply frequency.

A coil of inductance 1528 mH and negligible

resistance takes a current of 0.5 A when

connected to a 50 Hz supply. Calculate the value
of the supply voltage.

An inductor has a resistance of 16 and an

inductive reactance of 12 . If the current

flowing in the circuit is 12 A, find, by means of a

phasor diagram, the value of the supply voltage.

A pure inductance which has a resistance of

12 is wired in parallel with a resistance of 8

across a 230V supply. Calculate the current in

each component and determine the value of the
supply current by means of a phasor diagram.

(a) Define the term power factor. (b) A circuit
consists of a resistance and an inductance in
series. The voltage across the resistance is
192V and the PF is 0.8. Determine the value
of the supply voltage and the voltage across
the inductance.

An ammeter, a voltmeter and a wattmeter are to

be connected into the circuit supply of a single-

phase motor. Draw a diagram showing how
these instruments would be connected. If the
readings obtained were 230V, 1.3A and 180W,
respectively, calculate the PF of the motor.

(a) Explain the action of a transformer. (b) A
double-wound transformer has a primary
voltage of 230V and a secondary voltage
of 110 V. If there are 690 primary turns,
calculate the number of turns on the
secondary.

With the aid of a diagram explain what an auto-

transformer is.

List the losses which occur in a transformer.

What steps can be taken to overcome them?
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Capacitors and Capacitance

Capacitors

A capacitor consists of two metal plates separated by
an insulator, called a dielectric; the whole assembly

is able to store electricity. This store is in the form of
an excess of electrons on one plate and a deficiency
on the other. In this state the capacitor is said to be
charged. The charge is achieved by applying a voltage
across the plates.

The use of water is once again excellent for an
analogy. Consider Fig. 5.1 which shows a water-filled

Movement of
diaphragm
(stored charge)

L e
N I
— — — J— [— - | P
I 4 L o -—
-1 r . E* - = Pressure
(voltage)

Figure 5.1 Water analogy for capacitor.

system where pressure on the plunger P causes the
flexible diaphragm D to distort. In this way, energy is
stored in the diaphragm, because when the plunger
pressure is removed, the diaphragm will cause the
plunger to return to normal.

The type of capacitor commonly used in installation
work is the electrolytic capacitor. This consists of
plates of metal foil placed on either side of a waxed
paper dielectric like a sandwich (Fig. 5.2). It is
manufactured in a long strip, rolled up and sealed into
a metal container.

Capacitance: symbol, C; unit,
farad (F)

The unit of capacitance is the farad and may be
defined as: ‘the capacitance of a capacitor which
requires a potential difference of 1 V to maintain a
charge of 1C on that capacitor'.

Metal foil

Leads to
terminals

Waxed
paper

|

Symbol for
capacitor

Figure 5.2 Electrolytic capacitor.
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Hence,
Charge capacitance voltage

QO CcH VWM

Michael Faraday (1791-1867)

British physicist and chemist known as the ‘Father

of electricity’. He experimented in many different
areas of physics but is probably best known for his
discovery of electromagnetic induction and hence the
transformer.

Calculate the charge on a 50 F capacitor when it is
connected across a 200V d.c. supply:

Q CV
50 106 200
0.01C

Dimensions of capacitors

If we take a simple parallel plate capacitor with an air
dielectric, measure its capaci-tance, and then move
the plates further apart, we find that the capacitance
is smaller when measured a second time. We can
therefore state that an increase in dielectric thickness
(d) causes a decrease in capacitance. Capacitance is
inversely proportional to dielectric thickness:

CcC -

d

If, however, we were to keep the dielectric thickness
constant and to vary the area of the plates (a), we
would find that a change in plate area would cause a
corresponding change in capacitance. The larger the
plate area the larger the capacitance. Capacitance is
directly proportional to plate area:

C a
Combining these two effects we can see that

c 2

d

Capacitors in series

Consider the effect of connecting three similar
capacitors in Fig. 5.3.

C, C, Cs
| | |l |
O e ] ] O
dy dy ds

Figure 5.3 Capacitors in series.

We know that

C _
d
qg L
C
So
d L a4 L g T
Cl CZ C3

If we were to combine all the dielectrics, we would
have one capacitor of dielectric thickness d, and
capacitance C:

g L
C
But
dt dl d2 d3
11 1
Cl CZ C3
Also
a
C
11 1 1
C C C, C

Just as the current is common to all parts of a series
resistive circuit, so is charge common in a series
capacitive circuit. Therefore

Q CVQ CV. Q CV, Q CV,

Three capacitors of 60, 40 and 24 F are connected in
series across a 500V d.c. supply. Calculate the total
capacitance and the charge on each capacitor.

1 1 1 1

C¢C¢c ¢c
1 1 1
60 40 24

1 1

c 12

C 12pF

Q is common to each capacitor.

Q cv
12 10°¢ 500
6 10°
6 mC




Cia,

G,
a.
o —=2 o

Figure 5.4 Capacitors in parallel.

Capacitors in parallel

Let us arrange three similar capacitors in parallel
(see Fig. 5.4). We know that C a . Therefore C, a |,
C, a,andC, a..

As the plates connected to either side of the supply
are common, we could replace the arrangement with
one capacitor C of plate area g.

a oa a &

al' Cl CZ C3
ButC a ..

C C C, C,

In this case it is the voltage that is common and the
charge Q behaves like the current in a parallel resistive
circuit. So,

Q CV Q CVQ, CV Q CV

Three capacitors of 60, 40 and 24 F are connected
in parallel across a 500V supply. Calculate the total
capacitance, the total charge and the charge on each
capacitor.

cC cC C C
60 40 24
124 yF

cC Vv
124 10°¢
62 mC

Total chamge Q
500

Q CV

60 10°
30 mC

500

QZ CZV
40 10°
20mC

500

Qs C3V
24 10°©
12mC

500

5 Capacitors and Capaciance

Energy stored in a capacitor

The amount of energy stored in a capacitor is
expressed in joules and is given by

W icv?

Capacitorsind .c. circuits

A capacitor connected across a d.c. supply is shown in
Fig. 5.5a. The curves of the current and the voltage in
the circuit are shown in Fig. 5.5b.

As the capacitor begins to charge, its voltage
increases until it is equal to the supply voltage. At the
same time the charging current decreases. When the
supply voltage and the capacitor voltage are equal, the
current in the circuit will be zero.

Figure 5.6a shows the charged capacitor connected
across a resistor. Figure 5.6b shows the curves of the
discharge voltage and current.

Curves of current and voltage change

These curves are plotted in the same manner as those
in inductive circuits (Chapter 4).

Maximum charging or discharging current:

| \%
R
Time constant:
T CR
((; Supply voltage
r Vi-—————————————=——-
| Voltage
and
\Y
Charging current
*
Supply |
current | HV
Time
@ (b)

Figure 5.5 Charging: (a) capacitor connected across
d.c. supply; (b) curves of discharge voltage and
current.

Figure 5.6 Discharging: (a) charged capacitor
connected across a resistor; (b) curves of discharge
voltage and current.
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Capacitance ina .c. circuits

In an a.c. circuit, a capacitance has the effect of
opposing the voltage, thus causing the circuit current
to lead. In a purely capacitive circuit, the current leads
the voltage by 90°. The waveforms and phasors of
such a circuit are shown in Fig. 5.7.

Vv \

Y

@) (b) ©

Figure 5.7 (a) Circuit diagram; (b) phasor diagram;
(c) waveforms.

Capacitive reactance: symbol, X
unit, ohm ()

The opposition offered by a capacitor in an a.c. circuit
is called the capacitive reactance and is given by
1
X R
¢ 2fC

where X capacitive reactance (), f  frequency of
supply (Hz) andC capacitance (F).

As in the case of inductive reactance, Ohm’s law may
be applied, that is
vV | X

C

A purely capacitive circuit of 31.8 F is connected to a
230V, 50Hz supply. Calculate the capacitive reactance
and the circuit current.
1
X 21c
1
2 50 318 10°
10¢
100 318

Resistance and capacitance in series

Figure 5.8 shows a capacitor in series with a resistor.
As the current leads the voltage across the capacitor
and is in line with the voltage across the resistor, the
phasor diagram may be drawn as shown in Fig. 5.9.

Y

Figure 5.9 Phasor diagram.

A capacitor of 159 F is connected in series with a
non-inductive resistor of 15 across a 50 Hz supply.

If the current drawn is 9.2 A calculate X, the voltage
across each component and find by means of a phasor
diagram the value of the supply voltage.

1
X 21
1 1068

2 50 159 106 100 159
X. 20
V. I X,

9.2 20
V. 184V
V, I R

9.2 15
V., 138V

R

By measurement (Fig. 5.10) V will be found to be
230V.
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138V Vg o p-———=——————~ |
> > |
u : :
! |
| |
184V | Not to scale |
| |
: :
| D ' u |
Ve v Ir v
Figure 5.10 Figure 5.12 Phasor diagram.
Resistance and capacitance Working voltage
in parallel Every capacitor has the value of its working voltage
In this case it is the voltage that is common and the marked on it. Beyond this value the dielectric would
currents that are added by phasors (see Figs 5.11 break down and the capacitor would be useless.
and 5.12). Referring to Fig. 5.1, if the pressure on the plunger

is too high, the diaphragm would puncture and the
system is rendered useless.

Applications of capacitors

C Capacitors are used extensively in electrical
> I I engineering. In the field of installation work, they are
| Ic mainly used for motor starting, power factor correction
and radio interference suppression and to minimize
the stroboscopic effects in fluorescent lighting circuits.
Their use in power factor correction and fluorescent

o0 v o——

Figure 5.11 R & C in parallel. lighting is dealt with in Chapter 10.

1. A capacitor has a value of 73 F and is 6. A parallel plate capacitor has a value of 636 F.
connected across a 100V supply. Calculate the At what value of supply frequency will the
charge on the capacitor. reactance be 5 ?

2. Three capacitors of 20, 80 and 16 F are 7. Aresistor of 6 is connected in series with
connected in series across a 230V supply. a capacitor of 398 F, the current drawn
Calculate the charge. being 24 A. Calculate the voltage across each

3. A variable capacitor has a capacitance of 100 F component and find the supply voltage by
when the distance between the platesis 1 mm. means of a phasor diagram f 50Hz).

What will be the capacitance if the plates are 8. Draw the waveforms and phasor diagram for an
adjusted to be 10 mm apart? a.c. current and voltage in a purely capacitive

4. Four capacitors of 10, 20, 15and 5 F are circuit.
connected in parallel across a 230V supply. 9. A 127.3 F capacitor is connected in parallel
Calculate the total capacitance, the total charge with a 50 resistor across a 230V supply.
and the charge across the 20 F capacitor. Calculate the current taken by each component.

5. A capacitor has a value of 150 F and a plate Determine the value of the supply current
area of 60cm?. What will be the plate area of a (f 50Hz).
similar type of capacitor of 200 F and the same 10. Explain with the aid of a sketch the construction
dielectric thickness? of an electrolytic capacitor. What is meant by

the term working voltage?
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Resistance, Inductance and
Capacitance in Installation
Work

In Chapters 4 and 5, we have discussed separately the  and

effects of inductance and capacitance in an a.c. circuit. X, 2fL
Here we consider how these effects may be applied,
and in some cases combined, in a.c. circuits. Pure capacitance (Fig. 6.3)
Let us first refresh our memories regarding the phasor X v
diagrams for R, L and C. c o
Pure resistance (Fig. 6.1) and
\Y, 1
R — X
| ¢ 2fC
Pure inductance (Fig. 6.2) R and L in series (Fig. 6.4)
x, < z ¥

L | [

v 90° v
Circuit diagram Waveform Phasor diagram
Figure 6.1 (@) (b) ©
L v v Figure 6.3
I |
l
' | v From the phasor diagram of voltages (Fig. 6.4), an
v o0° E | impedance triangle may be formed (Fig. 6.5).
Circuit diagram Waveform Phasor diagram By PythagOl’aS' theorem:

@ ®) ©
z JRZ X2

Figure 6.2



6 Resistance, Inductance and Capacitance in Installation Work

R, L and C in series (Fig. 6.8)

Vi

Circuit diagram Phasor diagram Circuit diagram Ve Vi) A

(a) (b) Ve Phasor diagram
(@) (b)

Figure 6.4 R & L in series. ) ) )
Figure 6.8 R, L & C in series.

Also
The impedance triangle will be shown in Fig. 6.9.
cos — power factor (PF)
z JRZ (X, X0
mm—————————o o r-—---—--—-—- o, ifV_is greater than V,
} I } I | I
! l ! l | | Z JR* (X X.¥
IV A Wiz
| | | b ! | and
! I ! | | |
| Ve | | b 1 . F | cos R pE
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 7
Figure 6.5 Development of impedance triangle.
R and C in series (Fig. 6.6) R
Xe X )
z > -
c R
|} 1 |

Figure 6.9 Impedance triangle.

The following problems will be solved using different

——o0 Vv o—— Ve

Circuit diagram Phasor diagram methods.
(@ (b)
Figure 6.6 R & C in series. Example
Itis clear that a similar impedance triangle may be From the circuit shown in Fig. 6.10, determine the
formed, as shown in Fig. 6.7. value of the supply voltage and the PF.
zZ JR* X2
Xc 80 X, 36 R 25
|1 OO0 ]
and R v vl
R ~—Vc l L I R 1
cos — PF 2A
z
OV O
R .
u Figure 6.10
5 Xc Method 1, by phasors
V. | X, 2 80 160V
V.o I X 2 36 72V
Figure 6.7 Impedance triangle. Ve | R 2 25 50V
. . From Fig. 6.11:
Now we begin to combine these separate phasor g
vV 101V

diagrams.
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v, 72V

Vg 50V

VeV ) 88V Lo V (by measurement 101 V)

Ve 160V

Figure 6.11

By measurement:
60.3
From cosine tables:
cos 0.495
PF 0.495 leading

Method 2, using the theorem of Pythagoras
(impedance)
z

But
z B & X7y
\/257 (80 36F
252 442
2561
50.6

50.6 v

2

vV 2 50.6
101.2Vv

PF cos & 22
Z 50.6

0.49 leading

Method 3, using the theorem of Pythagoras
(voltage)

From Fig. 6.12:
(AR
502 882

/10244
vV 1012V
PF cos —225¢
hypotenuse
50
101.2
0.49 leading

Vp 50V 50V
u ! u
\\Ivc vV, 88V 88V
\%
Figure 6.12 Figure 6.13

Method 4, using trigonometry
From Fig. 6.13:

perpendicular
base

88

50

1.76

tan

From tangent tables:
60.4
base 50
hypotenuse V
50
cos

Ccos

\%

From cosine tables:

cos60.4 0.49 PP
50
0.49
101.2Vv
PF cos 0.49 leading

PF improvement

The magnetic effect of an inductor has many uses.
It is, however, in equipment such as motors and
fluorescent lighting that its effect on the PF is
substantial enough to cause concern, and makes it
necessary to improve the PF.

Consider the diagram of a resistive and inductive
circuit (Fig. 6.14).

Load

OV O

Figure 6.14 Resistive and inductive circuit.

The phasor diagram for this circuit is shown in
Fig. 6.15.

We can show the supply current and voltage as in
Fig. 6.16.
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6 Resistance, Inductance and Capacitance in Installation Work

Figure 6.16 Phasor

Figure 6.15 Phasor diagram.

diagram.

If we redraw this phasor diagram so that the voltage is
drawn horizontally, it becomes as shown in Fig. 6.17.

V

IL
Figure 6.17 Phasor diagram.
If we now connect a variable capacitor across the

supply terminals of the original load, we have the
result shown in Fig. 6.18.

Load
e
I S— .- |
;| — l
1
lc P
| [
O V O

Figure 6.18 PF improvement.

It is a parallel circuit and the voltage is common to
both the branches. We can therefore draw a current
phasor diagram (Fig. 6.19). As V is common, we can
combine both diagrams (Fig. 6.20).

\Y Ic

@) I (b)

Figure 6.19 Phasor diagram for (a) load; (b) capacitor.

The phasor resultant of |_and I (Fig. 6.20) is clearly
I, which is of course the supply current. Note that it
is smaller than the load current | _and that the angle
between | and V is smaller than that between | and
V. The closer an angle to zero the nearer its cosine
to unity. Therefore, the addition of the capacitor has
improved the PF of the system.

Figure 6.20 Full phasor diagram.

The actual current taken by the load does not change;
it is the total supply current that decreases. This
means that smaller supply cables may be used. With
industrial loads, the supply authority’s transformer and
switchgear as well as their cable may be reduced in
size.

In order to encourage PF improvement, the supply
authorities make a higher charge to consumers who
do not correct or improve their PF to a suitable level
(usually about 0.95 lagging). It is not usual to improve
the PF much beyond this point as the cost of providing
extra capacitance required to gain a small decrease in
current is uneconomic.

Capacitors are the most popular method of improving
the PF although synchronous motors are used
occasionally (this is discussed in greater detail in
Chapter 8).

PF improvement capacitors may be fitted to individual
plant or in banks connected to the supply intake
terminals. The first method is more popular as the
banked type needs automatic variation as plant is
switched on and off.

A 230V single-phase motor takes a current of
8A and has a PF of 0.7 lagging. A capacitor is
connected in parallel with the motor and takes a
current of 3.1 A.

Draw a scaled phasor diagram of the currents in the
circuit and find the value of the supply current and the
new PF.

From Fig. 6.21:
I, 8A

PF 0.7

As PF cos
cos 0.7
45,5



6 Resistance, Inductance and Capacitance in Installation Work

Motor capacitor required to improve the PF to 0.92 lagging.
:’ | What is the value of the new supply current?
e — | Method 1, by phasors (Fig. 6.24)
S ]
IL18A Old PF cos 0.65
From cosine tables:
3.1A

I I 495
New PF cos 0.92

- .
———————————0230VO——— From cosine tables:

Figure 6.21 23
Therefore the phasor diagram for the motor is as The phasor diagram is now drawn to scale (Fig. 6.25).
shown in Fig. 6.22. By measurement:
vV 230V l. 3.9A
u o
455 and
| 5.6A

To find the capacitance required:

8A (To scale) | L
C XC
Figure 6.22
x ¥
From the question: ol
I 3.1A 230
I leads V by 90 3.9
59

Therefore the phasor diagram for the capacitor is
Fig. 6.23a. Combining both phasor diagrams, we have

Fig. 6.23b.
31A SLA
(To scale)
V 230V V 230 V
() (b)
Figure 6.23
Motor
By measurement: I 8A [ToSI T ] PF065
——__ 0000 —
| 6.2A T 4
245
PF cos
| |
PF cos24.5 | I I
0.91lagging
0230V O
50Hz

A 240V, 50Hz single-phase motor takes a current of
8A at a PF of 0.65 lagging. Determine the value of

67



6 Resistance, Inductance and Capacitance in Installation Work

le sin perpendicular PR
AN hypotenuse  OR

AN PR OR sin

230 \\ 8 0.76

This is called the reactive or vertical component of | ,.

Triangle OPQ:
tan perpendicular - PQ
base OP
PQ OP tan
5.2 0.424
PQ 2.2A
Figure 6.25 QR I. (PR PQ)
. 2.2
But 6.08
1 l. 3.88A
Xe 2 fC
1 Calculation of C is as in method 1. To find current I:
C
2 X, cos base OoP
1 hypotenuse OQ
2 50 59 oo 1 2P
54 F Cos
5.2
Method 2, by trigonometry 092
In this method, | is found by calculating | 5.65A
lengths PR and PQ in Fig. 6.26 and subtracting
(PR PQ QR 1. Further examples of PF correction appear in Chapters

8 and 10.

The use of the previous methods of drawing and
calculation may also be applied to power.

23

Power ina .c. circuits

The phasor diagram of voltages in an a.c. series circuit
can be used to give a power triangle (Fig. 6.27).

W
cos — PF
VA
f77777777777 T T T T T T 1 L |
} } } } } (appar)ent }
. I power,
Figure 6.26 i v VR i V. .t i VA VA, i
) | | [ | | (reactive |
Triangle OPR: ! } l Lo power) |
| ! |
cos base OP i Ve } VR i i (activ\évor true |
—_— i | |
hypotenuse OR ] | 4 jpowen 1
OP OR cos Figure 6.27  Development of power triangle.
8 0.65
OP 5.2A

Power may be added by phasor diagram or calculated
This is called the active or horizontal component of | . by trigonometry.
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The following loads are connected to a factory supply:
5kVA at 0.75 PF lagging; 8kW at a PF of unity; 6.8 kVA
at 0.6 PF lagging. Determine the total load taken from

the supply and the overall PF.
Method 1, by phasor diagram (Fig. 6.28)

cos 0.75
41.4
cos 0.6
53.1
8kW
Vv
b— a
5kVA
6.8kVA
Figure 6.28
From Fig. 6.29:
Total KVA 18.1kVA
29
cos PF 0874
Ku(by measurement) 8KW y

AN

Figure 6.29
Method 2, by trigonometry (Fig. 6.30)

8kW

53.1°
41.4°

5kVA

6.8kVA
Figure 6.30

Active component of 8kW  8kw
Active component of 5kVA 5 cos41.4
5 0.75
3.75kwW
Active component of 6.8kVA 6.8 c0s53.1
6.8 0.6
4.08kW
Total of active components 8 3.75 4.08
15.83kW
Reactive component of 8kW 0
Reactive component of 5kVA 5 sin4l1.4
5 0.66
3.3kVA
Reactive component of 6. 8kVA 6.8 sin53.1
6.8 0.8
5.44KkVA,

As both 5 and 6.8kVA have lagging PFs, their reactive

components are added (Fig. 6.31).

Total reactive component 0 3.3 5.44
8.74kVA
8.74

tan ——— 055
15.83

28.9
PF cos 0.875

15.83kwW

8.74KkVA, kVA total

Figure 6.31
Also
15.83
cos ——
kVA
KVA 15.83
cos
15.83
0.875

18kVA at 0.875PF lagging
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6 Resistance, Inductance and Capacitance in Installation Work

Self-Assessment Questions

1. A 230V single-phase motor takes a current of 4. A 230V, 50Hz fluorescent lamp unit takes a

70

10A and has a working PF of 0.5 lagging. Draw
a scaled phasor diagram and from it determine
the value of capacitor current required to improve
the PF to 0.9 lagging. Calculate the value of the
capacitor.

2. Determine the value of the voltage and the PF in
the circuit shown in the following diagram.

3.6 20 300 F

ovo—— . |

52A

-0 V o———
50Hz
3. A 230V, 50Hz single-phase motor takes 6A at
0.56 PF lagging. Determine the value of capacitor
required to improve the PF to unity.

current of 0.6 A at a PF of 0.45 lagging. Calculate
the capacitance required to correct the PF to 0.92

lagging.

. Two 230V, 50Hz single-phase motors A and

B are connected in parallel. Motor A takes a
current of 8.6 A at 0.75 PF lagging and the total
current taken from the supply is 16 A at 0.6
lagging. Calculate the current and the PF of
motor B.

. A consumer has the following loads connected

to his or her supply: 3kVA at 0.8 lagging; 4kW
at a PF of unity; and 5kVA at 0.5 lagging.
Calculate the total load in kVA and the overall
PF.Resistance, Inductance and Capacitance in
Installation Work



Three-Phase Circuits

As we have seen in Chapter 4, a three-phase supply
comprises three waveforms each separated by 120°
and the resultant waveform is zero. Let us now
consider how we can utilize this supply and how we
can connect to it.

Star and delta connections

Figure 7.1a and b show the two main ways of
connecting three-phase equipment.

The neutral conductor

Figure 7.2 shows the simple system of a star-
connected load fed from a star-connected supply.
The addition of the conductor between the star
points converts the system into what is known as

a ‘three-phase four-wire system’. We can see that
the currents supplied by the generator flow along
the lines, through the load and return via the neutral
conductor.

However, we have already seen that all line currents

in a balanced three-phase system are equal, and add
up to the neutral current, which is zero:

b, I 1, 0

Br Bk Gr N

Hence the current flowing in the neutral is zero. Also,
since no current flows between the star points, they

must both be at the same potential, which is also zero.

The star point of a transformer is earthed, as earth is
also at zero volts.

Star or neutral
point

Usually
motor windings

Delta

Star
(@ (b)

Figure 7.1 The two main ways of connecting three-
phase equipment: (a) star; (b) delta.

Line

Generator Load

Figure 7.2 Star to star connections.

One reason for the connection of the neutral
conductor is to provide a path for currents if the
system became unbalanced. Another is that it enables
single-phase loads to be connected to a three-phase
system. The windings of most three-phase motors are
connected in delta as the phase windings are perfectly
balanced and no neutral is needed.
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oo

T~ 3
P
IL

(b) Delta connection: I, 3 |

(a) Star connection: I |,V 3 V V.V

P P’

Figure 7.3 Currents and voltages in star and delta
systems.

IGr

Figure 7.4 Phasor diagram for a balanced load.

Current and voltage
distribution

Balanced three-phase a
(Fig. 7.3)

Use of phasors

.C. systems

Currents in three-phase systems may be
added by the use of phasors. For balanced
systems, the resultant current will, of course,
be zero (Fig. 7.4).

The resultant of I, and I, is I, which is clearly equal
and opposite to |, and hence the overall resultant will
be zero.

Unbalanced three-phase a .C.
systems

In an unbalanced system the resultant current will be
the neutral current (Fig. 7.5).

The resultant of I, and I, is I, ., and the resultant of
this (I,,) and I is | which is of course the neutral
current | .

BrBkGr

- - 1

-7 1

Pid 1

Phd 1

-7 1

P 1

-7 1

7 . |

- —_— 1
lereker | N sd—-— """ !
// !
, i
’ ‘

IGr

Figure 7.5 Phasor diagram for an un-balanced load.

The currents measured in a factory’s three-phase
supply were as follows: Brown phase, 70 A,
Black phase, 50A; Grey phase, 40A. Determine,
using a phasor diagram, the magnitude of the
neutral current.

By measurement (Fig. 7.6):

Figure 7.6

I, 28A

N

Power in three-phase systems
(balanced only)

Power in a star-connected system

Since we are considering balanced systems, the total
power is three times the power in one phase, and as

pr WV
VA
then
W VA PF
W V. | PF
P p



7 Three-Phase Circuits

But I

V,
V. —L+ and | |
p 3 p L
400V ,/|p
V,

w L+ | PF
3 o 000/
\A Figure 7.7
Total power P 3 3 I, PF igure 7.
v, | PF
P 3v I PF
Delta-connected system I P
t 3 PF
W Vp Ip PF 3 400 0.8
But I, 27A
For delta connections:
vV, V and I -t
I3l
IL I IL
W VvV, -+ PF 3
27
I 3
Total power P 3 V. -+ PF
3 I, 15.6A
P 3V I PF

which is the same as for a star connection. Example

Hence for either star or delta connections the total

power in watts is given by Three identical loads each having a resistance of 10

and an inductive reactance of 20 are connected first

P (watts) 3v, I PF in star and then in delta across a 400V, 50Hz three-
phase supply. Calculate the line and phase currents
Since in each case.
PF w
VA Z foreachload ,/R* X?
102 207
then
W /500
VA 22.36
PF :

Three- VA | . .
ree-phase ok For star connection (Fig. 7.8):

Line current ﬁ
3vL

A 15kW, 400V balanced three-phase delta-connected
load has a power factor (PF) of 0.8 lagging. Calculate
the line and phase currents.

From Fig. 7.7:

Figure 7.8
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230

22.36
I 1 10.28A

For delta connection (Fig. 7.9):

Figure 7.9

V.V, 400V
Y

| P

P 22.36
400

22.36
| 17.9A

Measurement of power in
three-phase systems

Single-phase circuit

Figure 7.10 shows the instruments required to
determine the powers in watts and volt amperes, and
the PF of a single-phase circuit.

Amperes Watts

Figure 7.10 Ammeter, voltmeter and wattmeter
connections.

The following values were recorded from a circuit
similar to that in Fig. 7.10:

Ammeter — 8 A
Voltmeter — 230V
Wattmeter — 1.152 kW

Calculate the kVA and the PF of the load.

kva VA

1000

8 230
1000

1.84kVA

kw

kVA
1.152

1.84
0.626

PF

Three-phase (balanced) four-wire
circuit

In this case it is necessary to measure the power
only in one phase. The total power will be three
times this value. Also, the PF for one phase is the
overall PF.

It is required to measure the PF of a three-phase star-
connected balanced inductive load. Show how the
necessary instruments would be arranged, a single
voltmeter being used to measure the voltage across
each phase.

If the readings obtained were 20 A, 230V and
3680W, calculate the total power in kilowatts and
the PF (Fig. 7.11).

3680W

Ok

|
_! Four-position

JT7 switch
Figure 7.11



pr W
VA
3680 .
——— 0.8laggin
230 20 g9gind
Total power 3 3680
11040
11.04 kW

7 Three-Phase Circuits

Check:

vV Vv

Y

V. 230 3
P 3V I PF

L L

3 3 230 20 0.8
11.04kW

Self-Assessment Questions

1. What is meant by: three-phase generation and a
four-wire system?

2. Explain with the aid of sketches the reason for
the use of a neutral conductor.

3. The line current of a 400 V star-connected load
is 10A. Calculate the values of phase current
and phase voltage.

4. A voltmeter, ammeter and wattmeter are
arranged to measure the power in a single-
phase circuit. Show how these instruments
would be connected and calculate the circuit PF
if the readings were 16 A, 230V and 3600W.

5. Athree-phase star-connected load is supplied
from the delta-connected secondary of a
transformer. If the transformer line voltage
is 190.5V and the load phase current is 10A,
calculate the transformer phase current and the
load phase voltage.

6.

8.

A 20kW, 400V three-phase star-connected load
takes a line current of 34.8 A. Calculate the PF of
the load.

A wattmeter, voltmeter and ammeter are
arranged in a three-phase four-wire balanced
system. Show how they would be connected,
ready to determine the total circuit power in
watts and the PF. Readings obtained were
2000W, 230V and 10A. Calculate the circuit
power in KW and kVA.

A small industrial unit has the following loadings
measured at the intake position:

Brown — 88 A

Black — 72A

Grey — 98A

By means of a scaled phasor diagram determine
the value of the neutral current.
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Motors and Generators

Motors play an important part in the modern domestic
and industrial environment, and should therefore be of
interest to the electrician.

Motors may be divided into two distinct kinds: those
using direct current (d.c.) and those using alternating
current (a.c.). Each of these categories is further
divided into different types.

Direct-current motors
Simple single-loop motor

The effect of the force on a conductor in a magnetic
field may be used to cause the rotation of a motor
armature. Figure 8.1 illustrates a simple single-loop
motor.

¢4

Figure 8.1 Single loop motor.

A single loop of conductor arranged as shown in this
figure has its ends connected to a simple commutator,
which comprises two copper segments insulated from
each other. The commutator and loop are fixed to a
central shaft which enables the whole assembly to be
freely rotated. Two fixed carbon brushes bear on the
surface of the commutator, enabling a supply to be
connected to the loop.

Figure 8.2 shows a cross-section through the loop.
The direction of movement may be determined using
Fleming'’s left-hand rule.

Direction of force

R
N ) S
N /

Current flowing
towards observer

Direction of force, current
flowing away from observer

Figure 8.2 Cross section through single loop motor.

In practice, the d.c. motor comprises an armature of
many loops revolving between electromagnetic poles.
Both the armature and the field are supplied from the
same source. The commutator has, of course, many
segments to which the ends of the armature coils

are connected, and the armature core is laminated to
reduce eddy currents.
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Back e.m.f.: symbol, E — unit, volt (V)

It is interesting to note that as the armature revolves,
its coils cut across the field flux, but we know that if a
conductor cuts across lines of force, an electromotive
force (e.m.f.) is induced in that conductor. This is the
principle of the generator, as dealt with in this book.
So, applying Fleming’s right-hand rule to Fig. 8.1, we
see that the induced e.m.f. is opposing the supply.
This induced e.m.f. is called the ‘back e.m.f.". If the
back e.m.f. were of the same magnitude as the supply
voltage, no current would flow and the motor would not
work. As current must flow in the armature to produce
rotation, and as the armature circuit has resistance, then
there must be a voltage drop in the armature circuit.
This voltage drop is the product of the armature current
() and the armature circuit resistance (R):

Armature voltage drop |, R

It is this voltage drop that is the difference between
the supply voltage and the back e.m.f. Hence

E V (, R)
We also know (from Chapter 4) that induced e.m.f. is
dependent on the flux density (B), the speed of cutting
the flux (n) and the length of the conductor (I):

E B I

But

E — |

Both | and a for a given conductor will be constant and
n is replaced by n (revs/s) as this represents angular or
rotational speed.

E n
So, if the speed is changed from n, to n, and the flux

from to , thenthe e.m.f. will change from E | to

Torque: symbol, T — unit, newton
metre (Nm)
Work force distance
Turning work or torque force radius
F @
We also know that
Force B | |
TorqueT B | I r

Once again, for a given machine, a, | and r will all be
constant.

T I

a

Also, mechanical output power in watts is given by
P 2nT

where P is the output power in watts, n is the speed
in revs/s and T is the torque in newton metres.

If we multiply E (V ILR) by, we get
El, VI, I’R
VI, is the power supplied to the armature and | ?R_is

the power loss in the armature; therefore EI , must be
the armature power output. Hence

El,L P

El, 2nT
El

T 2 Nm
2n

It is clear then that torque is directly proportional to
armature current and inversely proportional to speed,
that is if the mechanical load is lessened, the torque
required is less, the armature current decreases and
the motor speeds up.

A 300V d.c. motor runs at 15 revs/s and takes an
armature current of 30 A. If the armature resistance is
0.5 , calculate firstly the back e.m.f. and secondly the
torque.
E V IR,
300 (30 0.5)
300 15
E 285V

El,
2n
285 30

2 15
T 90.72Nm

Series motor

The series type of d.c. motor has its field windings
and armature connected in series across the supply. It
will be seen from this figure that the armature current
I, also supplies the field (Fig. 8.3). Therefore, when |
is large (on starting, for example), the magnetic field
will be strong, and the torque will be high. As the
machine accelerates, the torque, armature current
and field strength will all decrease. This type of motor
should never be coupled to its load by means of a
belt, because if the belt breaks the required torque
from the armature will be removed, the armature and
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Series field Starting

winding
A series motor is started by placing a variable resistor
in series with the armature circuit (Fig. 8.6).

_—

la

d.c. | Armature ) Speed control
supply a Starting
T resistance

Figure 8.3 Series motor.

d.c.
field current will fall, reducing the magnetic field, and supply Armature

the motor will increase in speed until it disintegrates.
Figure 8.4 shows the graphs of speed and torque to a
base of load current.

Figure 8.6 Starting a series motor.
Speed increases rapidly
as |, decreases

~

Torque

Applications

The series motor is best used where heavy masses
need to be accelerated from rest, such as in cranes
and lifts.

A 200V series motor has a field winding resistance
of 0.1 and an armature resistance of 0.3 . If the
Load current (l,) current taken at 5revs/s is 30A, calculate the torque
on the armature.

Speed
Torque

Speed

Figure 8.4 Load characteristics of a series motor. o ] ] )
The total armature circuit resistance is R, R, (Fig. 8.7)

as the two resistances are in series.
Speed control

The most effective way of controlling the speed of a Ry 0.1

d.c. motor is to vary the strength of the magnetic field. SR

On a series machine this may be achieved by diverting 30

some of the current through a variable resistor é

(Fig. 8.5).

200V R, 0.3
Diverter or field control T
7000
Field Figure 8.7
d.c. E V IR,
supply 200 30(0.1 0.3)

200 30 0.4
200 12
188V

Figure 8.5 Speed control of a series motor.
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Torque T 2
q 2

Shunt motor

In the case of a shunt motor, the motor winding is

in parallel with the armature (Fig. 8.8). It will be seen
here that the supply current 1 I. Unlike the series
motor, if the load is removed from the motor, only the
armature current will decrease, the field remaining

at the same strength. The motor will therefore not
continue to speed up to destruction. Figure 8.9 shows
the graphs of speed and torque to a base of load
current.

Armature
It \ Shunt winding

000

d.c. |
supply a

Figure 8.8 Shunt-wound motor.

-

Torque

Speed

Speed
Torque

Load current

Figure 8.9 Load characteristics of a shunt motor.

Speed control

As in a series motor, speed control is best achieved
by controlling the field strength, and in shunt motors

a variable resistance is placed in series with the shunt
winding (Fig. 8.10).

Starting

Modern methods use electronics; however, starting
large d.c. shunt-wound motors can be carried out
using a d.c. face-plate starter (Fig. 8.11).

The face-plate starter comprises the following items:

Field
d.c.
supply Armature
Speed
control

Figure 8.10 Speed control of a shunt motor.

Spring-loaded handle
makes contact with
both strips

Resistances

No-volt release

Overload
release

Armature

Soft iron armature

d.c. supply
O

Figure 8.11 The d.c. face-plate starter.

(a) a series of resistances connected to brass studs;

(b) a spring-loaded handle which makes contact with
two brass strips and also the brass studs;

(c) a no-volt release;

(d) an overload release.

When the handle is located on the first stud, the field
is supplied via the overload release, the top brass
strip via the handle and the no-volt release (note that
the field is continuously supplied in this way). The
armature is supplied via the resistances.

As the handle is moved round, the resistance in the
armature circuit is gradually cut out. On the final stud
the handle is held in place by the no-volt release
electromagnet. Should a failure in supply occur, the
no-volt release will de-energize and the handle will
spring back to the ‘off’ position. If a serious overload
occurs, the overload release will energize sufficiently
to attract its soft iron armature which will short out the
no-volt release coil, and the handle will return to the
‘off’ position.

The handle should be moved slowly from stud to
stud.
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Applications Torque
As the speed of a shunt motor is almost constant over
a wide range of loads, it is most suitable for small
machine tools. )
ke
g Speed 5
& g
Example
A 400V shunt-wound motor has a field winding
resistance of 200 and an armature resistance of
0.5 . If the current taken from the supply is 22 A,
calculate the back e.m.f. Load current
From Fig. 8.12: Figure 8.14 Speed and torque characteristics of
a compound motor.
l oA T Speed control
Speed is usually controlled by variable resistors in the
400V \ Iy % 200 shunt field and armature circuit (Fig. 8.15).
T R, 05 Jé/
Figure 8.12
Series
d.c.
Lol supply Shunt
a f
Lo,
4
, Vo0,
R, 200
l, 22 2 20A Figure 8.15 Speed control of a typical compound
E V IR, motor (long shunt).
400 (20 0.5)
400 10 The series winding may be arranged such that it aids

the shunt field (cumulative compound) or opposes it

30V (differential compound).

Cumulatively compounded motors are similar in
characteristics to series motors, while differentially
A compound motor is a combination of a seriesanda ~ ¢0mpounded motors are similar to shunt motors
shunt-wound motor (Fig. 8.13a and b). (Fig. 8.16).

Figure 8.14 shows the speed-torque characteristics
for the compound motor.

Compound motor

Differential
Series

l Series

d.c. d.c.

supply Shunt  supply Shunt )
T T Cumulative

(@ (b)

Speed

Figure 8.13 Compound-wound motor: (a) long shunt; Load current

(b) short shunt. Figure 8.16 Load speed curves for compound motor.
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Starting

The d.c. face-plate starter is suitable for the compound
motor.

Applications

These motors can be used for applications where

a wide speed range is required. However, the
differentially compounded type is rarely used as it
tends to be unstable.Cumulatively compounded types
are suitable for heavy machine tools.

Reversing d .c. motors

The d.c. motors may be reversed in direction by
altering the polarity of either the field or the armature.
This is done by reversing the connection to the
armature or the field winding.

The d .c. generators

If by some means a d.c. motor is supplied with motive
power it will act as a generator. Connection of the field
windings is the same as for motors; that is, series,
shunt or compound.

E.m.f. generated: symbol E — unit volt (V)

When the armature is rotated in the field, an e.m.f. is
induced or generated in the armature windings. When
an external load is connected, current (1) will flow
from the armature; this will cause a voltage drop of
I.R, where R_is the resistance of the armature circuit.
Hence the voltage available at the load is less than the
generated e.m.f.

E V IR,

A 240V shunt-wound generator has a field resistance
of 120 and an armature resistance of 0.4

Calculate the generated e.m.f. when it is delivering
20A to the load.

As the generator supplies its own field, then from
Fig. 8.17:
(U

a f

V 240
f R—f E
I, 20 2 22A
E V IR,
240 (22 0.4)
240 8.8
248.8V

240V Load

Figure 8.17 Pole arrangement for a three phase
motor.

Separately excited generator

The separately excited type of generator has its field
supplied from a separate source (Fig. 8.18).

@] O
d.c. output Field d.c. supply
o

Figure 8.18 Separately excited generator.

The a .c. motors

There are many different types of a.c. motor operating
from either three-phase or single-phase a.c. supplies.
To understand the starting problems of the single-
phase types, it is best to consider three-phase motors
first.

Three-phase motors

A three-phase motor depends on the rotation of a
magnetic field for its movement. Figure 8.19 shows
how this rotation is achieved.

L1

O
—
]
Three-phase L2 L —
supply O L —

L3

07

Figure 8.19 Magnetic eld rotation.



If three iron-cored coils or poles are arranged at 120°
apart and connected as shown to an alternating
three-phase supply, then each pole will become fully
energized at a different time in relation to the others.

If the poles were replaced with light bulbs, it would
appear as if the light was travelling around in a circular
fashion from one bulb to another.

The iron core of each coil becomes magnetized as the
coil is energized, and the arrangement gives the effect
of a magnetic field rotating around the coils.

The speed of rotation of the magnetic field is called
the synchronous speed and is dependent on the
frequency of the supply and the number of pairs of
poles. Hence

f np

where f is the supply frequency in hertz, n _is the
synchronous speed in revs/s and p is the number of
pairs of poles.

Calculate the synchronous speed of a four-pole
machine if the supply frequency is 50 Hz.

f np

25 revs/s or 1500 revs/min

Synchronous motor

If we take a simple magnetic compass and place it in
the centre of the arrangements shown in Fig. 8.19, the
compass needle will rotate in the same direction as
the magnetic field, because the magnetized compass
needle is attracted to the field and therefore follows it.
A three-phase synchronous motor is arranged in the
same way as a three-phase generator (Fig. 8.20).

This type of motor comprises the following:

(a) a stator, which supports the magnetic field poles
(b) the rotor, which is basically an electromagnet
supplied from a d.c. source via slip rings.

The rotor will follow the rotating magnetic field at
synchronous speed.

This type of motor is not self-starting and has to be
brought up to or near to synchronous speed by some
means, after which it will continue to rotate of its own
accord. This bringing up to speed is usually achieved
by providing the rotor with some of the characteristics
of an induction motor rotor.

8 Motors and Generators

Rotation of field

Stator poles

connected to
three-phase

supply

Rotor
movement

Wound rotor supplied
from d.c. source

Figure 8.20 Synchronous motor.

Synchronous-induction motor

The synchronous-induction type of motor is essentially
an induction motor with a wound rotor. It starts as

an induction motor and when its speed has almost
reached synchronous speed the d.c. supply is
switched on and the motor will then continue to
function as a synchronous motor.

This type of motor has various applications. For
example, if the d.c. supply to the rotor is increased
(when it is said to be ‘overexcited’), the motor can
be made to run at a leading power factor. This effect
may be used to correct the overall power factor of an
installation.

As it is a constant-speed machine, it is often used in
motor—generator sets, large industrial fans and pumps.

A great advantage of the synchronous-induction type
is its ability to sustain heavy mechanical overloads.
Such an overload pulls the motor out of synchronism,
but it continues to run as an induction motor until the
overload is removed, at which time it pulls back into
synchronism again.

Three-phase induction motor
Squirrel-cage type

The squirrel-cage type of induction motor comprises a
wound stator and a laminated iron rotor with copper or
aluminium bars embedded in it, in the form of a cage
(Fig. 8.21).

As the rotating magnetic field sweeps across the
rotor, an e.m.f. is induced in the cage bars and hence
a current flows. This current produces a magnetic
field around the conductor and the magnetic reaction
between this field and the main field causes the rotor
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Copper or
aluminium bars

= Copper or
aluminium
end rings

Figure 8.21 Cage assembly for cage rotor.

to move. Since this movement depends on the cage
bars being cut by the main field flux, it is clear that the
rotor cannot rotate at synchronous speed. The speed
of this type of motor is constant.

Wound-rotor type (slip-ring motor)

In the wound-rotor type of motor the cage is replaced
by a three-phase winding which is connected via

slip rings to a starter. The starter enables the rotor
currents to be controlled which in turn controls, to

a degree, the speed and torque. When the machine
has reached the speed required the rotor windings
are short-circuited and the brush gear, which is no
longer required, is lifted clear of the slip rings. This
type of motor is capable of taking extremely high rotor
currents on starting and cables must be capable of
carrying such currents.

Slip

As was previously mentioned, the rotor of an induction
motor cannot travel at synchronous speed, as there
would be no flux cutting and the machine would not
work.

The rotor is, then, said to ‘slip’ in speed behind the
synchronous speed. Slip (S) is usually expressed as a
percentage and is given by

(h, n)
n

s

Slip (%) 100

where n_is the synchronous speed and n, is the rotor
speed.

A six-pole cage induction motor runs at 4% slip.
Calculate the motor speed if the supply frequency is
50Hz.

n, n
0._n) 100
n

S (%)

Synchronous speed n %
50
3
16.666 revs/s
(16.66 n)

16.66
(16.66 n)

100

4 16.66
100

n 1666 (* 16:66)
' 100
16.66 0.66

16 revs/s

An eight-pole induction motor runs at 12 revs/s
and is supplied from a 50 Hz supply. Calculate the
percentage slip.

f

n

*op

S0 12.5 revs/s

(h, n)
nS

125 12)
12.5

0.5 100
12.5
50

12.5

4%

S (%) 100

100

Frequency of rotor currents

As the rotating field is an alternating one, the currents
induced in the rotor cage bars are also alternating.
These are, however, not the same frequency as the
supply. The frequency of the rotor currents f _is given
by

f. slip supply frequency

f S f

S

S here is expressed as a per unit value; that is for
4% slip,



An eight-pole squirrel-cage induction motor has a
synchronous speed of 12.5revs/s and a slip of 2%.
Calculate the frequency of the rotor currents.
fn_ p
125 4
50 Hz
f. S f
2
100

1Hz

Three-phase motors may be reversed by changing
over any two phases.

50

Single-phase induction motors

With a three-phase motor the field is displaced by
120°. In the case of a single-phase supply there is no
phase displacement and hence the rotor has equal
and opposing forces acting on it and there will be no
movement. The motor is therefore not self-starting.
However, if the rotor is initially spun mechanically it
will continue to rotate in the direction in which it was
turned. Of course this method of starting is out of the
question with all but the very smallest motors and is
therefore confined to such items as electric clocks.

The creation of an artificial phase displacement is
another and more popular method of starting.
Shaded-pole induction motor

The shaded-pole type of motor has a stator with
salient (projecting) poles and in each pole a short-
circuited turn of copper face is inserted (Fig. 8.22).

Stator casing

Slot

Salient pole Shading coil

Figure 8.22 Shaded-pole arrangement.

The alternating flux in the pole face induces a
current in the shading coil which in turn produces an
opposing flux. This opposition causes a slight phase

8 Motors and Generators

displacement of the fluxes in the two parts of each
pole which is enough to start the rotor turning.

As the phase displacement is very small the motor
has a very small starting torque, thus limiting its use to
very light loads.

Capacitor-start induction motor

With the capacitor-start induction motor the stator

has a secondary winding, in series with which is a
capacitor. This gives the effect of 90° phase difference
and the motor will start. A second or two after

starting, a centrifugal switch cuts out the secondary
winding (Fig. 8.23).

Run winding

0?0

/— Squirrel
cage
rotor

Capacitor |

é Start winding

|
40/0—
Centrifugal
switch

Figure 8.23 Capacitor-start motor.

This type of motor may be reversed in direction by
reversing the connections to the start winding.

Reactance or induction-start induction motor

A phase displacement can be achieved by connecting
an inductor in series with the start winding (Fig. 8.24).
The centrifugal switch is as for the capacitor-start

type.

Run winding

0?20

Start winding

0000

40/0—

Figure 8.24 Reactance-start motor.
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Larger motors of this type take heavy starting
currents, and series resistances are used to limit this.

Reversal of rotation is as for the capacitor-start type.

Resistance-start induction motor

In the case of a resistance-start induction motor a
resistance replaces the choke or capacitor in the start
winding to give a phase displacement (Fig. 8.25).

Run winding

0?20

Start
winding

YY)

Resistor |:

| |

o

Centrifugal switch

Figure 8.25 Resistance-start motor.

Capacitor-start capacitor-run induction motor

The most efficient of the range of single-phase
induction motors is the capacitor-start capacitor-run
type. The main feature is that the starting winding

is not switched out but is continuously energized,

the only change between starting and running being
the value of capacitance. This change is achieved by
using two capacitors and switching one out with the
centrifugal switch (Fig. 8.26).

Run winding

0?20

winding

YY)

Run

capacitor T

Centrifugal switch

Figure 8.26 Capacitor-start capacitor-run motor.

Repulsion-start motor

Repulsion-start motors are of the wound-rotor type,
the windings being terminated at a commutator,

the brush gear of which is shorted out and arranged
about 20° off centre. A transformer action takes
place between the stator and rotor windings (mutual

Start/run

inductance) and as both windings will have the same
polarity they repel or repulse each other. Speed
control is affected by slight movement of the brushes
around the commutator (Fig. 8.27).

Stator winding

L~ Commutator

0 2 O

Brushes shorted out

Figure 8.27 Repulsion motor.

A variant of this type starts as a repulsion motor;
centrifugal gear then shorts out the commutator and
lifts the brush gear clear, the motor then continuing to
run as an induction motor.

The universal or series motor

The universal or series motor is simply a d.c.-type
armature with commutator and an a.c. field. It is
connected as for a d.c. series motor (Fig. 8.28).

Field

0 ¢ O

Armature

Figure 8.28 Single-phase series motor.

This motor will operate on an alternating current
because the polarity of the a.c. supply changes on
both field and armature; the motor will therefore
rotate in one direction. Reversing is achieved by
reversal of either field or armature connections.

Starters
Direct-on-line starter

Figure 8.29 illustrates a typical three-phase direct-
on-line (DOL) starter. When the start button is
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ﬁ L1 L2 h L3

Contactor
coil

Heater
coils

Remote

Sto start
P Overload

trip

Figure 8.29 Three-phase direct-on-line starter.

pressed, the 400V contactor coil is energized and the Overload or over current protection is provided by

main and auxiliary contacts close and the motor will either thermal or magnetic trips.

start. The auxiliary contact in parallel with the start Thermal overload protection relies on the heating
button holds the coil on. effect of the load current to heat the thermal coils
Both single-phase and three-phase types use the which in turn cause movement of a bimetallic strip.
same control circuit, as illustrated in Figs 8.30 and This trips out a spring-loaded contact in the control
8.31. For Fig. 8.31 it is important to note that if a 240 V  circuit. The speed at which the tripping takes place is
coil were to be used instead of a 400 V type, the coil adjusted to allow for normal starting currents, which
connections would require a neutral conductor in the may be four or five times as large as running currents.
starter.

1516 7

gl\ooon_
oo

(a) Load (b) Start Stop

Figure 8.30 (a) Direct-on-line starter, single phase. (b) Connections for remote push-button (start/stop) control;
omit link and connect as shown.
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A) CW)
B(V)
(@) Load
E
(L1) o (L3)

(b)

n

L1(R) L3(T)
L2(S)

Fuses

(if required)

Motor circuit
fl isolating switch

T T (if required)

Line

Figure 8.31 (a) Direct-on-line starter, three phase. (b) Schematic diagram. Control circuit supply: for line to line,
connect as shown; for line to neutral, omit connection D and connect neutral to terminal a; for separate supply,
omit D and E, and connect separate coil supply to terminals a and 15.

Magnetic protection uses the principle of the solenoid
to operate the tripping mechanism. The time lag in

this case is achieved by the use of an oil or air dashpot
which slows down the action of the solenoid plunger
(Fig. 8.32).

QO Trip bar

\
=)

Pivot

Solenoid

1]

Movement damped by oil

Figure 8.32 Oil dashpot damping.

Another form of thermal protection is given by

the use of a thermistor, which is a temperature-
sensitive semiconductor. It is embedded in the stator
winding and activates a control circuit if the winding
temperature becomes excessive.

Star—delta starter

If a motor’s windings are connected in the star
configuration, any two phases will be in series across
the supply and hence the line current will be smaller

(by 57.7%) than if the windings were connected in

the delta arrangement. Hence larger type motors with
heavy starting currents are first connected in star, and
then, when the starting currents fall, in delta. This of
course means that all six of the ends of the windings
must be brought to terminations outside the casing
(Fig. 8.33).

Stator windings
o 0000 O
By B,
O 0000 O
o 0000 O

O Ly

oL,

Star Delta
position position

Figure 8.33 Basic star—delta starter.

The automatic version of this starter incorporates
a timing relay which automatically changes the
connections from star to delta.

Figures 8.34 and 8.35 show the wiring and schematic
diagrams for a star—delta starter. This is clearly a more
complicated system than the DOL type.

Nevertheless, reference to the schematic Fig. 8.35
will indicate how the system functions:

1. When the start is pushed, supply is given to the
star contactor  and electronic timer ET, from L1
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A

absolute permittivity 293

access equipment, lifting and handling
148-9

accident books 153

a.c. circuits see alternating current
(a.c.) circuits

Acts of Parliament, general waste, and
pollution 124

adiabatic equation 243, 245-6

AFDD 235

agricultural and horticultural locations
206-7

Ah capacity 102

air pollution 123

air source heat pumps 125-6

air thermostats 191

algebra 4; see also Pythagoras’
theorem; trigonometry

alternating current (a.c.): balanced and
unbalanced three-phase systems
72; circuits see alternating current
circuits; generators 3940, 43, 44;
machines, fault location and repairs
92; motors see alternating current
motors; single-phase waveform 40

alternating current circuits 295;
capacitance 60; inductance 47;
power 50-2, 68-9

alternating current motors 82—6; power
factor 92; series, possible faults
93-4; synchronous-induction 83;
synchronous motor 83; synchronous
speed 83; three-phase 82-5

aluminium 15, 166, 182

ambient temperature 240

ammeter 21, 253, 255; ammeter/
voltmeter connections 19

ammeter shunts 252-3

Ampere, André Marie 14

ampere hour (Ah) efficiency 297

amperes 239

amplification 281

amusement devices 210

animal electricity 99

annealing 182

apparent power 51

Archimedes Screw 130-1

area 9, 289

armature 38, 39, 77, 78, 80

armature circuits 79, 82

armoured cable 167, 170

atomic number 13

atoms 11-13

automatic electrical protection 212

auto-transformers 52-3, 109;
starters 89

average value 43

B

back e.m.f. 43-4, 78

bar charts 163

bathrooms 202, 203, 223

batteries 13, 99, 297; charging 100,
104, see also cells

battery circuits 103

beer analogy, power factor 51

bills of quantities 157, 162

biomass 126

bimetallic strip 190

block diagrams 282

bonding see earthing and bonding

breaking capacity, fuses and circuit
breakers 231-2

breeze block 123

British Standards (BS) specifications
155; agricultural and horticultural
locations 206—7; bathrooms, etc.
203; caravans and camping parks
207-8; construction sites 206;
fuse links 232; IK codes 226, 227;
IP codes 226, 227; marinas 208;
protection against ingress of solid
objects, liquid and impact 226;
protection by BS 3036 fuse C, 240;
restrictive conductive locations 207,
saunas 205-6; special locations
(BS 7671) 202—-10; swimming
pools 205; testing 271, 272;
transformers 229

Building Regulations: air source
heat pumps 125; as Approved
documents 143; biomass 126;
co-generation 132; electricity
producing renewables 129; flat
plate collector 128; greywater
re-use 133; micro-hydro 131;
micro-wind 129; rainwater
harvesting 133; transmission
lines 135

bus-bar 166, 167; trunking 176,
177,182

C

cable: armoured 167, 170; bus-
bars 166; cable management
systems 172-8; conductors 165-6;
construction 166, 225; couplers
206; earthing systems 217-18; fibre
optic 167; fire-retardant 182; fixing
of wiring 166-7; flat cable sheath
removal 169; for flexible cord 167;
FP range 167; mineral-insulated 220;
mineral-insulated metal-sheathed
169-70; pre-fabricated 167; PVC-
insulated/PVC sheathed 182;
resistance 22; risers 166; sheathing
and armouring 167-8; sheathing and
insulation 166—7; single-core 166;
size choice 242; structured data 167;
SY flexible 167; tabulated current-
capacity 250; underground 125;
wiring, fixing 166—7

cable management systems: conduit
172; ducting 178; fixing conduit
173, flexible conduit 173; ladder
178; metal 172-3; non-metallic
(PVC) conduit 174; traywork 178;
trunking see trunking; wire basket
178

cadmium 102

call systems 199-200

capacitance 57-8; in a.c. circuits 60;
pure 61

capacitance and resistance: in parallel
61, 296; in series 60, 295

capacitive reactance 60, 295

capacitors 66; applications 61; charge
on 293; in d.c. circuits 59; description
57; dimensions 58; energy stored
in 59, 293; marking with value 276;
in parallel 59, 293; in series 58, 293;
types 277

capacitor-start capacitor-run induction
motor 86

capacitor-start induction motor 85;
possible faults 92—-3

capacity 2, 290; current-carrying 242;
nickel-alkaline cells 102

caravans: and camping parks 207-8;
and motor caravans 209-10

carbon 16

carbon preset resistor 276

cartridge fuse 231
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