UNIT ELTK 08

Understanding the electrical
principles associated with
the design, building,
installation and
maintenance of electrical
equipment and systems
As well as having a practical competence, electricians also need to know about the operating principles
behind the job. The purpose of this unit is to look at the principles of mathematics, electrical science and
electronics necessary to support electrical and electronic installations.
This unit covers the following learning outcomes:
■■ Understand mathematical principles which are appropriate to electrical installation, maintenance and
design work
■■ Understand standard units of measurement used in electrical installation, maintenance and design work
■■ Understand basic mechanics and the relationship between force, work, energy and power
■■ Understand the relationship between resistance, resistivity, voltage, current and power
■■ Understand the fundamental principles which underpin the relationship between magnetism and electricity
■■ Understand electrical supply and distribution systems
■■ Understand how different electrical properties can affect circuits, systems and equipment
■■ Understand the operating principles of d.c. machines and a.c. motors
■■ Understand the operating principles of different electrical components
■■ Understand the principles and applications of electrical lighting systems
■■ Understand the principles and applications of electrical heating
■■ Understand the types, application and limitations of electronic components in electrotechnical systems
and equipment.
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K1/K2. Understand standard units
of measurement and mathematical
principles that are used in electrical
installation, maintenance and
design work
It is impossible to know what people are talking about unless you
understand the language they are speaking. In science and
engineering, mathematics is the language that is used to explain
how things work. To work with all things electrical, we need to
understand and be able to communicate using this universal
language and therefore this section will cover at the following
topics:
●●
●●
●●
●●
●●
●●
●●
●●
●●
●●

Did you know?
SI stands for Système
Internationale.

SI units: how we describe basic measurement quantities
powers of 10: mega, pico and the decimal system
basic rules: getting the right answer
fractions and percentages: working with parts of the whole
algebra: formulas for all
indices: powers of anything
transposition: re-arranging equations
triangles and trigonometry: angles on reading
the sines
statistics: ways of showing data.

SI units
Imagine if each country had a different idea of how long a metre
is, or how much beer you get in a pint. What if a kilogram in
Leeds was different from one in London?
A common system for defining properties such as length,
temperature and time is essential if people in different places are
to work together.
Most countries in the world have adopted an agreed international
system of units for measuring different properties, and this is
known as the SI system, which has seven base units from which
all the other units are created.
Table 8.01 shows each base quantity and the name of its base unit.
The last column shows the symbol used to represent the unit.
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Base quantity

Base unit

Symbol

Length

metre

m

Mass

kilogram

kg

Time

second

s

Electric current

ampere

A

Temperature

kelvin

K

Amount of substance

mole

mol

Luminous intensity

candela

cd

Table 8.01 SI units

The SI units, or derived units, that you are most likely to come
across are shown in Table 8.02.
Length

Obviously useful for all sorts of things, such as measuring the
amount of cable you’ll need in an installation

Area

Used to measure a surface such as a sports field, e.g. for working
out how much floodlighting will be needed

Volume

Used particularly when you are dealing with heating systems, for
example, to calculate how much energy is required to heat a hot
water cylinder

Mass

Often confused with weight. Mass is ‘how much there is’ of
something. Electricians often need to know how much electrical
energy is required to change a mass from one state to another;
e.g. to change water into steam, or ice into water

Weight

Related to how gravity has an effect on mass. A mass of 1 kg will
weigh about 10 newtons on Earth, i.e. it will exert a force of 10
N, but rather less on the Moon, since gravity is lower there. NB It
will still have a mass of 1 kg on the Moon since it still contains
the same amount of material

Temperature

The SI base unit for temperature is degrees Kelvin (K), but for
most purposes we use degrees Celsius (°C). 0 K is –273°C
(otherwise known as Absolute Zero – extremely cold!).
Sometimes people also use degrees Fahrenheit (°F)

Table 8.02 Base quantities
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Did you know?
The boiling point of water at sea
level is 100°C or 373 K or 212°F.

SI unit prefixes
Often we want to deal with quantities that are much larger or
smaller than the base units. If we could only use the base units,
the numbers would become clumsy and it would be easy to make
mistakes. For example, the diameter of a human hair is about
0.0009 m and the average distance of the Earth from the Sun is
around 150 000 000 000 m.
To make life easier, we can alter the symbols (and the quantities
they represent) by adding another symbol in front of them
(known as a prefix) and these represent the base units multiplied
or divided by one thousand, one million, etc. Table 8.03 shows
the most common ones:
Multiplier

Name

Symbol
prefix

As a power
of 10

1 000 000 000 000

Tera

T

1 × 1012

1 000 000 000

Giga

G

1 × 109

Mega

M

1 × 106

1 000

kilo

k

1 × 103

1

unit

0.001

milli

m

1 × 10–3

0.000 001

micro

µ

1 × 10–6

0.000 000 001

nano

n

1 × 10–9

0.000 000 000 001

pico

p

1 × 10–12

1 000 000

Table 8.03 Common prefixes

Here are some common examples of using the prefixes with the
unit symbol:
●●
●●
●●
●●

km (kilometre = one thousand metres)
mm (millimetre = one thousandth of a metre)
MW (megawatt = one million watts).
μs (microsecond = one millionth of a second)
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Later in this unit you will see SI units applied to a wide range of
electrical variables:
●●
●●
●●
●●
●●
●●

resistance
resistivity
power
frequency
current
voltage

●●
●●
●●

●●

energy
impedance
inductance and inductive
reactance
capacitance and capacitive
reactance

●●
●●
●●
●●

power factor
actual power
reactive power
apparent power.

Identify and apply appropriate
mathematical concepts
Basic rules
Unless we all carry out calculations using the same basic rules, we
will all get different answers to the same question. Try working
out the sum in the example.
Example

Work out the answer to the following sum.
(42 × 4) + (6 ÷ 3) – 2 = ?
We asked three apprentices. Andy says it’s 56, but Mo says it’s 420, and Ali says it’s 168.
So who’s right? What do you think?
The problem is that each apprentice followed their own set of rules.
Andy simply worked from left to
right:

Mo worked from right to left:

Ali did the multiplications first,
then the divisions, then the
addition and subtraction:

42 × 4 = 168

3–2=1

42 × 4 = 168

168 + 6 = 174

6÷1=6

6÷3=2

174 ÷ 3 = 58

4 + 6 = 10

168 + 2 = 170

58 – 2 = 56

10 × 42 = 420

170 – 2 = 168

✘

✘

✔

Mathematics needs rules, and we need to know them if we are to
get the correct answers. The three main ones are as follows:

Basic Rule 1:
‘All numbers are positive unless told otherwise.’
All numbers are either positive or negative (except 0, of course).
Since most things we deal with are positive numbers, we don’t
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usually bother to put a positive sign ( + ) sign in front of them,
but we must put a minus sign ( – ) in front of any negative
numbers.

Basic Rule 2:
‘Like signs add, unlike signs subtract.’
For example:
4 + (+5) = 4 + 5 = 9
4 + (–5) = 4 – 5 = –1
4 – (+5) = 4 – 5 = –1
4 – (–5) = 4 + 5 = 9

(Like signs add)
(Unlike signs subtract)
(Unlike signs subtract)
(Like signs add)

The same applies when multiplying and dividing: ‘Like signs give
positive results, unlike signs give negative results.’
For example:

Remember
An acronym is an abbreviation
of several words in such a way
that the abbreviation itself forms
a pronounceable word (e.g.
BODMAS) and that this often
helps to remember the topic.

+4
–4
–4
20
–20
20
–20

× –5
× +5
× –5
÷ +5
÷ +5
÷ –5
÷ –5

= –20
= –20
= 20
=
4
= –4
= –4
=
4

(Unlike signs give negative results)
(Unlike signs give negative results)
(Like signs give positive results)
(Like signs give positive results)
(Unlike signs give negative results)
(Unlike signs give negative results)
(Like signs give positive results)

Basic Rule 3:
‘Bodmas rules!’
BODMAS is what we call an ‘acronym’ and BODMAS
represents the order in which we must tackle a calculation.
This is where BODMAS comes in to help you, as it stands for:

Brackets

Other operations

Division

Multiplication

Addition

Subtraction

So the order you should do your calculations in is:
Brackets (Always calculate what’s in them first)
Other operations (Such as powers or square roots)
Division and Multiplication (Start on the left and work them out in
the order that you find them)
Addition and Subtraction (When only addition and subtraction are
left in the sum work them out in the order you find them, starting from
the left of the sum and working towards the right)
In BODMAS, division and multiplication have the same priority,
as do addition and subtraction. Let’s look at some examples.
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Example

Example

Example

Calculate:

2+4×4–1

Calculate:

3 × (4 + 5)

Calculate:

4 (3 + 2 × 2)

(x first)

2 + 16 – 1

(brackets first)

3×9

(brackets first)

4 (3 + 4)

(then +)

18 – 1

(then x)

= 27

(still brackets)

4×7

(then -)

= 17

(then x)

= 28

We’ll show this final example step-by-step to confirm the process.
Example

Calculate

(4 – 2)2 × 2 × 5

(brackets first)
(4 – 2)2 × 2 × 5
		22 × 2 × 5
(next operations)		
		

22 × 2 × 5
4 × 2 ×5

4 × 2 ×5
(next × work L to R)		
(next × work L to R) 				 8 × 5
(next × )				 8 × 5
40
Answer						

Having looked at these examples, we should note two further
things:
When there is a number outside the brackets with no operator
(e.g. +, –, ×, ÷ ), then a multiplication is assumed.
So for example, 5 (3 + 9) is the same as saying 5 × (3 + 9) where
the result is 5 × 12 = 60.
In the above example, you could also multiply all the numbers
inside the bracket by the number outside, and then do the
calculation.
In other words:

5 (3 + 9)
= (5 × 3) + (5 × 9)
= 15 + 45 = 60

Powers of 10
So far so good, but what happens when you want to do some
arithmetic with several quantities?
For instance, speed is calculated by dividing the distance covered
by the time taken. So an energetic spider might cover 1 m in 1 s,
and its speed would therefore be 1 m/s (metre per second).
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But how do we express the speed of a bullet that travels
3 km in 50 ms?
This is where an understanding of powers of 10 will help us.
When we write down any calculation, the position of the figures
shows their size relative to the decimal point, e.g. units, tens,
hundreds, thousands, etc. The purpose of the decimal point is to
separate whole numbers from parts of numbers. Therefore, we
can say 1.5 is 1 and 5 tenths, the same as one and a half.
As an example, the number 4123.4 tells us that we have:
Thousands

Hundred

Tens

Units

Decimal point

Tenths

4

1

2

3

.

4

We could also look at it like this.
Example

The number 4123.4 means:
4 times one thousand
Plus 1 times one hundred
Plus 2 times ten
Plus 3 units
Plus 4 times one-tenth

4000.0
100.0
20.0
3.0
0.4

Total

4123.4

In both the above examples we can see that going left from the
decimal point, each column is 10 times greater than the previous
one. Going right from the decimal point, each column is 10 times
less or one-tenth of the previous one.
The example has included zeros to make sense of a column of
figures, but extra zeros added does not change the number.
4123.4 is exactly the same as 4123.40 or 4123.400.
When adding, always line up the decimal points and each column
when writing them down, then you are sure of adding the number
of 10s in one number to the number of 10s in another number
and so on.
It can help if you draw straight lines, which helps keep your
calculations easy to understand when checking answers!
Let’s look at adding 24.01 to 110

1 1 0 . 0 0
2 4 . 0 1
1 3 4 . 0 1
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Here is another example.
Example

+

32 456.24
123.51

Total

32 579.75

The fact that each column is either ten times bigger or
one-tenth of the previous column also makes it easy to multiply
and divide by 10, as all you need to do is move all the digits one
jump to the right to divide by 10, and one jump to the left to
multiply by 10.
To multiply 123.4 by 10 (note the position of the decimal point)
we move the decimal point one place to the right.
123.4 = 1234.0
Therefore, 123.4 × 10 = 1234.0
Division sees the decimal point move in the other direction; so
4321.0 ÷ 10 = 432.1
4321.0 becomes 432.10
 	
Similarly, multiplying or dividing by 100 means moving the
decimal point two places to the left or right. Multiplying or
dividing by 1000 then just means moving the decimal point three
places to the left or right.
In other words, we are moving the same amount as there are
zeros in the number:
10

= has one zero, therefore we move the decimal point one
place

1000 = has three zeros, therefore we move the decimal point
three times
2
6789.345 × 100 (00)
6789.345 ÷ 1000 (000)

=
=

6789.345
6789.345

=
=

Did you know?
You may also see multiplication
by 10 explained as moving the
digits to the right, and division
as moving it to the left.

678934.5
6.789345

3
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Other powers of numbers
We have a shorthand way of showing a number multiplied by
itself.
For example 25, which is 5 × 5, can be written as 52, which we
say as ‘five to the power of two’, or ‘five squared’. (We call it 5
squared because we find the area of a square from its two
dimensions L × W or 5 × 5)
We can multiply any number by other powers. So for example,
125 which is 5 × 5 × 5, can be written as 53, which we say is
‘5 to the power of 3’ or ‘5 cubed’. (We call it 5 cubed because we
find the volume of a cube from its 3 dimensions L × W × D or
5 × 5 × 5)
The power can take any value, for example
10 000
1 000 000

= 10 × 10 × 10 × 10 = 104
= 10 × 10 × 10 × 10 × 10 × 10 = 106

We can also have negative powers. If there is a minus sign in front
of the power, this represents our number divided by the power.
So
And

10–1 = 1 ÷ 101 (1 ÷ 10)
= 0.1
–3
3
10 = 1 ÷ 10 (1 ÷ 1000) = 0.001

All scientific calculators have a ‘powers’ button for working with
large powers. Figure 8.01 shows the button that is normally used.

Degrees

MR

MS

Œ

C

±

7

8

9

/

cos

4

5

6

tan

1

2

3

*
–

.

+

Radians

In

sinh

sin

dms cosh
tanh
Exp

Mod

Int

F-E

Grads

(

Inv

MC

)

n!

0

log

M+ M –

%

=

Figure 8.01 Calculator

Try it with a calculation that you know the answer of (e.g. 24) to
check that you can use your calculator correctly.
To find 78 we would use the following key sequence:

7

xy

8

=

The answer should be 5 764 801
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Multiplying and dividing with powers
When we multiply two numbers with powers together, we add the
powers.
For example, we know that 53 = 5 × 5 × 5 = 125, therefore
53 × 53 will be 125 × 125 = 15 625
Adding the powers we get 53+3 = 56 which also equals 15 625.
Although the powers can be different, i.e. 53 × 52 it must be the
same number (in this case 5) that we are applying the powers to.
This method would not work for 42 × 52.
When it comes to division we subtract the powers.
For example, we know that 33 is 27 and that 32 is 9 and that
27 ÷ 9 = 3
Therefore, when written as powers this would be 33–2 = 31
When we have a number raised to the power of 1, it is simply the
original number; in other words, 31 is just 3.
However, when you see any number raised to the power of 0,
then the result is always 1.
This can be explained by looking at what happens when we divide
a number by itself.
Example

5 ÷ 5 = 1 (as 5 goes into 5 once)
Having established that 51 means 5, we could also write this as 51 ÷ 51 = 1
Remember that when dividing we subtract the powers
So we can also write 51–1 = 50
So the value of any number to the power of 0 will be the number 1

Most commonly we see powers of 10 used to express very large
numbers.
Example

123456.0

= 12345.6 × 10
= 1234.56 × 100
=
1.23456 × 10 000

or 12345.6 × 101
or 1234.56 × 102
or
1.23456 × 105

Note: Every time the decimal point moves a place to the left, the
power goes up by 1.
The same can be done for very small numbers.
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Example

0.000123

=

0.00123×

=

1.23×

1
or 0.00123×10−1
10

1
or 1.23×10−4
10000

It is important to understand that in all the previous examples,
the value of the numbers did not change, only the way we wrote
them down.
In science we can use any power, but in engineering we normally
use only powers of 10 in multiples of 3, e.g. 10–3, 103, 106 and we
do this because they match the prefixes we use such as milli, kilo
or Mega.
If you look back to Table 8.03, you should now be able to see
how the powers of ten relate to them:
Mega (M)
micro (μ)

= 1 000 000 times, which is the same as 106
= 0.000 001 times, or 10–6

So, just how fast was that speeding bullet?
Well… to recap, we said it was travelling 3 km in 50 ms.
We also said that we calculate speed by using the following
formula:
Speed =

Distance travelled
Time taken

3 km = 3 × 103 m ..... in other words 3000 m
And 50 ms = 50 × 10–3 s .... in other words 0.05 s
So the speed of the bullet is:
3 km
3000 m
3×103
= 60 000 m/s
which we can write as
which gives us
−3
0.05 s
50 ms
50×10

hich we can write as

3×103
3000 m
which gives us
= 60 000 m/s
−3
50×10
0.05 s

Remember
Don’t take your calculator for
granted! Always check that the
answer looks sensible using
approximation.

Our answer could also be written as 60 × 103 m/s which we could
also say as 60 km/s.
It is important to practise using these different ways of expressing
numbers as, although a calculator is a great help, it is easy to
make a mistake. Being comfortable with numbers and always
being able to check that the result looks correct is very useful.
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Fractions
We often need to do calculations with parts of a whole unit and
so far we have used the decimal system for this. However, another
method is to use fractions.
A fraction is simply the result of dividing something (the whole
thing) into smaller, equal parts.
Consider a cake that hasn’t been cut up and so we have the whole
thing. There is one part available and we’ve got it.

However, you wish to cut it into 4 equal pieces and so divide the
whole thing into 4 parts.

If we do this and then put one piece aside, that piece (shown in
blue) will be one quarter of the original cake. That leaves three
pieces remaining of the original 4 that made up the whole cake.

Our small piece of cake is one bit out of the 4 bits that were
available, and we would write it as:

1
3
one part out of four available. This leaves 3 parts out of four left, in other words
4
4
3
parts out of four left, in other words
4
The same blue piece of cake could also be described with
decimals as 0.25 of the cake; it doesn’t make any difference to the
size of the piece. Sometimes we use fractions, sometimes
decimals, it often depends on which is easiest.

Adding and subtracting fractions
To become an electrician you will need to know how to handle
arithmetic involving different fractions.
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For example, how do you add
1 3
+ ?
4 7
So, how do we add quarters to sevenths?
We need to express each of the two fractions with the same
common denominator (the number under the line) so we can add
like to like.
So, to add or subtract fractions, follow these steps:
1. Choose a new common denominator (the number
under the line) for both fractions. To do this, we find
the lowest possible number that both denominators
will go into. Quite often the easiest method is to
multiply the two numbers together, in this 4 × 7 = 28.

1 3
+ ?
4 7

28

2. Now change each fraction into values of the new common
denominator. We do this by multiplying the top part of each
fraction (the numerator) by the
1 3
+ ?
number of times that the original
4 7
denominator divides into our new
common denominator. So, in our
goes in to 28 goes in to
example, in the first fraction (1/4), 4,
7 times
4 times
goes into 28 seven times, so we need
to multiply the top of our first
fraction (1) by 7. For the second fraction (3/7), because 7
goes into 28 four times, we multiply the top of our fraction
(3) by 4.
Now our sum will looks like this:
7 + 12
19
which gives us
28
28
3. One last step might be needed. If the numerator is bigger than
the denominator, this means there’s more than one whole
thing. It is correctly called an improper fraction.

3
means you have ‘three halves’ which you would normally say was
2
eans you have ‘three halves’ which you would normally say was ‘one and a half ’.
For example

When this happens, we simply find how many times the
denominator will go into the numerator (this gives us the amount
of whole numbers we have) and then what’s left becomes the
numerator (top number) of the fractional part.
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29
5
12 goes into 29 twice, with 5 left over, so this is 2
as a mixed number
12
12
29
5
or example
12 goes into 29 twice, with 5 left over, so this is 2
as a mixed number
5
12
12
2
as a mixed number
12
For example

Multiplying fractions
Multiplying fractions is easier than adding and subtracting. You
simply multiply all the top numbers together to get a new
numerator and then multiply all the bottom ones together to get a
new denominator.
1× 3
3
1 3
× becomes
=
4 ×7 28
4 7
3 4
12 3
and × becomes
=
4 5
20 5

So, for example:

Dividing fractions
Dividing fractions is nearly as easy. First turn the second fraction
upside down and then treat the problem as though it was a
multiplication.
So for example:
1 3
7
1 7
÷ becomes × =
4 7
4 3 12
And
1 1
1 4 4
÷ becomes × = = 2
2 4
2 1 2

Percentages
Percentages are based upon a fraction with 100 parts. We use the
symbol % to show per cent.
If per cent mean ‘parts out of a hundred’, then 1% must mean
one part out of a hundred.
If 80% of the population own a television, we are saying that 80
out of every hundred people own a TV. We can use a grid of
squares to show this concept.

Did you know?
The name percentage comes
from the Latin word ‘centum’,
meaning 100. So, think about a
century break in snooker, or the
number of cents in a dollar and
you’ll see it’s still used!
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96
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98

99 100

Our green square is one out of the 100 available, in other words 1/100 or 1%.
The row of blue has 10 squares, in other words 10 out of the 100 available, or
10/100 or 10%.
1

2

3

4

5

6

7

8

9

10

11

12
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14
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42
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54
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57
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63

64

65

66

67

68

69

70

71
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74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99 100

Here, our orange squares make up 76 of the 100 available, in other words 76%.
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These examples show that fractions, decimals and percentages are
simply different ways of expressing the same thing.
To show the link, Table 8.04 shows some common fractions and
their link to decimals and percentages.
Fraction

Meaning

Convert to decimal

Decimal

Percentage

1
2

The whole has divided into two parts
and we’ve got one of them

key 1 ÷ 2

0.5

50%

50
100

The whole has divided into 100 parts
and we’ve got 50 of them

key 50 ÷ 100

0.5

50%

3
4

The whole has divided into 4 parts
and we’ve got 3 of them

key 3 ÷ 4

0.75

75%

75
100

The whole has divided into 100 parts
and we’ve got 75 of them

key 75 ÷ 100

0.75

75%

Table 8.04 Common fractions

100% is 100 parts out of the 100 available and so the whole
thing!
Here are some calculations with percentages:
Example 1

At the beginning of December, you notice that a shop has increased the price of a hi-fi system by
5% to make a bigger Christmas profit. However, at the beginning of January there is a sale in the
store and you now see that all unsold items, including the hi-fi system, are now labelled 5% off!
So would you now be paying the same, more or less than if you had bought the item in
November?
As the question gives no actual values, choose an easy one and apply to the question accordingly.
So let’s assume that the hi-fi cost £200 in November.
Then in December the store increases the price by 5%
5% is half of 10%, 10% of £200 would be £20 and therefore 5% must be £10.
So the December price must be £210.
In January the store then advertise 5% off the advertised price.
Remember that the advertised price is now £210.
As before, 5% is half of 10% and 10% of £210 is £21 and therefore 5% must be £10.50.
In January the sale price therefore works out as £210 – £10.50 = £199.50
So you would actually pay slightly less if you bought the hi-fi in the January sale.
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Example 2

What is 35% of £18 000?
35
×18 000 gives us 0.35 ×18 000 = £6300
100
Percentages assume that the whole is divided in to 100 parts, then saying
that £18 000 (the whole thing in this example) has 100 parts and so dividing
£18 000 by 100 gives 1%
£18 000
comes to £180
100
Find 35% by multiplying £180 × 35 = £6300
Without a calculator we could do the calculation like this.
35% = 10% + 10% + 10% + 5%
10% of £18 000 is one tenth of £18 000 which is £1800.
5% is half of 10% which is £900
£1800 + £1800 + £1800 + £900 = £6300
We can also do a rough check by approximation.
You should know that 75% is three quarters, 50% is a half and we know
that 33.333…% is one third.
A third of £18 000 (dividing 18 000 by 3) comes to £6000
As 33% is just under the 35% we are looking for, the real answer must be
slightly larger than £6000 and so the answer £6300 is likely to be correct.
Approximation is a very useful tool when checking those examination
answers!
Example 3

I have a restaurant bill of £72 and want to leave the staff a 10% tip. How
much will this be?
10% is 10 ÷ 100 =

1
or 0.1
10

0.1 × £72 is £7.20
We don’t need a calculator as to find a tenth we divide by ten.
To divide by ten we move the digits one place to the right, giving us £7.20.
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Algebra
People often think that algebra is very difficult, but it is actually
just a way of writing down calculations without using specific
numbers. Instead, we use letters or symbols to represent different
quantities. Using algebra, we can write down relationships
between different things, and then later we can replace the
symbols with real numbers when we know them.
As a simple example, let’s say we have ‘x’ girls in a class and ‘y’
boys in the same class. At the moment, it doesn’t matter what
numbers ‘x’ and ‘y’ represent. However, if someone asked you to
find the total number of students in the class, which we can call
‘z’, then you know that you must add the total number of boys
and girls together.
Written as an algebra equation this is z = x + y
If we are then told that x = 11 and y = 15, then by substituting
the real numbers into the above equation, we can establish that z
must = 26.
Rules for algebra
●●

●●

●●

In algebra, we don’t use the multiplication sign. So D × E × F
is written as DEF
As in numerical calculations, in addition and multiplication, it
doesn’t matter which symbol comes first. So D + E = E + D,
and DE = ED
There are several ways of writing the same thing. So D(E + F)
could be written as D × (E + F) or D(F + E). We could also
write it as DE + DF
As another example

D E D
× =
(by cancelling)
E F
F

Here’s an example to demonstrate some of these rules.
Example

Work out the value of the expression 8DE – 2EF + DEF is when D = 1, E = 3
and F = 5.
8DE – 2EF + DEF becomes 8 × D × E – 2 × E × F + D × E × F
Now replace the letters with the correct numbers:
8 × 1 × 3 – 2 × 3 × 5 + 1 × 3 × 5 becomes 24 – 30 +15 = 9
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Indices
If you remember, a few pages ago we talked about some little
numbers that were called ‘powers’.
A power, or an index to use its proper name, is used when we
want to multiply a number by itself several times. The plural of
index is indices. In other words, powers and indices are one and
the same thing. However, it would be wise to cover the topic in a
slightly different way to make sure we fully understand it and
other related concepts.
If we multiply two identical numbers together, say 5 and 5, the
answer is 25 and the process is usually expressed as: 5 × 5 = 25
However, we could express the same calculation as: 52 = 25
The upper 2 is referred to as the index and the number it is
applied to, in this case the number 5, is called the base. We can
therefore say that the index is the number of times that the base is
written down with multiplication signs between them.
Using the example above, sometimes this is referred to as five
raised to the power of two, and using this logic we can therefore
say that 53 means five written down 3 times with multiplication
signs between them. In other words:
5 × 5 × 5 = 125 = 53
Be careful – Do not make the mistake of thinking 53 = 5 × 3. It
is not!
Some other examples of using indices are:
Example

33 = 3 × 3 × 3 = 27

83 = 8 × 8 × 8 = 512

62 = 6 × 6 = 36

How about multiplying two numbers together that both have
indices? Consider 42 × 42
This could be shown as (4 × 4) × (4 × 4) or as, 44 meaning the
indices 2 and 2 have been added together.
The answer? 256
So the rule is: When multiplying numbers with indices, simply
add the indices.
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Here are two examples to illustrate both points:
Example

4 × 42

=

41 × 42

5 × 53 × 52

=

51 × 53 × 52

Add the indices
=
=
=

= 56
43		
4 × 4 × 4		
= 5×5×5×5×5×5
64		= 15 625

Let us now move on to the situation where we are dividing
numbers that have indices.
Example

(32)
25
2× 2× 2× 2× 2
=
which if we check by multiplying out iss
3
2× 2× 2
2
(8)
If we cancel out the twos:
25
2× 2× 2× 2× 2
=
= 2× 2
2× 2× 2
23
This leaves us with,
2 × 2 = 22 or 4

(32 ÷ 8 does indeed equal 4)

So the rule is: When dividing numbers with indices simply
subtract the indices.
Example

53 ´1
53
As anything multiplied by 1 remains the same, we co
ould instead say 2
2
5
5
This means that the indices can now be subtracted. Therefore, subtracting
the indices (i.e. 3 – 2) gives us:
53
= 51 and as we don’t write the index of 1, our answer is 5
52

In the above example we subtracted the indices (3 – 2).
But 3 subtract 2 (3 – 2) can also be written as 3 add –2.
If you remember, the addition of indices belongs to multiplication
of numbers with indices. So from this we can see that 53 divided
by 52 will actually be the same as 53 multiplied by 5–2
We can therefore say that:

1
is the same as 1× 52 = 5−2
2
5
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Further examples of this could be:
1
1
= 4−3 and 6 = 2−6
3
4
2
Where we can now see that indices can be moved above or below
the line, but they will have an opposite value (i.e. 26 became 2-6).
Example

56 × 57 × 5−3 513 × 5−3 510
=
= 6 = 510 × 5−6 = 54 = 5 ×5 ×5 ×5 = 625
4
2
6
5 ×5
5
5

Transposition
Transposition is a method that uses the principles of mathematics
to allow you to rearrange a formula or equation so that you can
find an unknown quantity.
There is however one important rule that must always be
followed … without fail!
What you do to one side of the equation, you must do to the
other side.

Let’s work through an example.
Example 1

Transpose (rearrange ) the following formula to make Y the subject (the one
we want):
X=Y+Z
First, think of the equation as being a pair of scales and remember that each
side of the scales (each side of the equals sign) must be balanced.
Second, when we want to remove something, we perform an opposite
operation. In doing so, remember that if there is no + or – sign in front of a
number, then the number is positive.
We have to find Y; so to get Y by itself, we must remove Z.
As Z has been added to Y we need to perform ‘an opposite operation’.
We need to subtract Z from both sides of the equation to keep it balanced.
So: X = Y + Z now becomes:

X–Z=Y+Z–Z

As + Z – Z = 0, you are left with: X – Z = Y or Y = X – Z
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Note that when something moves from one side of the equal sign
to the other, it becomes the opposite value (+Z became –Z).
You can check your understanding of this new concept by using
numbers instead of letters.
In our example
X=Y+Z
When rearranged X – Z = Y

could become
would therefore be

8=6+2
8–2=6

Example 2

Transpose this equation A = R – LS to make R the subject of the equation.
To get R by itself, we need to move LS.
This is being subtracted from R, so we need to add it to both sides.
So: A + LS = R – LS + LS
as LS + LS = 0 then A + LS = R or R = A + LS

The previous examples showed how a formula made up of
addition and subtraction can be changed around. Equally, we can
view multiplication and division in much the same way. For
example:
Example 3

Transpose the formula V = I × R

to make I the subject.

We can see that I has been multiplied by R. Therefore, to leave I by itself, we
must divide by R on both sides.
So: V = I×R now becomes
Cancel

V I ×R
=
R
R

V
V I ×R
=
and we are left with an answer of: I =
R
R
R

Again, note that when something moves from one side of the equal sign to
the other, it becomes the opposite value (V = I × R ended up as I = V ÷ R).

Here is another example:
Example 4

This equation describes how resistance is related to length, area and type of
material in a conductor (you will come across this equation later in this
section).
R=

ρL
A

Transpose to find L.

First we need to get rid of the A.
As it is currently divided into ρL, we need to multiply both sides by A.
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Example 4 continued

Therefore R =
Becomes:
Giving us

ρL
A

ρL A
A
R × A = ρL
R

A=

We now need to get rid of the symbol ρ
This is currently multiplying L, so we must divide ρ on both sides.
Therefore: R × A = ρL
R × A ρL
=
Becomes:
ρ
ρ
The two ρ on the right side cancel.
R× A
=L
Giving us:
ρ

Triangles and trigonometry
There are areas of electrical science and even practical installation
work where knowledge of triangles and trigonometry is very
useful. This section covers some basic principles.

Angles
An angle is the size of the opening between two lines.
Both lines start at point O, and the length of the lines makes no
difference to the angle. Even if line B was twice as long as line A,
the angle between them would be the same.
A
angle

O
B

If we rotate line A (with one end still fixed to point O)
anticlockwise, the angle will get bigger. Eventually, it will be on
top of line B, and the angle will be zero. We divide this complete
turn into 360 parts, called degrees, represented by the symbol ‘°’
after the number (e.g. 360°).
A
B

0°
360°

Figure 8.02 shows some common types of angle.
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Acute
Acute
Acute
angle
angle
Acute
angle angle

Right
Right
Right
angle
angle
Right
angle angle

Obtuse
Obtuse
Obtuse
angle
angle
Obtuse
angle angle

Straight
Straight
Straight
line
line
Straight
line line

The
The
small
The
small
small
square
The
square
square
small
is is square
is
is
often
often
often
used
used
in
used
often
in inused in
drawings
drawings
drawings
todrawings
to
show
show
to show
to show
a right
a right
a angle
right
angle
aangle
right angle

Figure 8.02 Types of angle

Angles on a straight line
In the diagrams so far, you can see that we can think of a straight line as an angle of 180° (which is not
surprising as there are 360° in a full circle).

80
280

90
270

100
260

110
250

12
0
24
0

13
23 0
0

33

0

0
15
0
21

30

32

0

40

70
290

0
14 0
22

50
0
31

60
0
30

20
340

160
200

10
350

170
190

0

180

You can see this clearly on a protractor. Starting at one side and moving round, we end up at the 180° point.
angle B

40

70
290

100
260

110
250

12
0
24
0

13
23 0
0

33

0

0
15
0
21

30

32

0

angle A

60
0
30

90
270

0
14 0
22

50
0
31

80
280

20
340

160
200

10
350

170
190

0

180

If we have two angles drawn on a straight line,then they must add up to 180°
In our diagram, angle A is 50°, and angle B is 130°, which add up to 180°.

Angle sum of a triangle
In any triangle there are three internal angles at the corners and these must add up to 180°. This means that, if
we are given two of the angles, we can easily find the third one. For example, if one angle is 40° and another is
60° (40 + 60 = 100), then the third must be 80° (100 + 80 = 180).
X
90
270

100
260

0

80
280

13
23 0
0

180

0

33

20
340

83°

170
190

10
350

12
0
24
0

160
200

0

110
250

0
15
0
21

30

32

40

70
290

0
14 0
22

50
0
31

60
0
30

45°

In this diagram, one angle is 83° the other is 45° and so the third, ‘X’ , must be 52°.
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Triangles
There are five types of triangle as shown in Figure 8.03.

Scalene
Every angle is less
than 90°

Right-angled
One angle is 90°

Figure 8.03 Types of triangle

Obtuse
One angle is greater
than 90°

Isosceles
Two sides are the
same length and
two angles are the
same

Equilateral
All sides are equal
length and all angles
are 60°

This brings us to one of the most useful formulas that you will
ever be given: one that is seen in everyday use. Its name is
Pythagoras’ Theorem.

Pythagoras’ Theorem
Pythagoras’ Theorem states that:
For a right-angled triangle, the square of the hypotenuse is equal to the
sum of the squares on the other two sides.

This means that if you know the length of two of the sides, you
can find out the length of the third.
Let’s have a look at a right-angled triangle in Figure 8.04.
We can see that the right angle (represented with a square in the
corner) is like an arrowhead and it always points at the longest
side, which is called the hypotenuse. For ease, lets call the
hypotenuse side (A) and the other sides (B) and (C). Remember
the formula:
A2 = B2 + C2

A (hypotenuse)

B

C

Figure 8.04 Right-angled triangle
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We said that it could be used every day
Well, how do they get the sides of a building straight?
If you know that one side wall is 30 metres long and the other is
40 metres, then if you use Pythagoras’ Theorem to work out the
diagonal (hypotenuse) you can get both walls exactly straight by
checking they form a right-angled triangle.
Using the formula:

A

30 metres

40 metres

A2 = B2 + C2
A2 = 302 + 402
A2 = 900 + 1600
Therefore A2 = 2500
Therefore A = √2500
Therefore A = 50 m

Trigonometry
Trigonometry is about the relationship between the angles and
sides of triangles, and on the previous page we discovered that in
a right-angled triangle, we call the long side the hypotenuse and
the right angle ‘points’ at it. The names of the other two sides will
depend on the angle that we have to find, or intend to use!
The side which is opposite the angle being considered is called
the opposite, and the side which is next to the angle under
consideration and the right angle is called the adjacent.
Well, if placed on to a drawing we would have the following and
in the drawing, (Ø) is the angle to be considered.
So, think of it as being like a torch and the beam is shining on to
the opposite side.
We already know that the longest side is the hypotenuse, so the
one that is left must be the adjacent.
These are shown in Figure 8.05.
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Hypotenuse

Opposite

ø
Adjacent

Figure 8.05 Sides of a triangle

The next step relates to the following terms: tangent, sine and
cosine.
These are used to show the ratio between angles and sides and
you choose which one you need depending upon the information
that you have been given.
You need to know the following formulae:
Sine ∅ =

Opposite
Adjacent
Opposite
Cosine ∅ =
Tangent ∅ =
Hypotenuse
Hypotenuse
Adjacent

To help you remember them, try to remember the following
name: SOHCAHTOA.
It’s another mnemonic and represents the letters that we have
highlighted in each formula below
SOH (Sine = Opposite over Hypotenuse)
CAH (Cosine = Adjacent over Hypotenuse)
TOA (Tangent = Opposite over Adjacent)
Let us have a look at some examples. Remember that the formula
you will use will depend upon the information that you have been
given. Figure 8.06 shows the relevant keys on a calculator that
you will need to use and which we refer to in the examples.

Degrees

Radians

(

Grads

MC

)

MR

MS

M+ M –

Œ

C

±

/

Inv

In

sinh

sin

7

8

9

dms cosh

cos

4

5

6

tanh

tan

1

2

3

*
–

Exp

Mod

.

+

Int

F-E

n!

log

0

%

=

Degrees

Radians

(

Grads

MC

)

MR

MS

M+ M –

Œ

C

±

Inv

In

sinh

sin

7

8

9

/

dms cosh

cos

4

5

6

tanh

tan

1

2

3

*
–

Exp

Mod

.

+

Int

F-E

n!

log

0

%

=

Figure 8.06 Using a calculator for trigonometry
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Example

From the diagram, what is the value
of angle Ø?
Because in this example we are
given details about the opposite and
adjacent sides, we will therefore use
the tangent formula.

Tangent Ø =

Opposite
Adjacent

Tangent Ø =

7
= 1.4
5

Remember
On some older calculators the
buttons have to be used in a
different order. Check to make
sure you can get the correct
answer.

7 cm
Hypotenuse
We have now found that the angle
Opposite
has a tangent of 1.4. Use your
calculator to find the angle by
5 cm Adjacent
entering the INV key and then the
TAN key (on most calculators, this is labelled the TAN–1 function) then 1.4
The answer should be 54.5°.

=

.

Example

From the diagram, what is the value of angle Ø?
This time we have information about the opposite and hypotenuse and so we use
the sine formula.
Now use your calculator to find the angle that has a sine of 0.375. Enter
then the

SIN

key and then 0.375

=

Sine Ø =

Opposite
Hypotenuse

Sine Ø =

3
= 0.375
8

INV

.
ø

The answer should be 22°.

8 cm Hypotenuse

3 cm Opposite

Example

From the diagram, what is the value of angle Ø?
This time we have information about the adjacent and hypotenuse
and so we use the cosine formula.

Cosine Ø =

Adjacent
Hypotenuse

Cosine Ø =

9
= 0.81818
11

Now find the angle that has a cosine of 0.81818. Use your
calculator and enter the INV key then the COS key then enter
0.81818

=

ø

.

9 cm Adjacent

11 cm Hypotenuse

The answer should be 35.1°.

In the previous examples we were using trigonometry to find an
angle.
We can also use it to work out the length of a side of a triangle.

239
Installing Electrotechnical Systems and Equipment_Book B.indb 239

12/09/2011 15:11:02

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

Example

In the following diagram, find the length of side x.
As in the previous examples, the formula that we use depends upon the
information that we have been given.

Tangent 25° =

Opposite
Adjacent

Tangent 25° =

Side x
5

In this question, we have been told to find the length of side x and this
is opposite the angle that we have been given.
We are also told that the adjacent side is 5 cm long. Remember, if we
are given details about the opposite and adjacent sides, then we use the
Tangent formula.

25°

5 cm

11 cm hypotenuse

We therefore now need to transpose the formula to make x the subject.
Doing so gives:

x = Tangent 25° × 5 cm

Now using your calculator, press the

TAN

x opposite
key enter 25 and then

=

. This will give you 0.4663.

Now multiply this by 5 and the answer should be 2.331 and so side x of the triangle is 2.33 cm long.

The area of a triangle

One last thing about triangles is how to calculate their area.
Remember when you’re looking at this, that a right-angled
triangle will be half the area of a rectangle
The formula is: Area (A) =

1
base × height
2

or

base × height
2

Here’s an example using both formulae, noting that the large
triangle we are trying to find the area of effectively contains two
right-angled triangles. An example is shown below.
Example

h = height
12 cm

h = height
12 cm

b = base
10 cm

b = base
10 cm
1
b×h
2
1
= × 10 × 12
2

A=

= 60 cm2

b×h
2
10 × 12
=
2
120
=
2

A =

= 60 cm2
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Statistics

Charts

Key term

There are many ways to record and display data and in this
section we will look at some of the basic techniques. We’ll start
with some data about an electrical company and then show how
we can graphically represent the information.

Data – factual information and
statistics used as a basis for
discussion, calculation or
analysis

Table 8.05 shows data that has been gathered about the
workforce of an electrical contractor who employs a total of 40
people.
Type of staff

Ref
Code

Number
employed

Percentage of total
workforce (%)

Electricians

A

14

35% (14 ÷ 40 × 100)

Apprentices

B

12

30% (12 ÷ 40 × 100)

Clerical staff

C

8

20% (8 ÷ 40 × 100)

Labourers

D

4

10% (4 ÷ 40 × 100)

Managers

E

2

5% (2 ÷ 40 × 100)

Table 8.05 Electrical contracting company staffing statistics

Having given each type of job a reference code, we can now
represent this information pictorially and here are the two most
common methods.
The pie chart
As the name suggests, this type of diagram shows the information
as sections of a pie. To be able to do this we first have to convert
information into angles. As we know that a full circle has 360°,
this will represent our total number (100%).
In our data, this is a total of 40 employees. Therefore, we now
need to find what angle represents each occupation.
We know that electricians (A) make up 14 out of the 40 and
therefore for electricians the angle is:
	In other words 126° out of 360° available
14
× 360 = 126
belong to the electricians
40
Repeat the exercise for the other occupations and we have our
complete chart, as shown in Figure 8.07.
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A
B
C
D
E

E

D

B
C

Electricians
Apprentices
Clerical staff
Labourers
Managers

A

Figure 8.07 Pie chart of contracting company staffing statistics

The bar chart
A bar chart uses rectangular bars with lengths proportional to the
values that they represent and it is the height of the bar that
shows its magnitude.
Bar charts are used for comparing two or more values and the
bars can be shown horizontally or vertically.
Figure 8.08 shows all our employer data using this method.
14

A
B
C
D
E

E

Electricians
Apprentices
Clerical staff
Labourers
Managers

12
10
8

D

6

C

4

B

2

A
0

2

4

6

8

10

12

14

0

A

B

C

D

E

Figure 8.08 Bar chart of contracting company staffing statistics

Frequency distribution and tally charts
A frequency distribution is a representation of the number of
counts of something (e.g. objects or responses), that is usually
shown in the form of a table or graph.
Tally marks are a simple counting system that lets us record how
many times something happens. The tally system works by
drawing a vertical line every time something happens and every
fifth occurrence a fifth line is drawn diagonally across the
previous four lines to indicate a bunch of five.
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If I was counting some bananas, here’s how it would work:
1
2
3
4

I
II
III
IIII

And when I got to the fifth banana I would mark it down like
this: IIII
This makes working out an amount a lot easier, as it is easy to
count in groups of five.
Here you will see both techniques in a worked example.
Example

Imagine that a company manufactures screws. A box that contains 100 screws is checked, the lengths of the
screws are different and their lengths are shown in Figure 8.09.
A customer needs screws that can only be 15 mm long for some specialist equipment. and the manufacturer
needs to know how many of each size there are. This is where the tally mark system can be used.
Using the tally system to count the various screws, gives Figure 8.10.
15.02
15.01
15.01
15.01
15.01
14.98
15.00
14.98
15.01
15.01
14.98
15.03
14.99
15.01
15.01
15.03
14.99
15.02
15.01
15.01

15.00
14.99
15.01
15.00
15.00
14.97
15.00
15.00
15.00
14.99
14.98
15.02
15.04
15.01
15.01
14.97
15.00
15.00
14.99
14.99

15.00
14.99
14.99
15.00
14.98
14.99
14.98
14.99
15.03
15.00
15.00
15.01
15.02
14.98
14.99
14.97
14.99
15.00
15.00
15.03

15.01
15.00
14.98
15.02
15.02
15.00
14.99
14.97
14.98
15.02
14.96
15.03
15.01
15.02
15.02
15.00
14.99
15.00
14.96
15.01

Figure 8.09 Lengths of screws

15.01
14.99
15.03
15.03
15.04
14.98
15.00
15.01
14.98
15.00
14.99
15.01
15.01
14.99
15.00
15.00
14.99
15.03
14.99
14.99

Length
(mm)

Number of screws with
this length

Frequency

14.96

II

2

14.97

IIII

4

14.98

IIII I

11

14.99

IIII IIII IIII IIII

20

15.00

IIII IIII IIII IIII III

23

15.01

IIII IIII IIII IIII I

21

15.02

IIII IIII

9

15.03

IIII III

8

15.04

II

2

Figure 8.10 The tally system

From the tally chart we can see that there are twenty-three 15 mm screws and the customer can be supplied. It is
easy to see on the tally chart how many we have of something (the frequency distribution), it can be easier and
more useful if we portrayed the information pictorially.
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The histogram
As we just said, frequency distribution becomes clearer if we draw
a diagram and we would normally do this using a histogram.
A histogram is a type of bar chart where it is the area, rather than
the height, of each bar that is representative of the frequency. The
histogram provides a measure of spread and the bars always
touch.
Figure 8.11 shows the information from the tally
chart expressed as a histogram.
20

When you look at the histogram, the pattern of the
variation in screw size is easy to understand, most
of the values are grouped near the centre of the
diagram with a few values more widely scattered.

Frequency

16

This shows that the company generally make screws
of the right length (15 mm) but that the accuracy
could improve. There is possible waste of materials
with longer ones and the shorter ones may be
unusable.

12

8

Statistical averages

4

One last aspect of statistics involves the calculation
of averages.

0
14.96

15.00
Diameter (mm)

Figure 8.11 Histogram

15.04

There are three common types of average:
Mean
This is the commonest type of average and it is
determined by adding up all the items in the set
and dividing the result by the number of items:
Mean =

The total of items
The number of items
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Example

The marks of an apprentice in four examinations were 86, 72, 68 and 78.
Find the mean of his marks.
86 + 72 + 68 + 78
4
304
Mean =
= 76
4
Mean =

Median
If a distribution is arranged so that all the items are in ascending
(or descending) order of size, then the median is the value that is
half-way along the series. Generally there will be an equal number
of items below and above the median. If there is an even number
of items the median is found by taking the average of the two
middle items.
Example

The median of 3, 4, 4, 5, 6, 8, 8, 9, 10 is 6
 7 + 9 
The median of 3, 3, 5, 7, 9, 10, 13, 15 is 
=8
 2 

Mode
The observation or item which occurs most frequently in a
distribution, is called the mode.
In the data set 3, 3, 5, 7, 9, 10, 13, 15 the number 3 occurs most
often, so 3 is the mode.
Progress check
1

Identify the SI units for the following:
•
•
•
•
•
•

2

Length
Mass
Time
Electric current
Temperature
Luminous intensity

Convert the following quantities:
• 6 km into metres
• 3500 mm into metres
• 1 MΩ into ohms

3

Your supervisor tells you to leave 10% extra cable at the end of a run to allow for terminations. If the cable
run is 34.7m long what will the overall length be?

245
Installing Electrotechnical Systems and Equipment_Book B.indb 245

12/09/2011 15:11:12

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

K3. Understand basic mechanics
and the relationship between force,
work, energy and power
The human race is very inventive. We have devised many means
of overcoming simple problems, such as lifting a heavy object and
moving it from one place to another.
Now that we understand the basics behind mathematical
procedures, we need to start applying these to some of scientific
and mechanical concepts you will be dealing with as an
electrician.

The difference between mass
and weight
We need to understand a very important concept:
The difference between weight (a force) and mass.
Remember

Mass

It is vital you understand the
difference between weight and
mass.

This is simply the amount of stuff or matter contained in an
object. Assuming we do not cut or change the object, the mass of
an object will stay the same wherever we are.
The unit of mass is the kilogram (kg)

Weight
This is a force and depends on how much gravity pulls on a mass.
This can vary according to where we are (the higher above sea
level you go, the gravitational pull of the Earth is less and so you
weigh less).
This change in weight is tiny but can be measured with very
sensitive and expensive scientific equipment.
The unit of weight (and all other forces) is the newton (N)

On Earth, if we disregard the effect of height above sea level, the
weight acting on 1 kg of mass is equal to 9.81 newtons (N). So,
1 kg weighs 9.81 N. In many situations this can be rounded up
to 10 N.
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Principles of basic mechanics

Remember

A simple machine is a device that helps us to perform our work
more easily when a force is applied to it. A screw, wheel and axle
and lever are all simple machines.

To make any simple machine
work for us, we need to apply a
force on it.

A machine also allows us to use a smaller force to overcome a
larger force and can also help us change the direction of the force
and work at a faster speed. The most common simple machines
are shown as follows.

Levers
Levers let us use a small force to apply a larger force to an object.
They are grouped into three classes, depending on the position of
the fulcrum (the pivot).
Class 1

Did you know?
In medieval times, siege engines
were used to hurl rocks at
enemy castles. A siege engine is
simply a class 1 lever.

Force

Fulcrum
Load

The fulcrum is between the force and the load, like a seesaw.
Class 2
Force

Fulcrum
Load

The fulcrum is at one end, the force at the other end, and the
load is in the middle. A wheelbarrow is a good example.
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Class 3

Force

Fulcrum
Load

The fulcrum is at one end, the load at the other end and the force
in the middle, like a human forearm.
A small force at a long distance will produce a larger force close
to the pivot:
10× 2 = F × 0.5
10× 2
20
F=
= 40 N
0.5
0.5
10 N
Force

0.5 m

2m

Figure 8.12 Large force close to pivot

Gears
Gears are wheels with teeth; the teeth of one gear fit snugly into
those around it. You can use gears to slow things down or speed
them up, to change direction, or to control several things at once.
Each gear in a series changes the direction of rotation of the
previous gear. A smaller gear will always turn faster than a larger
gear and in doing so, turns more times.

Figure 8.13 Gears
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The inclined plane
The inclined plane is the simplest machine of all, as it is basically
a ramp or sloping surface. The shortest distance between two
points is a straight line, but it is easier to move a heavy object to a
higher point by using stairs or a ramp. If you think of the height
of a mountain, the shortest distance is straight up from the
bottom to the top. However, we usually build a road up a
mountain as a slowly-winding inclined plane from bottom to top.
As an electrician, you will use the inclined plane in the form of a
screw, which is simply an inclined plane wound around a central
cylinder.
So the inclined plane works by saving effort, but to do this you
must move things a greater distance.

Figure 8.14 The inclined plane

Pulleys
A pulley is made with a rope, belt or chain wrapped around a
wheel and can be used to lift a heavy object (load). A pulley
changes the direction of the force, making it easier to lift things.
There are two main types of pulleys: the single fixed pulley and
the moveable pulley.
A single fixed pulley is the only pulley that uses more effort
than the load in order to lift the load from the ground. The fixed
pulley, when attached to an unmoveable object, e.g. a ceiling or
wall, acts as a class 1 lever with the fulcrum being located at the
axis but with a minor change – the bar becomes a rope. The
advantage of the fixed pulley is that you do not have to pull or
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push the pulley itself up and down. The disadvantage is that you
have to apply more effort than the load.
A moveable pulley is one that moves with the load. The
moveable pulley allows the effort to be less than the weight of the
load. The moveable pulley also acts as a class 2 lever. The load is
between the fulcrum and the effort.
There are many combinations of pulleys, the most common being
the block and tackle, that use the two main types as their
principle of operation. The example on page 251 shows how
these work.
Remember
Mechanical advantage is just a
number. It has no units.

Mechanical advantage
The common theme behind all of these machines is that because
of the machine we can increase our ability and gain an advantage.
This is a relationship between the effort needed to lift something
(input) and the load itself (output) and we call this ratio the
mechanical advantage.
When a machine can put out more force than is put in, the
machine is said to give a good mechanical advantage. Mechanical
advantage can be calculated by dividing the load by the effort.
There are no units for mechanical advantage, it is just a number.
Mechanical Advantage (MA) =

Load
Effort

Example

Using the final diagram from the example on page 251, what is the mechanical advantage of the pulley system?
MA =

Load
2000 N
=
=4
Effort
500 N

In a lever, an effort of 10 N is used to move a load of 50 N. What is the mechanical advantage of the lever?
MA =

Load
50
=
=5
Effort 10

This effectively means that for this lever, any effort will move a load that is five times larger. To summarise:
●●

Where MA is greater than 1: The machine is used to magnify the effort force (e.g. a class 1 lever).

●●

Where MA is equal to 1: The machine is normally used to change the direction of the effort force
(e.g. a fixed pulley).

●●

Where MA is less than 1: The machine is used to increase the distance an object moves or the speed at
which it moves (e.g. the siege machine).
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Example

Let us look at examples of the two main types of pulleys to understand their
Single
fixed
pulley

operating principles. Imagine that you have the arrangement of a 2 kg weight
suspended from a rope, but actually resting on the ground as shown in the
diagram.
If we want to have the 2 kg load suspended in the air above the ground, then we
have to apply an upward force of 20 N (1 kg will exert a force of approximately
10 N) to the rope in the direction of the arrow. If the rope was 3 m long and we
wanted to lift the weight up 3 m above the ground, we would have to pull in 3 m
of rope to do it.

3m
applied
force

Now imagine that we add a single fixed pulley to the scenario, as shown in the
diagram. The only thing that has changed is the direction of the force we have to
apply to lift the load. We would still have to apply 20 N of force to suspend the

2 kg

load above the ground, and would still have to reel in 3 m of rope in order to lift
the weight 3 m above the ground. This type of system gives
us the convenience of pulling downwards instead of lifting.
This diagram shows the arrangement if we add a second,
moveable pulley. This new arrangement now changes things in
our favour because effectively the load is now suspended by two
ropes rather than one. That means the weight is split equally
between the two ropes, so each one holds only half the weight,
or 10 N. That means that if you want to hold the weight
suspended in the air, you only have to apply 10 N of force (the
ceiling exerting the other 10 N of force on the other end of the
rope). However, if you want to lift the weight 3 m above the
ground, then you have to reel in twice as much rope – i.e. 6 m of rope must be

applied
force

2 kg

pulled in.
The more pulleys we have the easier it is to lift heavy objects. As rope is pulled from
the top pulley wheel, the load and the bottom pulley wheel are lifted. If 2 m of rope
are pulled through, the load will only rise 1 m (there are two ropes holding the load
and both have to shorten by the same amount).
With pulley systems, to calculate the effort required to lift the load, we divide the
load by the number of ropes (excluding the rope connected to the effort). The
diagram shows a four pulley system, where the person lifting a 200 kg mass or
2000 N load has to exert a pull equal to only 500 N (i.e. 2000 N divided by 4 ropes).

4m

applied
force

200 kg

1m
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Remember
The VR of any pulley system is
equal to the number of pulley
wheels.

Velocity ratio
Sometimes machines translate a small amount of movement into
a larger amount (or vice versa). For example, in Figure 8.15, a
small movement of the piston causes the load to move a much
greater distance. This property is known as the velocity ratio, and
is found by dividing the distance moved by the effort by the
distance moved by the load (in the same period of time). There
are no units for velocity ratio, it is just a number.
Velocity Ratio (VR) =

Distance effort moves
Distance load moves

load

piston

Figure 8.15 Velocity ratio
Example

In the diagram, the piston moves 1 m to move the load 5 m. The velocity
ratio is:
VR =

Distance effort moves 1
= = 0.2
Distance load moves
5

Main principles and calculating
values of force, work, energy, power
and efficiency
Remember
Mass and weight are not the
same. Mass is the amount of
material in an object. Weight is
a force – e.g. a person who
weighs a certain amount on
Earth would weigh less on the
Moon due to the decreased
gravitational force, but they
would still have the same mass.

Force
Force is a push or pull that acts on an object. If the force is
greater than the opposing force, the object will change motion or
shape. Obvious examples of forces are gravity and the wind.
Force is measured in newtons.
The presence of a force is measured by its effect on a body, e.g. a
heavy wind can cause a stationary football to start rolling; or a car
colliding with a wall causes the front of the car to deform and the
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occupants of the car to be forced forwards towards the
windscreen (hence the use of seat belts).
Equally, gravitational force will cause objects to fall towards the
Earth. Therefore, a spring will extend if we attach a weight to it,
because gravity is acting on the weight.
As the force of gravity acts on any mass, that mass tends to
accelerate.This acceleration due to gravity is universally taken to
be 9.81 m/s2 at sea level and therefore a mass of 1 kg will exert a
force of 9.81 N.
Expressed as a formula:
Force (N) = Mass × Acceleration
(Note: In calculations, the value of acceleration is often taken as
10 m/s2 to simplify the calculations.)

Remember
Do not assume that the
acceleration due to gravity is =
10m/s2. It is 9.81m/s2. Only take
it as 10m/s2 if you are told to do
so in a question, or if you are
doing a rough calculation for
your own purposes.

Work
If an object is moved, then work is said to have been done. The
unit of work done is the joule. (This is also the unit for energy.)
Work done is a relationship between the effort (force) used to
move an object and the distance that the object is moved.
Expressed as a formula:
Work done (J) = Force (N) × Distance (m)
Example

A distribution board has a mass of 50 kg. How much work is done when it is
moved 10 m?
Work =
=
=
=

Force × Distance
(50 × 9.81) × 10
490.5 × 10
4905 J

Energy
Energy, measured in joules, is the ability to do work, or to cause
something to move or the ability to cause change. Machines
cannot work without energy and we are unable to get more work
out of a machine than the energy we put into it.
Energy is wasted in a machine because of friction. Friction
occurs when two substances rub together. Try rubbing your
hands together. Did you feel them get warmer?
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Key term
Friction – force that opposes
motion

Work produced (output) is usually less than the energy used
(input). Energy can be transferred from one form to another, but
energy cannot be created or destroyed.
The energy lost by friction is converted into heat.
There are many forms of energy, but there are only two types:
●●
●●

potential energy (energy of position or stored energy)
kinetic energy (energy due to the motion of an object).

Some forms of energy are: solar, electrical, heat, light, chemical,
mechanical, wind, water, muscles and nuclear.

Potential energy
Anything may have stored energy, giving it the potential to cause
change if certain conditions are met. The amount of potential
energy something has depends on its position or condition. A
brick on the top of scaffolding has potential energy because it
could fall under the influence of gravity. The bow used to propel
an arrow has no energy in its resting position, but drawing the
bow back requires energy and this is then stored as elastic
potential energy. A change in its condition (releasing it) can cause
change (propelling the arrow).
Potential energy due to height above the Earth’s surface is called
gravitational potential energy, and the greater the height, the
greater the potential energy.
There is a direct relation between gravitational potential energy
and the mass of an object; more massive objects have greater
gravitational potential energy. There is also a direct relation
between gravitational potential energy and the height of an object.
The higher an object is above the Earth, the greater its
gravitational potential energy. These relationships are expressed
by the following equation:
PEgrav = mass of an object × gravitational acceleration × height
PEgrav = m × g × h = mgh
Another example of potential energy is the spring inside a
clockwork watch. The wound spring transforms potential energy
to kinetic energy of the wheels and cogs etc. as it unwinds.
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Kinetic energy
Kinetic energy is energy in the form of motion and the greater the
mass of a moving object, the more kinetic energy it has.
1
The formula is KE = mv 2
2

Power
When we do work in a mechanical system, the energy we put into
the system does not appear all at once. It takes a certain time to
move an object, lift a weight etc. The power that we put into a
system must depend not only on the amount of work we do but
also how fast we carry out the work.
To try to understand this, think of a 100 metre runner and a
marathon runner. The sprinter has a burst of energy for maybe
10 seconds or so whereas the marathon runner may use a similar
amount of energy but at a much slower pace. It is clear that the
sprinter had greater power because he used his energy very quickly.
We usually say that:
Power = the rate of doing work.
In terms of equations we can say that:
Power (P) =

Work done (W)
Time taken to do that work (t)

or
Power (P) =

Energy used (E)
Time taken to do that work (t)

Energy or work is measured in joules (J) and time is measured in
seconds (s). Power is measured in joules per second or J/s, also
known as watts (W).

Remember
Be really careful, the shorthand
for work is W and the units for
power is W. Do not get them
confused with each other.

1000 watts (W) = 1 kilowatt (kW).
The power of an electrical device is also measured in Watts or kW.
Returning to a previous example:
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Example

A distribution board has a mass of 50 kg and it is moved 10 m.
Work = Force × Distance = (50 × 9.81) × 10 = 490.5 × 10 = 4905 J
Now what if it took 20 s to move the distribution board by 10 m. How much power did we put into moving it?
In this case:
P=

Work done in moving the distribution board by 10 m (W)
Thee time it took to move the distribution board (t)

Now, W = 4905 J, and t = 20 s. So:
P=

4905
20

Therefore: P = 245.25 W

Efficiency
We often think of machines as having an input and an output. A
machine actually has two outputs, one that is wanted and one
that is not and is therefore wasted (as frictional heat, noise etc.).
The greater the unwanted component, the less efficient the
machine is.
Progress check
1

2

3

Calculate the amount of
power required if a load
requires 5000 joules of
energy and takes
20 seconds to move to
its final position.
Calculate the output
power if 2 kW of input
power is used and the
efficiency is 85%.
Identify the units for the
following:
•
•
•
•
•

Power
Force
Energy
Mass
Weight

In all machines, the power at the input is greater than the power
output, because of losses that occur in the machine such as
friction, heat or vibration. This difference, expressed as a ratio of
output power over input power, is called the efficiency of the
machine. The symbol sometimes used for efficiency is the Greek
letter ƞ (eta).
That is:
Efficiency =

Output Power
Input Power

To give the efficiency as a percentage, which is usually more
convenient and understandable, we can say that
% efficiency =

Output Power
×100
Input Power

We will now follow a series of steps to end up with a final
equation for efficiency.
It is quite complicated and the most important thing is to
remember the final formula.

256
Installing Electrotechnical Systems and Equipment_Book B.indb 256

12/09/2011 15:11:27

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

Now, for any machine:
Work done at the input = Effort × Distance the effort moves (force × distance)
and
Work done at the output = Load × Distance the effort moves
(force × distance)
Dividing these two equations gives us:
Work at Output
Load × Distance moved by load
=
= Efficiency
Work at Input
Effo
ort × Distance moved by effort
Which can be rewritten as:
Work at Output
Load Distance moved by load
=
×
= Efficiency
Work at Input
Effort Distance moved by effort
Now, you already know that:
Mechanical Advantage (MA) =

Load
Effort

And that:
Velocity Ratio (VR) =

Distance effort moves
Distance load moves

So:
1
Distance moved by effort
=
VR
Distance moved by load
So:
Efficiency =

MA ×1
Work at Output
Load Distance moved by load
=
=
×
VR
Work at Input
Effort Distance moved by effort

Therefore:
Efficiency =

Mechanical Advantage MA
MA
=
or % Efficiency =
×100
Velocity Ratio
VR
VR

If a machine has low efficiency, this does not mean it is of limited
use. A car jack, for example, has to overcome a great deal of
friction and therefore has a low efficiency, but it is still a very
useful tool as a small effort allows us to lift the whole weight of a
car to change a tyre.
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Did you know?
The unit of velocity (m/s) and
acceleration (m/s2) are also
written as ms–1 and ms–2.

Let us look at a couple of examples that will illustrate these
concepts.

Example 1

In the following diagram, a trolley containing lighting fittings is pulled at
constant speed along an inclined plane to the height shown. Assume that
the value of the acceleration due to gravity is 10 m/s2.

F
h

If the mass of the loaded cart is 3.0 kg and the height shown is 0.45 m,
then what is the potential energy of the loaded cart at the height shown?

d

PE = m × g × h
PE = 3 × 10 × 0.45
PE = 13.5 J

If a force of 15.0 N was used to drag the trolley along the incline for a distance of 0.90 m, then how much work
was done on the loaded trolley?
W=F×d
W = 15 × 0.9
W = 13.5 J
Example 2

A motor control panel arrives on site. It is removed from the transporter’s lorry using a block and tackle that has
five pulley wheels. Establish the percentage efficiency of this system given that the effort required to lift the load
was 200 N, the panel has a mass of 80 kg and acceleration due to gravity is 10 m/s2.
The load = Mass × Acceleration due to gravity
= 80 × 10
= 800 N
Mechanical advantage =

Load
800 N
=
=4
Effort 200 N

Remembering that velocity ratio is equal to the number of pulley wheels
Velocity Ratio = the number of pulley wheels = 5
Efficiency =

Mechanical advantage 4
= = 0 .8
Velocity ratio
5

So, % efficiency = 0.8 × 100 = 80%
Therefore the system is 80% efficient.
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K4. Understand the relationship
between resistance, resistivity,
voltage, current and power
This section is where we really start to look at electricity and
electrical circuits in detail. You cannot even consider becoming
an electrician unless you have a sound knowledge of the
principles involved and this starts with the atomic theory of
matter and how this gives rise to an electric current. In this
section we will therefore be looking at the following areas:
●●
●●
●●
●●
●●
●●

states of matter
molecules and atoms
the electric circuit
the causes of an electric current
the effects of an electric current
resistance.

Basic principles of electron theory
States of matter
It has in the past been thought that there were three states of
matter, solid, liquid and gas. However, with advances in science
and technology it is currently felt that there are five main states of
matter: solid, liquid, gas, plasma and Bose-Einstein condensate.
We can think of each of these states as being a phase that matter
can move from and to when affected by other things such as
temperature. The effect of temperature is an easy one to see as if
we apply enough heat to a block of metal it melts. In other words
the metal has moved from a solid state to a liquid state.
Matter can change from one phase to another but it is still the
same substance.
As an example consider a solid block of ice. If we apply gentle
heat it will become a liquid pool of water. If we apply more heat
to our pool of water it will evaporate into a gas.
However, through all the changes of phase, it is still water and
always has the same chemical properties.
(A chemical change would be needed to change the water into
something completely new.)
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The three classic states of matter

Solid

Liquid

Gas

Ice cube

Water

Water vapour/steam

Molecules are always in a state of rapid motion, but when they are densely
packed together, this movement is restricted and the substance formed by
these molecules is solid. When the molecules of a substance are less tightly
bound, there is a great deal of free movement and the substance is a liquid.
Finally, when the molecule movement is almost unrestricted, the substance
can expand and contract in any direction and is a gas.

Molecules and atoms
As a starting point for understanding these, we
can say that particles of matter are used to create
atoms. Atoms are then used to create molecules
and elements are used to create molecules.
Molecules are electrically neutral groups of at
least two atoms held together by a chemical
bond. A molecule may consist of atoms of a
single chemical element such as oxygen (O), or
of different elements such as water (two
hydrogen atoms and one oxygen atom H2O).
Atoms have a nucleus that is made of protons
and neutrons, with very small electrons orbiting
around it (rather like planets revolving round the
Sun).

Figure 8.16 Large Hadron Collider

Protons and neutrons are now known to be made
from even smaller particles called nucleons and
quarks. You may know that nuclear chemists and
physicists work together using particle
accelerators such as the Large Hadron Collider,
17 miles in circumference and buried 150 metres
underground in Switzerland, to study these
sub-atomic particles.
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Structure of the atom
Even though smaller atomic particles exist there are three basic
particles within an atom: electrons, protons, and neutrons.
At the centre of each atom is the nucleus, which is made up from
protons and neutrons. Protons are said to possess a positive
charge (+), and neutrons are electrically neutral and act as a type
of ‘glue’ that holds the nucleus together.
You probably already know that:
●●
●●

Like charges repel each other (+ and + or – and –).
Unlike charges attract each other (+ and –).

So without neutrons, the positively charged protons would repel
each other and the nucleus would fly apart. The neutrons hold the
nucleus together. However, as neutrons are electrically neutral,
they play no part in the chemical or electrical properties of atoms.
The remaining particles in an atom are electrons and these
circulate in orbits of varying radius around the nucleus and have a
negative charge (–).
There are many different kinds of atoms, one for each type of
element, and there are currently 118 different known elements
(such as oxygen).
For any particular atom the number of electrons is usually the
same as the number of protons. If the numbers are the same, the
atom is seen as balanced, with the positive and negative charges
being cancelled out thus leaving the atom electrically neutral.
The simplest atom is a hydrogen atom which has one proton and
one neutron balancing each other.
Electron

–

Proton

+

Figure 8.17 Hydrogen atom

Electrons in orbit nearest the nucleus are generally held tightly in
place. However, those furthest away are more loosely attached
and in some cases it is possible to remove or add an electron to a
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neutral atom. This leaves the atom with a net positive or negative
charge. Such ‘unbalanced’ atoms are known as ions.
Since all atoms ‘want’ to be balanced, the atom that is
unbalanced will attract a ‘free’ electron to fill the place of the
missing one or lose an extra electron to return to its neutral state.
These are wandering or ‘free’ electrons moving about the
molecular structure of a material that give rise to what we refer to
as electricity.
Electricity is the movement of free electrons along a suitable
material (conductor). A material that does not allow the easy
movement of free electrons is an insulator.

Identifying and differentiating between
insulators and conductors
Remember
A good insulator has high
resistance.

Insulators
We need to protect ourselves and contain the flow of electricity
otherwise we would get an electric shock every time we used a
piece of electrical equipment. The materials that we use to do this
are called insulators. Insulators are poor conductors of electricity.
They do not allow free passage of electrons through them.
Surprisingly, one insulator that is used in cable manufacture is
paper. Some others are shown Table 8.06.
Rubber/plastic

• Very flexible
• Easily affected by temperature
• Used in cable insulation

Impregnated paper

• Stiff and hygroscopic
• Unaffected by moderate temperature
• Used in large cables

Magnesium oxide

•
•
•
•

Mica

• Unaffected by high temperature
• Used for kettle and toaster elements

Porcelain

• Hard and brittle
• Easily cleaned
• Used for carriers and overhead line insulators

Rigid plastic

• Less brittle and less costly than porcelain
• Used in manufacture of switches and sockets

Key term
hygroscopic – the ability to
absorb water

Powder, therefore requires a containing sheath
Very hygroscopic
Resistant to high temperature
Used in cables for alarms and emergency lighting

Table 8.06 Common insulators
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Conductors
Conductors have a molecular/atomic structure that allows
electrons to move freely through them, meaning they have a low
resistance to electron flow. Many are metals but graphite (carbon)
and some liquids also conduct electricity.
Gold and silver are among the best conductors, but cost inhibits
their use.
Table 8.07 is a guide to the most common conductors and their
uses.
Aluminium (Al)

• Low cost and weight
• Not very flexible
• Used for large power cables

Brass ( an alloy of
copper and zinc)

• Easily machined
• Corrosion resistant
• Used for terminals and plug pins

Carbon (C)

• Hard
• Low friction in contact with other materials
• Used for machine brushes

Copper (Cu)

• Good conductor
• Soft and ductile
• Used in most cables and busbar systems

Iron/Steel (Fe)

• Good conductor
• Corrodes
• Used for conduit, trunking and equipment enclosure

Lead (Pb)

• Flexible
• Corrosion resistant
• Used as an earth and as sheath of a cable

Mercury (Hg)

•
•
•
•

Sodium (Na)

• Quickly vaporises
• Vapour used in lighting lamps

Tungsten (W)

• Extremely ductile
• Used for filaments in light bulbs

Key term
Alloy – a mixture of two
elements

Liquid at room temperature
Quickly vaporises
Used for contacts
Vapour used for lighting lamps

Table 8.06 Common conductors
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Applying electron theory to
electrical circuits
Measuring electricity
Remember
Think of a coulomb as an
imaginary bucket of electrons.

Electricity is invisible, so what exactly do we measure?
Electricity is simply the flow of free electrons along a conductor,
so it would seem obvious to count the number of electrons
moving along the conductor. However, the electron is far too
small to be seen or counted. So we measure the number of larger
groups of electrons moving along. These groups are coulombs,
and contain an unimaginable 6 240 000 000 000 000 000
electrons or 6.24 × 1018 (give or take a couple).
A plumber will measure the amount of water flowing in gallons
not drops, as drops are too small to measure. If the plumber
wishes to know how much water is being used at any one time, in
other words ‘the rate of flow’ of the water, this would be
measured in gallons or litres per second.
This movement of the water can be thought of as its current.
Similarly, the electrician may wish to know the amount of
electrons flowing at any one time (rate of flow of electrons). In
electricity, just as with water, this rate of flow of electrons is
called the current and is defined as being one coulomb (an
imaginary ‘bucket-full’) of electrons passing by every second.

Remember
One ampere equals one
coulomb of electrons passing by
every second.

If one coulomb of electrons passes along the conductor every
second, we say that the current flowing along is a current of one
ampere.
We use the letter I to represent current.

The electric circuit
We now know that electricity is the movement of electron charges
along a conductor and that the rate of flow is known as the
current. But what makes the electron charges move?
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Battery
In this circuit (Figure 8.18), the battery cell has an internal
chemical reaction that provides what is known as an electromotive
force (e.m.f. for short), that will push the electrons along the
conducting wire and into the lamp. The electrons will then pass
through the lamp filament, causing it to heat up and glow and
then leave via the second conductor, returning to the battery and
thus completing the circuit.

Figure 8.18 A simple battery

In other words, a battery is a chemically fuelled electron pump
and, like every other pump in the world, the battery does not
supply the electrons that it pumps. When a battery runs down it
is because its chemical ‘fuel’ is exhausted, not because any
charges have been lost.

Electron flow and conventional current flow
An electromotive force (e.m.f.) is needed to cause the flow of
electrons. This has the symbol E and the unit symbol V (volt).
Any apparatus which produces an e.m.f. (such as a battery) is
called a power source and as we saw in Figure 8.18, will require
wires or cables to be attached to its terminals to form a basic
circuit.
If we take two dissimilar metal plates and place them in a
chemical solution (an electrolyte) a reaction will take place in
which electrons from one plate travel through the electrolyte and
collect on the other plate.
One plate now has an excess of electrons, which will make it
more negative than positive. The other plate will now have an
excess of protons, which makes it more positive than negative.
This process is the basis of how a simple battery or cell works.
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–

+
E

Figure 8.19 Electron flow through an electrolyte

Now select a piece of wire as a good conductor and connect this
wire to the ends of the plate as shown in Figure 8.19.
Since unlike charges are attracted towards each other and like
charges repel each other, you can see that the negative electrons
will move from the negative plate, through the conductor towards
the positive plate.

Remember
Be careful, historically, circuit
drawings show the current as
flowing from the positive to the
negative. The actual flow is of
electrons in the opposite
direction.

This drift of free electrons is what we know as electricity and this
process will continue until the chemical action of the battery is
exhausted and there is no longer a difference between the plates.
As we can see, the actual electron flow is from positive to negative
inside the battery and then from negative to positive through the
conductor.
Note that early science actually thought the opposite and that
flow ran externally from positive to negative. This is called
conventional current flow.

Potential difference
The chemical energy within a battery is used to do work on a
charge in order to move it from the negative terminal, out
through a conductor and then returning to the positive terminal.
To do this, the battery is raising the potential of the electrons.
If you hold a stone and raise your hand in the air, the stone has a
potential energy. The higher up it is, the higher the potential and
we measure that potential against a reference point.
If you now let go of the stone it will fall towards that reference
point losing potential along the way.
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(It may be easier to understand if I said the reference point was your
head and potential means the stone’s ability to hurt you. The higher it
is above your head the more likely it is to hurt you.)
In a battery, the electric charges at the negative terminal have
more potential energy than they will have when they get to the
positive terminal, in other words they can ‘fall downhill’ from the
negative terminal to the positive terminal via the conductor that
makes up the circuit. The electrons then pick up energy in the
cell of the battery which pushes it out to the components of the
circuit. Therefore at the point when they return to the cell, they
have given up all the energy they gained.
We can therefore say that potential difference (p.d.) is the
difference in electrical potential energy between any two points in
a circuit, p.d. is therefore also measured in volts.
We measure an amount of charge in a unit called a coulomb so we
could also say that potential difference is a measure of the amount
of joules of work required to push one coulomb along the circuit
between our two points. The units of this would be measured in
joules/coulomb more commonly referred to as the volt.
Therefore

One volt = One joule/coulomb

Our battery is therefore acting as an energy conversion system,
converting chemical energy into electric potential energy. This
work increases the potential energy of the charge and thus its
electric potential. By chemical reaction the charge is moved from
a ‘low potential’ terminal to a ‘high potential’ terminal inside the
internal circuit of the battery. Once there it will then move
through the external circuit (the conductor and equipment),
before returning to the low potential terminal. The difference
between our terminals is referred to as the potential difference
and without it there can be no flow of charge.
As the charge moves through the external circuit, it can pass
through different types of component each of which acts as an
energy conversion system, for example, the lamp in Figure 8.18.
Here the moving charge is doing work on the lamp filament to
produce different forms of energy: heat and light. However, in
doing so it is losing some of its electric potential energy and
therefore on leaving the lamp, it is less energised.

Remember
Think of a marathon runner
starting fresh and full of energy.
As the race progresses, the
runner uses up energy until at
the end the runner has no
energy left.

Looking again at Figure 8.18, we can see that at a point just prior
to entering the lamp (or any circuit component) we have a higher
electric potential compared to a point just after leaving the lamp.
This loss of potential across any circuit component is also called
the volt drop and we will discuss this later on page 282.
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Controlling a circuit
In Figure 8.18 we have a complete circuit connected across a
healthy battery and the lamp is therefore lit.
However, if either of the two wires becomes broken or
disconnected the flow of electricity will be interrupted and the
lamp will go out.
It is this principle that we use to control electricity in a circuit.
As we can see in Figure 8.20, by inserting a switch into one of the
wires connected to the lamp, we can physically ‘break the circuit’
with the switch and thus switch the lamp off and on.

Figure 8.20 Simple battery circuit and broken circuit

To summarise, for practical purposes a working circuit should:
●●
●●
●●
●●
●●
●●

have a source of supply (such as the battery)
have a device (fuse/MCB) to protect the circuit
contain conductors through which current can flow
be a complete circuit
have a load (such as a lamp) that needs current to make it work
have a switch to control the supply to the equipment (load).

Chemical and thermal effects of
electrical currents
The causes of an electric current
We need an electromotive force (e.m.f.) to drive electrons
through a conductor. The principal sources of an e.m.f. that will
cause current to flow can be classed as being:
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Chemical
When we take two electrodes of dissimilar metal and immerse
them in an electrolyte, we have effectively created a battery. So as
we have seen earlier, the chemical reactions in the battery cause
an electric current to flow.

Thermal
When a closed circuit consists of two junctions, each junction
made between two different metals, a potential difference will
occur if the two junctions are at different temperatures. This is
known as the Seebeck effect, based upon Seebeck’s discovery of
this phenomenon in 1821.
If we now connect a voltmeter to one end (the cold end) and
apply heat to the other, then our reading will depend upon the
difference in temperature between the two ends. When we have
two metals arranged like this, we have a thermocouple.
We can apply this to measure temperatures, with the ‘hot end’
being placed inside the equipment (such as an oven or hot water
system) and the ‘cold end’ connected to a meter that has been
located in a suitable remote position.

Magnetic
A magnetic field can be used to generate a flow of an electrons.
We call this situation electromagnetic induction. If a conductor
(wire) is moved through a magnetic field, then an e.m.f. will be
induced in it. Provided that a closed circuit exists, this e.m.f. will
then cause an electric current.

The effects of an electric current
The effects of an electric current are categorised in the exact same
way as the causes, namely chemical, thermal and magnetic.
Looking at the circuit in Figure 8.21 we can see a d.c. supply
enters a contactor. When we close the switch on the contactor the
coil is energised and becomes an electromagnet, this attracts
anything in the magnetic field that contains iron towards it. Once
the circuit is made then the main supply flows through to the
distribution centre.

Find out
Electromagnets are covered in
detail on page 291.

From the distribution centre a supply is taken to a change-over
switch. In its current position, this switch allows current to flow
into the electrolyte (dilute sulphuric acid and water) via one of
the two lead plates. The current returns to the distribution centre
via the other lead plate.
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contactor

direct
current
supply

distribution centre

indicator
lamp
change-over
switch
electrolyte battery

Figure 8.21 d.c. supply

Also fed from the distribution centre is a filament lamp. We could
have equally used an electric fire. This is because when current
flows through a conductor heat is generated. The amount of heat
varies according to circumstances, such as the conductor size. If
sized correctly, we can make the conductor glow white-hot (a
lamp) or red-hot (a fire).
If we run the system like this for a few minutes and then switch
off the contactor, obviously we would see our filament lamp go
out. However, if we now move our change-over switch into its
other position, we would see that our indicator lamp would glow
for a short while.
If we were to look at the lead plates, we would see that one of the
plates has become discoloured. This is because the current has
caused a chemical reaction, changing the lead into an oxide of
lead. In this respect the plates acted as a form of rechargeable
battery, also known as a secondary cell.
Table 8.08 indicates how various pieces of equipment use these
effects of current as their principle of operation.
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Chemical effect     

Heating effect      

Magnetic effect     

Cells

Filament lamp

Bell

Batteries

Heater

Relay

Electro-plating

Cooker

Contactor

Iron

Motors

Fuse

Transformers

Circuit-breaker

Circuit-breaker

Kettle

Table 8.08 Principles of operation

Resistance and resistivity in relation to
electrical circuits
So far we have considered the amount of electron charges flowing
in a conductor every second and the force that pushes them along
the conductor. But does anything interfere with this flow?
If we turn our minds back to our marathon runners again, would
they rather be running on a brand new athletics track or through
a field of sticky mud four feet deep?
Obviously the new track would be the easiest to run on as it is
least likely to affect their ability to run.
Or, in other words, the new track will offer a lower resistance to
their progress than the muddy field.
In electrical circuits, just like the muddy field, electrical
conductors, connections and known resistors will offer a level of
resistance to the electrons trying to flow through them.
You could also think of resistance as hurdles that electrons have
to jump over on their way around the circuit, and the more
hurdles there are, then the longer it will take to get around the
circuit. Watch the Olympics if you need further proof!
There is a scientific law that we can apply to resistance.
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Ohm’s Law
So far we have established that current is the amount of
electrons flowing by every second in a conductor and that a force
known as the e.m.f. (or voltage) is pushing them. We now also
know that the conductor will try to oppose the current, by
offering a resistance to the flow of electrons.
Ohm’s Law was named after the nineteenth-century German
physicist G.S. Ohm who researched how current, potential
difference and resistance are related to each other. It’s probably
the most important electrical concept you will need to understand
and is stated as follows:
The current flowing in a circuit is directly proportional to the voltage applied
to the circuit, and indirectly proportional to the resistance of the circuit,
provided that the temperature affecting the circuit remains constant.

In simple language we could re-write Ohm’s Law as follows: The
amount of electrons passing by every second will depend upon
how hard we push them, and what obstacles are put in their way.
We can prove this is true, because if we increase the voltage (push
harder), then we increase the number of electrons that we can get
out at the other end.
Remember
Remember Ohm’s Law, I =

V
R

Try flicking a coin along the desk. The harder you flick it, the
further it travels along the desk. This is what we mean by
directly proportional. If one thing goes up (voltage), then so
will the other thing (current).
Equally we could prove that if we increase the resistance (put
more obstacles in the way), then this will reduce the amount of
electrons that we can get along the wire.
This time put an obstacle in front of the coin before you flick it.
If flicked at the same strength, it will obviously not go as far as it
did before. This is what we mean by indirectly proportional. If
one thing goes up (resistance), then the other thing will go down
(current).
Ohm’s Law is therefore expressed by the following formula:
Current (I) =

Voltage (V)
Resistance (R)
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Resistivity

Did you know?

Take away all resistors from a circuit and you still have some
resistance there – caused by the conductor itself. Electrons find it
easier to move along some materials than others and each
material has its own resistance to the electron flow. This
individual material resistance is called resistivity, represented by
the Greek symbol rho (ρ) and measured in micro ohm
millimetres (µΩmm).

Even if we removed all resistors
from the circuit, we would still
have some resistance caused by
the actual conductors such as
the connecting wires.

But in considering a conductor there are also some other factors
at work!
How long is it? Would you rather run for 100 metres or 25 miles?
The shorter distance of course. So would the electron!
What is its cross-sectional area (CSA)?
Which is easier, to walk along a 3 metre high corridor, or to crawl
along a 1-metre high pipe on your stomach?
Walking, of course.
To summarise: The amount of electrons that can flow along a
conductor will be affected by how far they have to travel, what
material they have to travel through and how big the object is that
they are travelling along.
As an electrical formula, this is expressed as follows:
Resistance =

Resistivity × Length
Cross-Sectional Area

or R =

ρ×
a

We find the value of resistivity for each material, by measuring
the resistance of a 1-metre cube of the material. Then, as cable
dimensions are measured in square millimetres (e.g. 2.5 mm2),
this figure is divided down to give the value of a 1 millimetre
cube.
This resistivity, as we found out earlier, is given in µΩmm, or in
other words we will encounter a resistance of so many millionths
of an ohm for every millimetre forward that we travel through the
conductor.
The accepted value for copper is 17.8 µΩmm and the accepted
value for aluminium is 28.5 µΩmm.
Let us now look at a typical question involving resistivity.
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Example 1

Find the resistance of the field coil of a motor where the conductor crosssectional area (CSA) is 2 mm2, the length of wire is 4000 m and the material
resistivity is 18 µΩmm.
R=

ρ ×L
A
Problem 1 Problem 2

R=

18
4 000 000
×
1 000 000
2

What has happened here?
Problem 1: The value of r is given in millionths of an ohm millimetre. If we
have 18 µΩmm, then we have 18 millionths of an ohm and we therefore
write it as 18 divided by one million, or:
18
1 000 000
Problem 2: Remember, when doing calculations, all units must be the same.
Here the length is in metres, but everything else is in millimetres. Therefore,
note that 4000 m has now become 4 000 000 mm.
So back to the calculation:
Remember
All measurements should be of
the same unit, i.e. all in metres
or millimetres. In these
examples, millimetres have been
used. Therefore in Example 2,
cable length is multiplied by 103
and resistivity by 10-6.

R=

18
4 000 000 72 000 000
×
=
= 36 Ω
1 000 000
2
2 000 000

Another way of doing this calculation, without the calculator, would have
been to cancel the zeros down (division):
18
4 000 000
×
1 000 000
2
18 × 4
R=
= 36 Ω
2
R=

Here are two further examples:
Example 2

A copper conductor has a resistivity of 17.8 µΩmm and a CSA of 2.5 mm2.
What will be the resistance of a 30 m length of this conductor?
R=

ρ ×L
A

then R =

17.8 × 30 000
534 000
=
so R = 0.2136 Ω
1 000 000 × 2.5 2 500 000

274
Installing Electrotechnical Systems and Equipment_Book B.indb 274

12/09/2011 15:11:45

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

Example 3

A copper conductor has a resistivity of 17.8 µΩmm and is 1.785 mm in diameter. What will be the resistance of a
75 m length of this conductor?
We must first convert the diameter into the CSA. This is carried out by using one of the following formulas,
which you may remember from school.
(a) CSA =

πd2
4

Where d = diameter

Or:
(b) CSA = pr2

Where r = radius and p= 3.142

Using the first formula:
(a) CSA =

πd2
4

Step 1: Put in the correct values:
CSA =

3.142×1.785 ×1.785
4

Step 2: Multiply the top line:
CSA =

10.01
4

Step 3: Divide by 4
CSA = 2.5 mm2

Therefore, using this method, the CSA is 2.5 mm2.
Using the second formula:
CSA = pr2
Step 1: Put in the correct values:

Step 2: Multiply out

CSA = 3.142 × 0.8925 × 0.8925

CSA = 2.5 mm2

Using the second method, the CSA is still 2.5 mm2. We can now proceed with the example:
R=

ρ ×L
A

Step 1: Put in the correct values:
R=

17.8 ×10−6 × 75 ×103
2 .5

Step 2: Calculate out the top line:
R=

17.8 ×10−3 × 75
2 .5

Which is the same as:
R=

17.8 × 75
2.5 ×103

So:
R=

1335
2500

Therefore: R = 0.534 Ω
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Current, voltage and resistance in
parallel and series circuits
We have now started looking seriously at circuits in terms of what
is in them and how current, resistance and potential difference
are all related. However, a circuit can contain many resistors and
they can be connected in many ways. In this section, we will be
applying Ohm’s Law and looking at:
●●
●●
●●
●●

series circuits
parallel circuits
parallel-series circuits
voltage drop.

Series circuits
If a number of resistors are connected together end to end and
then connected to a supply, as shown in Figure 8.22, the current
can only take one route through the circuit. We call this type of
connection a series circuit.
Features of a series circuit
●●

The total circuit resistance (Rt) is the sum total of all the
individual resistors. In Figure 8.22, this means:
Rt = R1 + R2 + R3
Resistor R1

Resistor R2

Resistor R3

Supply
Figure 8.22 Series circuit
●●

The total circuit current (I) is the supply voltage divided by
the total resistance. This is Ohm’s Law:
I=

●●

V
R

The current will have the same value at every point in the
circuit.
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●●

The potential difference across each resistor is proportional to
its resistance. If we think back to Ohm’s Law, we use voltage
to push the electrons through a resistor. How much we use
depends upon the size of the resistor. The bigger the resistor,
the more we use. Therefore:
V1 = I × R1    V2 = I × R2    V3 = I × R3

●●

The supply voltage (V) will be equal to the sum of the
potential differences across each resistor. In other words, if we
add up the p.d. across each resistor (the amount of volts
‘dropped’ across each resistor), it should come to the value of
the supply voltage. We show this as:
V = V1 + V2 + V3

●●

The total power in a series circuit is equal to the sum of the
individual powers used by each resistor.

Calculation with a series circuit
Example

Two resistors of 6.2 Ω and 3.8 Ω are connected in series with a 12 V supply as shown in Figure 8.23.
We want to calculate:
(a) total resistance
(b) total current flowing
(c) the potential difference (p.d.) across each resistor.
(a) Total resistance
For series circuits, the total resistance is the sum of the individual resistors:
Rt = R1 + R2 = 6.2 + 3.8 = 10 ohms
(b) Total current
Using Ohm’s Law:
I=

Voltage
12
=
= 1.2 A
Resistance 10

6.2 Ω

3.8 Ω

(c) The p.d. across each resistor
V = I × R, therefore:
Across R1: V1 = I × R1 = 1.2 × 6.2 = 7.44 V
Across R2: V2 = I × R2 = 1.2 × 3.8 = 4.56 V

12V supply

Figure 8.23 Series circuit
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Parallel circuits
If a number of resistors are connected together as shown in
Figure 8.24, so that there are two or more routes for the current
to flow, then they are said to be connected in parallel.
Resistor R1
Resistor R2
I
Figure 8.24 Parallel circuit

In this type of connection, the total current splits up and divides
itself between the different branches of the circuit. However, note
that the pressure pushing the electrons along (voltage), will be the
same through each of the branches. Therefore any branch of a
parallel circuit can be disconnected without affecting the other
remaining branches.

Explanation
If we think about the definition of Ohm’s Law, we know that the
amount of electrons passing by (current) depends upon how hard
we are pushing.
In a parallel circuit, the voltage is the same through each branch.
Try to push two identical pencils in the same direction as the
current flow towards a point on the circuit where the two
branches split (shown as black circles in Figure 8.24). When they
reach that point, one pencil will travel towards R1 and the other
towards R2. But look how the force pushing the pencils has
stayed the same.
However, how easily a pencil can then pass through a branch will
depend upon the size of the obstacle in its way (the resistance of a
resistor).
Features of a parallel circuit

The total circuit current (I) is found by adding together the
current through each of the branches:
I = I1 + I2 + I3
The same potential difference will occur across each branch of
the circuit:
V = V1 = V2 = V3
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Where resistors are connected in parallel and, for the purpose of
calculation, it is easier if the group of resistors is replaced by one
total equivalent resistor (Rt). Therefore:
1
1
1
1
=
+
+
R t R1 R 2 R 3

Calculation with a parallel circuit
Example

Three resistors of 16 Ω, 24 Ω and 48 Ω are connected across a 240 V supply.
There are two ways to find out the total circuit current.
Method 1

R1 16 Ω
R2 24 Ω
R3 48 Ω

Find the equivalent resistance, then use Ohm’s Law:

current
flow

1
1
1
1
= + +
Rt R1 R2 R3
Therefore:

And therefore:

Giving us:

Rearranging the equation:

1
1
1
1
=
+
+
Rt 16 24 48

1
3 + 2 +1
=
Rt
48

1
6
=
Rt
48

Rt =

We can say that:

And therefore:

48
6

and thus, Rt = 8 Ω
Now using the formula:
I=

V
R

I=

2430
8

I = 30 A

Method 2
Find the current through each resistor and then add them together.
Now, for R1:
I1 =

V
R1

For R2:
I1 =

240
16

For R3:
I3 =

V
R3

Gives:
I1 =

240
16

Gives:
I2 =

240
24

Gives:
I3 =

243
48

As:

Then:

It = I1 + I2 + I3

It = 15 + 10 + 5 = 30 A

So:
I1 = 15 A
So:
I2 = 10 A
So:
I3 = 5 A
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Series/parallel circuits
This type of circuit combines the series and parallel circuits as
shown in the diagram in the example below. To calculate the
total resistance in a combined circuit, we must first calculate the
resistance of the parallel group. Then, having found the
equivalent value for the parallel group, we simply treat the circuit
as being made up of series connected resistors and now add this
value to any series resistors in the circuit, thus giving us the total
resistance for the whole of the network.
Here is a worked example.
Example 1

Calculate the total resistance of this circuit and the current flowing through
the circuit, when the applied voltage is 110 V.

R1 10 Ω
R2 20 Ω

R4 10 Ω

R3 30 Ω

Step 1: Find the equivalent resistance of the parallel group (Rp)
1
1
1
1
= + +
Rp R1 R2 R3
1
1
1
1
=
+
+
Rp 10 20 30
1
6+3+2
=
Rp
60
1
11
=
Rp
60
Therefore: Rp =

60
= 5.45 Ω
11

Step 2: Add the equivalent resistor to the series resistor R4
Rt = Rp + R4
Rt = 5.45 + 10
Rt = 15.45 Ω
Step 3: Calculate the current
I=

V
110
=
= 7.12 A
Rt 15.45
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Using the rules we have learned, what appear to be complicated
diagrams of interconnected resistors can be resolved to a single
value.
The following example shows the process step by step.
Example 2

Calculate the total resistance (Rt) of the resistor arrangement shown in the following diagram.
5 
5 

5 

5 

5 
5 

6XSSO\

Start by reducing the branch with resistors R3 and R4. As they are series connected we can add the resistances
together meaning that we could now redraw the diagram as follows:
5 
5 

5 

5 
5 

6XSSO\

Now we can reduce down the parallel group (Rp) of resistors R3/4, R5 and R6.
Therefore,

1
1 1
1
4 + 3 +1 8
= + +
which gives us
=
Rp
3 4 12
12
12

Therefore, Rp =

12
so Rp = 1.5 Ω
8

We can now redraw the circuit again to reflect this:
5 

5 

5S 

6XSSO\

We now have three series connected resistors. This means our final calculation will be:
Rt = R1 + R2 + Rp = 1 + 2.5 + 1.5
Therefore Rt = 5 Ω
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Voltage drop
Cables in a circuit are also resistors, in that the longer a conductor
is, the higher its resistance becomes and thus the greater the
voltage drop. We can calculate this by using Ohm’s Law.
To determine voltage drop quickly in circuit cables, BS 7671 and
cable manufacturer data include tables of voltage drop in cable
conductors. The tables list the voltage drop in terms of (mV/A/m)
and are listed as conductor feed and return, e.g. for two singlecore cables or one two-core cable.
BS 7671 states that the voltage drop between the origin of the
installation (usually the supply terminals) and any load point
should not exceed 3% for lighting and 5% for power.
For a 230 V lighting circuit

For a 230 V power circuit

3
× 230 = 6.9 V
100

5
× 230 = 11.5 V
100

Table 8.09 Voltage drop in circuits

Power
We know that electrons are pushed along a conductor by a force
called the e.m.f. Now consider the electrical units of work and
power. Because energy and work are interchangeable (we use up
energy to complete work) they have the same units, joules. Both
can be measured in terms of force and distance.
If a force is required to move an object some distance, then work
has been done and some energy has been used to do it. The
greater the distance and the heavier the object, then the greater
the amount of work done.
We already know that:
Energy (or Work done) = Distance moved × Force required
Power is, ‘the rate at which we do work’ and it is measured in
watts. So:
Energy (or Work done) Distance moved × Force required
=
Time taken
Time taken
Energy (or Work done) Distance moved × Force required
Power =
=
Time taken
Time taken
Power =
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For example, we could drill two holes in a wall – one using a
hand drill, and the other with an electric drill. When we have
finished, the work done will be the same in both cases, there will
be two identical holes in the wall, but the electric drill will do it
more quickly because its power is greater.
If power is therefore considered to be the ratio of work done
against the time taken to do the work, we may express this as
follows:
Power (P) =

Work done (W) Energy used
=
Time taken (t)
Time

The units are:
watts =

joules
seconds

Earlier in this unit, we considered the e.m.f. and defined it as
being the amount of joules of work necessary to move one
coulomb of electricity around the circuit, measured in joules per
coulomb, also known as the volt.
Noting that 1 volt = 1 joule/coulomb and rearranging the
formula, this could be expressed as:
joules = volt × coulombs
and since:
coulombs = amperes × seconds
we can substitute this to get:
joules = volts × amperes × seconds
and, since joules are the units of work:
Work = V × I × t (joules)
Taking this one step further, we can show how we arrive at some
of our electrical formulae. It goes as follows.
If:
Power =

work
V ×I×t
this means: P =
second
t

So cancelling gives
P = V × I or P = I × V
In Ohm’s Law:
V=I×R
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Therefore by showing V as (I × R):
P = I × (I × R) thus P = I2 × R
Also in Ohm’s Law:
I=

V
R

V
Therefore by showing I as  
 R 
P=

V
V2
× V thus P =
R
R

Simple when you know how!
And when you have practised changing equations dozens of times!

Some examples of power calculations
Example 1

Two 100 Ω resistors are connected in series to a 100 V supply. What will be
the total power dissipated?
Firstly find the total resistance, which for a series circuit is Rt = R1 + R2
Therefore Rt = 100 + 100 = 200 Ω
Power can be found by

V2
R

Therefore P =

1002 10000
=
200
200

Therefore P = 50 W
Remember

Example 2

Note: as all time measurements
are given in seconds, we have to
change hours or minutes into
seconds. So, in the example:

How much energy is supplied to a 100 W resistor that is connected to a
150 V supply for one hour?

1 hour = 60 minutes =
60 × 60 seconds = 3 600 s

P=

150 ×150
V2
therefore
= 225 W
100
R

Now:
E=P×t
Therefore:
E = energy supplied = 225 × 3600 joules
So:
E = 810,000 joules
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Power calculations for a parallel circuit are essentially the same as
those used for the series circuit.
Since power dissipation in resistors consists of a heat loss, power
dissipations will be additive irrespective of how the resistors are
connected in the circuit and the total power is equal to the sum of
the power dissipated by each individual resistor.
Example 3

Three resistors are connected in parallel as shown.
5 

5 

5 

9

Calculate the power dissipated by each resistor and in total.
2500
V 2 502
=
=
= 250 W
10
10
R
V 2 502
2500
P=
=
=
= 100 W
R
25
25
V 2 502
2500
P=
=
=
= 50 W
R
50
50

Power for R1 P =
Power for R2
Power for R3

As power dissipation is additive, total power = 250 + 100 + 50 = 400 W
An alternative method to find the total power would be to collapse the parallel network to an equivalent
resistance.
In which case our calculation would be:
1
1
1
1
1
1
1
1
1 5 + 2 +1 8
= + +
therefore
=
+
+
which gives uss
=
=
Rt R1 R2 R3
Rt 10 25 50
Rt
50
50
1
8
If 1 = 8 then Rt = 50 ÷ 8 = 6.25 Ω
If Rt = 50 then Rt = 50 ÷ 8 = 6.25
Rt
50
2500
V2
502
If P = V 2 then gives us 502 = 2500 therefore again, P = 400 W
R
6.25
If P =
then gives us
= 6.25 therefore again, P = 400 W
6.25
R
6.25
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Kilowatt hour
It should be noted that the joule is far too small a unit for sensible
energy measurement. For most applications, we use something
called the kilowatt hour.
The kilowatt hour is defined as the amount of energy used when
one kilowatt (1000 watts) of power has been used for a time of
one hour (3600 seconds).
From this we can see that:
1 joule (J) = 1 watt (W) for one second (s)
1000 joules (J) = 1 kilowatt (kW) for one second
In one hour there are 3600 seconds. Therefore:
3600 s × 1000 J = 1 kW for one hour (kWh)
So:
1 kWh = 3.6 × 106 J

2
3
9 0 1
8
7

6 5 4

10,000

1 0 9
4 5 6

2
3

9 0 1
8
7

1,000

8
7

6 5 4

2

2

3

3

1 0 9

4 5 6

10

100

9 0 1
8
7

kWh

9 0 1
8
7

6 5 4

2
3

8
7

6 5 4

2
3

1kWh
per div

1/10

Figure 8.25 Typical electric meter dials

The kilowatt hour is the unit used by the electrical supply
companies to charge their customers for the supply of electrical
energy. Have a look in your house. You will see that the electric
meter is measuring in kWh. However, these are more often
referred to as Units by the time they appear on your bill!
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Example

If a small house has the following items connected to the supply each day,
calculate how much energy would be consumed over a seven day period.
●●

Four 100 W light fittings each used for 2 hours.

●●

One 3 kW electric fire used for 2 hours.

●●

One 3 kW kettle for a total of 1 hour.

Remembering that E = P × t and applying this to each load:
Lights

= (4 × 100) × 2 = 800 = 0.8 kWh

Fire

= 3 × 2 = 6 kWh

Kettle

= 3 × 1 = 3 kWh

Progress check
1

In terms of electron
movement what is the
major difference between
a conductor and an
insulator?

Efficiency

2

We have looked at efficiency in the mechanics section. The
calculations and theory for efficiency applied to electrical circuits
are very similar.

What are the essential
components of a
practical circuit?

3

One of the most
important formulas for
electricians, named after
German physicist
G.S. Ohm, is Ohm’s law.
State Ohm’s law and
identify the quantities
involved.

4

Calculate the resistance
of 100 m of cable where
the cross-sectional area is
2.5 mm² and the
resistivity 7.41 mΩ/m.

5

Calculate the total
current in a circuit and
the power dissipated,
where three resistors of
20 Ω, 40 Ω and 50 Ω are
connected in parallel
with a 200 V supply.

This gives a total daily consumption of 9.8 kWh
Therefore over seven days the consumption will be 9.8 × 7 = 68.6 kWh

You already know that:
Percentage efficiency =

Output
×100
Input

Let us have a look at two examples.
Example 1

Calculate the efficiency of a water heater if the output in kilowatt hours is
25 kWh and the input energy is 30 kWh.
Efficiency (%) =

Output
25
×100 =
×100 = 83.33%
Input
30

Example 2

The power output from a generator is 2700 W and the power required to
drive it is 3500 W. Calculate the percentage efficiency of the generator.
Efficiency (%) =

Output
2700
×100 =
×100 = 77.1%
Input
3500
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K5. Understand the fundamental
principles which underpin the
relationship between magnetism
and electricity
We can really go no further with circuit theory until we have
looked more closely at the magnetic behaviour of materials and
the way this affects the interaction between electrical currents and
magnetic fields.

Magnetic effects of electrical currents
The word magnetic originated with the ancient Greeks, who
found natural rocks possessing this characteristic.
Magnetic rocks such as magnetite, an iron ore, occur naturally.
The Chinese observed the effects of magnetism as early as
2600 BC when they saw that stones like magnetite, when freely
suspended, had a tendency to assume a north and south
direction. Because magnetic stones aligned themselves north–
south, they were referred to as lodestones or leading stones.

Remember
For the electrician, we say that a
magnet is any device that
produces an external magnetic
field.

Magnetism is hard to define – we all know what its effects are: the
attraction or repulsion of a material by another material, but why
does this happen? And why do we only see it in some materials,
notably metals and particularly iron? The physics behind this is
too complex to cover here, but it is useful to remember that
magnetism is a fundamental force (like gravity) and it arises due
to the movement of electrical charge. Magnetism is seen
whenever electrically charged particles are in motion.
Materials that are attracted by a magnet, such as iron, steel,
nickel and cobalt, have the ability to become magnetised. These
are called magnetic materials.
For the purpose of this book, we are only interested in two types
of magnet:
●●
●●

the permanent magnet
the electromagnet (temporary magnet).

The permanent magnet
A permanent magnet is a material that when inserted into a
strong magnetic field will exhibit a magnetic field of its own, and
continue to exhibit a magnetic field once it has been removed
from the original field.
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This remaining field would allow the magnet to exert force (the
ability to attract or repel) on other magnetic materials. This
magnetic field is continuous without losing strength, as long as
the material is not subjected to a change in environment
(temperature, de-magnetising field, etc.).
The ability to continue exhibiting a field while withstanding
different environments helps to define the capabilities and types
of applications in which a magnet can be successfully used.

N

S

Figure 8.26 Bar magnet

Magnetic fields in permanent magnets come from two atomic
causes: the spin and orbital motions of electrons. Therefore, the
magnetic characteristics of a material can change when alloyed
with other elements.
For example, a non-magnetic material such as aluminium can
become magnetic in materials such as alnico or
manganese-aluminium-carbon.
When a ferromagnetic material (a material containing iron) is
magnetised in one direction, it will not relax back to zero
magnetisation when the imposed magnetising field is removed.
The amount of magnetisation it retains is called its remanence
and it can only be driven back to zero by a field in the opposite
direction; the amount of reverse driving field required to
de-magnetise it is called its coercivity.

N

S

Figure 8.27 Horseshoe magnet

We have probably all experienced at some time the effect of a
permanent magnet (although we cannot see the magnetic field
with the naked eye), even if it is just to leave a message on the
fridge door.
The magnetic field looks like a series of closed loops that start at
one end (pole) of the magnet, arrive at the other and then pass
through the magnet to the original start point.
At school you probably did the famous experiment where you
took a magnet, placed it on a piece of paper and then sprinkled
iron filings over it?
If you did, you would see that it looks like Figure 8.28 on page
290, with the attraction of the magnet causing the filings to line
up on the lines of magnetic flux (the direction of the field).
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Remember
Like poles repel each other and
unlike poles attract.

Figure 8.28 Iron filings around a bar magnet

If we were to add a small compass to the experiment, we would
find that the lines run externally from the North pole of the
magnet to the South and that they have the following properties:
●●
●●
●●
●●
●●

They will never cross, but may become distorted.
They will always try to return to their original shape.
They will always form a closed loop.
Outside the magnet they run north to south.
The higher the number of lines of magnetic flux, the stronger
the magnet.

If we could count the lines, we could establish the magnetic flux
(which we measure in webers), and we would find that the more
lines that there were, the stronger the magnet would be. In other
words the bigger the magnet the bigger the flux produced.
The strength of the magnetic field at any point is calculated by
counting the number of lines that we have at that point and this is
then called the flux density (measuring webers/square metre,
which are given the unit title of a tesla).
We define the tesla as follows: If one weber of magnetic flux was
spread evenly over a cross-sectional area of one square metre,
then we have a flux density of one tesla. In other words the flux
density depends upon the amount of magnetic flux lines and the
area to which they are applied.
We use the following formula to express this:
Flux density B (tesla) =

magnetic flux Φ
=
( webers / m2 )
CSA
A

Here is an example to help you understand what is going on.
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Example

The field pole of a motor has an area of 5 cm2 and carries a flux of 80 µWb.
What will be the flux density?
Using the formula:
Flux density B (tesla) =

(magnetic flux) Φ
( webers / m2 )
=
(CSA)
A

We need to make allowance for the area being given in cm2 and the flux in
mWb.
Therefore:
Flux density B (tesla) =

(magnetic flux) 80 ×10−6 Wb
= 0.16 T
=
(CSA)
5 ×10−4 m2

The electromagnet
An electromagnet is produced where there is an electric current
flowing through a conductor, as a magnetic field is produced
around the conductor. This magnetic field is proportional to the
current being carried, since the larger the current, the greater the
magnetic field.

Direction of
current

Direction
of flux

Figure 8.29 Lines of magnetic force set up around a conductor

An electromagnet is defined as being a temporary magnet because
the magnetic field can only exist while there is a current flowing.
If we have a typically shaped conductor such as a wire, then, as
shown in Figure 8.29, the magnetic field looks like concentric
circles and these are along the whole length of the conductor.
However, the direction of the field depends on the direction of
the current.

The screw rule
The direction of the magnetic field is traditionally determined
using the ‘screw rule’.

291
Installing Electrotechnical Systems and Equipment_Book B.indb 291

12/09/2011 15:14:34

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

Rotation of screw = Rotation of magnetic field

Direction of screw = Direction of current

Figure 8.30 The screw rule

In the screw rule we think of a normal right-hand threaded screw,
where the movement of the tip represents the direction of the
current through a straight conductor and the direction of rotation
of the screw represents the corresponding direction of rotation of
the magnetic field.
Rotation of screw = rotation of magnetic field
Direction of screw = direction of current
Let’s have a quick look at how we can use the magnetic effect in
our industry.

The relay
A relay is an electromechanical switch used in many types of
electronic device to switch voltages and electronic signals.
The most common electromechanical switch is the simple
one-way wall switch used to control the lights in your home, as
this type of switch requires a human to perform the ‘switching’
between on and off. Relays operate differently as they require no
human interaction in order for the switching to occur. However,
considering the one-way switch helps to explain how a relay
works.

Figure 8.31 One-way switch off position

In the one-way circuit, if we want to put the light on in a room,
the switch is operated by your finger. When we do this, we are
closing the internal switch contact and the contact is
mechanically held in place across the terminals. Consequently
when we take our finger off the switch, it remains in position
and the light stays on.

Figure 8.32 One-way switch on position
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However let’s say we don’t want that sort of switch, but want to
control the light using a relay. The concept is similar if you think
of a relay as being an assembly that contains a one-way switch
and a coil. We’ll draw the switch contact in a slightly different
way this time, but the idea is exactly the same, i.e. electricity will
pass from one terminal to the other when the contact is closed.

Coil

Figure 8.33 One-way switch and coil – off position

If we were now to energise the coil, the resulting magnetic field
would pull the contact across the two terminals, thus closing the
circuit and the light would come on. This time, instead of the
switch contact being held in place mechanically, it is being held in
place by the magnetic field produced by the coil in the relay. It
will only remain this way while the coil is energised.

Coil

Figure 8.34 When the coil is energised, the switch is on

We describe this type of relay as having ‘normally open’ contacts,
this means when the coil is de-energised, the contact opens and
no electricity can pass through the relay.
It is possible to have a relay where the exact opposite function
takes place, i.e. when the coil is energised the contact is pulled
away from the terminals. In such a relay the supply would
normally be passing through the closed contact and operating the
coil will therefore break the circuit. We say that such a relay has
‘normally closed’ contacts.
A relay is therefore an electromechanical switch that uses an
electromagnet to create a magnetic field which opens or closes
one or many sets of contacts.
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Applications of the relay
Relays can be used to:
●●

●●

●●

Figure 8.35 A relay

control a high voltage circuit with a low voltage signal, as in
some types of modem
control a high current circuit with a low current signal, as in all
the lights in the hall of a leisure centre being controlled from a
5 A switch in reception
control a mains powered device from a low voltage switch.

When choosing a relay there are several things to consider:

Did you know?

Coil voltage – this indicates how much voltage (230 V, 24 V)
and what kind (a.c. or d.c.) must be applied to energise the
coil. Therefore, make sure that the coil voltage matches the
supply fed into it.
Contact ratings – this indicates how heavy a load the relay
can control (e.g. 0.5 A or 10 A).
Contact arrangement – there are many kinds of switches, so
there are many kinds of relays. The contact geometry indicates
how many poles there are, and how they open and close.

In a relay we can operate a high
voltage circuit with a very low,
safe, switching circuit, because
the coil-energising circuit is
completely separate to the
contact circuit(s).

For example, a changeover relay has one moving contact and
two fixed contacts. One of these is normally closed when the
relay is switched off, and the other is normally open.
Energising the coil will cause the normally open contact to
close and the normally closed contact to open.

Remember
Relays are useful as they can be
used to switch current between
circuits or turn a circuit on and
off.

●●

●●

●●

So far we have looked at the force on an object in a magnetic field
produced by a permanent magnet or electromagnet. But what
happens when we place a current-carrying conductor (a wire that
has a current flowing through it) inside a magnetic field or next to
another current-carrying conductor?

Force between current-carrying conductors
We already know that a magnetic field, in the form of concentric
circles, will be produced by a current-carrying conductor. If we
took two such conductors and placed them side by side, we
would see a force exists between them due to the magnetic flux
and the direction of this force will be dictated by the direction of
the current.
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For example, in Figure 8.36 the direction
of current in both conductors is different
and therefore the direction of the flux in
between the conductors is the same. This
means that the largest concentration of
flux is between the two conductors and a
lesser amount on the outside of them and
therefore the resultant force will try to
push them apart.

Direction of
current

Resultant
force
Direction of
current

The reverse is true, in that if the direction
of current in both conductors was the
same, then the direction of the flux in
between the conductors will be in opposite Figure 8.36 Force between current-carrying conductors
directions. This cancels flux levels out and
leaves more flux on the outside of the two conductors and
therefore the resultant force will try to push them together.

Force on a current-carrying conductor in a
magnetic field
In the section on the permanent magnet, we said that lines of flux
can be distorted but will never cross, and it is this principle that
we will consider in this section.
If we place a current-carrying conductor between two magnetic
poles we can look at the field caused only by the conductor. As
shown in Figure 8.37, you will see that the current is going away
from you, therefore the field is clockwise. This is the screw rule
and can be remembered by imagining a corkscrew being twisted
into a cork in a bottle, as you turn the corkscrew to the right (this
symbolises the magnetic field) and the corkscrew is moves away
from you into the cork, this symbolises the current flowing away
from you.

N

S

Figure 8.37 Current-carrying conductor between two magnetic poles

This time in Figure 8.38 we will look at the same arrangement,
but only looking at the field caused by the two magnetic poles.
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N

S

Figure 8.38 Field caused by two magnetic poles

Now bearing in mind that lines of flux cannot cross, Figure 8.39
is what the result would be if we actually had a current-carrying
conductor in a magnetic field.

N

S

Figure 8.39 Current-carrying conductor in a magnetic field

In Figure 8.39 we can see that the main field now becomes
distorted and, that as the two fields above the conductor are in
the same direction, the amount of flux is high and therefore the
force will move the conductor downwards. The reverse would be
true if the two fields were in opposition.
The direction in which a current-carrying conductor tends to
move when it is placed in a magnetic field can be determined by
Fleming’s left-hand (motor) rule.
This rule states that if the first finger, the second finger and the
thumb of the left hand are held at right angles to each other as
shown below, then with the first finger pointing in the direction of
the Field (N to S), and the second finger pointing in the direction
of the current in the conductor, then the thumb will indicate the
direction in which the conductor tends to move.
First finger pointing
in the direction of
the Field (N to S)
SeCond finger pointing in the
direction of the Current in
the conductor
ThuMb points in the direction
in which the conductor tends
to Move

Figure 8.40 Fleming’s left-hand rule
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Calculating the force on a conductor
The force that moves the current-carrying conductor placed in a
magnetic field depends on the strength of the magnetic flux
density (B), the magnitude of the current flowing in the
conductor (I), and the length of the conductor in the magnetic
field (l).
The following equation expresses this relationship:
Force (F) = B × I × l
Where B is in tesla, l is in metres, I is in amperes and F is in
newtons.
Here are two examples.
Example 1

A conductor 15 m in length lies at right angles to a magnetic field of 5 tesla.
Calculate the force on the conductor when:
(a) 15 A flows in the coil
(b) 25 A flows in the coil
(c) 50 A flows in the coil.
Answer: Using the formula F= B × I × l:
F = 5 × 15 × 15 = 1125 N
F = 5 × 25 × 15 = 1875 N
F = 5 × 50 × 15 = 3750 N.
Example 2

A conductor 0.25 m long situated in, and at right angles to, a magnetic field
experiences a force of 5 N when a current through it is 50 A. Calculate the
flux density.
Answer: Transpose the formula F = B × I × l for (B):
B=

F
I ×

Substitute the known values into the equation:
B=

5
= 0.4 T
0.25 × 50

The solenoid
A solenoid is a long hollow cylinder around which we wind a
uniform coil of wire. When a current is sent through the wire, a
magnetic field is created inside the cylinder.
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A solenoid (Figure 8.41) usually has a length that is several times its
diameter and the wire is closely wound around the outside of a long
cylinder in the form of a helix with a small pitch. The magnetic field
created inside the cylinder is quite uniform, especially far from the
ends of the solenoid and the flux density is increased by winding on
to an iron core instead of a hollow cylinder.

supply

Figure 8.41 Construction of a solenoid

Essentially, the magnetic field produced by a solenoid is similar to
that of a bar magnet. If an iron rod were then placed partly inside
a solenoid and the current turned on, the rod will be drawn into
the solenoid by the resulting magnetic field.
We can use this motion to move a lever or operate a latch to open
a door and is most commonly seen in use inside a doorbell.
Iron rod

Spring
Off
Supply

As shown in Figure 8.42, we can use a switch to energise the
solenoid, the magnetic field will draw the iron rod in and
therefore produce a mechanical action at a remote location,
e.g. the doorbell. When the supply is not present the iron rod
is returned to its original position under spring pressure.
However, instead of having a current-carrying conductor
placed in a magnetic field which causes it to move, what if
we took a conductor with no current flowing in it and
instead moved the conductor through the magnetic field?
Instead of having the current causing a motion, we will now
have the motion causing a current and in this case the
magnetic field is responsible for the flow of an electric
current. We call this electromagnetic induction.

On
Supply

Figure 8.42 Operation of a switch in the
off and on positions on a solenoid in a
doorbell

Electromagnetic induction
Stated simply, if a conductor is moved through a magnetic
field, then, provided there is a closed circuit, a current will
flow through it.
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We know that we need a ‘force’ to drive electrons along a
conductor, and we can say that an e.m.f. must be producing the
current. In this situation we are causing an e.m.f. This is known
as the induced e.m.f. and it will have the same direction as the
flowing current.
If we were to pass an electric current through a conductor this
would generate a uniform magnetic field around the conductor
and at right angles to the conductor. The strength of this
magnetic field is directly proportional to the current flowing in
the conductor and the strength of this magnetic field can be
further increased by coiling the conductor to form a solenoid.
If the coil were connected to a d.c. supply the only resistance to
the current flow would be the resistance of the conductor itself.
However, if the coil is connected to an a.c. supply the situation
must be looked at differently. Any change in the magnetic
environment of a coil of wire will cause a voltage (e.m.f.) to be
‘induced’ in the coil. No matter how the change is produced, the
voltage will be generated.
The change could be produced by changing the magnetic field
strength, moving a magnet toward or away from the coil, moving
the coil into or out of the magnetic field, rotating the coil relative
to the magnet, etc.
Alternating current creates the effect of a continuously changing
magnetic field inside the coil, which induces an e.m.f. in the coil
that acts in opposition to the supply voltage and is therefore
referred to as the back e.m.f.
The behaviour of a coil of wire in resisting any change of electric
current (electron flow) through the coil is typically referred to as
inductance, where the SI unit of inductance is known as the
henry (H) and the symbol for inductance is L.
The unit of inductance is the rate of change of current in a circuit
of 1 amp per second, which produces an induced electromotive
force of 1 volt.
Values of inductors range from about 0.1 microhenry, written as
0.1 µH, to 10 henries (H). The inductance of a coil can be
altered by:
●●
●●
●●
●●

changing the number of turns of wire on the coil
changing the material composition of the core (air, iron or steel)
changing the diameter of the coil
changing the material composition of the coil.

299
Installing Electrotechnical Systems and Equipment_Book B.indb 299

12/09/2011 15:14:48

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

∆I means the change in I and so
∆I
is the rate of change of I
∆t
with time t

Thinking of the solenoid we have just been talking about, you
realise that an e.m.f. is induced only when we have a changing
situation. What could change in the solenoid set-up? Well, the
following could change:
●●
●●

●●

the number of turns in the coil (N)
 ∆I 
the rate of change of current flowing in the coil   – how
 ∆t 
quickly the current alternates in the coil
 ∆Φ 
– how quickly the
the rate of change of magnetic flux 
 ∆t 
magnetic flux changes.

In the 19th century a scientist named Michael Faraday spent a lot
of time looking at magnetic induction. He devised a law that tells
how much e.m.f. is induced when a conductor is moving in a
magnetic field. We will have a look at this and try to make it as
simple as possible.
Faraday found that, for a conductor, the induced e.m.f. is
given by:
 ∆Φ 
e.m.f . = −
 ∆t 
So we can find the induced e.m.f. by knowing the rate of change
of flux. This is simply the same as how quickly the conductor cuts
the lines of flux.
So, for a coil of N turns:
 ∆Φ 
e.m.f . = −N 
 ∆t 
So we can find the induced e.m.f. by knowing the number of
turns and rate of change of flux and
 ∆I 
e.m.f . = −L  
 ∆t 
So we can find the induced e.m.f. by knowing the inductance and
rate of change of current.
These equations are true for both self and mutual inductance.
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Note: In all these equations there is a negative (–) sign. This is
because any induced e.m.f. will always be in opposition to the
changes that created it.
When a number of inductors need to be connected together to
form an equivalent inductance they follow the same rules as for
resistors, therefore:
●●
●●

to increase inductance, connect inductors in series.
to decrease inductance and increase the current rating, connect
inductors in parallel.

It takes time to build up to maximum current; however, this is
important when connected to an a.c. supply because the rate of
change of current with time can be calculated and adjusted so
that a smoothing effect can be produced in the a.c. If the coil is
suddenly switched off, the magnetic field collapses and a high
voltage is induced across the circuit. This effect is used for
starting fluorescent tube circuits.

The d.c. generator
We know that when a current is present in a conductor, a
magnetic field is set up around that conductor that is always in a
clockwise direction in relation to the direction of the current flow.
We also know that when a conductor is moved at right angles
through a magnetic field, a current is induced into the conductor,
the direction of the induced current being dependent on the
direction of movement of the conductor. The strength of the
induced current is determined by the speed at which the
conductor moves.
N

rotation

S

Figure 8.43 A d.c. generator

If we were to take this arrangement and form the conductor into
a loop and then connect it to some device that would spin the
wire loop within the permanent magnetic field, then it would look
something like Figure 8.44.
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rotation

N

S

Figure 8.44 Wire loop within a permanent magnetic field
Did you know?
In reality we don’t have just one
loop, we have many. This
arrangement of loops is called
the armature.

In this position, it could be said that the loop is lying in between
the lines of magnetism (magnetic flux) and therefore we say that
it is not ‘cutting’ any lines of flux (as shown in Figure 8.44).
However, as we slowly start to rotate the loop, it will start to pass
through the lines of flux. When this happens, we say that we are
cutting through the lines of flux and it is by this action that we
start to induce an e.m.f.
The maximum number of lines that are cut through will occur
when the loop has moved through 90° and the maximum induced
e.m.f. in this direction will therefore occur at this point. Keep
rotating the loop and the number will once again reduce to zero
as we are again lying between the lines of flux.
Figure 8.45 shows this and how if we connect a load via the use
of a commutator and fixed carbon brushes, a current will flow
around the circuit and the load would work. In other words we
have created a d.c. generator, sometimes called a dynamo.

+
0

A

B

C

D

A
Copper segment

0°

180°

Note the rotation of the
commutator during the cycle

360°

–

N

A
(0°)
Position

S

N

B
(90°)
Position

S

N

C
(180°)
Position

S

N

D
(270°)
Position

S

N

S

A
(360°)
Position

Figure 8.45 Voltage output for one complete revolution
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This type of generator produces a voltage/current that alternates in
magnitude but flows in one direction only: in other words it has no
negative parts in its cycle and we have a direct current (d.c.), but
because the generator only has one loop, it provides a pulsating d.c.
output as shown by the wave form above. In general use a number
of coils are used to produce a more stable output.
In the loop assembly, the armature, revolves between two
stationary field poles, the current in the armature moves in one
direction during one half of each revolution and in the other
direction during the other half. To produce a steady flow of direct
current from such a device, it is necessary to provide a means of
reversing the current flow outside the generator once during each
revolution.
As shown in Figure 8.46, in older machines this
reversal is accomplished by means of the
previously mentioned commutator. The
commutator is a split metal ring mounted on the
shaft of the armature, where the two halves of the
ring are insulated from each other and serve as
the terminals of the armature coil.
Fixed carbon brushes are then held against the
commutator as it revolves, connecting the coil
electrically to external wires and devices.

Rotation

Loop

Field

N

S

Carbon
brushes
Commutator

Output connections
As the armature (our loop) turns, each brush is in
contact alternately with the halves of the
Figure 8.46 Use of a commutator
commutator, changing position at the moment
when the current in the armature coil reverses its direction,
because when the coil turns past the ‘dead spot’ where the
brushes meet the gap in the ring, the connections between the
ends of the coil and external terminals are reversed. Consequently
there is a flow of d.c. in the outside circuit to which the generator
is connected.

Modern d.c. generators use drum armatures that usually consist
of a large number of windings set in longitudinal slits in the
armature core and connected to appropriate segments of a
multiple commutator. In an armature having only one loop of
wire, the current produced will rise and fall depending on the part
of the magnetic field through which the loop is moving.
A commutator of many segments used with a drum armature
always connects the external circuit to one loop of wire moving
through the high-intensity area of the field, and as a result the
current delivered by the armature windings is virtually constant.
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What is alternating current?
Alternating current (a.c.) is a flow of electrons, which rises to a
maximum value in one direction and then falls back to zero
before repeating the process in the opposite direction. In other
words, the electrons within the conductor do not drift (flow) in
one direction, but actually move backwards and forwards.
The journey taken, i.e. starting at zero, flowing in both directions
and then returning to zero, is called a cycle. The number of cycles
that occur every second is said to be the frequency and this is
measured in hertz (Hz).

The a.c. generator
N

rotation

S

output (a.c.)

Figure 8.47 Ends of the loop are connected
via slip rings

Sometimes referred to as an alternator, the operating
principle of the a.c. generator is much the same as that
of the d.c. version described in pages 301–303.
However, instead of the ends of our rotating loop
terminating via carbon brushes at the commutator,
they are instead terminated via brushes at slip rings as
shown in Figure 8.47.
With our loop revolving between two stationary field
poles, the maximum number of lines that are cut
through will occur when the loop has moved through
90° and the maximum induced e.m.f. in this direction
will therefore occur at this point.

Keep rotating the loop and the e.m.f. will reduce to zero as we
are again lying between the lines of flux. The loop has now
completed what is known as the positive half cycle.
Repeat the process and an e.m.f. will be induced in the opposite
direction (the negative half cycle) until the loop returns to its
original starting position.
positive half cycle

180°

360°

negative half cycle

If we were to plot this full 360° revolution (cycle) of the
loop as a graph, we would see the e.m.f. induced in the
loop as what is known as a sine wave (Figure 8.48).
As we can see, the sine wave shows the e.m.f. rising from
zero as we start to cut through more lines of flux, to its
maximum after 90° of rotation. This is known as the peak
value. However, after completing 180° (half a rotation or
cycle), the e.m.f. passes through zero and then changes
direction.

Figure 8.48 Sine wave
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The opposite directions of the induced e.m.f. will still drive a
current through a conductor, but that current will alternate as the
loop rotates through the magnetic field. The current will be
flowing in the same direction as the induced e.m.f. and
consequently the current will rise and fall in the same way as the
induced e.m.f. When this happens, we say that they are in phase
with each other.
To access this a.c. output, the ends of the loop are connected via
slip rings as shown above, and because the two brushes contact
two continuous rings, the two external terminals are always
connected to the same ends of the coil, hence out sinusoidal
output.
We say that such a device is called an a.c. generator and is
producing an alternating current (a.c.), where the number of
complete revolutions (cycles) that occur each second is known as
the frequency, measured in hertz (Hz) and given the symbol f.
The frequency of the supply in this country is 50 Hz.

Sine waves and a.c. motors
This will be covered in depth later in this unit on pages 312–335.

Alternating current or direct current?
In the late 1880s there was conflict over the use of alternating
current as advocated by George Westinghouse and Nikola Tesla,
versus the Thomas Edison promotion of direct current for electric
power distribution.
Originally Edison’s d.c. was used as the main method of
transmitting electricity, but as technology developed, a.c. became
the preferred choice for two main reasons.
Reason 1

Operating at 100 volts and therefore using smaller cables, the
voltage drop in Edison’s system was so high that generating plants
had to be located within about a mile of the user. Higher voltages
cannot easily be used with the d.c. system as transformers don’t
work with d.c. Consequently, adjusting a d.c. voltage means
having to converting the d.c. to a.c., adjust the resulting a.c.
voltage with a transformer and then convert the adjusted a.c.
voltage back to a corresponding d.c. voltage. Clearly, adjusting
d.c. voltage is more complicated, and not surprisingly more
expensive, than adjusting a.c. voltages.

305
Installing Electrotechnical Systems and Equipment_Book B.indb 305

12/09/2011 15:14:56

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

In Tesla’s alternating current system, a transformer could be used
between a high voltage distribution system and the customer
loads. Large loads, such as industrial motors could therefore be
served by the same distribution network that fed lighting, by
using a transformer with a suitable secondary voltage and the
transformers made it easy to adjust a.c. to a higher or lower
voltage very efficiently. This was useful, because to transmit at
high voltage reduces current and power loss and therefore allows
smaller cable sizes and a reduction in costs.
Reason 2

Good a.c. motors (and generators) are easier and cheaper to build
than good d.c. ones, as although motors are available for either
a.c. or d.c., the structure and characteristics of a.c. and d.c.
motors are quite different.
With a.c. it is easy to produce a magnetic field which rotates
rapidly in space and any electric conductor placed within the
rotating magnetic field rotates in the same direction as the field.
Consequently, a metal armature rotates with the rotating
magnetic field with little slippage and, through a shaft attached to
the armature, can deliver mechanical power to a mechanical load
such as a fan or a water pump. Called an a.c. induction motor, it
is a reasonably simple means of converting electric power to
mechanical power.
However, d.c. motors rely on a complex mechanical system of
brushes and commutator switches. The mechanical complexity of
d.c. motors, consequently, not only makes them more expensive
to manufacture than a.c. motors, but also more expensive to
maintain.
Progress check
1

Describe briefly the difference between a permanent magnet and an
electromagnet.

2

Describe briefly what is meant by an alternating current.
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K6/K7. Understand electrical supply
and distribution systems and how
different electrical properties can
affect electrical circuits, systems
and equipment
The basic method of generating electricity by turning a loop of
wire between the poles of a magnet is still the basis of electricity
generation in our power stations today.

How electricity is generated and
transmitted for domestic and
industrial/commercial consumption
There are several methods of generating electricity. A Van De
Graaf generator for example can be used to generate static
electricity and in a small number of power stations, nuclear
reaction can be converted directly into electricity. However, in
the main, electricity is generated using electromagnetic induction,
in which mechanical energy is used to rotate the shaft of an a.c.
generator.
But how do we get the generator to rotate?
In general, the shaft of a three-phase a.c. generator is turned by
using steam turbines, and most electricity in the UK is produced
by this method.

fuel
steam

chemical energy
boiler

kinetic energy
steam turbine

mechanical energy
generator

electrical energy
transformer and pylons

Figure 8.49 The basic components of electricity generation systems
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As we can see from Figure 8.49, water is heated by a fuel until it
becomes high pressure steam. At this point the steam is forced
onto the vanes of a steam turbine, which in turn rotates the
generator. A variety of energy sources can be used to heat the
water in the first place and the more common ones are coal, gas,
oil and nuclear power.
We do have other methods of getting the generator to rotate,
some being more eco-friendly than others. Such other options
include hydro (where running water turns the generator), wind
and tidal power.

Features and characteristics of transmission
and distribution
Power station generator output is transformed upwards before
transmission. Electricity is then transmitted at very high voltage
(400 kV or 275 kV for the super grid) in order to reduce the
power losses that occur in the power lines, as transmission at low
voltage would necessitate the installation of very large cables and
switchgear indeed.
At this point, the electricity is fed into the National Grid system
(132 kV for the national grid), which is a network of nearly 5000
miles of overhead and underground power lines that link power
stations together and are interconnected throughout the country.
The concept of the National Grid is that, should a fault develop
in any one of the contributing power stations or transmission
lines, then electricity can be requested from another station on
the system to maintain supplies.
Electricity is transmitted around the grid, mainly via steel-cored
aluminium conductors, which are suspended from steel pylons.
We do this for three main reasons.
●●
●●
●●

The cost of installing cables underground is excessive.
Air is a very cheap and readily available insulator.
Air also acts as a coolant for the heat being generated in the
conductors.

Electricity is then ‘taken’ from the National Grid via a series of
appropriately located sub-stations that sequentially transform the
grid supply down as follows:
●●
●●

66 kV and 33 kV for secondary transmission to heavy industry
11 kV for high-voltage distribution to lighter industry
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●●
●●

415/400 V to commercial consumer supplies
240/230 V to domestic consumer supplies.

At the 11 kV stage we distribute electricity to a series of local
sub-stations. It is their job to then take the 11 kV supply,
transform it down to 400 V and then distribute this via a network
of underground radial circuits to customers. In rural areas this
distribution is usually with overhead lines.

Did you know?
Sub-stations are dotted
throughout our cities. These
small brick buildings are
normally connected together on
a ring circuit basis.

It is also at this point that we see the introduction of the neutral
conductor, which is normally done by connecting the secondary
winding of the transformer in star and then connecting the star
point to earth via an earth electrode beneath the sub-station.

Final distribution to the customer
The connection is then from the local sub-station to the
customer. The connection within the customer’s premises is
called the main intake position.
There are many different sizes of installation, but generally
speaking we will find certain items at every main intake position.
These items, which belong to the supply company, are:
●●

●●

a sealed overcurrent device that protects the supply company’s
cable
an energy metering system to determine the customer’s
electricity usage.

It is after this point that we say we have reached the consumer’s
installation. The consumer’s installation must be controlled by a
main switch located as close as possible to the supply company
equipment and be capable of isolating all live conductors. In the
average domestic installation this device is combined with the
means of distributing and protecting the final circuits in what we
know as the consumer unit.

Generating electricity from
other sources
In the ever-increasing search for ‘green’ technology and the need
for energy conservation, a variety of alternative sources of
electricity have developed. Methods such as solar photo-voltaic,
wind energy, micro-hydro and CHP (combined heat and power)
are fully covered in Book A Unit ELTK 02. However, there are
three other sources that you should be familiar with.
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Cells and batteries
A cell is a device that produces electricity from a chemical
reaction. A battery is generally perceived as two or more
connected cells. However, we in normal day-to-day conversation,
we tend to call a single cell device a battery as well. A cell and a
battery can be the same thing.

–

+

Anode

Cathode

It is generally accepted that the world’s first ‘battery’ was
invented by Alessandro Volta around about 1800. The principle
he used remains the same today. Volta used two dissimilar metal
plates separated by an electrolyte.

Electrolyte

Figure 8.50 The basic structure
of a battery

Such a cell consists of a negative electrode called the cathode, a
positive electrode called the anode and an electrolyte that causes
a chemical reaction, which in turn produces an e.m.f.
When the cell is connected to any external load, in this case a
lamp, the negative electrode supplies a current of electrons that
flow through the lamp before returning to the cathode. When the
external load is removed, the chemical reaction stops.
A primary cell (battery) is a cell whose chemicals produce an
e.m.f. until they run out. A secondary cell (battery) is a cell that
can be recharged and can therefore be used many times.
Positive terminal

Outer sleeve

Cathode current
collector

Anode current
collector

Cathode

Anode
Separator

There are many different types
of battery, mostly categorised by
the chemicals used in them.
Perhaps the most commonly
seen are the cylindrical batteries,
such as the AA or AAA that we
use in portable equipment.
The construction of such a
battery is shown in Figure 8.51,
but you can see that the basic
concept has not changed.

Grommet

Negative terminal

Membrane vent

Figure 8.51 Construction of a cylindrical battery
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Geothermal generation
Geothermally generated electricity was first produced in Italy in
1904 and geothermal power plants have three different methods
of operation:
1. Steam is taken directly from fractures in the ground and used
to drive a turbine.
2. Hot water (in excess of 200°C) is taken from the ground,
allowed to boil as it rises to the surface and then steam is
separated and used to turn the turbine.
3. Extracted hot water flows through heat exchangers, where it
boils a fluid that in turn spins the turbine.
Geothermal power is considered to be sustainable because the
heat extraction is small compared with the Earth’s heat content.
Also, much like the ground source heat pump, the condensed
steam and remaining geothermal fluid from all three types of
plants are injected back into the hot rock to collect more heat.
Countries such as Iceland and the Philippines generate about
20% of their electricity in this way.

Wave generated electricity
Waves are generated by wind passing over the surface of the sea.
The height and frequency of the waves is then governed by wind
speed, the time the wind has been blowing and the pattern of the
sea floor.
Still very much an emerging technology, wave power devices are
generally categorised by the method used to capture and convert
the energy of the waves.
Some do this by using the vertical motion of buoys on the surface
to create hydraulic pressure that in turn spins a generator. Others
such as a ‘Wave Dragon’, use the principle of water from a wave
being directed into the device and the falling water then turns the
turbine.
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Alternating current theory
As we have seen alternating current is the main method for
supplying electricity. Alternating current (a.c.) uses a flow of
electrons, which rises to a maximum value in one direction and
then falls back to zero before repeating the process in the opposite
direction. In other words, the electrons move backwards and
forwards. This journey, from starting at zero, flowing in both
direction and returning to zero is called a cycle. The number of
cycles per second is called the frequency and measured in hertz
(hz). A sine wave is used to show this.
If we look at the graph of a sine wave (Figure 8.48 on page 304),
there are several values that can be measured from such an
alternating waveform.

Instantaneous value
If we took a reading of induced electromotive force (e.m.f.) from
the sine wave at any point in time during its cycle, this would be
classed as an instantaneous value.

Average value
Using equally spaced intervals in our cycle (say every 30°) we
could take a measurement of current as an instantaneous value.
To find the average we would add together all the instantaneous
values and then divide by the number of values used. As with the
average of anything, the more values used, the greater the
accuracy. For a sine wave only, we say that the average value is
equal to the maximum value multiplied by 0.637. As a formula:
Average current = Maximum (peak) current × 0.637

Peak value
You will remember when the loop in an a.c. generator has rotated
for 90° it is cutting the maximum lines of magnetic flux and
therefore the greatest value of induced e.m.f. is experienced at
this point. This is known as the peak value and both the positive
and negative half cycles have a peak value.

peak to
peak value
360°

Figure 8.52 Peak to peak value

Peak to peak value
We have said that the maximum value of induced e.m.f.,
irrespective of direction, is called the maximum or peak value.
The voltage measured between the positive and negative peaks is
known as the peak to peak value. The graph in Figure 8.52
shows this more clearly.

312
Installing Electrotechnical Systems and Equipment_Book B.indb 312

12/09/2011 15:14:58

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

Root mean square (r.m.s.) or effective value of a
waveform (voltage and current)
We have seen that in direct current (d.c.) circuits, the power
delivered to a resistor is given by the product of the voltage across
it and the current through it. However, in an a.c. circuit this is
only true of the instantaneous power to a resistor as the current is
constantly changing.
In most cases the instantaneous power is of little interest, and it is
the average power delivered over time that is of most use. In
order to have an easy way of measuring power, the r.m.s. method
of measuring voltage and current was developed.
The r.m.s. or effective value is defined as being the a.c. value of
an equivalent d.c. quantity that would deliver the same average
power to the same resistor.

When current flows in a resistor, heat is produced. When it is
direct current flowing in a resistor, the amount of electrical power
converted into heat is expressed by the formulae.
P = I2 × R or P = V × I
However, an alternating current having a maximum (peak) value
of 1 A does not maintain a constant value (see Figure 8.52). The
alternating current will not produce as much heat in the
resistance as will a direct current of 1 A. Consider the circuits in
Figure 8.53.

100°C

70.7°C

d.c.

a.c.

Figure 8.53 d.c. and a.c. circuits
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In both the circuits in Figure 8.53, the supplies provide a
maximum (peak) value of current of 1 A to a known resistor.
However, the heat produced by 1 ampere of alternating current is
only 70.7°C compared to the 100°C of heat that is produced by
1 ampere of direct current. We can express this using the
following formula:
Heating effect of 1A maximum a.c. 70.7
=
= 0.707
Heating effect of 1A maxim
mum d.c. 100
Therefore, the effective or r.m.s. value of an a.c. = 0.707 × Imax
where Imax = the peak value of the alternating current.
We can also establish the maximum (peak) value from the r.m.s.
value with the following formula:
Imax = Ir.m.s. × 1.414
The rate at which heat is produced in a resistor is a convenient
way of establishing an effective value of alternating current, and is
known as the ‘heating effect’ method.
An alternating current is said to have an effective value of one
ampere when it produces heat in a given resistance at the same
rate as one ampere of direct current.

To see where the r.m.s. value sits alongside the peak value, look
at Figure 8.54.

230 V

1

2

3

Figure 8.54 Peak value diagrams

The wave in Figure 8.54(1) represents a 230 V d.c. supply,
Positive half cycle
running for a set period of time, with the heating effect produced
shown as the shaded area.
The wave in Figure 8.54(2) represents an a.c. 50 Hz supply in
which the voltage peaks at 230 V during one half-cycle, with the
heating effect produced shown as the shaded area. As180°
the wave
only reaches 230 V for a small period of time, less heat is
produced overall than in the d.c. wave.

360°

Negative half cycle
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The wave in in Figure 8.54 (3) represents an increased peak value
of voltage to give the same amount of shaded area as in the d.c.
example. In this diagram 230 V has become our r.m.s. value.
Important Note: Unless stated otherwise, all values of a.c.
voltage and current are given as r.m.s. values.

Frequency and period
Remember that the number of cycles that occur each second is
referred to as the frequency of the waveform and this is measured
in hertz (Hz). The frequency of the UK supply system is 50 Hz.
In the basic arrangement of the a.c. generator loop, if one cycle of
e.m.f. was generated with one complete revolution of the loop
over a period of one second, then we would say the frequency was
1 Hz. If we increased the speed of loop rotation so that it was
producing five cycles every second, then we would have a
frequency of 5 Hz.
We can therefore say that the frequency of the waveform is the
same as the speed of the loop’s rotation, measured in revolutions
per second. We can express this using the following equation:
Frequency (f) = Number of revolutions (n) × Number of pole pairs
If we apply this to the simple a.c. generator and rotate the loop at
50 revolutions per second, then:

Key term
Pole pair – any system
consisting of a north and south
pole

Frequency = 50 × 1 (there is 1 × pole pair) = 50 Hz
The amount of time taken for the waveform to complete just one
full cycle is known as the periodic time (T) or period. Therefore,
if 50 cycles are produced in one second, one cycle must be
produced in a fiftieth of one second. This relationship is
expressed using the following equations:
1
1
=
Frequency (f) =
1
1
Frequency (f) = Periodic time = T
Periodic1time T1
=
Periodic time (T) =
1
1
Periodic time (T) = Frequency = f
Frequency f

Power factor
When we are dealing with a.c. circuits, we often look at the way
power is used in particular types of component within the circuit.
Generally, the power factor is a number less than 1.0, which is
used to represent the relationship between the apparent power of
a circuit and the true power of that circuit. In other words:
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Power Factor (PF) =

True Power (PT)
Apparent Power (PA)

The units of power factor are

or : PF =

PT
PA

Watts
, for power factor has no
Watts

units, it is a number. It is also determined by the phase angle,
which we will cover shortly.
We will be returning to this over the next few pages, so by the
end of the section you will have a good understanding of power
factor.

Explain the relationship between, and
calculate, resistance, inductance,
capacitance and impedance
Resistance (R) and phasor representation
Although the sine wave is useful, it is also difficult and
time-consuming to draw. We can therefore also represent a.c. by
the use of phasors. A phasor is a straight line where the length is
a scaled representation of the size of the a.c. quantity and the
direction represents the relationship between the voltage and
current, this relationship being known as the phase angle.
To see briefly how we use phasors, let us look at Figure 8.55,
where a tungsten filament lamp has been included as the load.
Circuits like this are said to be resistive, and in this type of
circuit the values of e.m.f. (voltage) and current actually pass
through the same instants in time together. In other words, as
voltage reaches its maximum value, so does the current (see
Figure 8.55).
+

V
I

a.c.

1

360°

lamp

2

–

Figure 8.55 Circuit and sine wave diagrams
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This happens with all resistive components connected to an a.c.
supply and as such the voltage and current are said to be ‘in
phase’ with each other, or possess a zero phase angle.
The graph in Figure 8.55 shows this when represented by a sine
wave. However, we could also show this by using a phasor
diagram as shown in Figure 8.56.
I

V

Figure 8.56 Phasor diagram for zero phase angle

We can therefore say that a resistive component will consume
power and we would carry out calculations as we would for a d.c.
circuit (i.e. using P = V × I).
We can also say that resistive equipment (filament lamps, fires,
water heaters) uses this power to create heat, but such a feature in
long cable runs, windings etc. would be seen as unsuitable power
loss in the circuit (i.e. using P = I2R).

Inductance (L)
If the load in our circuit were not a filament lamp, but a
motor or transformer (something possessing windings),
then we would say that the load is inductive.
With an inductive load the voltage and current become
‘out of phase’ with each other. This is because the
windings of the equipment set up their own induced
e.m.f., which opposes the direction of the applied voltage,
and thus forces the flow of electrons (current) to fall
behind the force pushing them (voltage). However, over
one full cycle, we would see that no power is consumed.
When this happens, it is known as possessing a lagging
phase angle or power factor.

The sine wave used to
represent this inductive
circuit would look like this:
+

V
I
360°

–
If we represented this as a phasor
diagram we end up with:

As voltage and current are no longer perfectly linked, this
type of circuit would be given a power factor of less than
1.0 (perfection), for example 0.8.
As we can see from Figure 8.57, the current is lagging the
applied voltage by 90°. To make things easier in this
exercise, we assumed that the above circuit is purely
inductive. However, in reality this is not possible, as every
coil is made of wire and that wire will have a resistance.
The opposition to current flow in a resistive circuit is
resistance.

V

90°

Direction of
rotation
I

Figure 8.57 Sine wave and phasor
diagrams for inductive circuit
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The limiting effect to the current flow in an inductor is called the
inductive reactance, which we are able to calculate with the
following formula:
XL = 2p fL (Ω)
where:
XL = inductive reactance (ohms – Ω)
f = supply frequency (hertz – Hz)
L = circuit inductance (henrys – H)
Let us now look at inductive and resistive circuits and see if the
current is affected by a lagging phase angle.
To recap, we said that power factor is the relationship between
voltage and current and that the ideal situation would seem to be
the resistive circuit, where both these quantities are perfectly
linked.
In the resistive circuit we know that the power in the circuit could
only be the result of the voltage and the current (P = V × I). This
is known as the apparent power, and possesses what we call unity
power factor, to which we give the value one (1.0).
However, we now know that depending upon the equipment, the
true power (actual) in the circuit must take into account the
phase angle and will often be less than the apparent power … but
never greater.
True power (in watts) is calculated using the cosine of the phase
angle (cos Ø). The formula is:
P = VI cos Ø (remember we do not have to use the ‘×’ sign)
When there is no phase lag, Ø = 0 and cos Ø = 1, a purely
resistive circuit. To prove our previous points, let us consider the
following example.
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Example

If we have an inductive load, consuming 3 kW of power from a 230 V supply, with a power factor of 0.7 lagging,
then the current (amount of electrons flowing) required to supply the load is:
P = V × I × cos Ø
cos Ø = Power Factor. Therefore by transposition:
I=

P
V × cos ∅

Or in other words:
I=

P
V ×PF

Therefore:
I=

3000
230 × 0.7

And so:
I = 18.6 A
However, if the same size of load was purely resistive, then cos Ø = 0, thus the power factor would be 1.0,
and thus:
P = V × I × PF
Therefore by transposition:
I=

P
V ×PF

Therefore:
I=

3000
230 ×1

And consequently:
I = 13 A

In other words, the lower the power factor of a circuit, then the
higher the current will need to be to supply the load’s power
requirement.
It therefore follows that if the power factor is low, then it will be
necessary to install larger cables, switchgear etc. to be capable of
handling the larger currents. There will also be the possibility of
higher voltage drop due to the increased current in the supply
cables.
Consequently, local electricity suppliers will often impose a
financial fine on premises operating with a low power factor.
Fortunately, we have a component that can help. It is called the
capacitor.
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+

Capacitance (C)

V

Simply put, a capacitor is a component that stores an electric
charge if a potential difference is applied across it.

360°

The capacitor’s use is then normally based on its ability to return
that energy back to the circuit. When a capacitor is connected to
an a.c. supply, it is continuously storing the charge and then
discharging as the supply moves through its positive and negative
cycles. But, as with the inductor, no power is consumed.

I
–

I

This means that in a capacitive circuit, we have a leading phase
angle or power factor. The sine wave and phasors used to
represent this would look as in Figure 8.58.
90°
V

Figure 8.58 Sine wave and
phasor diagrams for capacitive
circuit

As we can see from Figure 8.58, the current leads the voltage
by 90°. Consequently, the capacitor is able to help because it
provides a leading power factor, and therefore if we connect it in
parallel across the load, it can help neutralise the effect of a
lagging power factor.
The opposition to the flow of a.c. to a capacitor is termed
capacitive reactance, which, like inductive reactance, is measured
in ohms and calculated using the following formula:
XC =

1
(Ω)
2πfC

where:
XC = capacitive reactance (ohms – W)
f = supply frequency (hertz – Hz)
C = circuit capacitance (farads – F)
Since, in this type of circuit, we have voltage and current but no
real power (in watts), the formula of P = V × I is no longer
accurate. Instead, we say that the result of the voltage and current is
reactive power, which is measured in reactive volt amperes (VAr).
The current to the capacitor, which does not contain resistance or
consume power, is called reactive current.
Well, so far in our attempt to explain power factor, we have
looked at a range of different subjects including resistance,
inductance, capacitance and also talked about phasor diagrams.
As if that wasn’t bad enough, some circuits contain combinations
of these components.
In order to work out these calculations, you will need to use
trigonometry and also the following small section regarding the
addition of phasors.
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Phasors
When sine waves for voltage and current are drawn,
the nature of the wave diagram can be based upon
any chosen alternating quantity within the circuit. In
other words, we can start from zero on the wave
diagram with either the voltage or the current.
In electrical science we often need to add together
alternating values. If they were ‘in phase’ with each
other, then we would simply add the values together.
However, when they are not in phase we cannot do
this, hence the need for phasor diagrams.

A
C

B

Figure 8.59 Phasor diagram

When we use phasor diagrams the chosen alternating quantity is
drawn horizontally and is known as the reference.
When choosing the reference phasor, it makes sense to use a
quantity that has the same value at all parts of the circuit. For
example, in a series circuit the same current flows in each part of
the circuit, therefore use current as the reference phasor. In a
parallel circuit, the voltage is the same through each branch of the
circuit and therefore we use voltage as the reference phasor.
Using the knowledge gained in the previous section, we can now
measure all phase angles from this reference phasor.
Our answer (the resultant) is then found by completing a
parallelogram. If we use Figure 8.59 as an example, we have been
given the values of phasor A and phasor B. Therefore, the result
of adding A and B together will be phasor C.

Impedance
Previously, we have been discussing components with an a.c.
circuit. In fact, what those components are actually offering is
opposition to the flow of current. By way of a summary, we could
say that we now know that:
●●

●●

●●

The opposition to current in a resistive circuit is called
resistance (R), is measured in ohms and the voltage and
current are in phase with each other.
The opposition to current in an inductive circuit is called
inductive reactance (XL), is measured in ohms and the current
lags the voltage by 90°.
The opposition to current in a capacitive circuit is called
capacitive reactance (XC), is measured in ohms and the current
leads the voltage by 90°.
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Key terms
Impedance – total opposition
to current in a circuit
True or active power – the
rate at which energy is used
Apparent power – in an a.c.
circuit the sum of the true or
active power and the reactive
power

However, we also know that circuits will contain a combination of
these components. When this happens we say that the total
opposition to current is called the impedance (Z) of that circuit.
In summary:
●●

●●

●●

●●

●●

●●

●●

●●

●●

The power consumed by a resistor is dissipated in heat and not
returned to the source. This is called the true power.
The energy stored in the magnetic field of an inductor or the
plates of a capacitor is returned to the source when the current
changes direction.
The power in an a.c. circuit is the sum of true power and
reactive power. This is called the apparent power.
True power is equal to apparent power in a purely
resistive circuit because the voltage and current are in phase.
Voltage and current are also in phase in a circuit containing
equal values of inductive reactance and capacitive reactance. If
the voltage and current are 90° out of phase, as would be the
case in a purely capacitive or purely inductive circuit, the
average value of true power is equal to zero. There are high
positive and negative peak values of power, but when added
together the result is zero.
Apparent power is measured in volt-amps (VA) and has the
formula: P = VI
True power is measured in watts and has the formula:
P = VI cos Ø
In a purely resistive circuit where current and voltage are in
phase, there is no angle of displacement between current and
voltage. The cosine of a zero° angle is one, and so, the power
factor is one. This means that all the energy that is delivered
by the source is consumed by the circuit and dissipated in the
form of heat.
In a purely reactive circuit, voltage and current are 90°
apart. The cosine of a 90° angle is zero so the power factor is
zero. This means that the circuit returns all the energy it
receives from the source, back to the source.
In a circuit where reactance and resistance are equal,
voltage and current are displaced by 45°. The cosine of a 45°
angle is 0.7071, and so the power factor is 0.7071. This means
that such a circuit uses approximately 70% of the energy
supplied by the source and returns approximately 30% back to
the source.
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Resistance and inductance in series (RL)
Consider Figure 8.60.
R

L
+

VR

I

VL

I

Supply (VS)

–

Ø

V

Figure 8.60 Resistor and inductor in series

Here we have a resistor connected in series with an inductor and
fed from an a.c. supply. In a series circuit, the current (I) will be
common to both the resistor and the inductor, causing voltage
drop VR across the resistor and VL across the inductor.

Remember
Because this is an a.c. circuit,
you cannot just add the voltages
together as you would have
done for a d.c. circuit, you need
to construct a phasor diagram
to work it out.

The sum of these voltages must equal the supply voltage. Here’s
how to construct a phasor diagram for this circuit.
In a series circuit we know that current will be common to both
the resistor and the inductor. It therefore makes sense to use
current as our reference phasor. We also know that voltage
VL
and current will be in phase for a resistor. Therefore, the
volt drop (p.d.) VR across the resistor must be in phase with
the current. Also, in an inductive circuit, the current lags
the voltage by 90°.
If the current is lagging voltage, then we must be right in
saying that voltage is leading the current.

VS

Ø
our reference phasor

VS

There are two ways of doing the drawing (Figure 8.61).
We can see that in the second
example, the phasors produce
Ø
a right-angled triangle. We can thereforeVuse
Pythagoras’
R
I
Theorem to give us the formula: our reference phasor
V = V +V
2
S

2
R

2
L

I

VR

This means in this case that the volt drop across the
inductor (VL) will lead the current by 90°. We can then find
VL voltage (V ), by completing
VS
the value of the supply
the
S
parallelogram that was discussed on page 321, Figure 8.59.
When we draw phasors, we always assume that they rotate
anticlockwise and the symbol Ø represents the phase angle.

VL

Ø
VR

I

our reference phasor

Figure 8.61 Two ways of drawing a
phasor diagram
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VR
VS
We can then use trigonometry
to give us V
the
different formulae,
VR
L
sin
∅
=
∅
=
cos
dependent on the values that
V given:
V we have been
cos ∅ =

S

S

VR
V
V
tan ∅ = L
sin ∅ = L
VS   
VR
VS   
V
V
Example 1
sin ∅ = L
tan ∅ = L
VS
V
A coil of 0.15 H is connected in series with a 50
Ω resistor across a R100 V 50 Hz supply. Calculate the following:
V
tan
∅= L
a. The inductive reactance of the
coil
VR
cos ∅ =

b. The impedance of the circuit
c. The circuit current

Z

XL

a. Inductive reactance (XL)
For inductive reactance, we use the formula
XL = 2πfL (Ω)
Inserting the values, this would give us

ø
R

Figure 8.62 Impedance triangle

XL = 2 × 3.142 × 50 × 0.15 therefore XL = 47.13 Ω
b. Circuit impedance (Z)
 hen we have resistance and inductance in series, we calculate the impedance using the following formula:
W
Z2 = R2 + XL2
which becomes
Z = R2 + XL2
In the case of the first formula, isn’t this the same as Pythagoras’ Theorem for a right-angled triangle (A2 = B2
+ C2)? We therefore sometimes refer to this as the impedance triangle and it can be drawn for this type of
circuit, as shown. Here, the angle (Ø) between
R sides R and Z is the same as the phase angle between sides R
cos ∅ =
and Z, is the same as the phase angle between
current and voltage.
Z
XL
R
If we therefore apply
some
sin ∅ = the following applies:
= trigonometry,
cos ∅
Z
Z
XL
XL
R
tan ∅ =
sin ∅ =
cos ∅ =
R
Z   
Z   
XL
XL
tanformula
∅=
sin ∅ = using our
However,
R
Z
XL
2
Ztan
= ∅R=
+RXL2
then Z = 502 + 47.12 therefore Z = 68.69 Ω
c. Circuit current (I)
As we are referring to the total opposition to current, we use the formula
I=

V
100
=
= 1.46 A
R 68.69

324
Installing Electrotechnical Systems and Equipment_Book B.indb 324

12/09/2011 15:15:10

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

Example 2

A coil of 0.159 H is connected in series with a 100 Ω resistor across a 230 V 50 Hz supply. Calculate the following:
a. The inductive reactance of the coil
b. The circuit impedance
c. The circuit current

d. The p.d. across each component
e. The circuit phase angle

a. Inductive reactance (XL)
XL = 2πfL therefore XL = 2 × 3.142 × 50 × 0.159 = 50 Ω
b. Circuit impedance (Z)
Z = R2 + XL2

therefore Z = 1002 + 502 = 111.8 Ω

c. Circuit current (I)
I=

V
Z

therefore I =

230
= 2.06 A
111.8

d. The p.d. across each component (V)
VR = I × R therefore V = 2.06 × 100 = 206 V
VL = I × XL therefore V = 2.06 × 50 = 103 V
e. Circuit phase angle (Ø)
Using our right-angled triangle:
tan ∅ =

VL
VR

tan ∅ =

therefore

If you then key

INV

TAN

0

103
= 0.5
206
.

5

=

into your calculator you should get the number 26.6.

Therefore, the current is lagging voltage by 26.6°

Resistance and
capacitance in series
(RC)

R

+

C

our reference phasor

V

Ø
VR
I

As with the resistance/
inductance (RL) circuit

Figure 8.63 A resistor connected in
series with a capacitor, fed from an
a.c. supply

–

Supply (VS)

Ø

VS

I

VC

VS

our reference phasor

V

Ø

I

VR

Ø

360°

VC

Figure 8.63 shows a resistor
connected in series with a
capacitor and fed from an
a.c. supply. Once again, in a
C
R
series circuit
the current (I)
will be common to both the
VR
VC
resistor and
the capacitor,
I
causing
voltage to drop
(p.d.) VR across the resistor
and VC across Supply
the capacitor.
(VS)

+

I

VR

our reference phasor
Ø

I

VR

360°

–

VC

Ø

VS

I

VC

VS

Figure 8.64 Phasor diagrams
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previously, we can take current as the reference phasor. The
voltage across the resistor will be in phase with that current. In a
capacitive circuit the current leads the voltage by 90° so the
voltage across the capacitor will be lagging the current. Now
calculate the supply voltage (VS) by completion of the
parallelograms (see Figure 8.64). As with the inductor, we can
apply Pythagoras’ Theorem and trigonometry to give us the
following formulae:
VS2 = VR2 + VC2
V
V
cos ∅ = R sin ∅ = C
VS
VS

tan ∅ =

VC
VR

Example

A capacitor of 15.9 µF and a 100 Ω resistor are connected in series across a 230 V 50 Hz supply. Calculate:
a. The circuit impedance
b. The circuit current

c. The p.d. across each component
d. The circuit phase angle

a. Circuit impedance (Z)
To be able to find the impedance we must first find the capacitive reactance.
XC =

1
2πfC

However, as the capacitor value is given in µF, we use X C =
This gives us: X C =

106
2πfC

6
6
10
10
=
= 200 Ω
2× 3.142× 50 ×15.9 4995.76

When we have resistance and capacitance in series, we use the following formula:
Z2 = R2 + X C2 which becomes Z = R2 + X C2
therefore Z = 1002 + 2002 = 50 000 = 224 Ω
b. Circuit current (I)
I=

V
Z

therefore I =

230
= 1.03 A
224

c. The p.d. across each component (V)
VR = I × R therefore VR = 1.03 × 100 = 103 V
VC = I × XL therefore VC = 1.03 × 200 = 206 V
d. Circuit phase angle (Ø)
Using our right-angled triangle: tan∅ =

VC
VR

therefore tan∅ =

206
=2
103

TAN
2 = into your calculator you should get the number 63.4. Therefore, the
If you then key INV
current is leading voltage by 63.4°
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Resistance, inductance and capacitance in
series (RLC)
R

L

VR

VL

C

VC

I
Supply (VS)

Figure 8.65 Resistor connected in series with an inductor and capacitor, fed from
an a.c. supply

Figure 8.65 shows a resistor connected in series
with an inductor and a capacitor then fed from an
a.c. supply. This is often referred to as an RLC
circuit or a general series circuit. Again, as we
have a series circuit, the current (I) will be common
to all three components, causing a voltage drop
(p.d.) VR across the resistor, VL across the inductor
and VC across the capacitor.

VL

VS

VL – VC

Ø
VC

VR

I

our reference phasor

Figure 8.66 Phasor parallelogram
Here VR will be in phase with the current, VL will
lead the current by 90° (because the current lags the
voltage) and VC will lag the current by 90° (because current leads
the voltage in a capacitive circuit). Because VL and VC are in
opposition to each other (one leads and one lags), the actual
effect will be the difference between their values, subtracting the
smaller from the larger. We can once again calculate VS by
completing a parallelogram as shown in Figure 8.66.

As before, we can now apply Pythagoras’ Theorem and
trigonometry to give us the following formulae depending on
whether VL or VC is the larger:
VS2 = VR2 + (VL – VC)2 or

VS2 = VR2 + (VC – VL)2

and because I is the same for each component we get:
Z = R 22 + ( X L − X C )2 or Z = R 22 + ( X C − X L )2
Z = R + ( X L − X C ) or Z = R + ( X C − X L )
V
V −V
V −V
and finally: cos ∅ = VRR sin∅ = VLL − VCC tan ∅ = VLL − VCC
VS
and finally: cos ∅ = VS sin∅ =
tan ∅ = VR
VS
VS
VR
2

2
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Example

A resistor of 5 Ω is connected in series with an inductor of 0.02 H and a capacitor of 150 µF across a
250 V 50 Hz supply. Calculate the following.
a. The impedance
b. The supply current
c. The power factor
a. Impedance (Z)
In order to find the impedance, we must first find out the relevant values of reactance.
Therefore: XL = 2πfL = 2 × 3.142 × 50 × 0.02 = 6.28 Ω
XC =

1
allowing for microfarads
2πfC

=

106
= 21.2 Ω
2× 3.142× 50 ×150

  

If you remember, we said that the effect of inductance and capacitance together in series would be the
difference between their values. Consequently, this means that the resulting reactance (X) will be found as
follows:
X = XL – XC or, in this case becasue XC is the larger: X = XC – XL
and therefore: X = 21.2 – 6.28 = 14.92 Ω
We can now use the impedance formula as follows:
Z = R2 + ( X L − X C )

2

or Z = R2 + (X C − XL )

2

which gives us
Z = 52 + 14.922 = 15.74 Ω
Note: XC is greater than XL. Therefore we subtract XL from XC. Had XL been the higher, then the reverse would
be true. Also, as capacitive reactance is highest, the circuit current will lead the voltage. Had the inductive
reactance been the higher, then the current would lag the voltage.
b. Supply current (I)
I=

V
230
=
= 14.6 A
Z 15.74

c. Power factor (Ø)
cos ∅ =

R
5
=
= 0.32
Z 15.74

Therefore PF = 0.32 leading
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Resistance, inductance and capacitance
in parallel
Consider Figure 8.67.
60µ F
0.4 H
50 Ω
Supply (VS) 230 V

Figure 8.67 Resistor, capacitor and inductor in parallel connected to an
a.c. supply

There can obviously be any combination of the above
components in parallel. However, to demonstrate the principles
involved, we will look at all three connected across an a.c. supply.
As we have a parallel circuit, the voltage (VS) will be common to
all branches of the circuit. Consequently, when we draw our
parallelogram we will use voltage as the reference phasor.
In this type of circuit, the current through the resistor will be in
phase with the voltage, the current through the inductor will lag
the voltage by 90° and the current through the capacitor will lead
the voltage by 90°.
Normally, when we carry out calculations for parallel circuits, it is
easier to treat each branch as being a separate series circuit. We
then draw to scale each of the respective currents and their
relationships to our reference phasor, which is voltage.
As with voltage VL and VS in the RLC series circuit, the current
through the inductor (IL) and the current through the capacitor
(IC) are in complete opposition to each other. Therefore, the
actual effect will be the difference between their two values. We
calculate this value by the completion of our parallelogram. But,
bear in mind that the bigger value (IC or IL) will determine
whether the current ends up leading or lagging.
If we use the diagram as the basis for our example, calculate the
circuit current and its phase angle relative to the voltage.
To calculate the circuit current and its phase angle relative to the
voltage, we must first find the current through each branch:
V 230
=
= 4.6 A
R
50
X L = 2πfl = 2× 3.142× 50× 0.4 = 126 Ω

IR =
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230
V
Therefore I L = V = 230 = 1.8 A
Therefore I L = XVL = 126
230 = 1.8 A
Therefore6 I L = X L = 126
= 1.8 A
6
126
X L 10
106
6
106
X C = 106 =
= 53
X C = 210
50× 60 = 53 Ω
πfC = 2× 3.142
10×
X C = 2πfC = 2× 3.142× 50× 60 = 53
230
2πfCI =2×V
60 A
× 50=×4.3
V3.142
Therefore
= 230
C
Therefore IC = XVC = 230
53 = 4.3 A
Therefore IC = X C = 53 = 4.3 A
XC
53
The actual effect will be IC –IL which gives 4.3 – 1.8 = 2.5 A
Now add this to IR by completing the scale drawing in Figure
8.67. This gives a current of 5.2 A that is leading voltage by an
angle of 28°.
4

IC

3
IT = 5.2 A
(IC – IL)
2

1

28°
1

IS

IR
2

3

4

5

6

1
IL
2

Figure 8.68 Scale drawing

Power in an a.c. circuit
If we were to try to push something against a resistance, we
would get hot and bothered as we use up energy in completing
the task. When current flows through a resistor, a similar thing
happens in that power is the rate of using up energy – in other
words, the amount of energy that was used in a certain time.
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If a resistor (R) has a current (I) flowing through it for a certain
time (t), then the power (energy being used per second) given in
watts, can be calculated by the formula:
P = I2 × R
This power will be dissipated in the resistor as heat and reflects
the average power in terms of the r.m.s. values of voltage and
current.
What we are effectively saying here is that power is only
dissipated by the resistance of a circuit and that the average
power in a resistive circuit (one which is non-reactive, i.e. doesn’t
possess inductance or capacitance) can be found by the product
of the readings of an ammeter and a voltmeter.
In other words, in the resistive circuit, the power (energy used per
second) is associated with that energy being transferred from the
medium of electricity into another medium, such as light
(filament lamp) or heat (electric fire/kettle). We call this type of
power the active power. When we look at the capacitive circuit,
we find that current flows to the capacitor, but we have no power.
Look at this wave diagram for voltage in Figure 8.69.
During the first period of the cycle, the voltage is increasing and
this provides the energy to charge the capacitor. However, in the
second period of the cycle, the voltage is decreasing and therefore
the capacitor discharges, returning its energy back to the circuit as
it does so. The same is also true of the third and fourth periods.
+

1

2

3

4

V
360°

I
–

Figure 8.69 Sine wave diagram

This exchange of energy means that we have voltage and current,
but no average power and therefore no heating effect. This means
that our previous formula (P = I2 × R) is no longer useful.
We therefore say that the result of voltage and current in this type
of circuit is called reactive power and we express this in reactive
voltamperes (VAr). Equally, we say that the current in a
capacitive circuit, where there is no resistance and no dissipation
of energy, is called reactive current.
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When we come to the inductive circuit we have a similar position.
This time, as voltage increases during the first period of the cycle,
the energy is stored as a magnetic field in the inductor. This
energy will then be fed back into the circuit during the second
period of the cycle as the voltage decreases and the magnetic field
collapses. In other words, once again the exchange of energy
produces no average power (energy used per second).
Circuits are likely to comprise combinations of resistance,
inductance and capacitance. In a circuit, which has resistance and
reactance, there will be a phase angle between the voltage and
current. This relationship has relevance, as power will only be
expended in the resistive part of the circuit.
Let’s now look at this relationship via a phasor diagram
(see Figure 8.70), for a circuit containing resistance and
capacitance, remembering that for this type of circuit the
current will lead the voltage.

IQ (reactive)
IP (actual)

V

φ

IP (active)

Figure 8.70 Phasor diagram

This circuit has two components (resistance and
capacitance), so we’ve drawn two current phasors. In
reality, as we already know, these are not currents that
will actually flow, but their phasor sum will be the actual
current in the circuit Ip(actual).

We also said that in a resistive circuit the voltage and current
are in phase, and therefore this section of the current has been
represented by the phasor Ip(active). This part of the current is in the
active section and we therefore refer to this as the active current.
We then show that part of the current in the reactive section
(capacitor) as leading the voltage by 90° and this has been
represented by the phasor IQ(reactive). As stated previously, we
refer to this as the reactive current.
We also know that for a resistive circuit, we calculate the power by
multiplying together the r.m.s. values of voltage and current (V × I).
Logically, as we know that no power is consumed in the reactive
section of the circuit, we can therefore calculate the power in the
circuit by multiplying together the r.m.s. value of voltage and the
value of current, which is in phase with it (Ip(active)). This would
give us the formula:
P = V × Ip
But as the actual current will be affected by the reactive current
and therefore the phase angle (cos Ø), our formula becomes:
P = V × Ip (active) × cos Ø
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If Ip (active) is zero then Ø = 90° and cos Ø = 0. Therefore P = 0.
We have now established that it is possible in an a.c. circuit for
current to flow, but no power to exist.
We also say that the product of voltage and current is power
given in watts. However, it would be fair to say that this is not the
actual power of the circuit.
The actual (true) power of the circuit has to take on board the
effect of the phase angle (cos Ø), the ratio of these two statements
being the power factor. In other words:
Power Factor (cos∅) =
=

True power (P)
Apparent power (S)
V × I p (actual)× cos ∅
V × I p (actual)

=

watts
volts-amperes

To summarise, what we perceive to be the power of a circuit (the
apparent power) can also be the true power, as long as we have a
unity power factor (1.0). However, as long as we have a phase
angle, then we have a difference between apparent power and
reality (true power). This difference is the power factor (a value
less than unity).
In reality we will use a wattmeter to measure the true power and
a voltmeter and ammeter to measure the apparent power.

The power triangle

Remember

We can use Pythagoras’ Theorem to help us calculate the
different power components within a circuit.

Pythagoras’ Theorem: The
square of the hypotenuse is
equal to the sum of the square
on the other two sides.

Apparent power
(VA or kVA)
Leading p.f.

Active power
(W or kW)

Reactive power
(VAr or kVAr)
Unity p.f.

Lagging p.f.

Active power
(W or kW)
Apparent power
(VA or kVA)

Reactive power
(VAr or kVAr)

Figure 8.71 Power triangle

We do so by using Pythagoras’ formula as follows:
(VA)2 = (W)2 + (VAr)2
This is then applied in Figure 8.71, where we have shown both
inductive and capacitive conditions.
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Example

A resistor of 15 Ω has been connected in series with a capacitor of reactance 30 Ω. If they are connected across a
230 V supply, establish both by calculation and by drawing a scaled power triangle, the following:
(a) the apparent power
(b) the true power

(c) the reactive power
(d) the power factor.

By calculation
In order to establish the elements of power, we must first find the current.
To do this we need to find the impedance of the circuit.
Therefore:
Z = R2 + X C2 = 152 + 302 = 225 + 900 = 1125

1
1.59 kVA

Therefore Z = 33.5 Ω

1.41 kVAr

230
V
=
= 6 .9 A
Z 35.5
15
R
= 0.45
Pf (cos ∅) = =
Z 35.5
I=

True power

Apparent power

Reactive power

63.2°

= I × V × Pf
= 6.9 × 230 × 0.45
= 714.15 W or 0.714 kW
= I×V
= 6.9 × 230
= 1587 VA or

714 kW

1.587 kVA

= sin Ø × apparent power

However, we do not know the value of sin Ø, we must therefore convert cos Ø to an angle and then find the
sine of that angle.
cos Ø = 0.45 INV cos of 0.45 = 63.2
sine of 63.2° = 0.89
Therefore Reactive power

= sin Ø × apparent power
= 0.89 × 1587
= 1412.43 VAr or

1.412 kVAr

334
Installing Electrotechnical Systems and Equipment_Book B.indb 334

12/09/2011 15:15:25

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

Characteristics of electrical supplies
We have already looked at the characteristics of single-phase
electrical supplies earlier in this unit. In such a circuit, we
normally use two conductors, where one delivers current and one
returns it. In this section we will look at some of the
characteristics of different electrical supplies.

Three-phase supplies

Remember

You might assume that we would need six conductors for a threephase system, with two being used per phase. However, in reality
we only use three or four conductors, depending upon the type of
connection that is being used.

Electricity is the movement of
electrons along a conductor.
The rate of electron flow, the
current, is maintained by a force
known as the e.m.f.

We call these connections either star or delta.
Remember that current flows along one conductor and returns
along another called the neutral. But what if there were no
neutral? And what exactly is the neutral conductor for?
Keeping things simple, when we generate an e.m.f., we do so by
spinning a loop of wire inside a magnetic field. To get three
phases, we just spin three loops inside the magnetic field. Each
loop will be mounted on the same rotating shaft, but they’ll be
120° apart.
Br

N

S
Bl

Gy

Figure 8.72 Three-phase generation

In Figure 8.72, each loop will create an identical sinusoidal
waveform, or in other words, three identical voltages, each
120° apart.
Whether or not we need a neutral will now depend upon the load.
If we accept that the e.m.f. being generated by each loop pushes
current down the conductors (lines), then we would find that
where we have a balanced three-phase system, i.e. one where the
current in each of the phases (lines) is the same, then by phasor
addition, we would find that the resultant current is zero.
If the current is zero then we do not need a neutral, because the
neutral is used to carry the current in an out-of-balance system.
Let us now look at the different types of connection.
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Delta connection

IBr
VP

VL
IBl

IP

IGy
Figure 8.73 Delta connection

We tend to use the delta connection when we have a
balanced load. This is because there is no need for a
neutral connection and therefore only three wires are
needed. We tend to find that this configuration is used
for power transmission from power stations or to
connect the windings of a three-phase motor.

In Figure 8.73 we have shown a three-phase load,
which has been delta connected. You can see that
each leg of the load is connected across two of the
lines, e.g. Br–Gy, Gy–Bl and Bl–Br. We refer to the connection
between phases as being the line voltage and have shown this on
the drawing as VL.
Equally, if each line voltage is pushing current along, we refer to
these currents as being line currents, which are represented on
the drawing as IBr, IGy or IBl. These line currents are calculated as
being the phasor sum of two phase currents, which are shown on
the drawing as IP and represent the current in each leg of the
load. Similarly, the voltage across each leg of the load is referred
to as the phase voltage (VP).
In a delta connected balanced three-phase load, we are then able
to state the following formulae:
VL = VP

IL = 3 × IP

Note that a load connected in delta would draw three times the
line current and consequently three times as much power as the
same load connected in star. For this reason, induction motors
are sometimes connected in star–delta.
This means they start off in a star connection (with a reduced
starting current) and are then switched to delta. In doing so we
reduce the heat that would otherwise be generated in the
windings.

Star connection
Although we can have a balanced load connected in star (threewire), we tend to use the star connection when we have an
unbalanced load, i.e. one where the current in each of the phases
is different. In this circumstance, one end of each of the three star
connected loops is connected to a central point and it is then
from this point that we take our neutral connection, which in turn
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is normally connected to earth. This is the three-phase four-wire
system.
IBr
VP
IN

IP

IBl
VL

IGy

Figure 8.74 Star connection

Another advantage of the star connected system is that it allows
us to have two voltages – one when we connect between any two
phases (400 V) and another when we connect between any phase
and neutral (230 V). You should note that we will also have
230 V between any phase and earth.
In Figure 8.74 we have shown a three-phase load that has been
star connected.
As with delta, we refer to the connection made between phases as
the line voltage and have shown this on the drawing as VL.
However, unlike delta, the phase voltage exists between any
phase conductor and the neutral conductor and we have shown
this as VP. Our line currents have been represented by IBr, IGy and
IBl with the phase currents being represented by IP.
In a star connected load, the line currents and phase currents are
the same, but the line voltage (400 V) is greater than the phase
voltage (230 V).
In a star connected load, we are therefore able to state the
following formulae:
IL = IP

VL = 3 × VP

Using the star connected load we have access to a 230 V supply,
which we use in most domestic and low load situations.
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Example 1

A three-phase star connected supply feeds a delta-connected load as shown in the diagram below.
If the star-connected phase voltage is 230 V and the phase current is 20 A, calculate the following:
●●

the line voltages and line currents in the star connection

●●

the line and phase voltages and currents in the delta connection.

The star connection
In a star system the line current (IL) is equal to the phase current (IP). Therefore if we have been given IP as 20 A,
then IL must also be 20 A.
We find line voltage in a star connection using the formula:
VL = 3 × VP
3, the square root of 3, is a constant having the value 1.732. Therefore if we substitute our values, we gett:
VL = 1.732 × 230 = 398 V

IL
IP

VP

VL
IP

The delta connection
In a delta system, the line current (IL ) is 1.732 times greater than the phase
current (IP ). We calculate this using the formula: IL = 3 × IP
However, we know that IL is 20 A, so if transpose our formula and substitute our values, we get:
IP =

IL
3

=

20
= 11.5A
1.732

We know that for a delta connection line voltage and phase voltage have the same values.
Therefore: VL = VP = 398 V
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Example 2

Three identical loads of 30 W resistance are connected to a 400 V threephase supply. Calculate the phase and line currents if the loads were
connected:
(a) in star

(b) in delta.

Star connection
First we need to establish the phase voltage. If VL = 3 × VP and 3 = 1.732
then by transposition:
VL

400
= 230.9 V
3 1.732
V
230.9
Using Ohm’s Law: IP = P =
= 7.7 A
Z
30
VP =

=

However, in a star-connected load, IP = IL, therefore IL will also = 7.7 A.
Delta connection
In a delta connection VL = VP and therefore we know the phase voltage will
be 400 V.
Using Ohm’s Law: IP =

VP
400
=
= 13.33 A
Z
30

However, the line current:
IL = 3 × IP = 1.732× 8 = 23.09 A
As can be seen from this example, the current drawn from a delta connected
load (13.33 A) is three times that of a star-connected load (7.7 A).

Neutral currents
As we have already discussed, where we have a balanced load, we
can have a three-phase system with three wires. However, in truth
it is more likely that we will find an unbalanced system and will
therefore need to use a three-phase four-wire system.
In such a system, we are saying that each line (Br, Gy, Bl) will
have an unequal load and therefore the current in each line can
be different. It therefore becomes the job of the neutral conductor
to carry the out of balance current. If we used Kirchhoff’s Law
in this situation, we would find that the current in the neutral is
normally found by the phasor addition of the currents in the three
lines.

Key term
Kirchhoff’s Law – the sum of
the voltage drops around a
closed loop in the network must
equal zero
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Example 3

For a three-phase four-wire system, the line currents are found to be IR = 30 A
and in phase with VBr, IGy = 20 A and leading VGy by 20° and IBl = 25 A and
lagging VBl by 10°. Calculate the current in the neutral by phasor addition.
The phasor diagram for this example has been provided. However, you
should note that in order to establish the current in the neutral (IN), you
would need to draw two parallelograms. The first should represent the
resultant currents IBr and IGy. The second, IN, should be drawn between this
resultant and the current in IBl.
When this has been done to scale, we should find a current in the neutral of
18 A – look at Figure 8.75 below.

VBr

IN = 18A

IBl = 25A
VBl

IBr = 30A
result of
I – IGy

IGy = 20A
VGy

Figure 8.75 Phasor diagram

Load balancing
The regional electricity companies (now commonly known as
District Network Operators – DNO) also require load balancing
as a condition of their electricity supply, because it is important to
try to achieve balanced currents in the mains distribution system.
In order to design a three-phase four-wire electrical installation
for both efficiency and economy, it needs to be subdivided into
load categories. By doing this, the maximum demand can be
assessed and items of equipment can be spread over all three
phases of the supply to achieve a balanced system. This section
looks at load balancing on three-phase systems. The designer
needs to make a careful assessment of the various installed loads,
which in turn leads to the proper sizing of the main cable and
associated switchgear.
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Standard circuit arrangements exist for many final circuits
operating at 230 V. For example, a ring final circuit is rated at
30–32 A, a lighting circuit at 5–6 A, and on a cooking appliance
is rated at 30–45 A. Where more than one standard circuit
arrangement is present, such as three ring final circuits and/or two
cooking appliances, then a diversity allowance can be applied.
Once the designer has made these allowances for diversity, the
single-phase loads can be evenly spread over all three phases of
the supply so that each phase takes approximately the same
amount of current. If this is done carefully, minimum current will
flow along the neutral conductor; the sizes of cables and
switchgear can be kept to a minimum, thus reducing costs, and
the system is therefore said to be reasonably well balanced.
Example

A small guesthouse with 10 bedrooms is supplied with a 400/230 V, three-phase four-wire supply. It has the
following installed loads:
20 × filament lighting points each rated at 100 W
6 × ring final circuits supplying 13 socket outlets
6 × 4 kW showers (instantaneous type)
3 × 3 kW immersion heaters
2 × 10 kW cookers.
Apply diversity as required by the IET On-site Guide Table 1B and ‘spread’ the loads evenly over the three-phase
supply to produce the most effective load-balanced situation.
Filament lamps
2000 W
= 8.69 A @ 75% = 6.5 A (after diversity)
230 V
Ring final circuits
Spread evenly at two per phase on each phase:
First ring =100% = 30 A
Second ring = 50% = 15 A (after diversity)
Total = 45 A
Showers
Spread evenly at two per phase both at 100%:
4000 W
= 17.4 A × 2 = 34.8 A
230 V
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Example continued

Immersion heaters
Spread as required over the phases (no diversity):
3000 W
= 13 A
230 V
Cookers
If both cookers are on the same phase then:
100% and 80% =

10000 W
= 43 A for 100%
230 V
= 35 A for 80% (after diversity)

Or if both on different phases both are at 100% (this is what will be used).
Based on these calculations, a suggested load balancing is shown below. Note the immersion heaters have all
been allocated to the Blue phase.

Ring circuits
Shower

Brown

Grey

Black

45 A

45 A

45 A

34.8 A

34.8 A

34.8 A

Immersion

13 A
13 A
13 A

Cooker

43 A

43 A

Lighting
Totals

6.5 A
122.8 A

122.8 A

125.3 A

Also, should one phase be ‘lost’, only a portion of the lighting will fail. If this is the case then care must be taken,
as there could be three-phase voltage values present in multi-gang switches. It is also advisable to position
distribution boards in large factories and commercial premises as near to the load centre as possible. This will help
reduce voltage drop and make the installation more cost-effective.
The load balancing shown above provides satisfactory balancing over three phases, but it may be recommended
that if discharge lighting is to be used, then it should be spread over all three phases because of the stroboscopic
effect.
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Power in three-phase supplies
As we have seen in the previous section, we can find the power in
a single-phase a.c. circuit by using the following formula:
Power = V × I × cos Ø
Logically, you might assume that for three-phase we could
multiply this formula by three. Although this is not far from the
truth we must remember that this could only apply where we
have a balanced three-phase load. We can therefore say, that for
any three-phase balanced load, the formula to establish power is:

Remember
We have already looked at
determining the neutral current
in a three-phase supply and the
values of voltage and current in
star and delta connected
systems on pages 335–340.

Power = 3 ×( VL × I L × cos ∅)
However, in the case of an unbalanced load, we need to calculate
the power for each separate section and then add them together
to get total power (see pages 330–3 for calculating power).
Example 1

A balanced load of 10 Ω per phase is star connected and supplied with
400 V 50 Hz at unity power factor. Calculate the following:
a. Phase voltage
b. Line current
c. Total power consumed
a. Phase voltage
VL = 3 × VP
Therefore by transposition
VP =

VL
3

=

400
= 231 V
1.732

b. Line current
IL = IP
and therefore
IP =

VP
231
=
= 23.1 A
RP
10

c. Total power consumed
In a balanced system
Power = 3 × VL × IL × cos ∅
Power = 1.732 × 400 × 23.1 × 1 = 16 kW
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Example 2

Three coils of resistance 40 Ω and inductive reactance 30 Ω are connected in
delta to a 400 V 50 Hz three-phase supply. Calculate the following:
a. Current in each coil
b. Line current
c. Total power
a. Current in each coil
We must first find the impedance of each coil:
Z = R2 + XL2 = 402 + 302 = 2500 = 50Ω
The current in each coil (IP) can then be found by applying Ohm’s Law:
This gives IP =

V
400
=
=8A
Z
50

b. Line current
For a delta connected system
IL = 3 × IP
Therefore IL = 1.732 × 8 = 13.86 A
c. Total power
We must first find the power factor using the formula:
cos ∅ =

R
Z

This gives us cos ∅ =

40
= 0 .8
50

And for a delta system VL = VP
Therefore we can now use the power formula of :
P = 3 × VL × IL × cos ∅
P = 1.732 × 400 × 13.86 × 0.8
P = 7682 W or 7.682 kW
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Example 3

A small industrial estate is fed by a 400 V, three-phase, 4-wire TN-S system. On the estate there are three
factories connected to the system as follows:
Factory A taking 50 kW at unity power factor
Factory B taking 80 kVA at 0.6 lagging power factor
Factory C taking 40 kVA at 0.7 leading power factor
Calculate the overall kW, kVA, kVar and power factor for the system.
To clarify, we are trying to find values of P (true power), S (apparent power) and Q (reactive power). First, we
need to work out the situations for each factory.
Factory A
We know that power factor
cos∅ =

True power (P)

Apparent power (S)

We also know that the power factor is 1.0 and that P = 50 kW. Therefore, by transposition:
S=

50
P
=
= 50 kVA
cos ∅
1

And with unity power factor for Factory A, Q = 0
Factory B
Using the same logic, we need to find true power and reactive power.
Therefore P = cos Ø × S = 0.6 × 80 kW = 48 kW
Reactive component (Q) = S × sin Ø = 80 × 0.8 = 64 kVAr
Factory C
P = S × cos Ø = 40 kW × 0.7 = 28 kW
Q = S × sin Ø = 40 × 0.714 = 28.6 kVAr
We can now find the total kW by addition: 50 + 48 + 28 = 126 kW
We can find the total kVAr as the difference between the reactive power components, the larger one, Factory B,
lagging and the smaller one, Factory C, leading:
64 kVAr – 28.6 kVAr = 35.4 kVAr
We can use Pythagoras’ Theorem to find the total kVA
S = P2 + Q2 = 1262 + 35.42 = 131 kVA
Consequently, the overall power factor will be:
cos∅ =

P 126
=
= 0.96 lagging
S 131
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Power factor correction (PFC)
As we have seen throughout this section, in the eyes of the
suppliers it is desirable to have the power factor of a system as
close to perfection (1.0) as possible.
Power factor is adjusted by supplying reactive power of the
opposite form. For example, if power factor is being dragged
down below 1.0 due to the inductive effect of motors, we can add
capacitors locally to control the effect. If the load has a capacitive
value, then we add inductors to correct the power factor.
We can therefore generalise to say that inductors remove reactive
power from a system and capacitors add reactive power to the
system.
Power factor correction may be applied by an electrical
distributor to improve the stability and efficiency of the
transmission network; a high power factor is generally required in
a transmission system to reduce transmission losses and improve
voltage regulation at the load.
However, in some installations, an automatic power factor
correction unit is used to improve power factor. These normally
consist of a bank of capacitors switched in via contactors when
the power factor is detected as being higher than a pre-set value.
A power factor correction unit usually consists of a number of
capacitors that are switched by contactors. These contactors are
controlled by a regulator that measures power factor in an
electrical network. To be able to measure power factor, the
regulator uses a current transformer to measure the current in
one phase.

Did you know?
Power factor correction is a
mandatory requirement on large
industrial plants and sports
stadiums. Failure to produce the
required running levels of power
factor correction can result in
heavy fines from supply
authorities.

Large industrial plants also use the effect of the synchronous
motor to cancel out the effect of the induction motor, as it
provides a leading power factor. Taken one step further, a
synchronous condenser is a synchronous motor without a load,
which when introduced into the system can compensate either a
leading or lagging power factor, by absorbing or supplying
reactive power to the system, which in turn enhances voltage
regulation.

Operating principles, applications and
limitations of transformers
The transformer is one of the most widely used pieces of
electrical equipment and can be found in situations such as
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electricity distribution, construction work and electronic
equipment. Its purpose, as the name implies, is to transform
something – the something in this case being the voltage, which
can enter the transformer at one level (input) and leave at another
(output).
When the output voltage is higher than the input voltage we say
that we have a step‑up transformer and when the output voltage
is lower than the input, we say that we have a step‑down
transformer.
In this section we will be looking at the following areas:
●●
●●
●●

mutual inductance
transformer types
step-up and step-down transformers.

Mutual inductance

Did you know?

In their operation, transformers make use of an action known as
mutual inductance. We have looked at inductance on pages
317–319 but we will revisit the subject here to help you try to
understand the concept clearly. Let us look at the situation in
Figure 8.76. Two coils, primary and secondary, are placed side
by side, but not touching each other. The primary coil has been
connected to an a.c. supply and the secondary coil is connected
to a load, such as a resistor.

There is something called
self-inductance. This is when a
conductor that is formed into a
coil, carries an alternating
current. The magnetic field
created around the coil grows
and collapses with the changing
current. This will induce into the
coils an e.m.f. voltage that is
always in opposition to the
voltage that creates it.

Primary
coil

Secondary
coil

Figure 8.76 Mutual inductance

If we now allow current to flow in the primary coil, we know that
current flow will create a magnetic field. Therefore, as the current
in the primary coil increases up to its maximum value, it creates a
changing magnetic flux and, as long as there is a changing
magnetic flux, there will be an e.m.f. ‘induced’ into the secondary
coil, which would then start flowing through the load.
This effect, where an alternating e.m.f. in one coil causes an
alternating e.m.f. in another coil, is known as mutual inductance.
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In transformers we are only really interested in mutual
inductance, and it is the rising and falling a.c. current that causes
the change of magnetic flux. In other words, we need an a.c.
supply to allow transformers to operate correctly.
If the two coils were now wound on an iron core, we would find
that the level of magnetic flux is increased and consequently the
level of mutual inductance is also increased.

Transformer types

Core-type transformers
primary winding

secondary winding

P
VP

IP

NP

NS

IS

VS

LOAD

N

Figure 8.77 Double wound, core-type transformer

In Figure 8.77 the supply is wound on one side of the iron core
(primary winding) and the output is wound on the other
(secondary winding). In other words, double wound means that
there is more than one winding.
The number of turns in each winding will affect the induced
e.m.f., with the number of turns in the primary being referred to
as (Np), and those in the secondary referred to as (Ns). We call
this the turns ratio. When voltage (Vp) is applied to the primary
winding, it will cause a changing magnetic flux to circulate in the
core. This changing flux will cause an e.m.f. (Vs) to be induced
in the secondary winding.
Assuming that we have no losses or leakage (i.e. 100% efficient),
then power input will equal power output and the ratio between
the primary and secondary sides of the transformer can be
expressed as follows:
VP
N
I
= P = S
VS
NS I P
(where IP represents the current in the primary winding and IS the
current in the secondary winding).
As we can see from Figure 8.77, a transformer has no moving
parts. Consequently, provided that the following general
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statements apply, it ends up being a very efficient piece of
equipment:
●●

●●

●●
●●

Transformers use laminated (layered) steel cores, not solid
metal. In a solid metal core ‘eddy currents’ are induced which
cause heating and power losses. Using laminated cores,
reduces these eddy currents.
Laminated cores, where each lamination is insulated, help to
reduce this effect.
Soft iron with high magnetic properties is used for the core.
Windings are made from insulated, low resistance conductors.
This prevents short circuits occurring either within the
windings, or to the core.

Remember
No transformer can be 100%
efficient. There will always be
power losses.

The losses that occur in transformers can normally be classed
under the following categories.
Copper losses
Although windings should be made from low resistance
conductors, the resistance of the windings will cause the currents
passing through them to create a heating effect and subsequent
power loss. This power loss can be calculated using the formula:
PC = I2 × R watts
Iron losses
These losses take place in the magnetic core of the transformer.
They are normally caused by eddy currents (small currents which
circulate inside the laminated core of the transformer) and
hysteresis. To demonstrate let’s say that you push on some
material and it bends. When you stop pushing, does it return to
its original shape immediately? If it doesn’t the material is
demonstrating hysteresis. Let’s look at this in context.

Key term
Hysteresis – a generic term
meaning a lag in the effect of a
change of force

Figure 8.78 shows the effect within ferromagnetic materials of
hysteresis. Starting with an unmagnetised material at point A; and
here both field strength and flux density are zero. The field
strength increases in the positive direction and the flux begins to
grow along the dotted path until we reach saturation at point B.
This is called the initial magnetisation curve.
If the field strength is now relaxed, instead of retracing the initial
magnetisation curve, the flux falls more slowly. In fact, even when
the applied field has returned to zero, there will still be a degree
of flux density (known as the remanence) at point C. To force
the flux to go back to zero (point D), we have to reverse the
349
Installing Electrotechnical Systems and Equipment_Book B.indb 349

12/09/2011 15:15:48

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

applied field. The field strength here that is necessary to drive the
field back to zero is known as the coercivity. We can then
continue reversing the field to get to point E, and so on. This is
known as the hysteresis loop.
B

flux density

C

D
A

field strength

E

Figure 8.78 Hysteresis loop diagram

As we have already said, we can help reduce eddy
currents by using a laminated core construction. We can
also help to reduce hysteresis by adding silicon to the
iron from which the transformer core is made.

VPP

The version of the double wound transformer that we
have looked at so far makes the principle of operation
easier to understand. However, this arrangement is not
very efficient, as some of the magnetic flux being
produced by the primary winding will not react with the
secondary winding and is often referred to as ‘leakage’.
We can help to reduce this leakage by splitting each
winding across the sides of the core (see Figure 8.79).

VSS

Figure 8.79 Reducing ‘leakage’

Shell-type transformers
We can reduce the magnetic flux leakage a bit more, by
using a shell-type transformer.

VPP
VSS

In the shell-type transformer, both windings are wound
onto the central leg of the transformer and the two outer
legs are then used to provide parallel paths for the
magnetic flux.

Figure 8.80 Shell-type transformer

350
Installing Electrotechnical Systems and Equipment_Book B.indb 350

12/09/2011 15:15:48

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

The autotransformer
The autotransformer uses the principle of ‘tapped’
windings in its operation. Remember that the ratio of
input voltage against output voltage will depend upon
the number of primary winding turns and secondary
winding turns (the turns ratio). But what if we want
more than one output voltage?

VP
VS

Some devices are supplied with the capability of providing
this, such as small transformers for calculators, musical
Figure 8.81 Autotransformer
instruments or doorbell systems. Tapped connections are
the normal means by which this is achieved. A tapped
winding means that we have made a connection to the winding and
then brought this connection out to a terminal. Now, by
connecting between the different terminals, we can control the
number of turns that will appear in that winding and we can
therefore provide a range of output voltages.
An autotransformer has only one tapped winding and the position
of the tapping on that winding will dictate the output voltage.
One of the advantages of the autotransformer is that, because it
only has one winding, it is more economical to manufacture.
However, on the down side, we have made a physical connection
to the winding. Therefore, if the winding ever became broken
between the two tapping points, then the transformer would not
work and the input voltage would appear on the output terminals.
This would then present a real hazard.

Instrument transformers
Instrument transformers are used in conjunction with measuring
instruments because it would be very difficult and expensive to
design normal instruments to measure the high current and voltage
that we find in certain power systems. We therefore have two types
of instrument transformer, both being double wound.

The current transformer
The current transformer (c.t.) normally has very few turns on its
primary winding so that it does not affect the circuit to be measured,
with the actual meter connected across the secondary winding.
Care must be taken when using a c.t. Never open the secondary
winding while the primary is ‘carrying’ the main current. If this
happened, a high voltage would be induced into the secondary
winding. Apart from the obvious danger, this heat build-up could
cause the insulation on the c.t. to break down.

Figure 8.82 Current transformer
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The voltage transformer
This is very similar to our standard power transformer, in that it
is used to reduce the system voltage. The primary winding is
connected across the voltage that we want to measure and the
meter is connected across the secondary winding.

Step-up and step-down transformers

Step-up transformers

1:2

Primary coil
900 turns

Secondary
coil 1800 turns

120 V a.c. Supply
10 amps

240 V a.c. Output
5 amps

Figure 8.83 Step-up transformer
2:1

Primary coil
1800 turns

240 V a.c. Supply
5 amps

Secondary
coil 900 turns

120 V a.c. Output
10 amps

Figure 8.84 Step-down transformer

A step-up transformer is used when it is
desirable to step voltage up in value.
The primary coil has fewer turns than the
secondary coil. We already know that the
number of turns in a transformer is given as a
ratio. When the primary has fewer turns than
the secondary, voltage and impedance are
stepped up. In the circuit shown in Figure
8.83, voltage is stepped up from 120 V a.c. to
240 V a.c. Since impedance is also stepped up,
current is stepped down from 10 A to 5 A.

Step-down transformers
A step-down transformer is used when it is
desirable to step voltage down in value.
The primary coil has more turns than the
secondary coil. The step-down ratio is 2:1.
Since the voltage and impedance are stepped
down, the current is stepped up in this case
to 10 A.

Safety isolating transformer
Another use of a transformer is to isolate the secondary output
from the supply. In a bathroom, the shower socket should be
supplied from a 1:1 safety isolating transformer. The output of
the transformer has no connection to earth thereby ensuring that
output from the transformer is totally isolated from the supply.
In areas of installations where there is an increased risk of electric
shock, the voltage is reduced to less than 50 V and is supplied
from a safety isolating transformer; we know this as Separated
Extra Low Voltage (SELV) supply.
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Transformer ratings
Transformers are rated in kVA (kilovolt-amps). This rating is
used rather than watts because loads are not purely resistive. Only
resistive loads are measured in watts.
The kVA rating determines the current that a transformer can
deliver to its load without overheating. Given volts and amps,
kVA can be calculated. Given kVA and volts, amps can be
calculated.
The kVA rating of a transformer is the same for both the primary
and the secondary. At this point let us try some examples.
Example 1

A transformer having a turns ratio of 2:7 is connected to a 230 V supply. Calculate the output voltage.
When we give transformer ratios, we give them in the order primary, then secondary. Therefore in this example
we are saying that for every two windings on the primary winding, there are seven on the secondary. If we
therefore use our formula:
VP
N
= P
VS NS
We should now transpose this to get:
VS =

VP × NS
NP

However, we do not know the exact number of turns involved.
But do we need to, if we know the ratio? Let us find out.
The ratio is 2:7, meaning for every 2 turns on the primary, there will be 7 turns on the secondary. Therefore, if we
had 6 turns on the primary, this would give us 21 turns on the secondary, but the ratio of the two has not
changed. For every 2 on the primary we are still getting 7 on the secondary.
This means we can just insert the ratio rather than the individual number of turns into our formula:
VS =

VP × NS
230 × 7
=
= 805 V
NP
2

Now, to prove our point about ratios, let us say that we know the number of turns in the windings to be 6 in the
primary and 21 in the secondary (which is still giving us a 2:7 ratio). If we now apply this to our formula we get:
VS =

VP × NS
230 × 21
=
= 805 V
NP
6

The same answer.
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Example 2

A single phase transformer, with 2000 primary turns and 500 secondary turns, is fed from a 230 V a.c. supply.
Find:
a. the secondary voltage
b. the volts per turn.
a. Secondary voltage
VP
N
= P
VS NS
Using transposition, rearrange the formula to give:
NP × NS
NP
230 × 500 115000
=
= 57.5 V
VS =
2000
2000
VS =

b. Volts per turn
This is the relationship between the volts in a winding and the number of turns in that winding. To find volts per
turn, we simply divide the voltage by the number of turns.
Therefore, in the primary:
VP
230
=
= 0.115 volts per turn
NP
2000
In the secondary
VS
57.5
=
= 0.115 volts per turn
NS
500
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Example 3

A single-phase transformer is being used to supply a trace heating system. The transformer is fed from a 230 V
50 Hz a.c. supply and needs to provide an output voltage of 25 V. If the secondary current is 150 A and the
secondary winding has 50 turns, find:
a. the output kVA of the transformer
b. the number of primary turns
c. the primary current
d. the volts per turn.
a. The output kVA
kVA =

25 ×150
volts × amperes VS × IS
=
=
= 3.75 kVA
1000
1000
1000

b. The number of primary turns
If :

VP
N
= P then by transposition
VS NS

NP =

VP × NS
250 × 50
=
= 460 turns
VS
25

c. The primary current
If :

I
VP
= S then by transposition
VS IP

IP =

VS × IS
25 ×150
=
= 16 A
VP
230

d. The volts per turn
VP
230
=
= 0.5 volts per turn
NP
460
V
25
In the secondary: S =
= 0.5 volts per turn
NS 50

In the primary:
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Example 4

A step-down transformer, having a ratio of 2:1, has an 800 turn primary winding and is fed from a 400 V a.c.
supply. The output from the secondary is 200 V and this feeds a load of 20 Ω resistance. Calculate:
a. the power in the primary winding
b. the power in the secondary winding.
Well, we know that the formula for power is: P = V × I
And we also know that we can use Ohm’s Law to find current: I =
Therefore, if we insert the values that we have, we can establish the current in the secondary winding:
IS =

VS
200
=
= 10 A
RS
20

Now that we know the current in the secondary winding, we can use the power formula to find the power
generated in the secondary winding:
P = V × I = 200 × 10 = 2000 watts = 2 kW
We now need to find the current in the primary winding. To do this we can use the formula:
I
VP
= S
VS IP
However, we need to transpose the formula to find IP. This would give us:
IP =

IS × VS
VP

Which, if we now insert the known values to, gives us:
IP =

IS × VS 10 × 200 2000
=
=
=5A
VP
400
400

Now that we know the current in the primary winding, we can again use the power formula to find the power
generated in the secondary winding:
P = V × I = 400 × 5 = 2000 watts = 2 kW

Instruments and measurement
As electricians we are often responsible for the measurement of
different electrical quantities. Some must be measured as part of
the inspection and testing of an installation (e.g. insulation
resistance). However, of the remainder, the most common
quantities that we are likely to come across are shown in
Table 8.10.
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Property

Instrument

Current

Ammeter

Voltage

Voltmeter

Resistance

Ohmmeter

Power

Wattmeter

Table 8.10 Electrical quantities
R

We will look at the different instruments that we use to measure
these quantities in the following section.

A

But before we ever use a meter, we must always ask ourselves:
●●
●●
●●
●●

V
R

Have we chosen the correct instrument?
Is it working correctly?
Has it been set to the correct scale?
How should it be connected?

Figure 8.85 Ammeter in circuit
R

A

V
V
R

Measuring current (ammeter)
An ammeter measures current by series connections. Although
we know that we can use a multimeter on site, the actual
name for an instrument that measures current is an ammeter.
Ammeters are connected in series so that the current to be
measured passes through them. The circuit diagram in
Figure 8.85 illustrates this. Consequently, they need to have a
very low resistance or they would give a false reading.

V

Figure 8.86 Multimeter in circuit

If we now look at the same circuit, but use a correctly set
multimeter, the connections would look as in Figure 8.86.

V

Measuring voltage (voltmeter)

V

R

On site or for general purposes, we can use a multimeter to
measure voltage, but the actual device used for measuring voltage
is called a voltmeter. It measures the potential difference between
two points (for instance, across the two connections of a
resistor). The voltmeter must be connected in parallel across
the load or circuit to be measured as shown in Figure 8.87.

V

Figure 8.87 Voltmeter in circuit
RR
V
V
R

If we now look at the same circuit, but use our correctly set
multimeter, the connections would look as in Figure 8.88.
The internal resistance of a voltmeter must be very high if we
wish to get accurate readings.

V

Figure 8.88 Multimeter measuring
voltage
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Measuring resistance (ohmmeter)
Instrument

Resistance under test

Figure 8.89 Ohmmeter

There are many ways in which we can measure resistance.
However, in the majority of cases we do so by executing a
calculation based upon instrument readings (ammeter/voltmeter)
or from other known resistance values. Once again we can use
our multimeter to perform the task, but we refer to the actual
meter as being an ohmmeter.
The principle of operation involves the meter having its own
internal supply (battery). The current, which then flows through
the meter, must be dependent upon the value of the resistance
under scrutiny.
However, before we start our measurement, we must ensure that
the supply is off and then connect both leads of the meter
together and adjust the meter’s variable resistor until full-scale
deflection (zero) is reached.
The dotted line in Figure 8.89 indicates the circuit under test. All
other components are internal to the meter.

Using an ammeter and voltmeter
If we consider the application of Ohm’s Law, we know that we
can establish resistance by the following formula:
R=

V ( voltmeter )
I (ammeter )

If we therefore connect an ammeter and voltmeter in the circuit,
then by using a known supply (battery) we can apply the above
formula to the readings that we get.
In practice, we invariably find that we need a long ‘wandering’
test lead to perform such a test. Where this is the case, we must
remember to deduct the value of the test lead from our circuit
resistance.

Loading errors
Connecting a measuring instrument to a circuit will invariably
have an effect on that circuit. In the case of the average electrical
installation, this effect can largely be ignored. But if we were to
measure electronic circuits, the effect may be drastic enough to
actually destroy the circuit.
We normally refer to these errors introduced by the measuring
instrument as loading errors, and in Figure 8.90 we will look at
an example of this.
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Let’s assume in (a) that we have been asked to measure the
voltage across resistor B in the circuit, where both items have a
resistance of 100 kΩ. Note that in this arrangement, the potential
difference (p.d.) across each resistor will be 115 V.

A

Our instrument, a voltmeter, has an internal resistance of 100 kΩ
and would therefore be connected as in Figure 8.90.
In effect, by connecting our meter in this way, we are introducing
an extra resistance in parallel into the circuit. We could,
therefore, now draw our circuit as in Figure 8.90(b).
Now, if we find the equivalent resistance of the parallel branches:
1
1
1
1 +1
2
=
=
+
=
kΩ
R t R1 R 2 100 100
Therefore:
Rt =

V

(a)

B

230 V
100 kΩ

(b)
100 kΩ

100 kΩ

230 V

Figure 8.90 Loading errors

100
= 50kΩ
2

And then if we treat the parallel combination as being in series
with 100 kΩ resistor A then total resistance:
R = RA + Rt = 100 kΩ + 50 kΩ = 150 kΩ
If you applied Ohm’s Law again, we would find we now have a
current of 0.00153 A (1.53 mA) flowing in the circuit. This in
turn would give a p.d. across each resistor of 76 V and not the
115 V we would expect to see.
The problem is caused by the amount of current that is flowing
through the meter, and this is normally solved by using meters
with a very high resistance (as resistance restricts current). So you
now see why we said earlier that voltmeters must have a high
internal resistance in order to be accurate.

Meter displays
There are two types of display, analogue and digital. Analogue
meters have a needle moving around a calibrated scale, whereas
digital tend to show results, as numeric values, via a liquid crystal
or LED display.
For many years electricians used the analogue meter and indeed
it is still common for continuity/insulation resistance testers to be
of the analogue style. However, their use is slowly being replaced
by the digital meter. Most modern digital meters are based on
semiconductors and consequently have very high impedance,
making them ideal for accurate readings and good for use with
electronic circuits.

Figure 8.91 Analogue meter
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Generally speaking, as they have no moving parts they are also
more suited to rugged site conditions than the analogue style.

What sort of meter will I need?
Although instruments exist to measure individual electrical
quantities, most electricians will find that a cost-effective solution
is to use a digital multimeter similar to the one pictured. Meters
like this are generally capable of measuring current, resistance
and voltage, both in a.c. and d.c. circuits and across a wide range
of values.

Figure 8.92 Digital meter

Is the meter working correctly?
It is important to check that your meter is functioning correctly
and physically fit for the purpose. There are commercially available
proving units that will help. However, on site it is more normal to
use a known supply as the means of proving voltage measurement
and the shorting/separating of leads to prove operation.

Measuring power
In a d.c. circuit it is possible to measure the power supplied by
using a voltmeter and an ammeter. Then by using the formula
P = V × I we can arrive at the power in watts.
However, in an a.c. circuit, this method only produces the
apparent power, a figure that will not be accurate unless we have
unity power factor. This is because components such as
capacitors and inductors will cause the current to lead or lag the
voltage.
For a single-phase a.c. circuit we therefore use the formula:
P = V × I × cos Ø
This indicates how we would connect measuring instruments to
establish power. For a single-phase resistive load, we can use the
ammeter and voltmeter, but for a circuit containing capacitance
or inductance we must use a wattmeter.
W1

W2

P1
P2

Load

Figure 8.93 Wattmeter connected
to load

Figure 8.93 indicates how a wattmeter is connected into a
single-phase circuit. Just like Ohm’s Law, where to calculate
power we need to know the values of voltage and current, a
wattmeter also requires values of voltage and current.
The instrument shown in Figure 8.93 has a current coil,
indicated between W1 and W2, that is wired in series with the
load, and a voltage coil, shown between P1 and P2, wired in
parallel across the supply.
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This can be used to measure the power in a single-phase circuit
or in a balanced three-phase load, where the total power will be
equal to three times the value measured on the meter.

Measuring power in a three-phase, four-wire
balanced load – one-wattmeter method
W1

Br

W2

P1
wattmeter

P2

Bu
Gy
Bl
Figure 8.94 One-meter method

Measuring power in a three-phase balanced load –
two-wattmeter method
W1

Br

W2

P1
wattmeter

P2

Gy
wattmeter

Bl

P1
W1

P2
W2

Figure 8.95 Wattmeter connected to load

In the two-wattmeter method, the total power is found by adding
the two values together. At unity power factor the instruments
will read the same and be half of the total load. For other power
factors the instrument readings will be different, the difference in
the reading could then be used to calculate the power factor.
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Measuring power in an unbalanced three-phase
circuit – three-wattmeter method
Here the total power will be the sum total of the readings on the
three-wattmeters.
Br

W

Bu
Gy

W

Bl

W

Figure 8.96 Three-phase circuit

This allows the power to be measured in a situation where the
load is unbalanced, such as the three-phase supply to a large
building where it is impossible to balance the load completely.

Measuring power factor
To measure power factor, there are a number of purpose-made
instruments available. All of these meters include both voltage
and current measurement in circuits. Most designs are based on
the clamp meter idea where the meter clamps around the currentcarrying conductor. However, additional leads are then required
to connect the meter across the
supply. Many meters are also
combined with the ability to
measure all aspects of power,
i.e. kW, kVA and kVAr.

Digital clamp
meter

AC supply

Figure 8.97 illustrates the
connections of a power factor
measuring instrument.

Figure 8.97 Circuit diagram with digital clamp meter
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There is also an alternative method. The calculation to establish
power factor is to divide true power by the apparent power (VA).
As we know that a wattmeter will give us the true power, by
adding an ammeter and a voltmeter to our circuit we can
establish the apparent power (VA) and therefore establish the
power factor. Figure 8.98 shows this arrangement.
W

A

V

Figure 8.98 Circuit with wattmeter, ammeter and voltmeter connected

Measuring frequency
Frequency is an electrical quantity with no equivalent in d.c.
circuits and can become important when an a.c. power system
has been designed to run at a specific frequency.
Frequency can be measured in a variety of ways, such as by
measuring the shaft speed of the generator that produced the
alternating current or by using a Cathode Ray
Oscilloscope.
However, one very popular method is to use a
vibrating reed frequency meter as shown in
Figure 8.99. These work very much like a
tuning fork that is used to tune a piano, in that
any object that possesses elasticity has a
frequency that it likes to vibrate at. If you can
remember those tuning forks, the longer ones
vibrated at lower notes when struck than the
shorter ones, which had a higher note when
struck.
If you placed a row of such tuning forks side by
side fixed to a common base material, the base
could be vibrated at the frequency of the supply
by means of an electromagnet. The fork that
likes to vibrate at the frequency needed will
therefore start to ‘rattle’ about, and it is the end
of those forks that we can see in such a meter.

Figure 8.99 Vibrating reed frequency meter

363
Installing Electrotechnical Systems and Equipment_Book B.indb 363

12/09/2011 15:16:06

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

Measuring impedance
Impedance (Z) is generally defined as the total opposition a
device or circuit offers to the flow of an alternating current (a.c.)
at a given frequency, and is represented as a complex quantity
which is graphically shown on a vector plane. An impedance
vector consists of resistance (R) and an ‘imaginary’ part,
reactance (X), which as we discussed earlier, takes two forms:
inductive (XL) and capacitive (XC).
To find the impedance, we therefore need to measure at least two
values because impedance is a complex quantity and many
modern impedance measuring instruments measure the real and
the imaginary parts of an impedance vector before converting
them into the desired parameter.

Remember
Information about how to
measure energy was covered on
page 286, where we looked at
the kWh meter.

Measurement ranges and accuracy for a variety of impedance
parameters are then determined from those specified for
impedance measurement. However, automated instruments allow
you to make a measurement by simply connecting the
component, circuit, or material to the instrument.
Quite often these meters are referred to as LRC meters because
of the circuit components involved.
Progress check
1

Describe briefly the main problems of having a low power factor.

2

Explain the difference between peak values and average values when
discussing a.c. sine waves.

3

Identify and briefly explain the following:
• R
• XL
• Xc
• Z

4

A resistor of 10 Ω is connected in series with an inductor of 0.02 H and a
capacitor of 120 µF across a 240 V 50 Hz supply. Calculate the following:
• the impedance
• the supply current
• the power factor

5

Describe the main reason for utilising star–delta connected supplies.

6

How is power factor correction achieved in industrial installations?
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K8. Understand the operating
principles and application of
d.c. machines and a.c. motors
In essence there are two categories of motor: those that run on
direct current (d.c.) and those that run on alternating current
(a.c.).

Remember
To understand motors and
generators we need to
remember the basic principles of
magnetic fields, current flow
and induced motion and how
when used together they can
make a motor rotate.

The basic concept of the motor was actually explained in our
electromagnetism section. As lines of flux cannot cross, Figure
8.100 shows what the result would be if we actually placed a
current-carrying conductor in a magnetic field.

N

S

Figure 8.100 Force on a current-carrying conductor in a magnetic field

In Figure 8.100 the main field now becomes distorted. As the two
fields above the conductor are in the same direction, the amount
of flux is high and therefore the force will move the conductor
downwards. It is this basic principle of a force being exerted on a
current-carrying conductor in a magnetic field that is used in the
construction of motors and moving coil instruments.

Basic types, applications and
operating principles of
d.c. machines
The operating principle of a d.c. motor is fairly
straightforward. Looking at Figure 8.101, if we take a
conductor, form it into a loop that is pivoted at its centre,
place it within a magnetic field and then apply a d.c.
supply to it, a current will pass around the loop. This will
cause a magnetic field to be produced around the
conductor, and this magnetic field will interact with the
magnetic field between the two poles (pole pair) of the
magnet.
The magnetic field between the two poles (pole pair)
becomes distorted and, as mentioned earlier, this

S

N

Figure 8.101 Single current-carrying loop
in a magnetic field
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interaction between the two magnetic fields causes a bending or
stretching of the lines of force. The lines of force behave a bit like
an elastic band and consequently are always trying to find the
shortest distance between the pole pair. These stretched lines, in
their attempt to return to their shortest length, therefore exert a
force on the conductor that tries to push it out of the magnetic
field, and thus they cause the loop to rotate.
In reality we don’t have just one loop, we have many, with them
being wound on to a central rotating part of the d.c. motor known
as the armature. When the armature is positioned so
that the loop sides are at right angles to the magnetic
field, a turning force is exerted. But we have a
problem when the coil has rotated 180°, as the
magnetic field in the loop is now opposite to that of
the field, and this will tend to push the armature back
the way it came, thus stopping the rotating motion.

S

+
Carbon
brushes

N

Commutator
segments
insulated
from each
other

–

The commutator
d.c. supply

Figure 8.102 Single loop with commutator

S

X
I

I
Y

+
I

I

I

The solution is to reverse the current in the armature
every half rotation so that the magnetic fields will
work together to maintain a continuous rotating
motion. The device that we use to achieve this
switching of polarity is known as the commutator.

N

I
I
–

Figure 8.103 Single loop with d.c. flowing

Figure 8.102 now gives a different perspective of the
same arrangement, showing the device that enables
the supply to be connected to the loop, enabling the
loop to rotate continuously. This is the commutator. This
simplified version has only two segments, connecting to
either side of the loop, but in actual machines there may
be any number. Large machines would have in excess of
50, and the numbers of loops can be in the hundreds.
The commutator is made of copper, with the segments
separated from each other by insulation.
Figure 8.103 shows the direction of current around the
loop when connected to a d.c. supply. The brushes
remain in a fixed position, against the copper segments of
the commutator. Note the direction of current in those
sections indicated by X and Y in the diagram.
Figure 8.104 shows the wire loop having rotated 180°.
X and Y have changed positions but, as can be seen from
the arrows, current flow remains as it was for the previous
diagram. As the poles of the armature electromagnet pass
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the poles of the permanent magnets, the commutator
reverses the polarity of the armature electromagnet. In
that instant of switching polarity, inertia keeps the motor
going in the proper direction and thus the motor
continues to rotate in one direction.
In the previous drawings, we have shown the armature
rotating between a pair of magnetic poles. Practical d.c.
motors do not use permanent magnets, but use
electromagnets instead. The electromagnet has two
advantages over the permanent magnet:

F
S

I
I

+
I

B

I

X

I
N

I
F
I
–

1. By adjusting the amount of current flowing through
the wire the strength of the electromagnet can be
controlled.
2. By changing the direction of current flow the poles of
the electromagnet can be reversed.

Y

Figure 8.104 Single loop rotated 180°

Reversing a d.c. motor
The direction of rotation of a d.c. motor may be reversed by
either:
●●

●●

reversing the direction of the current through the field hence
changing the field polarity
reversing the direction of the current through the armature.

Common practice is to reverse the current through the armature,
and this is normally achieved by reversing the armature
connections only.

Types of d.c. motor
There are three basic forms of d.c. motor:
●●
●●
●●

series
shunt
compound.

They are very similar to look at, the difference being the way in
which the field coil and armature coil circuits are wired.

The series motor
As the name suggests, this motor has the field winding wired in
series with the armature. It is also called a ‘universal motor’ as it
can run in both d.c. and a.c. situations.
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The large conductors used in the field windings and
armature allow the series motor to develop a large
magnetic field and consequently a high starting torque
(rotational force). This means that it is able to move a
large load connected to the shaft when first switched on.

Field
winding
Supply

As the armature begins to rotate and gather speed the
current and torque reduces. However, should the motor
ever lose its load (e.g. the shaft breaks or the drive belt
breaks) then the load current falls, which reduces the
amount of back e.m.f. produced by the armature. As
the armature is no longer producing sufficient back
e.m.f. and the load is no longer exerting a force on the shaft, the
armature will continue to ‘runaway’. In other words, it will
increase in speed until it self-destructs. We therefore tend to use
sensors to disconnect the machine should the revolutions per
minute (rpm) exceed a set level.
Armature

Figure 8.105 Series motor

As these motors have a very high starting current, they are started
using an external resistance placed in series with the armature. As
we saw earlier, the speed of the motor is inversely proportional to
the strength of the magnetic field and therefore we can control
speed by connecting a variable resistor in the field circuit.

The shunt motor
Electrically, a shunt is something connected in
parallel. In the shunt motor it is the field winding
that is connected in parallel with the armature.

Supply

Shunt
winding

Figure 8.106 Shunt motor

This motor has a low starting torque and therefore
the load on the shaft has to be quite small. The
Armature
armature’s torque increases as the motor gains
speed due to the fact that the torque is directly
proportional to the armature current.
Consequently, when the motor is starting and
speed is very low, the motor has very little torque.
Once the motor reaches full rpm, its torque is at its
highest level.
The shunt motor’s speed can be controlled by varying the amount
of current supplied to the shunt field winding, which will allow
the rpm to be changed by up to 20%. We can reverse the
direction of rotation by changing the polarity of either the
armature coil or the field coil.
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The compound motor
A compound is when we produce something by combining two or
more parts. The compound motor therefore gets its name by
combining the characteristics of the series and shunt motors.
There are actually two main types of compound motor – the most
commonly used cumulative compound and the rarely used
differential compound.
Series winding

Supply

Series winding

Shunt
winding

Short shunt

Armature

Shunt
winding

Supply

Armature

Long shunt

Figure 8.107 Compound motor

Figure 8.107 shows the short and long shunt version of the
cumulative compound motor. This is called cumulative because
the polarity of the shunt field is the same as that of the armature
and thus the shunt field aids the magnetic fields of the series field
and armature. The shunt winding can be wired as a long shunt or
as a short shunt.
In the case of the differential compound motor, the polarity of the
shunt field is reversed with the negative terminal of the shunt field
being connected to the positive terminal of the armature and as a
result it opposes the flux of the armature and series field.
The cumulative compound motor is probably the most common
d.c. motor because it provides high starting torque and good
speed regulation. As a result it tends to be used in situations
where a constant speed is needed with varying loads.
Speed control is achieved by voltage regulation of the shunt field
and reversal of shaft rotation can be achieved by changing the
polarity of the armature winding.
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Operating principles, basic types,
applications and limitations of
a.c. motors

Figure 8.108 A simple a.c. motor

As we mentioned earlier, there are three general types of d.c.
motor. However, there are many types of a.c. motor, each one
having a specific set of operating characteristics such as torque,
speed, single-phase or three-phase, and this determines their
selection for use. We can essentially group them in to two
categories: single-phase and three-phase.
In a d.c. motor, electrical power is conducted directly to the
armature through brushes and a commutator. Due to the nature
of an alternating current, an a.c. motor doesn’t need a
commutator to reverse the polarity of the current. Whereas a d.c.
motor works by changing the polarity of the current running
through the armature (the rotating part of the motor), the a.c.
motor works by changing the polarity of the current running
through the stator (the stationary part of the motor).

The series-wound (universal) motor
We will begin the discussion of a.c. motors by looking at the
series-wound (universal) motor because it is different in its
construction and operation from the other a.c. motors considered
here, and also because it is constructed as we have previously
discussed in the Types of d.c. motor section on page 367, having
field windings, brushes, commutator and an armature.
As can be seen in Figure 8.109, because of its series connection,
current passing through the field windings also passes through the
armature. The turning motion (torque) is produced as a result of
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the interaction between the magnetic field in the field windings
and the magnetic field produced in the armature.

Field windings made
from fine copper conductors
Commutator
connected to
4 armature
windings

a.c. supply

Carbon brushes
Commutator and armature
mounted on carbon steel shaft

Laminated pole pieces

Figure 8.109 Series universal motor

For this motor to be able to run on an a.c. supply, modifications
are made both to the field windings and armature formers.
These are heavily laminated to reduce eddy currents and I2R
losses, which reduces the heat generated by the normal working
of the motor, thus making the motor more efficient.
This type of motor is generally small (less than a kilowatt) and is
used to drive small hand tools such as drills, vacuum cleaners and
washing machines.
A disadvantage of this motor is that it relies on contact with the
armature via a system of carbon brushes and a commutator. It is
this point that is the machine’s weakness, as much heat is
generated through the arcing that appears across the gap
between the brushes and the commutator. The brushes are
spring-loaded to keep this gap to a minimum, but even so the
heat and friction eventually cause the brushes to wear down and
the gap to increase. These then need to be replaced, otherwise
the heat generated as the gap gets larger will eventually cause
the motor to fail.
The advantages of this machine are:
●●
●●
●●

more power for a given size than any other normal a.c. motor
high starting torque
relative cheapness to produce.
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Three-phase a.c. induction motors

Figure 8.110 Three-phase induction motor showing component parts

Induction motors operate because a moving magnetic field
induces a current to flow in the rotor. This current in the rotor
then creates a second magnetic field, which combines with the
field from the stator windings to exert a force on the rotor
conductors, thus turning the rotor.

Production of the rotating field
Figure 8.111 shows the stator of a three-phase motor to which a
three-phase supply is connected. The windings in the diagram are
in star formation and two windings of each phase are wound in
the same direction.
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Figure 8.111 Stator of three-phase motor with three-phase supply connection
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Each pair of windings will produce a magnetic field, the strength
of which will depend upon the current in that particular phase at
any instant of time. When the current is zero, the magnetic field
will be zero. Maximum current will produce the maximum
magnetic field.
As the currents in the three phases are 120° out of phase (see
graph in Figure 8.111) the magnetic fields produced will also be
120° out of phase. The magnetic field set up by the three-phase
currents will therefore give the appearance of rotating clockwise
around the stator.
The resultant magnetic field produced by the three phases is at
any instant of time in the direction shown by the arrow in the
diagram, where diagrams (1) to (7) in Figure 8.111 show how the
direction of the magnetic field changes at intervals of 60° through
one complete cycle. The speed of rotation of the magnetic field
depends upon the supply frequency and the number of ‘pole
pairs’, and is referred to as the synchronous speed. We will
discuss synchronous speed later in this unit.
The direction in which the magnetic field rotates
is dependent on the sequence in which the phases
are connected to the windings. Reversing the
connection of any two incoming phases can
therefore reverse rotation of the magnetic field.

Stator construction
As shown in Figure 8.112, the stator (stationary
component) comprises the field windings, which
are many turns of very fine copper wire wound on
to formers, which are then fixed to the inside of
the stator steel frame (sometimes called the yoke).

Field winding
Squirrel cage
rotor
Rotor shaft
Steel frame
or yoke

Figure 8.112 Stator construction

The formers have two roles:
1. to contain the conductors of the winding
2. to concentrate the magnetic lines of flux to
improve the flux linkage.
The formers are made of laminated silicon steel
sections to reduce eddy currents, thereby reducing
the I2R losses and reducing heat. The number of
poles fitted will determine the speed of the motor.
Figure 8.113 Stator field winding
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Squirrel-cage rotor
In the squirrel cage (see Figure 8.114), the bars of the rotor are
shorted out at each end by ‘end rings’ to form the shape of a
cage. This shape creates numerous circuits within it for the
induced e.m.f. and resultant current to flow and thus produce the
required magnetic field.
Tinned bars
shorted out at
each end by a
tinned copper
end ring

Figure 8.114 Squirrel-cage rotor

Figure 8.115 shows the cage fitted to the shaft of the motor. The
rotor bars are encased within many hundreds of very thin
laminated (insulated) segments of silicon steel and are skewed to
increase the rotor resistance.
Carbon steel shaft

Low-friction bearings

Tinned copper rotor bars encased
in thin 0.5 mm laminated steel
segments, to reduce losses and
skewed to assist starting

Tinned copper end rings
short out the rotor bars

Figure 8.115 Cage fitted to shaft and motor
Did you know?
Squirrel cage induction motors
are sometimes referred to as the
‘workhorse’ of the industry, as
they are inexpensive and reliable
and suited to most applications.

On the shaft will be two low-friction bearings which enable the
rotor to spin freely. The bearings and the rotor will be held in
place within the yoke of the stator by two end caps which are
normally secured in place by long nuts and bolts that pass
completely through the stator.
When a three-phase supply is connected to the field windings, the
lines of magnetic flux produced in the stator, rotating at
50 revolutions per second, cut through the bars of the rotor,
inducing an e.m.f. into the bars.
Faraday’s Law states that ‘when a conductor cuts, or is cut, by a
magnetic field, then an e.m.f. is induced in that conductor the
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magnitude of which is proportional to the rate at which the
conductor cuts or is cut by the magnetic flux’.

N

S

Figure 8.116 Rotating field

The e.m.f. produces circulatory currents within the rotor bars,
which in turn result in the production of a magnetic field around
the bars. This leads to the distortion of the magnetic field as
shown in Figure 8.116. The interaction of these two magnetic
fields results in a force being applied to the rotor bars, and the
rotor begins to turn. This turning force is known as a torque, the
direction of which is always as Fleming’s left-hand rule indicates.

Wound rotor
In the wound rotor type of motor, the rotor conductors form a
three-phase winding, which is starred internally. The other three
ends of the windings are brought out to slip rings mounted on the
shaft. Thus it is possible through brush connections to introduce
resistance into the rotor circuit, albeit this is normally done on
starting only to increase the starting torque. This type of motor is
commonly referred to as a slip-ring motor.
Figure 8.117 shows a completed wound-rotor motor assembly.
Although it looks like a squirrel-cage motor, the difference is that
the rotor bars are exchanged for heavy
conductors that run through the laminated
steel rotor, the ends then being brought
out through the shaft to the slip rings on
the end.

Figure 8.117 Wound-rotor motor assembly
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The wound-rotor motor is particularly effective in applications
where using a squirrel-cage motor may result in a starting current
that is too high for the capacity of the power system. The woundrotor motor is also appropriate for high-inertia loads having a
long acceleration time. This is because you can control the speed,
torque and resulting heating of the wound-rotor motor. This
control can be automatic or manual. It’s also effective with
high-slip loads as well as adjustable-speed installations that do not
require precise speed control or regulation. Typical applications
include conveyor belts, hoists and elevators.

Single-phase induction motors
If we were to construct an induction motor as shown in
Figure 8.118, we would find that, on connecting a supply to it,
it would not run. However, if we were then to spin the shaft with
our fingers, we would find that the motor would continue to run.
Why is this?
When an a.c. supply is connected to the motor, the resulting
current flow, and therefore the magnetic fields produced in
the field windings, changes polarity, backwards and forwards,
100 times per second. Therefore no lines of flux cut through the
rotor bars. If no lines of flux cut through the rotor bars then there
is no e.m.f. being produced in them and there is therefore no
magnetic field for the stator winding to interact with.
pole pieces with windings

cage rotor
a.c. supply

Figure 8.118 Single-phase induction motor

However, if we spin the rotor, we create the effect of the rotor
bars cutting through the lines of force, hence the process starts
and the motor runs up to speed. If we stop the motor and then
connect the supply again, the motor will still not run. If this time
we spin the rotor in the opposite direction, the motor will run up
to speed in the new direction. So how can we get the rotor to turn
on its own?
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If we think back to the three-phase motor we discussed
previously, we did not have this problem, because the connection
of a three-phase supply to the stator automatically produced a
rotating magnetic field. This is what is missing from the motor in
Figure 8.118: we have no rotating field.

The split-phase motor (induction start/induction run)
We can overcome this problem if we add another set of poles,
positioned 90° around the stator from our original wiring, as
shown in Figure 8.119.
Now when the supply is connected, both sets of windings are
energised, both windings having resistive and reactive
components to them – resistance as every conductor has and also
inductive reactance because the conductors form a coil. These are
known as the ‘start’ and ‘run’ windings.
The start winding is wound with fewer turns of smaller wire than
the main winding, so it has a higher resistance. This extra
resistance creates a small phase shift that results in the current in
the start winding lagging that in the run winding by
approximately 30°, as shown in Figure 8.120.
Start-winding high-resistance smaller CSA
conductors compared with the run winding

Run-winding
low-resistance
copper conductors

a.c. supply

Figure 8.119 Split-phase induction motor
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Strong magnetic field in
the run winding, weaker
field in the start winding
Strong magnetic field in the
start winding 30° later, weaker
field in the run winding

Figure 8.120 Run and start winding phases

Therefore the magnetic flux in each of the windings is growing
and collapsing at different periods in time, so that for example as
the run winding is having a strong north/south on the face of its
pole pieces, the start winding will only have a weak magnetic
field.
In the next instance, the run winding’s magnetic field has started
to fade, but the start winding’s magnetic field is now strong,
presenting to the rotor an apparent shift in the lines of magnetic
flux.
In the next half of the supply cycle, the polarity is reversed and
the process repeated, so there now appears to be a rotating
magnetic field. The lines of force cutting through the rotor bars
induce an e.m.f. into them, and the resulting current flow now
produces a magnetic field around the rotor bars: the interaction
between the magnetic fields of the rotor and stator takes place
and the motor begins to turn.
It is because the start and run windings carry currents that are out
of phase with each other that this type of motor is called the
‘split-phase’.
Once the motor is rotating at about 75% of its full load speed,
the start winding is disconnected by the use of a device called
a centrifugal switch, which is attached to the shaft; see
Figure 8.121.
This switch works by centrifugal action, in that sets of contacts
are held closed by a spring, and this completes the circuit to the
start winding. When the motor starts to turn, a little weight gets
progressively thrown away from the shaft, forcing the contacts to
open and thus disconnecting the start winding. It’s a bit like the
fairground ride known as ‘the Rotor’, in which you are eventually
held against the sides of the ride by the increasing speed of the
spinning wheel. Once the machine has disconnected the start
winding, the machine continues to operate from the run winding.
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Start-winding high-resistance
smaller CSA conductors
compared with the run winding

Centrifugal
contacts in
start winding

Run-winding lowresistance copper
conductors
a.c. supply

Figure 8.121 Split-phase induction motor with centrifugal switch

The split-phase motor’s simple design makes it typically less
expensive than other single-phase motors. However, it also limits
performance. Starting torque is low at about 150% to 175% of
the rated load. Also, the motor develops high starting currents of
about six to nine times the full load current. A lengthy starting
time can cause the start winding to overheat and fail, and
therefore this type of motor shouldn’t be used when a high
starting torque is needed. Consequently it is used on light-load
applications such as small hand tools, small grinders and fans,
where there are frequent stop/starts and the full load is applied
after the motor has reached its operating speed.
Reversal of direction
If you think back to the start of this section, we talked about
starting the motor by spinning the shaft. We also said that we
were able to spin it in either direction and the motor would run in
that direction. It therefore seems logical that in order to change
the direction of the motor, all we have to concern ourselves with
is the start winding. We therefore need only to reverse the
connections to the start winding to change its polarity, although
you may choose to reverse the polarity of the run winding instead.
The important thing to remember is that if you change the
polarity through both the run and start windings, the motor will
continue to revolve in the same direction.

The capacitor-start motor
(capacitor start/induction run)
Normally perceived as being a wide-ranging industrial motor, the
capacitor-start motor is very similar to the split-phase motor
discussed previously. Indeed, it probably helps to think of this
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motor as being a split-phase motor but
with an enhanced start winding that
includes a capacitor in the circuit to help
out with the start process. If we look at
Figure 8.122 we can see the capacitor
mounted on top of the motor case.
In this motor the start winding has a
capacitor connected in series with it, and
since this gives a phase difference of
nearly 90° between the two currents in
the windings, the starting performance is
improved. We can see this represented in
the sine waves shown in Figure 8.123.
Figure 8.122 Capacitor-start motor
Strong magnetic field in
the run winding, weaker
field in the start winding
Strong magnetic field
in the start winding 90°
later, weaker field in the
run winding

Figure 8.123 Magnetic field in capacitor-start motor

In this motor the current through the run winding lags the supply
voltage due to the high inductive reactance of this winding, and
the current through the start winding leads the supply voltage due
to the capacitive reactance of the capacitor. The phase
displacement in the currents of the two windings is now
approximately 90°. Figure 8.124 shows the winding connections
for a capacitor-start motor.

Singlephase
supply

Centrifugal
switch

Run
winding

Capacitor

Start
winding

Figure 8.124 Winding connections for capacitor-start split-phase motor
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The magnetic flux set up by the two windings is much greater at
starting than in the standard split-phase motor, and this produces
a greater starting torque. The typical starting torque for this type
of motor is about 300% of full-load torque, and a typical starting
current is about five to nine times the full-load current.
The capacitor-start motor is more expensive than a comparable
split-phase design because of the additional cost of the capacitor.
But the application range is much wider because of higher
starting torque and lower starting current. Therefore, because of
its improved starting ability, this type of motor is recommended
for loads that are hard to start, so we see this type of motor used
to drive equipment such as lathes, compressors and small
conveyor systems.
As with the standard split-phase motor, the start windings and
the capacitor are disconnected from the circuit by an automatic
centrifugal switch when the motor reaches about 75% of its rated
full-load speed.
Reversal of direction
Reversing the connections to the start winding will only change
its polarity, although we may choose to reverse the polarity of the
run winding instead.

Permanent split capacitor (PSC) motors
Permanent split capacitor (PSC) motors look exactly the same as
capacitor-start motors. However, a PSC motor doesn’t have
either a starting switch or a capacitor that is strictly used for
starting. Instead, it has a run-type capacitor permanently
connected in series with the start winding, and the second
winding is permanently connected to the power source. This
makes the start winding an auxiliary winding once the motor
reaches running speed. However, because the run capacitor must
be designed for continuous use, it cannot provide the starting
boost of a starting capacitor.
Typical starting torques for thus type of motor are low, from 30%
to 150% of rated load, so these motors are not used in difficult
starting applications. However, unlike the split-phase motor, PSC
motors have low starting currents, usually less than 200% of rated
load current, making them excellent for applications with high
cycle rates.
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PSC motors have several advantages. They need no starting
mechanism and so can be reversed easily, and designs can easily
be altered for use with speed controllers. They can also be
designed for optimum efficiency and high power factor at
rated load.
Permanent split capacitor motors have a wide variety of
applications depending on the design. These include fans,
blowers with low starting torque and intermittent cycling uses
such as adjusting mechanisms, gate operators and garage-door
openers, many of which also need instant reversing.

Capacitor start-capacitor run motors
In appearance we can distinguish this motor because of the
two capacitors that are mounted on the motor case.
This type of motor is widely held to be the most efficient
single-phase induction motor, as it combines the best of
the capacitor-start and the permanent split capacitor
designs and is able to handle applications too demanding
for any other kind of single-phase motor.

Figure 8.125 Capacitor start-capacitor
run motor

As shown in Figure 8.125, it has a start capacitor in series
with the auxiliary winding like the capacitor-start motor, and
this allows for high starting torque. However, like the PSC
motor, it also has a run capacitor that remains in series with
the auxiliary winding after the start capacitor is switched out
of the circuit.

Another advantage of this type of motor is that it can be designed
for lower full-load currents and higher efficiency, which means
that it operates at a lower temperature than other single-phase
motor types of comparable horsepower. Typical uses include
woodworking machinery, air compressors, high pressure water
pumps, vacuum pumps and other high-torque applications.
Run

U1

Centrifugal
switch

U2

Cage rotor
Z2

Z1
Start

P

Supply

N

Figure 8.126 Capacitor start-capacitor run ‘split-phase’ motor
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Shaded-pole motors
One final type of single-phase induction motor that is worthy of
mention is the shaded-pole type. We cover this last as, unlike all
of the previous single-phase motors we have discussed, shadedpole motors have only one main winding and no start winding.
Starting is by means of a continuous copper loop wound around a
small section of each motor pole. This ‘shades’ that portion of the
pole, causing the magnetic field in the ringed area to lag the field
in the non-ringed section. The reaction of the two fields then
starts the shaft rotating.
Because the shaded pole motor lacks a start winding, starting
switch or capacitor, it is electrically simple and inexpensive. In
addition, speed can be controlled merely by varying voltage or
through a multi-tap winding.
The shaded pole motor has many positive features, but it also has
several disadvantages. As the phase displacement is very small, it
has a low starting torque, typically in the region of 25% to 75% of
full-load torque. Also, it is very inefficient, usually below 20%.
Low initial costs make shaded pole motors suitable for light-duty
applications such as multi-speed fans for household use and
record turntables.
Unshaded area
of the pole
Copper ring

Supply
Shaded area
of the pole

Figure 8.127 Shaded pole motor
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Figure 8.128 Construction of a three-phase squirrel-cage induction motor
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Construction of a three-phase squirrel-cage induction motor
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Construction of a single-phase, capacitor start,
induction motor
This motor consists of a laminated stator wound with singlephase windings arranged for split-phase starting, and a cage rotor.
The cage rotor is a laminated framework with lightly insulated
longitudinal slots into which copper or aluminium bars are fitted.
The bars are then connected together at their ends by metal
end-rings. No electrical connections are made to the rotor.
Rotating part of
centrifugal switch
Non-drive
end bracket
external cap

Capacitor
Capacitor clip
fixing screws

(TOC) Thermal
operated cutout

Bearing
cap-retaining
circlip
Drive-end bearing
integral cap

Capacitor clip
terminals

TOC fixing
screws
Greaser screw

Stator
frame

Cable clip

Spring thrust
washer for
preloading
bearing

Shaft

Stator
windings

Terminal cover
fixing screws

Drive-end
bearing

Drive end
bracket
Terminal
cover
Non-drive
end-bearing
housing

Squirrel-cage
rotor core

Tie rods
Switch
fixing
screws

NDE bearing NDE
internal cap washer
NDE bearing
retaining tabs

Static part of
centrifugal switch,
incorporating
terminals

Baseplate

Tie rod
dome nut

Drive-end
bearing housing
external cap

Baseplate fixing
screws

Figure 8.129 Construction of a single-phase induction motor

Motor speed and slip calculation
There are essentially two ways to express the speed of a motor.
●●

Synchronous speed. For an a.c. motor this is the speed of
rotation of the stator’s magnetic field. Consequently, this is
really only a theoretical speed, as the rotor will always turn at a
slightly slower rate.
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●●

Actual speed. This is the speed at which the shaft rotates.
The nameplate on most a.c. motors will give the actual motor
speed rather than the synchronous speed.

The difference between the speed of the rotor and the
synchronous speed of the rotating magnetic field is known as the
slip, which can be expressed either as a unit or in percentage
terms. Because of this, we often refer to the induction motor as
being an asynchronous motor.
Remember, the speed of the rotating magnetic field is known as
the synchronous speed, and this will be determined by the
frequency of the supply and the number of pairs of poles within
the machine. The speed at which the rotor turns will be between
2% and 5% slower, with an average of 4% being common.

Key term
Windage – the air resistance
of a moving object or the force
of the wind on a stationary
object

Remember
When a conductor passes at
right angles through a magnetic
field, current is induced in the
conductor. The direction of the
induced current will depend on
the direction of movement of
the conductor, and the strength
of the current will be
determined by the speed at
which the conductor moves.

The reduced speed of the rotor is due to it having to overcome
friction, as during the turning movement there is friction from the
bearings in addition to any friction deriving from the load that the
motor is connected to. Another factor that comes into play in
determining the speed of a motor is windage. This means that
within the enclosure there is a certain amount of air, and as the
rotor rotates it has to move the air, which in turn contributes to
the slowing down of the rotor. Of course there are no moving
parts involved with the rotating magnetic field, so the rotor will
never catch up. However, were some miracle to happen and the
rotor reached the synchronous speed, we would have a different
problem.
We already know that when a conductor passes at right angles
through a magnetic field current is induced in the conductor. The
direction of the induced current is dependent on the direction of
movement of the conductor, and the strength of the current is
determined by the speed at which the conductor moves. If the
rotating magnetic field and the rotor are now revolving at the
same speed, there will be no lines of magnetic flux cutting
through the rotor bars, no induced e.m.f. and consequently no
resultant magnetic field around the rotor bars to interact with the
rotating magnetic field of the stator. The motor will immediately
slow down and, having slowed down,will then start to speed up as
the lines of magnetic flux start to cut through the rotor bars again
– and so the process would continue.
Standard a.c. induction motors therefore depend on the rotor
trying, but never quite managing, to catch up with the stator’s
magnetic field. The rotor speed is just slow enough to cause the
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proper amount of rotor current to flow, so that the resulting
torque is sufficient to overcome windage and friction losses and
drive the load.

Determining synchronous speed and slip
All a.c. motors are designed with various numbers of magnetic
poles. Standard motors have two, four, six or eight poles, and
these poles play an important role in determining the
synchronous speed of an a.c. motor.
As we said before, the synchronous speed can be determined by
the frequency of the supply and the number of pairs of poles
within the machine. We can express this relationship with the
following formula:
Synchronous speed (ns) in revolutions per second

ons per second =

Frequency (f) in Hz
The number of pole pairs (p)

Example 1

Calculate the synchronous speed of a four-pole machine connected to a
50 Hz supply.
ns =

f
p

As we know the motor has four poles, this means it has two pole pairs. We
can therefore complete the calculation as:
ns =

50
2

therefore, ns = 25 revolutions per second (rps)

To convert revolutions per second into the more commonly used revolutions
per minute (rpm), simply multiply ns by 60. This new value is referred to as
Ns, which in this example will become 25 × 60, giving 1500 rpm.
We also said that we refer to the difference between the speed of the rotor
and the synchronous speed of the rotating magnetic field as the slip, which
can be expressed either as a unit (S) or in percentage terms (S per cent). We
express this relationship with the following formula:
per cent slip =

Sychronous speed(ns ) − Rotor speed(nr )
Synchronous speed(ns )

×100
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Example 2

In this example numbers have been rounded up for ease.
A six-pole cage-induction motor runs at 4% slip.
Calculate the motor speed if the supply frequency is 50 Hz.
S (per cent ) =

(ns − nr )
ns

×100

We therefore need first to establish the synchronous speed; as the motor has six poles it will have three pole
pairs. Consequently:
Synchronous speed ns =

50
f
giving us
and therefore ns = 16.7 revs/sec
3
p

We can now put this value into our formula and then, by transposition, rearrange the formula to make nr the
subject. Consequently:
S (per cent ) =

(ns − nr )
ns

×100 giving us 4 =

(16.7 − nr )
16.7

×100

Therefore by transposition:
4=

(16.7 − nr )
16.7

×100 give us (16.7 − ns ) =

4 ×16.7
100

When calculated :

(16.7 − nr ) =

4 ×16.7
100

becomes (16.7 − nr ) = 0.668

Therefore by further transposition:

(16.7 − nr ) = 0.668 becomes 16.7 − 0.668 = nr
Therefore nr = 16.032 rps or Nr = 962 rpm
Working life

Synchronised motors

You are called out to check a
split-phase motor which has
been reported as not turning
and making a humming sound.

A synchronous motor, as the name suggests, runs at synchronous
speed. Because of the problems discussed earlier, this type of
motor is not self-starting and instead must be brought up to
almost synchronous speed by some other means.

1. What steps would you take
to diagnose the problem?

Three-phase a.c. synchronous motors

2. What are the likely causes of
this problem?

To understand how the synchronous motor works, assume that
we have supplied three-phase a.c. power to the stator, which in
turn causes a rotating magnetic field to be set up around the
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rotor. The rotor is then supplied via a field winding with d.c. and
consequently acts a bit like a bar magnet, having north and south
poles. The rotating magnetic field now attracts the rotor field that
was activated by the d.c. This results in a strong turning force on
the rotor shaft, and the rotor is therefore able to turn a load as it
rotates in step with the rotating magnetic field.
It works this way once it’s started. However, one of the
disadvantages of a synchronous motor is that it cannot be started
from a standstill by just applying a three-phase a.c. supply to the
stator. When a.c. is applied to the stator, a high-speed rotating
magnetic field appears immediately. This rotating field rushes
past the rotor poles so quickly that the rotor does not have a
chance to get started. In effect, the rotor is repelled first in one
direction and then the other.
An induction winding (squirrel-cage type) is therefore added to
the rotor of a synchronous motor to cause it to start, effectively
meaning that the motor is started as an induction motor. Once
the motor reaches synchronous speed, no current is induced in
the squirrel-cage winding, so it has little effect on the
synchronous operation of the motor.
Synchronous motors are commonly driven by transistorised
variable-frequency drives.

Single-phase a.c. synchronous motors
Small single-phase a.c. motors can be designed with magnetised
rotors. The rotors in these motors do not require any induced
current so they do not slip backwards against the mains
frequency. Instead, they rotate synchronously with the mains
frequency. Because of their highly accurate speed, such motors
are usually used to power mechanical clocks, audio turntables and
tape drives; formerly they were also widely used in accurate
timing instruments such as strip-chart recorders or telescope drive
mechanisms. The shaded-pole synchronous motor is one version.
As with the three-phase version, inertia makes it difficult to
accelerate the rotor instantly from stopped to synchronous speed,
and the motors normally require some sort of special feature to
get started. Various designs use a small induction motor (which
may share the same field coils and rotor as the synchronous
motor) or a very light rotor with a one-way mechanism (to ensure
that the rotor starts in the ‘forward’ direction).
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Motor windings
A motor can be manufactured with the windings internally
connected. If this is the case and there are three terminal
connections in the terminal block labelled U, V and W, you
would expect the motor windings to be connected in a delta
configuration. This is shown in Figure 8.130.
U

V

W

Figure 8.130 Motor windings with delta connection

However, there may be four connections in the terminal box
labelled U, V, W and N. If this is the case, the windings would be
arranged to give a star configuration, as shown in Figure 8.131.
N
U
V
W

Figure 8.131 Motor windings with four connections
Remember
Some older motors may have
different markings in the
terminal block, and you should
therefore refer to the
manufacturer’s data.

Alternatively the terminal block may contain six connections: U1,
U2, V1, V2, W1 and W2. This is used where both star and delta
configurations are required. The terminal connections can then
be reconfigured for either star or delta, starting within the
terminal block. Figure 8.132 illustrates the connections that
would come out to the terminal block.
U1

U2

V1

W2

W1

V2

Figure 8.132 Motor windings with six connections
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Operating principles, limitations and
applications of motor control
A practical motor starter has to do more than just switch on the
supply. It also has to have provision for automatically
disconnecting the motor in the event of overloads or other faults.
The overload protective device monitors the current consumption
of the motor and is set to a predetermined value that the motor
can safely handle. When a condition occurs that exceeds the set
value, the overload device opens the motor starter control circuit
and the motor is turned off. The overload protection can come in
a variety of types, including solid-state electronic devices.
The starter should also prevent automatic restarting should the
motor stop because of supply failure. This is called no-volts
protection and will be discussed later in this section.
The starter must also provide for the efficient stopping of the
motor by the user. Provision for this is made by the connection of
remote stop buttons and safety interlock switches where required.

The Direct-On-Line (DOL) starter
This is the simplest and cheapest method of starting squirrel-cage
(induction) motors.
The expression
‘Direct-On-Line’
starting means that
the full supply
voltage is directly
connected to the
stator of the motor
by means of a
contactor-starter, as
shown in
Figure 8.133.
Since the motor is at
a standstill when the
supply is first
switched on, the
initial starting current
is heavy. This
‘inrush’ of current
can be as high as 6 to
10 times the full load

L1 L2 L3

–F1

K1M

1 3

5

2

6

4

97
2

4

6

9
9

PE

U V W
M
3~

Figure 8.133 DOL starter

Figure 8.134 DOL starter
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current, i.e. a motor rated at 10 A could have a starting current
inrush as high as 60 A, and the initial starting torque can be
about 150% of the full-load torque. Thus you may observe
motors ‘jumping’ on starting if their mountings are not secure. As
a result, Direct-On-Line starting is usually restricted to
comparatively small motors with outputs of up to about 5 kW.
DOL starters should also incorporate a means of overload
protection, which can be operated by either magnetic or thermal
overload trips. These activate when there is a sustained increase
in current flow.
To reverse the motor you need to interchange any two of the
incoming three-phase supply leads. If a further two leads are
interchanged then the motor will rotate in the original direction.

Operating principle of a DOL starter
A three-pole switch controls the three-phase supply to the starter.
This switch normally includes fuses, which provide a means of
electrical isolation and also short-circuit protection. We shall look
at the operation of the DOL starter in stages.
Let’s start by looking at the one-way switch again. In this circuit
(Figure 8.135), the switch is operated by your finger and the
contacts are then held in place mechanically.
We could decide that we don’t want to operate the switch this
way and instead use a relay. In this system (Figure 8.136), when
the coil is energised it creates a magnetic field. Everything in the
magnetic field will be pulled in the direction of the arrow and the
metal strip will be pulled onto the contacts. As long as the coil
remains energised and is a magnet, the light will stay on.

Figure 8.135 One-way switch

Looking at Figures 8.135 and 8.136, we can see that the first
option works well enough for its intended purpose. However, it
couldn’t be used in a three-phase system as we would need one
for each phase and would have to trust to luck each time we tried
to hit all three switches at the same time. However, the second
option does provide us with an effective method of controlling
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more than one thing from one switch, as long as they are all in
the same magnetic field.

+

–

Figure 8.136 Switch relay

Let’s apply this knowledge to a DOL starter. We know that we
can’t have three one-way switches in the starter. But it helps to
try to think of the contacts: where the switches aren’t operated by
your fingers, but are pulled in the direction of the arrow by the
magnetic effect of the coil (see Figure 8.137), items affected by
the same magnetic effect are normally shown linked by a dotted
line. For ease of explanation we’ll use a 230 V coil.
L1

L2

L3

L
230 V coil
N
Motor

Figure 8.137 Three-switch relay

From this we can see that as soon as we put a supply onto the coil
it energises, becomes a magnet and pulls the contacts in.
Obviously, this would be no good for our starter, as every time
the power is put on, the starter will become active and start
operating whatever is connected to it. In the case of machinery
this could be very dangerous. The starter design therefore goes
one step further to include no-volts protection. The simple
addition of a ‘normally open’ Start button gives this facility, as
shown in Figure 8.138.
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N

L1

L2

L3

Start
230 V coil

Motor

Figure 8.138 Three-switch relay with ‘normally open’ Start button

So far so good. We now have to make a conscious decision to
start the motor.
Our next problem though, is that every time we take our finger
off the Start button, the button springs back out, the supply to
the coil is lost and the motor stops. This is the ‘no volt’
protection element in operation.
What we need for normal operation is a device called the ‘hold
in’ or ‘retaining’ contact, as shown in Figure 8.139. This is a
‘normally closed’ contact (position 1) which is also placed in
the magnetic field of the coil. Consequently, when the coil is
energised, it is also pulled in the direction shown, and in this
case, across and onto the terminals of the Start button
(position 2).
We can now take our finger off the Start button, as the supply
will continue to feed the coil by running through the ‘hold in’
contact that is linking out the Start button terminals (position 2).
This now means that we can only break the coil supply and stop
the motor by fitting a Stop button. In the case of starters fitted
with a 230 V coil, this will be a normally closed button placed in
the neutral wire.
Now, for the fraction of a second that we push the Stop button,
the supply to the coil is broken, the coil ceases to be a magnet
and the ‘hold in’ contact returns to its original position (position
1). Since the Start button had already returned to its original
open position when we released it, when we take our finger off
the Stop button everything will be as we first started. Therefore
any loss of supply will immediately break the supply to the coil
and stop the motor: if a supply failure was restored, the
equipment could not restart itself – someone would have to take
the conscious decision to do so.

394
Installing Electrotechnical Systems and Equipment_Book B.indb 394

12/09/2011 15:17:22

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

N
Position 2

L1

L2

L3

Position 1
Hold-in
contact

Start

230V coil
Motor
Stop

Figure 8.139 Restarting the motor

This system is basically the same as that of a contactor. In fact,
many people refer to this item as the contactor starter. Such
starters are also available with a 400 V coil, which is therefore
connected across two of the phases.

Remote stop/start control

Did you know?

In the DOL starter as described, we have the means of stopping
and starting the motor from the buttons provided on the starter
enclosure. However, there are situations where the control of the
motor needs to take place from some remote location. This could
be, for example, in a college workshop where, in the case of an
emergency, emergency stop buttons located throughout the
workshop can be activated to break the supply to a motor.
Equally, because of the immediate environment around the
motor, it may be necessary to operate it from a different location.

Inch control gives the ability to
partially start a motor without it
commencing its normal
operation.

Commonly known as a remote stop/start station, the enclosure
usually houses a start and a stop button connected in series.
However, depending on the circumstances it is also possible to have
an additional button included to give ‘inch’ control of a motor.
If we use the example of our DOL starter as described in the
previous diagrams, but now include the remote stop/start station,
the circuit would look as in Figure 8.140, where for ease the
additional circuitry has been shown in red.
As can be seen, the remote start button is effectively in parallel
with the start button on the main enclosure with the supply to
both of these buttons being routed via the stop button of the
remote station.
If the intention is to provide only emergency stops, omit the
remote station shown so that these are all connected in series with
the stop button on the main enclosure.
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Remote stop/start station
Start
Stop

N

L1

L2

L3
Hold-in
contact

Start

230 V coil
Stop
Motor

Figure 8.140 Remote stop/start control
Remember

Hand-operated star–delta starter

Although hand-operated
star–delta starters are now rare,
you may still come across them
in your career as an electrician.

This is a two-position method of starting a three-phase squirrelcage motor, in which the windings are connected firstly in star for
acceleration of the rotor from standstill, and then secondly in
delta for normal running.
The connections of the motor must be arranged for star–delta,
starting with both ends of each phase winding – six in all –
brought out to the motor terminal block. The starter itself, in its
simplest form, is in effect a changeover switch. Figure 8.141 gives
the elementary connections for both star and delta.
Motor
A1
windings
A2
C1

B1
C2

B2

Supply

L1

A2

C1

L2

C2

B1

L3

B2

A1
Coil

Overload
contacts

Delta (Run)
Star (Start)

Figure 8.141 Hand-operated star–delta connections
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When the motor windings are connected in star, the voltage
applied to each phase winding is reduced to 58% of the line
voltage, thus the current in the winding is correspondingly
reduced to 58% of the normal starting value.
Applying these reduced values to the typical three-phase squirrelcage induction motor, we would have: initial starting current from
two to three-and-a-half times full-load current and initial starting
torque of about 50% of the full-load value.
The changeover from star to delta should be made when the
motor has reached a steady speed on star connection, at which
point the windings will now receive full line voltage and draw
full-rated current.
If the operator does not move the handle quickly from the start to
run position, the motor may be disconnected from the supply
long enough for the motor speed to fall considerably. When the
handle is eventually put into the run position, the motor will
therefore take a large current before accelerating up to speed
again. This surge current could be large enough to cause a
noticeable voltage dip. To prevent this, a mechanical interlock is
fitted to the operating handle. However, in reality the handle
must be moved quickly from start to run position, otherwise the
interlock jams the handle in the start position.
The advantage of this type of starter is that it is relatively cheap.
It is best suited for motors against no load or light loads, and it
also incorporates no-volts protection and overload protection.

Automatic star-delta starter
Bearing in mind the user actions
required of the previous
hand-operated starter, the fully
automatic star-delta contactor starter
(as shown in Figure 8.143) is the most
satisfactory method of starting a threephase cage-induction motor. The
starter consists of three triple-pole
contactors, one employing thermal
overload protection, the second having
a built-in time-delay device, and the
third providing the star points.
The changeover from star to delta is
carried out automatically by the

Figure 8.142 Star–delta starter
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3

5
9
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interlink
Electronic
timer

2

4

6

A1(U) C1(W)
B1(V)

8

Motor circuit
isolating switch
(if required)

Stop

A1(U) C1(W)
B1(V)

A1(U)
C1(W)
B1(V)

Figure 8.143 Automatic star–delta contactor starter

timing device, which can be adjusted to achieve the best results
for a particular situation.

Soft starters
A soft starter is a type of reduced-voltage starter that reduces the
starting torque for a.c. induction motors. The soft starter is in
series with the supply to the motor, and uses solid-state devices to
control the current flow and therefore the voltage applied to the
motor. In theory, soft starters can be connected in series with the
line voltage applied to the motor, or can be connected inside the
delta loop of a delta-connected motor, controlling the voltage
applied to each winding. Soft starters can also have a soft-stop
function, which is the exact opposite to soft start, and sees the
voltage gradually reduced and thus a reduction in the torque
capacity of the motor.

The auto-transformer starter
This method of starting is used when star–delta starting is
unsuitable, either because the starting torque would not be
sufficiently high using that type of starter, or because only three
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terminals have been provided at the motor terminal box – a
practice commonly found within the UK water industry.
This again is a two-stage method of starting three-phase
squirrel-cage induction motors, in which a reduced voltage is
applied to the stator windings to give a reduced current at start.
The reduced voltage is obtained by means of a three-phase auto
transformer, the tapped windings of which are designed to give
40%, 60% and 75% of the line voltage respectively. Although
there are a number of tappings, only one tapping is used for the
initial starting, as the reduced voltage will also result in reduced
torque. Once this has been selected for the particular situation
in which the motor is operating, it is left at that position and
the motor is started in stages – much like the star-delta starter
in that once the motor has reached sufficient speed the
changeover switch moves onto the run connections, thus
connecting the motor directly to the three-phase supply. Figure
8.144 illustrates the connections for an auto-transformer
starter.

Start

Motor

Run
Starter

Auto-transformer

Supply
P1

P2

P3

Figure 8.144 Connections for an auto-transformer starter

The rotor-resistance starter
This type of starter is used with a slip-ring wound-rotor motor.
These motors and starters are primarily used where the motor
will start against full load, as an external resistance is connected
to the rotor windings through slip rings and brushes, which serves
to increase the starting torque.

399
Installing Electrotechnical Systems and Equipment_Book B.indb 399

12/09/2011 15:17:25

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

When the motor is first switched on, the external rotor resistance
is at a maximum. As the motor speed increases, the resistance is
reduced until at full speed, when the external resistance is
completely eliminated and the machine runs as a squirrel-cage
induction motor.
The starter is provided with no-volts and overload protection and
an interlock to prevent the machine being switched on with no
rotor resistance connected. (For clarity these are not shown in
Figure 8.145, since the purpose of the diagram is to show the
principle of operation.)
Three-phase
supply
Run
d.o.l.
type
starter

Start
Rotorresistance
starter

Off
Connections
to stator

Motor
Slip rings connecting external
resistance to rotor windings

Figure 8.145 Rotor-resistance starter

Motor speed control

Speed control of d.c. machines
We said at the beginning of this chapter that there are three types
of d.c. motor: series, shunt and compound, and that one of the
advantages of the d.c. machine is the ease with which the speed
may be controlled.
Some of the more common methods used to achieve speed
control on a d.c. machine are described below.
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Armature resistance control
With this system of control we are effectively reducing the voltage
across the armature terminals by inserting a variable resistor into
the armature circuit of the motor. In effect we are creating the
illusion of applying a lower-than-rated voltage across the
armature terminals.
The disadvantages of this method of control are that we see much
of the input energy dissipated in the variable resistor, a loss of
efficiency in the motor and poor speed regulation in the shunt
and compound motors.
Although not discussed in this book, the principle of applying a
lower-than-rated voltage across the armature terminals forms the
basis of the Ward-Leonard system of speed control, which in
essence provides a variable voltage to the armature terminals by
controlling the field winding of a separate generator. Although
expensive, this method gives excellent speed control and therefore
finds use in situations such as passenger lifts.
Field control
This method works on the principle of controlling the magnetic
flux in the field winding. This can be controlled by the field
current and as a result controls the motor speed. As the field
current is small, the power dissipated by the variable resistor is
reasonably small. We can control the field current in the various
types of motor as follows:
●●

●●

Series motor – Place a variable resistor in parallel with the
series field winding.
Shunt motor – Place a variable resistor in series with the field
shunt winding.

This method of speed control is not felt to be suitable for
compound machines, as any reduction in the flux of the shunt is
offset by an increase in flux from the series field because of an
increase in armature current.
Pulse width modulation (PWM)
We know all about the problem with the variable resistor:
although it works well, it generates heat and hence wastes power.
PWM d.c. motor control uses electronics to eliminate this
problem. It controls the motor speed by driving the motor with
short pulses. These vary in duration to change the speed of the
motor. The longer the pulses, the faster the motor turns, and vice
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versa. The main disadvantages of PWM circuits are their added
complexity and the possibility of generating radio frequency
interference (RFI), although this can be minimised by the use of
short leads or additional filtering on the power supply leads.

Speed control of a.c. induction motors
We have already established that synchronous speed is directly
proportional to the frequency of the supply and inversely
proportional to the number of pole pairs. Therefore the speed of
an induction motor can be changed by varying the frequency and/
or the number of poles. We can also control the speed by
changing the applied voltage and the armature resistance.
For adjustable speed applications, variable speed drives (VSD)
use these principles by controlling the voltage and frequency
delivered to the motor. This gives control over motor torque and
reduces the current level during starting. Such drives can control
the speed of the motor at any time during operation.
The phrase ‘a.c. drive’ has different meanings to different people.
To some it means a collection of mechanical and electromechanical components (the variable frequency inverter and
motor combination), which, when connected together, will move
a load. More commonly – and also for our purposes – an a.c.
drive should be considered as being a variable-frequency inverter
unit (the drive) with the motor as a separate component.
Manufacturers of variable-frequency inverters will normally refer
to these units as being a variable-frequency drive (VFD).
A variable-frequency drive is a piece of equipment that has an
input section – the converter – which contains diodes (see page
463–471 for more information on diodes) arranged in a bridge
configuration. This converts the a.c. supply to d.c. The next
section of the VFD, known as the constant-voltage d.c. bus, takes
the d.c. voltage and filters and smoothes out the wave form. The
smoother the d.c. wave form is, the cleaner the output wave form
from the drive.
The d.c. bus then feeds the final section of the drive, the inverter.
This section of the drive will invert the d.c. back to a.c. using
Insulated Gate Bipolar Transistors (IGBT), which create a
variable a.c. voltage and frequency output.
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Working life
You are asked to investigate a problem in the plant room of a hospital, as the estates
maintenance manager has reported a noisy motor on the air-conditioning system.
When you look at the motor, you find that as well as it being noisy there is a
vibration.
1. Do you think this is a real problem? If so, what actions would you recommend?

Progress check
1

Describe how an artificial means of starting a single-phase motor is
achieved.

2

Explain briefly the difference between synchronous speed and actual
speed for an a.c. motor.

3

What is the major advantage of using star-delta starting rather than
direct-on-line?

K9. Understand the operating
principles of different electrical
components
There are several electrical components you will need to be
familiar with when working with electrical installations. Many of
these have been covered elsewhere in this unit or in this
qualification. For more information on the following turn to these
pages:
●●
●●
●●
●●

●●

contactors (Unit ELTK 07, pages 194–95)
relays (pages 292–94)
solenoids (pages 297–98)
over-current protection devices (Unit ELTK 07,
pages 195–96)
RCDs and RCBOs (Unit ELTK 04a, pages 27–30
and 36–37).
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K10. Understand the principles and
applications of electrical lighting
systems
Did you know?
The first edition of the
Regulations, introduced in 1882,
was entitled ‘Rules and
Regulations for the Prevention
of Fire Risks Arising from Electric
Lighting’.

Illumination by means of electricity has been available for over
100 years. In that time it has changed in many ways, though
many of the same ideas are still in use. The first type of electric
lamp was the ‘arc lamp’, which used electrodes to draw an
electrode through the air, this is now known as discharge lighting.
This was quite an unsophisticated use of electricity, and many
accidents and fires resulted from it. Regulations had to be
developed to control discharge lighting installations, and the use
of electrical lighting systems has changed dramatically over the
centuries.
This section will look at the basic principles of illumination and
the applications of the different methods used to calculate lighting
requirements, after introducing the key operating principles, types
and applications of common luminaires you will use.

Remember
A luminaire is more commonly
known as a lighting fitting and
refers to the fully assembled
enclosure, lamp, control gear
and reflector etc.

Operating principles, types, limitations
and applications of luminaires
Before we look at the types of lamp available, we should look at
lamp caps. The cap is that part of the lamp that allows an
electrical connection to be made with the supply. There are many
different types, some of which are shown below.
Light emitting diodes are also types of luminaires. More
information can be found about these later in this unit on pages
467–68.

The bayonet cap
The bayonet cap (BC) is probably the lamp you have come across
most often. It is 22 mm diameter and has two locating lugs, the
electrical contact made over two pins on the base of the cap. Two
popular variations of this are the SBC cap which is 15 mm in
diameter and the SCC cap. The SCC cap only has one contact
on the base, the other contact being the cap itself.

The Edison Screw cap

Figure 8.146 Bayonet cap

Most Edison Screw (ES) lamps are represented as the letter ‘E’
followed by a number. This number denotes the diameter of the
cap. The most popular types for domestic use in the UK are E14
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(14 mm and also known as SES) and E27. There is also a version
used in street lighting and industrial situations with mercury
fluorescent lamps, the E40 or GES (Giant Edison Screw).

Halogen lamp caps
There are three common types of halogen lamp camp:
●●

Halogen capsule lamps are generally designated by the
distance in millimetres between the pins of the lamp. The most
common of these, G4 (2 pins – 4 mm apart) is used in low
voltage applications such as desk lamps.

Figure 8.147 Edison Screw cap

Figure 8.148 Halogen capsule lamp
●●

Linear tungsten halogen lamps are mains voltage and
normally seen in security lights, floodlights and some
up-lighters. They have what is known as an R7 cap at each end
of a thin gas-filled quartz tube.

Figure 8.149 Linear tungsten halogen capsule lamp
●●

Halogen spotlights have become ever more popular and are
seen in many domestic applications such as bathrooms, dining
rooms and kitchens or commercially in display applications. The
most common is the GU10 version shown in Figure 8.150.
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Figure 8.150 Halogen spotlights

Low pressure mercury (fluorescent) caps)
Using their common name, fluorescent tubes have a bi-pin cap at
both ends of the gas-filled tube. Diameters of the tube range from
T5 (16 mm) through T8 (25 mm) to T12 (38 mm). T8 and T12
tubes normally have pins that are 13 mm apart, whereas the T5
tube has pins that are 5 mm apart.

Figure 8.151 Low pressure mercury (fluorescent) caps
Remember
The filament wire in an
incandescent lamp reaches a
temperature of about
2500–2900°C.

Incandescent lamps – GLS and tungsten halogen
In this method of creating light a fine filament of wire is
connected across an electrical supply, which makes the filament
wire heat up until it is white-hot and gives out light. The filament
wire reaches a temperature of 2500–2900°C. These lamps are
very inefficient and only a small proportion of the available
electricity is converted into light; most of the electricity is
converted into heat as infrared energy. The light output of this
type of lamp is mainly found at the red end of the visual
spectrum, which gives an overall warm appearance.
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Operation of GLS lamps
The General Lighting Service (GLS) lamp is one type of
incandescent lamp and is commonly referred to as the ‘light
bulb’. It has at its ‘core’ a very thin tungsten wire that is formed
into a small coil and then coiled again.
A current is passed through the tungsten filament, which causes it
to reach a temperature of 2500°C or more so that it glows
brightly. At these temperatures, the oxygen in the atmosphere
would combine with the filament to cause failure, so all the air is
removed from the glass bulb and replaced by gases such as
nitrogen and argon. Nitrogen is used to minimise the risk of
arcing and argon is used to reduce the evaporation process. On
low-power lamps such as 15 and 25 watt, the area inside the bulb
remains a vacuum. The efficiency of a lamp is known as the
efficacy. It is expressed in lumen per watt, lm/w. For this type of
lamp the efficacy is between 10 and 18 lumens per watt. This is
low compared with other types of lamp, and its use is limited.
However, although now being phased out, it is the most familiar
type of light source used and has many advantages including:
●●
●●
●●
●●

comparatively low initial costs
immediate light when switched on
no control gear
it can easily be dimmed.

Figure 8.152 GLS lamp
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Did you know?
The first lamp that was
developed for indoor use was
the carbon-filament lamp.
Although this was a dim lamp
by modern standards it was
cleaner and far less dangerous
than the exposed ‘arc lamp’.

Did you know?
The average life of this type of
lamp is 1 000 hours, after which
the filament will rupture.

When a bulb filament finally fails it can cause a very high current
to flow for a fraction of a second – often sufficient enough to
operate a 5 or 6 amp miniature circuit breaker which protects the
lighting circuit. High-wattage lamps, however, are provided with
a tiny integral fuse within the body of the lamp to prevent damage
occurring when the filament fails.
If the lamp is run at a lower voltage than that of its rating this
results in the light output of the lamp being reduced at a greater
rate than the electricity used by the lamp, and the lamp’s efficacy
is poor. This reduction in voltage, however, increases the lifespan
and can be useful where lamps are difficult to replace or light
output is not the main consideration.
It has been calculated that an increase in 5% of the supply voltage
can reduce the lamp life by half. However, if the input voltage is
increased by just 1% this will produce an increase of 3.5% in
lamp output (lumens). When you consider that the Electricity
Supply Authority is allowed to vary its voltage up to and
including 6% it is easy to see that if this was carried on for any
length of time the lamps would not last very long.

Tungsten halogen lamps
Did you know?
Running the lamp at a higher
voltage than it was designed to
do results in a shorter lamp life.

These types of lamps were introduced in the 1950s. For their
operation the tungsten filament is enclosed in a gas-filled quartz
tube together with a carefully controlled amount of halogen such
as iodine. Figure 8.153 illustrates the linear tungsten halogen
lamp.

Figure 8.153 Linear tungsten lamp
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Operation of tungsten halogen lamps
The inclusion of argon and iodine in the quartz tube allows the
filament to burn at a much higher temperature than the
incandescent lamp. The inclusion of the halogen gas produces a
regeneration effect which prolongs the life of the lamp.
As small particles of tungsten fall away from the filament, they
combine with the iodine passing over the face of the quartz tube,
forming a new compound. Convection currents in the tube cause
this new compound to rise, passing over the filament. The intense
heat of the filament causes the compound to separate into its
component parts, and the tungsten is deposited back on the
filament.
The lamp should not be touched with bare fingers as this would
deposit grease on the quartz glass tube; this would lead to small
cracks and fissures in the tube when the lamp heats rapidly,
causing the lamp to fail. If accidentally touched on installation, the
lamp should be cleaned with methylated spirit before being used.
The linear type of lamp must be installed within 4° of the
horizontal to prevent the halogen vapour migrating to one end of
the tube, causing early failure. These types of lamps have many
advantages, which include:
●●
●●
●●

increased lamp life (up to 2000 hours)
increase in efficacy (up to 23 lumens per watt)
reduction in lamp size.

There are two basic designs that have been produced: the doubleended linear lamp and the single-ended lamp, with both contacts
embedded in the seal at one end (see Figure 8.154). This type of
lamp has been produced to work on extra-low voltages: they are

44 mm

16 mm
6.35 mm

Figure 8.154 Single-ended filament lamp
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used extensively in the automobile industry for vehicle
headlamps. They may also be used for display spotlights where
extra-low voltage is desirable. They may be supplied from an
in-built 230 V/12 V transformer.

Discharge lighting
This is a term that refers to illumination derived from the
ionisation of gas. This section looks at:
●●
●●
●●
●●
●●
●●
●●

low pressure mercury vapour lamps
the glow-type starter circuit
semi-resonant starting
high frequency
stroboscopic effect
other methods of starting the fluorescent tube
other discharge lamps.

Low pressure mercury vapour lamps
The fluorescent lamp, or, more correctly, the low pressure
mercury vapour lamp, consists of a glass tube filled with a gas
such as krypton or argon and a measured amount of mercury
vapour. The inside of the glass tube has a phosphor coating, and
at each end there is a sealed set of oxide-coated electrodes, known
as cathodes.
When a voltage is applied across the ends of a fluorescent tube
the cathodes heat up, and this forms a cloud of electrons, which
ionise the gas around them. The voltage to carry out this
ionisation must be much higher than the voltage required to
maintain the actual discharge across the lamp. Manufacturers use
several methods to achieve this high voltage, usually based on a
transformer or choke. This ionisation is then extended to the
whole length of the tube so that the arc strikes and is then
maintained in the mercury, which evaporates and takes over the
discharge. The mercury arc, being at low pressure, emits little
visible light but a great deal of ultraviolet, which is absorbed by
the phosphor coating and transformed into visible light.
Did you know?
The type of phosphorus used on
the lamp’s inner surface will
determine the colour of light
given out by the lamp.

The cathodes are sealed into each end of the tube and consist of
tungsten filaments coated with an electron-emitting material.
Larger tubes incorporate cathode shields – iron strips bent into an
oval shape to surround the cathode. The shield traps material
given off by the cathodes during the tube life and thereby
prevents the lamp-ends blackening.
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Figure 8.155 Detail of one end of a fluorescent tube

The gas in standard tubes is a mercury and argon mix, although
some lamps (the smaller ones and the new slim energy-saving
lamps) have krypton gas in them. The phosphor coating is a very
important factor affecting the quantity and quality of light output.
When choosing different lamps there are three main areas to be
considered:
●●
●●
●●

lamp efficacy
colour rendering
colour appearance.

Lamp efficacy
This refers to the lumen output for a given wattage. For
fluorescent lamps this varies between 40 and 90 lumens per watt.

Colour rendering
This describes a lamp’s ability to show colours as they truly are.
This can be important depending on the building usage. For
example, it would be important in a paint shop but less so in a
corridor of a building. The rendering of colour can affect people’s
attitude to work etc. – quite apart from the fact that in some jobs
true colour may be essential. By restoring or providing a full
colour range the light may also appear to be better or brighter
than it really is.

Colour appearance
This is the actual look of the lamp, and the two ends of the scale
are warm and cold. These extremes are related to temperatures:
the higher the temperature, the cooler the lamp. This is important
for the overall effect, and generally warm lamps are used to give a
relaxed atmosphere while cold lamps are used where efficiency
and businesslike attitudes are the priorities. The subject of lamp
411
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Did you know?
The most economic tube life is
limited to around 5000 or 6000
hours. In industry, tubes are
changed at set time intervals
and all the tubes, whether still
working or not, are replaced.
This saves money on
maintenance, stoppage of
machinery and scaffolding
erection etc.

Remember
The capacitor connected across
the supply terminals is to correct
the poor power factor that has
been created by this type of
light.

Remember
Once the tube strikes, current
no longer passes through the
starter; therefore the starter
takes no further part in the
circuit.

choice has become very complicated, and a programme of lamp
rationalisation has begun. The intention is that the whole range
currently available will be reduced. Also, new work has resulted
in lamps with high lumen outputs and good colour rendering
possibilities.

The glow-type starter circuit
In the starter, a set of normally open contacts is mounted on
bi-metal strips and enclosed in an atmosphere of helium gas.
When switched on, a glow discharge takes place around the open
contacts in the starter, which heats up the bi-metal strips, causing
them to bend and touch each other. This puts the electrodes at
either end of the fluorescent tube in circuit and they warm up,
giving off a cloud of electrons; simultaneously an intense
magnetic field is building up in the choke, which is also in circuit.
The glow in the starter ceases once the contacts are touching so
that the bi-metal strips now cool down and they spring apart
again. This momentarily breaks the circuit, causing the magnetic
field in the choke to rapidly collapse. The high back-e.m.f.
produced provides the high voltage required for ionisation of the
gas and enables the main discharge across the lamp to take place.
The voltage across the tube under running conditions is not
sufficient to operate the starter and so the contacts remain open.
The resistance of the ionised gas gets lower and lower as it warms
up and conducts more current. This could lead to disintegration
of the tube. However, the choke has a secondary function as a
current-limiting device: the impedance of the choke limits the
current through the lamp, keeping it in balance. This is one
reason why it is often referred to as ballast.
This type of starting may not succeed first time and can result in
the characteristic flashing on/off, when initially switching it on.

P

lamp
choke
PF correction
capacitor
starter switch

radio suppression
capacitor

N

Figure 8.156 Glow-type starter circuit
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Semi-resonant starting
In this circuit the place of the choke is taken by a specially wound
transformer. Current flows through the primary coils to one
cathode of the lamp and then through the secondary coil, which
is wound in opposition to the primary coil. A fairly large
capacitor is connected between the secondary coil and the
second cathode of the lamp (the other end of which is connected
to the neutral).
P

control circuit

earth strip
capacitor circuit
N

Figure 8.157 Semi-resonant circuit

The current that flows through this circuit heats the cathodes
and, as the circuit is predominantly capacitive, the pre-start
current leads the main voltage. Owing to the primary and
secondary windings being in opposition, the voltages developed
across them are 180° out of phase, so that the voltage across the
tube is increased, causing the arc to strike. The primary windings
then behave as a choke, thus stabilising the current in the arc.
The circuit has the advantage of high power factor and easy
starting at low temperatures.

High frequency
Standard fluorescent circuits operate on a mains supply frequency
of 50 Hz; however, high-frequency circuits operate on about
30 000 Hz. There are a number of advantages to high frequency:
●●
●●
●●
●●

higher lamp efficacy
first-time starting
noise free
the ballast shuts down automatically on lamp failure.

The higher efficacy for this type of circuit can lead to savings of at
least 10%, and in some large installations they may be as high as
30%. Many high-frequency electronic ballasts will operate on a
wide range of standard fluorescent lamps. The high-frequency
circuit will switch on the lamp within 0.4 of a second and there
should be no flicker (unlike glow-type starter circuits).
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Stroboscopic effect is not a problem as this light does not flicker
on/off due to its high frequency.
However, a disadvantage of this type of circuit is that supply
cables installed within the luminaire must not run adjacent to the
leads connected to the ballast output terminals as interference
may occur. Also, the initial cost of these luminaires is greater than
traditional glow-type switch starts.

Stroboscopic effect
Did you know?
Certain frequencies of
stroboscopic flash can induce
degrees of drowsiness,
headaches, eye fatigue and, in
extreme cases, disorientation.
Some television shows have
warnings about stroboscopic
lights before their transmission.

A simple example of this effect is that, when watching the wheels
rotate on a horse-drawn cart on television, it appears that the
wheels are stationary or even going backwards. This phenomenon
is brought about by the fact that the spokes on the wheels are
being rotated at about the same number of revolutions per second
as the frames per second of the film being shot. This effect is
known as the ‘stroboscopic effect’ and can also be produced by
fluorescent lighting.
The discharge across the electrodes is extinguished 100 times per
second, producing a flicker effect. This flicker is not normally
observable but it can cause the stroboscopic effect, which can be
dangerous. For example, if rotating machinery is illuminated from
a single source it will appear to have slowed down, changed
direction of rotation or even stopped. This is a potentially
dangerous situation to any operator of rotating machines in an
engineering workshop.
However, this stroboscopic effect can be harnessed – for example,
to check the speed of a CD player or the speed of a motor vehicle
for calibration purposes.
By using one of the following methods, the stroboscopic effect
can be overcome or reduced. The first three maintain light falling
on the rotating machine. The fourth makes the effective flicker at
a different frequency from the operating frequency of the
machines.
(i) Tungsten filament lamps can be fitted locally to lathes, pillardrilling machines etc. This will lessen the effect but will not
eliminate it completely.
(ii) Adjacent fluorescent fittings can be connected to different
phases of the supply. Because in a three-phase supply the
phases are 120° out of phase with each other, the light falling
on the machine will arrive from two different sources.
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Each of these will be flickering at a different time and will
interfere with each other, reducing the stroboscopic effect.
(iii) Twin lamps can be wired on lead-lag circuits, thus
counteracting each other. The lead-lag circuit, as the name
implies, is a circuit that contains one lamp in which the
power factor leads the other – hence the other lags. Using
the leading current effect of a capacitor and the lagging
current effect of an inductor produces the lead-lag effect.
The lagging effect is produced naturally when an inductor is
used in the circuit as shown in Figure 8.158. The leading
effect uses a series capacitor, which has a greater effect than
the inductor in the circuit. When these two circuits are
combined as shown there is no need for further power factor
correction as one circuit will correct the other.
(iv) The use of high-frequency fluorescent lighting reduces the
effect by about 60%.

lead circuit lamp

lag circuit lamp

series
capacitor

Figure 8.158 Lead lag circuit

Other methods of starting the fluorescent tube
Quick start
The electrodes of this type of circuit are rapidly pre-heated by the
end windings of an autotransformer so that a quick start is
possible. The method of ionisation of the gas is the same as in the
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semi-resonant circuit. Difficulties may occur in starting if the
voltage is low.
Thermal starter circuit
This type of circuit has waned in popularity over the years.
However, there are still thousands of these fittings in service, so it
is worth describing them. In this starter, the normally closed
contacts are mounted on a bi-metal strip. A small heater coil
heats one of these when the supply is switched on. This causes
the strip to bend and the contacts to open, creating the
momentary high voltage and starting the circuit discharge. The
starter is easily recognised as it has four pins instead of the usual
two, the extra pins being for the heater connection.

Other discharge lamps

Low pressure sodium vapour
Low pressure sodium lamps have a gas discharge tube containing
solid sodium and a small amount of neon and argon gas mixture
to start the gas discharge. When the lamp is initially turned on it
emits a dull red light as the sodium metal is warmed before
becoming a bright orangey-yellow once the sodium has vaporised.

Figure 8.159 Low pressure sodium vapour lamp
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These lamps have an outer glass vacuum envelope around the
inner discharge tube for thermal insulation, which improves their
efficiency along with coating the glass envelope with an infrared
reflecting layer of metal oxide, thus resulting in their common
name of SOX (sodium and oxide) lamps.
As a result of their colour when lit and the fact that they glow
rather than glare, you will most commonly find them used on
street or motorway lighting where accurate colour rendition of
objects is not important.

High pressure sodium vapour
High pressure sodium lamps are smaller than SOX lamps and use
low pressure xenon as the starter gas required to being the
sodium and mercury vaporisation.
When the lamp is initially turned on it emits a dull red light as the
sodium metal is warmed before becoming a blue-white light once
the sodium and mercury have vaporised. Because of this they are
used where good colour rendering is considered important. As
they are reasonably efficient, they are also used in street and
security lighting.
As they were felt to be replicating sunlight, they are commonly
referred to as SON lamps.

Figure 8.160 High pressure sodium vapour lamp

High pressure mercury vapour
When a mercury vapour lamp is first turned on, the voltage
initiates an argon glow discharge between the main and the
auxiliary electrode pair(s), causing a sufficient number of mercury
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atoms to be ionised. This in turn initiates a low pressure
discharge between the two main electrodes and it will produce a
dark blue glow because only a small amount of the mercury is
ionised and the gas pressure in the arc tube is very low. As the
main arc strikes and the gas heats up and increases in pressure,
the light appears nearly white to the human eye.

Metal halide
By adding rare earth metal salts to the mercury vapour lamp,
metal halide lamps produce high light-output for their size,
making them a powerful and efficient light source.
Since the lamp is small compared to a fluorescent or incandescent
lamp of the same light level, relatively small reflective luminaires
can be used to direct the light for different applications (flood
lighting outdoors, or lighting for warehouses or industrial
buildings).
Metal halide lamps are used both for general lighting purposes,
and for very specific applications that require specific UV or
blue-frequency light. Because of their wide spectrum, they are
used for indoor growing applications.
Like all discharge lamps, metal halide lamps produce light by
passing an electric arc through a mixture of gases. In a metal
halide lamp, the compact arc tube contains a high pressure
mixture of argon, mercury, and a variety of metal halides. The
argon gas in the lamp is easily ionised, and facilitates striking the
arc across the two electrodes when voltage is first applied to the
lamp. The heat generated by the arc then vaporises the mercury
and metal halides, which produce light as the temperature and
pressure increases.

Compact (energy saving) fluorescent lamps
The incandescent lamp is simply a very hot piece of wire inside a
glass container. It is the heat that created the light, thus making it
an inefficient device. In fact it wastes about 90% of the electricity
it uses. The problem is, just about every domestic property in the
UK uses them in pendant or table light fittings. The typical
incandescent lamp used in the home is either 60 watts or
100 watts, which means that if 10 × 100 watt lamps are on then
you are using 1 kW of power.
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Figure 8.161 Energy-saving light bulbs

Energy-saving lights are simply a compact version of the
fluorescent tube mentioned earlier; in other words they are a low
pressure mercury vapour lamp. The compact design is necessary
to allow domestic users to replace their old incandescent lamps
without having to replace shades or fittings. Additionally, these
low energy equivalents typically use only 9 or 11 watts each even
though they give the same amount of light. So using our same
example, instead of using 1 kW of power our demand would be
10 × 11 watt or 110 watts in total – quite an energy saving.
There are two types of compact fluorescent lamp:
●●

●●

Integrated lamps combine a tube, an electronic ballast and
either an Edison screw or a bayonet fitting in a single unit.
Most domestic users will be familiar with these.
Non-integrated lamps have the ballast permanently installed in
the luminaire, and therefore only the lamp bulb has to be
changed when it fails. Since the ballast is in the fitting itself,
they tend to be larger but last longer when compared to the
integrated lamp.

Working life
Your customer has installed
glow-type fluorescents in the
kitchen area of a large house.
They have reported that one of
them continues to flicker as
though trying to start but
doesn’t.
1. What should you do to
determine the facts?
2. What are the most likely
causes of this fault?
3. How would you proceed?

Standard compact fluorescents are not suitable for dimming
applications and special lamps are required instead.

LED lighting
Light emitting diodes (LEDs) have been around for many years
and are used for a range of items, from lighting digital clocks to
Christmas tree lights.
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As with the compact fluorescent, the LED lamp saves energy
against traditional incandescent lamps and they are likely to last
about 30 000 hours.
Although we will cover the LED in more depth later in this unit
(pages 467–8), an LED could be called ‘solid-state lighting’
technology as it emits its light from a piece of solid matter,
namely a semiconductor.

Regulations concerning lighting circuits
The 17th Edition of the IET Regulations (BS 7671) saw the
introduction of a new section (559) within Chapter 55 that
applies to:
●●

●●

the selection and erection of luminaires and lighting
installations that are intended to be part of the fixed
installation (559.1)
highway power supplies and street furniture (559.1).

Particular requirements are specified for the following:
●●
●●

●●

fixed outdoor lighting installations.
extra low voltage installations supplied at up to 50 V a.c. or
120 V d.c.
lighting for display stands.

The definitions within Regulation 559.3 mean that lighting
installations for roads, parks, car parks, gardens, places open to
the public, sporting areas, illuminating monuments, floodlighting,
telephone kiosks, bus shelters, advertising panels, road signs and
road traffic signalling systems are now all covered by BS 7671.
However, BS 7671 does not cover the following:
●●
●●

high voltage signs supplied at low voltage (e.g. neon tubes)
signs and luminous discharge tube installations in excess
of 1 kV.

Although Section 559 sees the introduction of some 44 new
regulations, we’re only going to look at the most appropriate ones
in the following text.
Regulation 559.4 – requires that all luminaires and track systems
comply with the relevant standards for manufacture.
Regulation 559.5 – requires that the selection and erection
process considers the thermal effect of radiant and convected

420
Installing Electrotechnical Systems and Equipment_Book B.indb 420

12/09/2011 15:17:38

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

energy on to surroundings. This means considering the power of
lamps and the fire resistance of nearby materials.
Regulation 559.6 requires that at each fixed lighting point, one
of the following shall be used:
●●
●●
●●
●●
●●
●●
●●

ceiling rose
luminaire
luminaire support coupler
batten lampholder or pendant set
suitable socket outlet/connection unit
suitable lighting distribution unit
device for connecting a luminaire (DCL).

Regulation 559.6 also states that:
●●

●●

●●

●●
●●

●●

●●

●●

●●

a batten lampholder/ceiling rose for a filament lamp shall not
be used for a circuit in excess of 250 V
a ceiling rose can’t be used for attaching more than one
pendant unless it has been designed for that purpose
luminaire support couplers provide for connection to, and
support of, the luminaire. They must not be used to connect
any other item of equipment
adequate means of fixing the luminaire must be provided
lighting circuits that include B15, B22, E14, E27 or E40
lampholders shall have a protective device for the circuit of no
greater than 16 A
except for E14 and E27 lampholders to BS EN 60238, in
circuits on a TN or TT system, the outer contact of every ES
lampholder or single-centre bayonet cap lampholder shall be
connected to the neutral conductor
the installation of through wiring in a luminaire is only
permitted if the luminaire has been designed accordingly
if through wiring is permitted then any cabling must be
selected in accordance with the temperature information on
that luminaire. In the absence of such information then heat
resistant cables and/or conductors must be used
groups of luminaires divided between the three line conductors
of a three-phase system but having a common neutral, must
have a linked circuit breaker that simultaneously disconnects
all the line conductors.

Did you know?
E14 (SES) and E27 (ES) holders
are in common use. The reason
for this exemption regarding
polarity is that the structure of
the lampholder to BS EN 60238
ensures that with the bulb in
place it is impossible to touch
any live metal, and on removing
the lamp, before the metal
threaded part begins to show,
the centre contact has already
been broken.
It is still good practice to
connect the outer threaded
contact to Neutral, however for
this type of lampholder it isn’t
mandatory. This is now reflected
in inspection and testing as well.
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Regulation 559.9 recognises the stroboscopic effect mentioned
on page 414.
Regulations 559.10.1 and 559.10.2 generally state that for
outdoor lighting installations, highway power supplies and street
furniture, the protective measures ‘placing out of reach’,
‘obstacles’ and ‘earth-free-equipotential bonding’ shall not be
used.
Regulation 559.10.3 states that:
●●

●●

●●

●●

●●

●●

where the protective measure ADOS is used, then all live parts
of equipment shall be protected by insulation or barriers/
enclosures providing basic protection. However, a door in
street furniture used for access to electrical equipment cannot
be classed as a barrier/enclosure
for every accessible enclosure, all live parts must only be
accessible by using a key/tool unless the enclosure is located
where it can only be accessed by a skilled person
for a luminaire mounted less than 2.8 m above ground level,
access shall only be possible after removing a barrier/enclosure
that requires the use of a tool
for an outdoor lighting installation, any nearby metallic
structure such as a fence that is not part of the installation,
need not be connected to the main earthing terminal
it is recommended that equipment within the lighting
arrangements of places such as telephone kiosks, bus shelters
etc., be provided with additional protection in the form of an
RCD
a maximum disconnection time of 5 seconds shall apply to all
circuits feeding fixed equipment in highway power supplies.

Regulation 559.10.6.1 states that as long as certain measures are
taken, a suitable rated fuse carrier may be used as the means of
isolation. However, 559.10.6.2 states that if the distributor’s cut
out is used as the means of isolation, then distributor permission
must be obtained.
Regulation 559.11.5 states that the protective measure FELV
cannot be used. The introduction of this new section in the
Regulations also sees the introduction of new symbols and these
are contained in Table 55.2 as detailed in Figure 8.162.
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Luminaire with limited surface
temperature
(BS EN 60598 series)

D

Luminaire suitable for direct
mounting on normally
flammable surfaces

F

Luminaire suitable for direct
mounting on non-combustible
surfaces only

F

Luminaire suitable for mounting in/on
normally flammable surfaces where a
thermal insulating material may cover
the luminaire
Note: The marking of the symbols
corresponding to IP numbers is optional.

F

Use of heat-resistant supply cables,
interconnecting cables or external wiring.
(The number of cores shown is optional)

Luminaire for use with high pressure
sodium lamp having an internal
starting device
Replace any cracked protective shield

Luminaire designed for use with self
shielded tungsten halogen lamps only

Transformer – short-circuit proof
(both inherently and non-inherently)

Electronic convertor for an extra-low
voltage lighting installation

t......°C

A “class P” thermally protected
ballast(s)/transformer(s)

Luminaire designed for use with bowl
mirror lamps

Rated maximum ambient temperature
Warning against the use of cool beam
lamps

ta .....°C
COOL
BEAM

Minimum distance from lighted objects
(m)

m

Rough service luminaires

Luminaire for use with high pressure
sodium lamps that require an external
ignitor (to the lamp)

I

110

P

A temperature declared thermally
protected ballast(s)/transformers(s)
with a marked value equal to or
below 130°C
The generally recognised symbol is
of an independent ballast of EN60417

Note: These symbols are referenced within BS EN
60598-1:2004. However, some of these symbols
at the time of going to press, are the subject of
change; the reader is advised to consult the
latest edition of BS EN 60598 for current
luminaire marking requirements

E

Figure 8.162 Explanations of symbols used in luminaires in control gear for luminaires and in
installation of luminaires (Table 55.2)

Basic principles of illumination
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Before we can perform any calculations, it is probably a good idea
to know what we are trying to calculate and what we can use to
achieve it.
Simply, two early things to consider are:
●●

●●

How powerful is something at source? (How bright is the
light?)
How much light has landed on an object a certain distance
away from the light?
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Measuring light
We refer to the ‘brightness’ of a source (the power of the light) as
luminous intensity and this is given the symbol I and is
measured in candelas (cd).
Did you know?
A luminaire is more commonly
known as a lighting fitting and
refers to the fully assembled
enclosure, lamp, control gear
and reflector etc.

Luminous flux is the measure of the flow (or amount) of light
being emitted from that source and one of the factors used when
designing lighting systems is illuminance.
Formerly called illumination, illuminance is our measure of the
amount of light falling on a surface. This is defined as ‘the density
of the luminous flux striking a surface’.
Using the symbol E, illuminance has the unit of measurement
(Lux), with one Lux being the illuminance at a point on a surface
that is one metre from, and perpendicular to, a uniform point
source of one candela.

Did you know?
As with the compact flourescent
the LED lamp saves energy
against traditional incandescent
lamps and they are likely to last
about 30 000 hours!

Let’s explore that a bit more. Take a ruler 1 metre long and place
it flat on the floor with one end touching a 1 m2 wall. Fix a candle
to the other end of it and then light the candle. If we assume that
the candle has a luminous intensity of one candela, then the
amount of light hitting the wall is one Lux. In other words, one
lumen uniformly distributed over one square metre of wall
surface provides an illuminance of 1 Lux (1 Lux = 1 lumen/
square metre).
If we were now to move the ruler and candle further away from
the wall, then the wall will appear less brightly lit. However, the
amount coming from the candle has remained the same. This is
inversely proportional.
As a concept what we are saying is the closer you are to a
luminaire, the brighter that luminaire is. Or, put another way, if
we can’t change how much light comes out of the luminaire, to
make more light land on an object we either have to move the
luminaire closer, or add more luminaires.

Other factors that affect illuminance
Whatever type of luminaires we eventually decide to install will be
affected by age, collection dust etc. All of these factors will affect
our level of illuminance and are grouped under an overall title of
Maintenance Factor.
Maintenance Factor (MF) is the ratio of the illuminance provided
by an installation after a period of use against its initial

424
Installing Electrotechnical Systems and Equipment_Book B.indb 424

12/09/2011 15:17:39

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

illuminance when it first started use. This is expressed as a
number or percentage and has no unit.
As a simple example, let’s say that a shift manager’s office in a
garage workshop has a ceiling luminaire with one 65 W fluoresent
lamp inside it installed from new. When first installed the lamp
had a lumen output of 1000 lm, but when measured again after
six months in operation the output had fallen to 850 lm.
The output has decreased by a ratio of:

850
= 0.85
1000

We therefore have a Maintenance Factor of 0.85.
The Maintenance Factor is based on how often the lights are
cleaned and replaced. It takes into account such factors as
decreased efficiency with age, accumulation of dust within the
fitting itself and the depreciation of reflectance as walls and
ceiling age. It is fully represented by the following formula:
MF = LLMF × LSF × LMF × RSMF
Where:
●●

●●

●●

●●

LLMF (lamp lumen maintenance factor) – the reduction in
lumen output after specific burning hours
LSF (lamp survival factor) – the percentage of lamp failures
after specific burning hours
LMF (luminaire maintenance factor) – the reduction in light
output due to dirt deposited on or in the luminaire
RSMF (room surface maintenance factor) – the reduction in
reflectance due to dirt deposition in the room surfaces.

As a rough guide, for convenience, MF is usually taken as being
around the following values:
●●
●●
●●

Good = 0.70
Medium = 0.65
Poor = 0.55

One other consideration is the utilisation factor (UF), once
referred to as the coefficient of utilisation (CU). Using tables
available from manufacturers, it is possible to determine the
utilisation factor for different lighting fittings if the reflectance of
both the walls and ceiling is known, the room index has been
determined and the type of luminaire is known.
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In other words, UF is a number used to represent the amount of
luminous flux emitted by a lamp that reaches a working surface.
Factors that make up the UF include:
●●
●●
●●

●●

the light output of luminaire
the flux distribution of the luminaire
Room Index (room dimensions and spacing and mounting
height of luminaires)
room reflectances.

When checking existing light levels in a building, you should be
aware that, as the light output of lamps varies depending on their
operating temperature, it is essential that the luminaires have
been operating under normal thermal conditions before checking.
This may require, for example, both lighting and heating or air
conditioning systems to be switched on for long enough to
achieve steady conditions.
Where lamps are known to be new, they should be run for about
100 hours under normal operating conditions. Also, where
possible the line voltage supply to the lighting circuit should also
be monitored, as fluctuations in lumen output are caused by
variations in supply voltage.
Let’s now look at the calculations.

The lumen method
This method of calculation is only applicable in square or
rectangular rooms with a uniform array of luminaires as shown in
Figure 8.163.

Figure 8.163 A uniform array of luminaires in a room

Using the factors mentioned previously, it is the simplest method
of calculating the overall illumination level for such areas. It is
accurate enough for the majority of purposes, and is the
calculation most used by lighting engineers when determining the
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number of luminaires for a given lighting level. The formula is as
follows:
E=

F × n × N × MF × UF
A

Where:
E = average illuminance
F = initial lamp lumens
n = number of lamps in each luminaire
N = number of luminaires
MF = maintenance factor
UF = utilisation factor
A = area
Example

You have been given the following information and asked to calculate how
many luminaires we need to give 300 lux at desk level within a room in a
primary school.
UF = 0.44
MF = 0.85 (as the building is clean and without any air conditioning system)
n = 4 lamps per luminaire
F = 2350 lumens for the fluorescent tube
E = 300 lux at the level of the table (good for such a school)
A = 9 m × 4 m = 36 m²
By transposition of the formula:
N=

A ×E
F × n ×MF × UF

Therefore:
N=

300 × 36
10800
=
= 3.07
2350 × 4 × 0.85 × 0.44
3515

Therefore 3 × 4 tube luminaires are required.

The inverse square law
In physics, an inverse square law is any physical law stating that
some physical quantity or strength is inversely proportional to the
square of the distance from the source of that physical quantity.
Simply, what this means is that an object that is twice the
distance from a point source of light will receive only a quarter of
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the illumination. Or put another way, if you moved an object
from 3 m to 6 m (twice the distance) away from a light source,
you would need four times (22) the amount of light to maintain
the same level of illumination.
We can see this in real life very easily. Consider a campfire at
night – a pool of light surrounded by darkness. Or a torch being
shone into the night sky – a bright beam of light that rapidly fades
to nothing. You might think that when you double the distance
from a light source you are now getting half as much light, but it
doesn’t work like that – you actually get just a quarter as much
light. Figure 8.164 shows how the inverse square law works.
Distance from source
3D

2D
Area
D

A

Illuminance
(lux)

L

4A

L/4

9A

L/9

Figure 8.164 The inverse square law

Notice in Figure 8.164 how as the distance from the source
increases to three times the original distance from the light source
(3D), that the intensity of illumination at the new distance is nine
times less (3D2). This is because the amount of illumination is
inversely proportional to the distance from the source.
We express this phenomenon with the following formula and
apply it when the light source is directly above a surface:
I (luminous intensity in candela)
Illuminance
in
lux
E
=
I (luminous intensity in candela) d 2 (distance between
n source and point of measurement in
Illuminance in lux E = 2
n source and point of measurement in m2 )
d (distance between
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Example

A luminaire producing a luminous intensity of 1000 cd is installed 3 m above
a surface, what is the illuminance on that surface directly beneath the
luminaire?
E=

1000 1000
I
= 2 =
= 111.1 lux
9
3
d2

If the luminaire was now installed 1 m higher, what would be the new level
of illuminance on the surface?
E=

1000 1000
I
= 2 =
= 62.5 lux
2
16
4
d

Lambert’s cosine law
Inverse square law applies when the light source is directly above
the work surface and the measurement of illumination applied to
a straight line beneath that luminaire. Lambert’s cosine law
(commonly referred to as the cosine rule) allows us to measure
the illumination on the work surface but at an angle to the light
source.
The law states that the illuminance on any surface varies as the
cosine of the angle of incidence (the angle of incidence is the
angle between the normal to the surface and the direction of the
incident light).

Remember
Do not confuse the Lambert’s
cosine law with the cosine
calculations we looked at earlier
in this unit (see page 238).

Remember
A normal is a line at right-angles
to the plane.

When light strikes a surface normally (perpendicular to the
surface), it gives a certain illumination level. As the angle changes
from 90°, the same amount of light is spread out over a larger
area, so the illumination level goes down.
If we call this angle from the perpendicular x, then the
illumination level is proportional to cos x. This is demonstrated
in Figure 8.165.
In the environmental context, this is why it’s cold in winter and
warm during the summer. During the winter the Sun’s rays hit
the Earth at a steep angle. The light does not spread out as much,
thus increasing the amount of energy hitting any given spot. But
during the winter, the Sun’s rays hit the Earth at a shallow angle.
The rays are therefore more spread out, which minimises the
amount of energy that hits any given spot.
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100%
87%

50%

9%

Figure 8.165 Lambert’s cosine law

From our lighting perspective, if we use the pendant light in
Figure 8.166 below, then we can see that the level of illuminance
at point A must be higher than it is at point B, and that this
reduced level at point B depends on the cosine of the angle.

Progress check
1

Describe how an
incandescent lamp works
and why it is regarded as
inefficient.

2

Describe the operation of
a low pressure mercury
vapour discharge lamp.

3

4

Explain briefly the term
stroboscopic effect.
Describe briefly the
inverse square law
applied to lighting.

θ

B

A

Figure 8.166 Illuminance at a series of
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We express this with the following formula, which is a composite
of this and the inverse square law, namely:
E=

I ×cos θ
d2
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Example

If the above pendant light produces 2000 candela and is suspended 2 m above a horizontal surface, calculate the
illuminance on the surface both directly beneath the lamp (point A) and 3 m away from the lamp (point B).
I
2000 2000
= 2 =
= 500 lux
2
4
d
2
I × cos θ
Point B: E =
but we don’t know cos θ
d2
Point A: E =

We therefore need to use some logic and trigonometry.
Effectively, we have been given the dimensions of two sides of a right-angled triangle:
●●

the distance from the pendant to point A (2 m)

●●

the distance between points A and B (3 m).

The right angle ‘points’ at the hypotenuse (side H) and this is the measurement that we are trying to find as it is
the distance from the pendant to point B.
θ

H

B

3m

2m

A

Therefore using Pythagoras’ Theorem:
H2 = A2 + B2
H2 = 22 + 32
H2 = 4 + 9
Therefore H = 4 + 9 = 3.6
In other words, the distance from the pendant to Point B (side H) is 3.6 m
For our illuminance formula we are trying to find cos θ, and a cosine is the ratio between the adjacent side and
the hypotenuse. We now know the hypotenuse, and the adjacent side is the one ‘next to’ the angle we are
working with (θ), which in this case has a measurement of 2 m.
The cosine formula is:
cos θ =

Adjacent
2
=
= 0.56
Hypotenuse 3.6

We can now use this value in our formula

J7299
Electrical Installations Book 2 RP
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I× cos θ 2000 × 0.56 1120
=
= 86.4
E=
=
12.96
12.96
d2

Therefore the illuminance at point B = 86.4 lux.
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K11. Understand the principles and
applications of electrical heating
The two main types of heating used in buildings are electrical
space and electrical water heating. Both of these have been
explored in Unit ELTK 04 in Book A. Please refer to these
sections for more information.
These sections also looked at some of operating principles, types,
limitations and applications of electrical space and water heating
appliances and components, namely:
●●
●●
●●
●●
●●

immersion heaters
storage heaters
convector heaters
underfloor heaters
controls, timers and programmers for heating systems.

K12. Understand the types,
application and limitations of electronic
components in electrotechnical
systems and equipment
There are several electrotechnical components that use the
following electrical components. More information about the
following components can be found in Unit ELTK 04 in Book A:
●●
●●
●●
●●
●●

security alarms
telephones
dimmer switches
heating/boiler controls
motor control.

Resistors
There are two basic types of resistor: fixed and variable. The
resistance value of a fixed resistor cannot be changed by
mechanical means (though its normal value can be affected by
temperature or other effects). Variable resistors have some means
of adjustment (usually a spindle or slider). The method of
construction, specifications and features of both fixed and
variable resistor types vary, depending on what they are to be
used for.
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Fixed resistors
Making a resistor simply consists of taking some material of a
known resistivity and making the dimensions (CSA and length) of
a piece of that material such that the resistance between the two
points at which leads are attached (for connecting into a circuit)
is the value required.
Most of the very earliest resistors were made by taking a length of
resistance wire (wire made from a metal with a relatively high
resistivity, such as brass) and winding this on to a support rod of
insulating material. The resistance value of the resulting resistor
depended on the length of the wire used and its cross-sectional
area.
This method is still used today, though it has been somewhat
refined. For example, the resistance wire is usually covered with
some form of enamel glazing or ceramic material to protect it
from the atmosphere and mechanical damage. The external
and internal view of a typical wire wound resistor is shown in
Figure 8.167.

Figure 8.167 Wire wound resistor
End cap

Vitreous enamel coating

Resistance winding on ceramic former

Figure 8.168 Typical wire wound resistor

Most wire wound resistors can operate at fairly high temperatures
without suffering damage, so they are useful in applications where
some power may be dissipated. They are, however, relatively
difficult to mass-produce, which makes them expensive.
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Techniques for making resistors from materials other than wire
have now been developed for low power applications.

Figure 8.169 Metal oxide and carbon-composition resistors

Resistor manufacture advanced considerably when techniques
were developed for coating an insulating rod (usually ceramic or
glass) with a thin film of resistive material (see Figure 8.170).
The resistive materials in common use today are carbon and
metal oxides. Metal end caps fitted with leads are pushed over the
ends of the coated rod and the whole assembly is coated with
several layers of very tough varnish or similar material to protect
the film from the atmosphere and from knocks during handling.
These resistors can be mass-produced with great precision at very
low cost.
Silicon laquer or paint coating

Resistive carbon compound

Embedded connection leads

Figure 8.170 Resistor construction

Variable resistors
The development of the techniques for manufacturing variable
resistors followed fairly closely that of fixed resistors, though they
required some sort of sliding contact together with a fixed resistor
element.
Wire wound variable resistors are often made by winding
resistance wire onto a flat strip of insulating material, which is
then wrapped into a nearly complete circle. A sliding contact arm
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is made to run in contact with the turns of wire as they wrap over
the edge of the wire strip as in Figure 8.171 below. Straight
versions are also possible. A straight former is used and the wiper
travels in a straight line along it as shown in Figure 8.172.
While wire wound resistors are ideal for certain applications,
there are many others where their size, cost and other
disadvantages make them unattractive, and as a consequence
alternative types have been developed.
The early alternative to the wire wound construction was to make
the resistive element (on which the wiper rubs) out of a carbon
composition, deposited or moulded as a track and shaped as a
nearly completed circle on an insulating support plate. Alternative
materials for the track are carbon films, or metal alloys of a metal
oxide and a ceramic (cermet) and again straight versions are
possible.
Slide

Carbon or wire track

Slide

Carbon or wire track

Terminal
tags
Terminal
tags

Wiper
Spindle
touching
track Wiper
Spindle
touching
trackLayout of internal
Figure 8.171

Track
Connection
Track
Connection

track of rotary variable

Brush
Connection
Brush
Connection

Track
Connection
Track
Connection

Figure 8.172 Linear variable resistor

resistor

Preferred values
There is a series of preferred values for each tolerance level as
shown in Table 8.11, so that every possible numerical value is
covered.
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E6 series 20% Tol

E12 series 10% Tol

E24 series 5% Tol

10

10

10
11

12

12
13

15

15

15
16

18

18
20

22

22

22
24

27

27
30

33

33

33
36

39

39
43

47

47

47
51

56

56
62

68

68

68
75

82

82
91

Table 8.11 Table of preferred values
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In theory, there’s no reason why you couldn’t have resistors in
every imaginable resistance value; from zero to, say, tens or
hundreds of megohms. In reality, however, such an enormous
range would be totally impractical to manufacture and store, and
from the point of view of the circuit designer it’s not usually
necessary.
So, rather than an overwhelming number of individual resistance
values, what manufacturers do is make a limited range of
preferred resistance values. In electronics, we use the preferred
value closest to the actual value we need.
A resistor with a preferred value of 1000 W and a 10% tolerance
can have any value between 900 W and 1100 W. The next largest
preferred value, which would give the maximum possible range of
resistance values without too much overlap, is 1200 W. This can
have a value between 1080 W and 1320 W.
Together, these two preferred value resistors cover all possible
resistance values between 900 W and 1320 W. The next preferred
values would be 1460 W, 1785 W etc.

Resistance markings
There is obviously the need for the resistor manufacturer to
provide some sort of markings on each resistor so that it can be
identified.
The user should be able to tell, by looking at the resistor, what its
nominal resistance value is and its tolerance. Various methods of
marking this information on each resistor have been used and
sometimes a resistor code will use numbers and letters rather than
colours.
Where physical size permits, putting the actual value on the
resistor in figures and letters has an obvious advantage in terms of
easy interpretation. However, again because of size restrictions,
we don’t use the actual words and instead use a code system.
This code is necessary because when using small text on a small
object, certain symbols and the decimal point become very hard
to see. This code system is also commonly used to represent
resistance values on circuit diagrams for the same reason.
In reality resistance values are generally given in either W, kW or
MW using numbers from 1–999 as a prefix (e.g. 10 W, 567 kW).
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In the code system we replace W, kW and MW and represent them
instead by using the following letters:
W=R
kW = K
MW = M

●●

Remember

●●

Whole numbers could have a
decimal point at the end (e.g.
10.0 or 567.0), but we normally
miss them out when we write
the numbers down (e.g. 10 or
567).

●●

These letters are now inserted wherever the decimal point would
have been in the value. So for example a resistor of value 10 W
resistor would now be shown as 10 R, and a resistor of value
567 kW resistor would become 567 K.
Table 8.12 gives some more examples of this code system. Table
8.13 shows the letters that are then commonly used to represent
the tolerance values. These letters are added at the end of the
resistor marking so that, for example, a resistor of value 2.7 MW
with a tolerance of ±10% would be shown as 2M7K.
0.1 Ω

is coded

R10

0.22 Ω

is coded

R22

1.0 Ω

is coded

1R0

3.3 Ω

is coded

3R3

15 Ω

is coded

15R

390 Ω

is coded

390R

is coded

1R8

47 Ω

is coded

47R

820 kΩ

is coded

820K

is coded

2M7

1.8 Ω

2.7 MΩ

Table 8.12 Examples of resistance value codes
F

=

± 1%

G

=

± 2%

J

=

± 5%

K

=

± 10%

M

=

± 20%

N

=

± 30%

Table 8.13 Codes for common tolerance values
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Resistor coding

Remember

Standard colour code
Many resistors are so small that it is impractical to print their
value on them. Instead, they are marked with a code that uses
bands of colour. Located at one end of the component, it is these
bands that identify the resistor’s value and tolerance.

Before you read a resistor, turn
it so that the end with bands is
on the left-hand side. Now you
read the bands from left to right
(as shown in Figures 8.173 to
8.176).

Most general resistors have four bands of colour, but
high-precision resistors are often marked with a five-colour band
system. No matter which system is being used, the value of the
colours is the same.
Tolerance
Resistor colourResistor
code colour code
Tolerance colour
code colour code
Resistor
colour code
Tolerance
Band
colour
Value
Band
±%
Band colour
Value
Band colour
±%colourcolour code
Band colour

Value

Band colour

±%

Figure 8.174 Tolerance colour code
What this means
What this means
What
Band
1this
Firstmeans
figure of value
Band 1 First figure
of value
First
of value
Band of
21 Second
figure
of value
Band 2 Second figure
valuefigure
Second figure
of value
32 Number
of zeros/multiplier
Band 3 Number Band
of zeros/multiplier

Figure 8.173 Resistor colour code

Number
zeros/multiplier
Tolerance
See below
Band 4 ToleranceBand
(±%)43See
belowof(±%)
Band 4 Tolerance (±%) See below
Note
theto
bands are closer to
Note that the bands
arethat
closer
end
other
one end than the one
other
Note
thatthan
the the
bands
are closer to
one end than the other

Figure 8.175 What this means
Gold
Red
Green Brown
Orange Green
Gold Orange
Yellow
Violet Yellow
Silver Violet
Red Silver
1
5
000
5%
4
7
×0.01
2%
5
000
5%
4
7
×0.01
2%
Brown
Green Orange
Gold
Yellow
Violet
Silver
Red
5 000Ω or
000
4 or 0.47Ω
7×2%
15
15K ± 5%5%
Resistor
is 47±
0.01Ω×0.01
or 0.47Ω ± 2%
Resistor is 15 000Ω1Resistor
or 15K ±is 5%
Resistor is 47 × 0.01Ω

Brown
1

Resistor is 15 000Ω or 15K ± 5%

Resistor is 47 × 0.01Ω or 0.47Ω ± 2%

Red
None
Gold
None Green
Brown
Green Brown
Red Green
Gold Red
2
00000
20%
1
5
00
5%
20%
1
5
00
5%
Red
Green
None
Brown
Green
Red
Gold
2
2
00000
20%
1
5
00
Resistor
is 2 200
000Ω or 2.2M ± 20% Resistor is 1500Ω or
Resistor
1500Ω or 1.5K ± 5%5%
Resistor is 2 200 000Ω
or 2.2M
± 20%
1.5K ±is5%
Red
2

Red
2

Red
Green
2
00000
Red

Resistor is 2 200 000Ω or 2.2M ± 20%
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Brown
1

Green
5

Orange
000

Gold
5%

Resistor is 15 000Ω or 15K ± 5%

Red
2

Red
2

Green
00000

None
20%

Yellow
4

Violet
7

Silver
×0.01

Red
2%

Resistor is 47 × 0.01Ω or 0.47Ω ± 2%

Brown
1

Resistor is 2 200 000Ω or 2.2M ± 20%

Green
5

Red
00

Gold
5%

Resistor is 1500Ω or 1.5K ± 5%

Figure 8.176 Examples of colour coding

Example 1

A resistor is colour-coded red, yellow, orange, gold. Determine the value of
the resistor.
●●

first band red (First digit) 2

●●

second band yellow (Second digit) 4

●●

third band orange (No of zeros) 3

●●

fourth band gold (Tolerance) 5%.

The value is 24 000 Ω ±5%.
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Example 2

Remember

A resistor is colour-coded yellow, yellow, blue, silver. Determine the value of
the resistor.

To help you remember the
resistor colour, learn this rhyme:

●●

first band yellow (First digit) 4

●●

second band yellow (Second digit) 4

●●

third band blue (No of zeros) 6

●●

fourth band silver (Tolerance) 10%.

The value is 44 000 000 Ω ±10%.
Example 3

Barbara
Brown
Runs
Over
Your
Garden
But
Violet
Grey
Won’t

Black
Brown
Red
Orange
Yellow
Green
Blue
Violet
Grey
White

0
1
2
3
4
5
6
7
8
9

A resistor is colour-coded violet, orange, brown, gold. Determine the value of
the resistor.
●●

first band violet (First digit) 7

●●

second band orange (Second digit) 3

●●

third band brown (No of zeros) 1

●●

fourth band gold (Tolerance) 5%.

The value is 730 Ω ± 5%.
Example 4

A resistor is colour-coded green, red, yellow, silver. Determine the value of
the resistor.
●●

first band green (First digit) 5

●●

second band red (Second digit) 2

●●

third band yellow (No of zeros) 4

●●

fourth band silver (Tolerance) 10%.

The value is 520 000 Ω ±10%.

Testing resistors
Resistors must be removed from a circuit before testing,
otherwise readings will be false. To measure the resistance, the
leads of a suitable ohmmeter should be connected to each resistor
connection lead and a reading obtained which should be close to
the preferred value and within the tolerance stated.
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Resistors as current limiters
A resistor is often provided in a circuit to limit, restrict or reduce
the current flowing in the circuit to some level that better suits
the ratings of some other component in the circuit. For example,
consider the problem of operating a solenoid valve from a 36 V
d.c. supply, given the information that the energising current of
the coil fitted to the valve is 100 mA and its resistance is 240 W.
Note that the coil, being a wound component, is actually an
inductor. However, we are concerned here with the steady d.c.
current through the coil and not the variation in coil current at
the instant the supply is connected, so we can ignore the effects of
its inductance and consider only the effects of its resistance.
If the solenoid valve were connected directly across the 36 V
supply, as shown in Figure 8.177, then from Ohm’s Law the
steady current through its coil would be:
V
R
36
=
240
= 0.15 A or 150 mA

I=

+
Power
supply
36 V d.c.
–

240 Ω

Solenoid
valve

Figure 8.177 Solenoid valve connected across 36 V supply

As the coil was designed to produce an adequate magnetic ‘pull’
when energised at 100 mA, any increase in the energising current
is unnecessary and may in fact be highly undesirable due to the
resulting increase in the power, which would be dissipated (as
heat) within the coils.
Note: The power dissipated in the coil of the solenoid valve,
when energised at the recommended current of 100 mA is:
P = I2 × R
= 0.12 A × 240 W = 2.4 watts
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Now if the current were to be 0.15 A on the 36 V supply it would
be:
P=V×I
   = 36 × 0.15
   = 5.4 watts
Thus connecting the coil directly across a 36 V supply would
result in the power dissipation in it being more than doubled. If
the valve is required to be energised for more than very brief
periods of time, the coil could be damaged by overheating.
Some extra resistance must therefore be introduced into the
circuit so that the current through the coil is limited to 100 mA
even though the supply is 36 V.
For a current of 100 mA to flow from a 36 V supply, the total
resistance Rt connected across the 36 V must, from Ohm’s Law,
be:
36
0.1
= 360 Ω

Rt =

of which there is already 240 W in the coil.
A resistor of value 120 W must therefore be fitted in series with
the coil to bring the value of Rt to 360 W. This limits the current
through the coil to 100 mA when the series combination of coil
and resistor is connected across the 36 V supply as shown in
Figure 8.178.

+
Power
supply
36 V d.c.
–

120 Ω

Solenoid
valve
240 Ω

Figure 8.178 Series combination of coil and resistor connected across 36 V
supply

Resistors for voltage control
Within a circuit it is often necessary to have different voltages at
different stages and we can achieve this by using resistors.
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For example, if we physically opened up a resistor and connected
its ends across a supply, we would find that, if we then measured
the voltage at different points along the resistor, the values would
vary along its length. In doing so, we are effectively imitating the
‘tapping’ technique that we used in the transformers section of
this book.
However, reality will stop us from doing this as resistors are
sealed components. But we can create the same tapping effect by
combining two resistors in series as shown in Figure 8.179, and
then our tapping becomes a connection point made between the
two resistors.
If we look at Figure 8.179, we can see that the series combination
of resistors R1 and R2 is connected across a supply that is provided
by two rails. One is shown as V+ (the positive supply rail or in
other words our input) and the other as 0V (or common rail of
the circuit).
V+

R1
(Output)
V0

Rt
R2

0V

0V
(common)

Figure 8.179 Series circuit for voltage control

The total resistance of our network (Rt) will be:
Rt = R1 + R2
We know, using Ohm’s Law, that V = I × R and the same current
flows through both resistors. Therefore for this network, we can
see that V+ = I × Rt and the voltage dropped across resistor
R2, V0 = I × R2.
We now have two expressions, one for V+ and one for V0. We
can find out what fraction V0 is of V+ by putting V0 over V+ on
the left-hand side of an equation and then putting what we said
each one is equal to in the corresponding positions on the righthand side. This gives us the following formula:
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V0
I ×R 2
=
V + I ×R t
As current is common on the right hand side of our formula, they
cancel each other out. This leaves us with:
V0
R
= 2
V + Rt
To establish what V0 (our output voltage) actually is, we can
transpose again, which would give us:
V0 =

R 2V +
Rt

Finally, we can replace Rt by what it is actually equal to, and this
will give us the means of establishing the value of the individual
resistors needed to give a desired output voltage (V0). By
transposition, our final formula now becomes:
V0 =

R2
×V
R1 + R 2

This equation is normally referred to as the potential divider rule.
In reality R1 and R2 could each be a combination (series or
parallel) of many resistors.
However, as long as each combination is replaced by its
equivalent resistance so that the simplified circuit looks like
Figure 8.180, then the potential divider rule can be applied.
The potential divider circuit is very useful where the full voltage
available is not required at some point in a circuit and, as we have
seen, by a suitable choice of resistors in the potential divider, the
desired fraction of the input voltage can be produced.
In applications where the fraction produced needs to be varied
from time to time, the two resistors are replaced by a variable
resistor (also known as a potentiometer, which is often
abbreviated to the word ‘pot’), which would be connected as
shown in Figure 8.180.
V0 =

R2
×V +
R1 + R 2

The output V0 will be dependent upon the position of the arrow.
The output V0 can be anything from V+ to 0V.
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V+

R1
(Wiper)

V0

R2

0V

0V
(common)

Figure 8.180 Circuit diagram for voltage applied across potentiometer

The potentiometer has a resistor manufactured in the form of a
track, the ends of which effectively form our V+ and 0V
connections. Our output voltage (Vo) is achieved by means of a
movable contact that can touch the track anywhere on its length
and this is called the wiper. We have therefore effectively created
a variable tapping point.
To compare this with our potential divider, we can say that the
part of the track above the wiper can be regarded as R1 and that
part below the wiper as R2. The fraction of the input voltage
appearing at the output can therefore be calculated for any setting
of the wiper position by using our potential divider equation:
V0 =

R2
×V +
R1 + R 2

Obviously, when the wiper is at the top of the track, R1 becomes
zero and the equation would give the result that V0 is equal to
V+. Equally, with the wiper right at the bottom of the track, R2
now becomes zero and therefore V0 also becomes zero, which is
not too surprising as the wiper is now more or less directly
connected to the 0V rail.
This sort of circuit finds practical application in a wide variety of
control functions such as volume or tone controls on audio
equipment, brightness and contrast controls on televisions and
shift controls on oscilloscopes.

Power ratings
Resistors often have to carry comparatively large values of current
so they must be capable of doing this without overheating and
causing damage. As the current has to be related to the voltage, it
is the power rating of the resistor that needs to be identified.
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The power rating of a resistor is thus really a convenient way of
stating the maximum temperature at which the resistor is
designed to operate without damage to itself. In general the more
power a resistor is designed to be capable of dissipating, the larger
physically the resistor is; the resulting larger surface area aids heat
dissipation.
Resistors with high power ratings may even be jacketed in a metal
casing provided with cooling ribs and designed to be bolted flat to
a metal surface – all to improve the radiation and conduction of
heat away from the resistance element.
Power is calculated by:
P=V×I
V
for I. We can
R
then use the following equations to calculate power:

Instead of V we can substitute I ´R for V and

P = I2 × R
Or:
P=

V2
R

What would the power rating of the 50 W resistor in Figure 8.181
be?
I = 80 mA

P=V I

= 4 0.08

P = I2 R

= 0.082

2
P=V
R

=4

50

4

P = VI

= 0.32 watts
50

= 0.32 watts
= 0.32 watts

4V

P = I2R
2
P=V R
R

50 Ω

Figure 8.181 Typical power ratings for resistors

Normally only one calculation is required. Typical power ratings
for resistors are shown in Table 8.14.
Carbon resistors

0 to 0.5 watts

Ceramic resistors

0 to 6 watts

Wire wound resistors

0 to 25 watts

Table 8.14 Typical power ratings for resistors
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Manufacturers also always quote a maximum voltage rating for
their resistors on their data sheets. The maximum voltage rating
is basically a statement about the electrical insulation properties
of those parts of the resistor, which are supposed to be
insulators (e.g. the ceramic or glass rod which supports the
resistance element or the surface coating over the resistance
element).
If the maximum voltage rating is exceeded there is a danger that a
flashover may occur from one end of the resistor to the other.
This flashover usually has disastrous results. If it occurs down the
outside of the resistor it can destroy not only the protective
coating but, on film resistors, the resistor film as well.
If it occurs down the inside of the resistor the ceramic or glass rod
is frequently cracked (if not shattered) and, of course, this
mechanical damage to the support for the resistance element
results in the element itself being damaged as well.

Light-dependent resistors
These resistors are sensitive to light. They consist of a clear
window with a cadmium sulphide film under it. When light
shines onto the film its resistance varies, with the resistance
reducing as the light increases.
Figure 8.182 Light-dependent
resistor

These resistors are commonly found in street lighting. You may
sometimes observe street lights switching on during a
thunderstorm in the daytime. This is because the sunlight is
obscured by the dark thunderclouds, thus increasing the
resistance, which in turn controls the light ‘on’ circuit.

Thermistors

Figure 8.183 Thermistors
Did you know?
Thermistors are used for
monitoring the temperature of
the water in a car engine.

A thermistor is a resistor which is temperature sensitive. The
general appearance is shown in Figure 8.183. They can be
supplied in various shapes and are used for the measurement and
control of temperature up to their maximum useful temperature
limit of about 300°C. They are very sensitive and because of their
small construction they are useful for measuring temperatures in
inaccessible places.
Thermistors are used for measuring the temperature of motor
windings and sensing overloads. The thermistor can be wired into
the control circuit so that it automatically cuts the supply to the
motor when the motor windings overheat, thus preventing
damage to the windings.

448
Installing Electrotechnical Systems and Equipment_Book B.indb 448

12/09/2011 15:18:02

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

Thermistors can have a temperature coefficient that may be
positive (PTC) or negative (NTC).
●●

●●

A PTC thermistoris is made from barium titanate and its
resistance of the thermistor increases as the surrounding
temperature increases.
A NTC thermistor is made from oxides of nickel, manganese,
copper and cobalt and its resistance decreases as the
temperature increases.

The rated resistance of a thermistor may be identified by a
standard colour code or by a single body colour used only for
thermistors. Typical values are shown in Table 8.15.
Colour

Resistance

Red

3000 Ω

Orange

5000 Ω

Yellow

10 000 Ω

Green

30 000 Ω

Violet

100 000 Ω

Table 8.15 Colour coding for rated resistance of thermistor

Thermocouples are two different metals bonded
together and each has a lead. When the bonded
metals are heated a voltage appears across the two
leads. The hotter the metals become, the larger the
voltage (mV). An example of their use is for
measuring the temperature of furnaces within the steel
industry.

Figure 8.184 Thermocouples

Capacitors
We use components known as capacitors to introduce capacitance
into a circuit. Capacitance always exists in circuits – though, as
you’ll see when we have discussed the subject in more detail,
capacitance exists between conductors whereas resistance exists in
conductors.

Safety tip
Never pick a capacitor up by the
terminals as it may still be
charged and you will receive a
shock. Always ensure the
capacitor has been discharged
before handling. Some
capacitors have a discharge
resistor connected in the circuit
for this reason.
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Basic principles
Key term
Dielectric – an electrical
insulator that can be polarised
by an applied electric field.

A capacitor is basically two metallic surfaces usually referred to as
plates, separated by an insulator commonly known as the
dielectric. The plates are usually, though not necessarily, metal
and the dielectric is any insulating material. Air, glass, ceramic,
mica, paper, oils and waxes are some of the many materials
commonly used. The common symbols used for capacitors are
identified in Figure 8.185.

Lead to
plates
Fixed (non-polarised)
Dielectric

Lead to
plates

+
Fixed (polarised)

Metal
plates

Variable

Preset

Figure 8.185 Basic construction of a capacitor and circuit symbols

These two plates are not in contact with each other and so they
do not form a circuit in the same way that conductors with
resistors do. However, the capacitor stores a small amount of
electric charge and it can be thought of as a small rechargeable
battery, which can be quickly recharged.
The capacitance of any capacitor depends on three factors:
1. The working area of the plates, i.e. the area of the conducting
surfaces facing each other.
We can think of the degree of crowding of excess electrons
near the surface of one plate of a capacitor (and the
corresponding sparseness of electrons near the surface of the
other) as being directly related to the potential difference
(p.d.) applied across the capacitor, for example connecting it
directly across a battery. If we increase the area of the plates,
then more electrons can flow onto one of the plates before the
same degree of crowding is reached. The battery voltage
determines this level of crowdedness. There is of course a
similar increased loss of electrons from the other plate. The
working area of the plates is directly proportional to the
capacitance. If we double the area of the plates we double the
capacitance of the capacitor.
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2. The thickness of the dielectric between the plates.
As mentioned earlier, the capacitance effect depends on the
forces of repulsion or attraction caused by an electron surplus
or shortage on the plates on either side of the dielectric. The
further apart the plates are, the weaker these factors become.
As a result, the degree of crowding of electrons on one plate
(and the shortage of electrons on the other) produced by a
given p.d across the capacitor decreases.
3. The nature of the dielectric or spacing material used.
This fundamental principle of capacitors and the time
constant of capacitor resistor circuits will be looked at later
under the heading of electrostatics.

Remember
In any application the capacitor
to be used should meet or
preferably exceed the capacitor
voltage rating. The voltage
rating is often called ‘the
working voltage’ and refers to
d.c. voltage values. When
applied to a.c. circuits the peak
voltage value must be used as a
comparison to the d.c. working
voltage of a capacitor.

Capacitor types
There are two major types of capacitor, fixed and variable, both
of which are used in a wide range of electronic devices. Fixed
capacitors can be further subdivided into electrolytic and
non-electrolytic types and together they represent the majority of
the market.
All capacitors possess some resistance and inductance because of
the nature of their construction. These undesirable properties
result in limitations, which often determine their applications.

Fixed capacitors
Electrolytic capacitors
These capacitors have a much higher capacitance, volume for
volume, than any other type. This is achieved by making the plate
separation extremely small by using a very thin dielectric
(insulator). The dielectric is often mica or paper.
They are constructed on the Swiss roll principle as are the paper
dielectric capacitors used for power factor correction in electrical
installation circuits, for example fluorescent lighting circuits.
The main disadvantage of an electrolytic capacitor is that it is
polarised and must be connected to the correct polarity in a
circuit, otherwise a short circuit and destruction of the capacitor
will result.
Figure 8.186 illustrates a newer type of electrolytic capacitor
using tantalum and tantalum oxide to give a further capacitance/
size advantage. It looks like a raindrop with two leads protruding
from the bottom. The polarity and values may be marked on the
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capacitor or the colour code (see Figure 8.193 on page 455) can
be used.

Figure 8.186 Tantalum capacitor
Did you know?
Mica is a common rock-forming
mineral. You find it in rocks
such as granite and some
sandstones and mudstones.

Non-electrolytic capacitors
There are many different types of non-electrolytic capacitor.
However, only mica, ceramic and polyester are of any
significance. Older types using glass and vitreous enamel are
expected to disappear over the next few years and even mica will
be replaced by film types.
Mica
Mica is a naturally occurring
dielectric and has a very high
resistance; this gives excellent
stability and allows the
capacitors to be accurate
within a value of ±1 per cent
of the marked value. Since
costs usually increase with
increased accuracy, they tend
to be more expensive than
plastic film capacitors. They
are used where high stability is
Figure 8.187 Mica capacitor
required, for example in tuned
circuits and filters required in radio transmission. Figure 8.187
illustrates a typical mica capacitor.
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Ceramic capacitors
These consist of small rectangular pieces of ceramic with metal
electrodes on opposite surfaces. Figure 8.188 illustrates a typical
ceramic capacitor. These capacitors are mainly used in
high-frequency circuits subjected to wide temperature variations.
They have high stability and low Equivalent Series Resistance
(ESR) loss, which is the sum loss caused by the dielectric and the
metallic element of the capacitor. This is useful as ceramic
capacitors with high losses can drain, and therefore waste, power.

Figure 8.188 Ceramic capacitor

Polyester capacitors
These are an example of a plastic film
capacitor. Polypropylene, polycarbonate
and polystyrene capacitors are other types
of plastic film capacitors. They are widely
used in the electronics industry due to their
good reliability and relative low cost but are
not suitable for high-frequency circuits.
Figure 8.189 illustrates a typical polyester
capacitor; however, they can also be a
tubular shape (see Figure 8.190).
Figure 8.189 Polyester capacitor

Figure 8.190 Tubular capacitor
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Variable capacitors
Variable capacitors generally have air or a vacuum as the
dielectric, although ceramics are sometimes used. The two main
sub-groups are tuning and trimmer capacitors.
Tuning capacitors
These are so called because they are used in radio tuning circuits
and consist of two sets of parallel metal plates, one isolated from
the mounting frame by ceramic supports while the other is fixed
to a shaft which allows one set to be rotated into or out of the
first set. The rows of plates interlock like fingers, but do not quite
touch each other.
Moving vane

Fixed vane

Terminals

Figure 8.191 A typical variable capacitor of the tuning type

Trimmer capacitors
These are constructed of flat metal
leaves separated by a plastic film; these
can be screwed towards each other.
They have a smaller range of variation
than tuning capacitors, and so are only
used where a slight change in value is
needed.

Capacitor coding
To identify a capacitor the following
Figure 8.192 A typical
details must be known: the capacitance,
capacitor used as a trimmer
working voltage, type of construction
and polarity (if any). The identification of capacitors is not easy
because of the wide variation in shapes and sizes. In the majority
of cases the capacitance will be printed on the body of the
capacitor, which often gives a positive identification that the
component is a capacitor.
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The capacitance value is the farad (symbol F); this was named
after the English scientist Michael Faraday. However, for
practical purposes the farad is much too large and in electrical
installation work and electronics we use fractions of a farad as
follows:
●●
●●
●●

1 microfarad = 1 µF = 1 × 10–6 F
1 nanofarad = 1 nF = 1 × 10–9 F
1 picofarad = 1 pF = 1 × 10–12 F.

The power factor correction capacitor found in fluorescent
luminaires would have a value typically of 8 µF at a working
voltage of 400 V. One microfarad is one million times greater
than one picofarad.

Did you know?
An ideal capacitor, which is
isolated, will remain charged
forever. But in practice no
dielectric insulating material is
perfect, and therefore the
charge will slowly leak between
the plates, gradually discharging
the capacitor. The loss of charge
by leakage should be very small
for a practical capacitor.

The working voltage of a capacitor is the maximum voltage that
can be applied between the plates of the capacitor without
breaking down the dielectric insulating material.
It was quite common for capacitors to be marked with colour
codes but today relatively few capacitors are colour coded. At one
time nearly all plastic foil type capacitors were colour coded, as in
Figure 8.193, but this method of marking is rarely encountered.
However, it is a useful skill to know and be able to use the colourcoding method as shown in Table 8.16.
This method is based on the standard four-band resistor colour
coding. The first three bands indicate the value in normal resistor
fashion, but the value is in picofarads. To convert this into a
value in nanofarads it is merely necessary to divide by 1000.
Divide the marked value by 1 000 000 if a value in microfarads is
required. The fourth band indicates the tolerance, but the colour
coding is different from the resistor equivalent. The fifth band
shows the maximum working voltage of the component. Details
of this colour coding are shown in Figure 8.193 and Table 8.16.
Band (a)
Band (b)
Plastic film
series C280
capacitors

Band (c)
Band (d)
Band (e)

Figure 8.193 Capacitor colour bands
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Standard capacitor colour coding
Colour

1st Digit

Black

2nd Digit

3rd Digit

Tol. Band

0

None

20%

Max.
Voltage

Brown

1

1

1

100 V

Red

2

2

2

250 V

Orange

3

3

3

Yellow

4

4

4

Green

5

5

5

Blue

6

6

6

Violet

7

7

7

Grey

8

8

8

White

9

9

9

400 V
5%
630 V

10%

Table 8.16 Standard capacitor colour coding

Bands are then read from top to bottom. Digit 1 gives the first
number of the component value; the second digit gives the
second number. The third band gives the number of zeros to be
added after the first two numbers and the fourth band indicates
the capacitor tolerance, which is normally black 20%, white 10%
and green 5%.
Example 1

A plastic film capacitor is colour-coded from top to bottom brown, red,
yellow, black, red. Determine the value of the capacitor, its tolerance and
working voltage.
●●

band (a) – brown = 1

●●

band (b) – red = 2

●●

band (c) – yellow = 4 multiply by 10 000

●●

band (d) – black = 20% tolerance

●●

band (e) – red = 250 volts.

The capacitor has a value of 120 000 pF or 0.12 µF with a tolerance of 20%
and a maximum working voltage of 250 volts.
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Example 2

A plastic film capacitor is colour-coded from top to bottom orange, orange,
yellow, green, yellow. Determine the value of the capacitor, its tolerance and
working voltage.
●●

band (a) – orange = 3

●●

band (b) – orange = 3

●●

band (c) – yellow = 4 multiply by 10 000

●●

band (d) – green = 5%

●●

band (e) – yellow = 400 volts.

The capacitor has a value of 330 000 pF or 0.33 µF with a tolerance of 5%
and a maximum working voltage of 400 volts.
Example 3

A plastic film capacitor is colour-coded from top to bottom violet, blue,
orange, black, and brown. Determine the value of the capacitor, its tolerance
and working voltage.
●●

band (a) – violet = 7

●●

band (b) – blue = 6

●●

band (c) – orange = 3 multiply by 1 000

●●

band (d) – black = 20%

●●

band (e) – brown = 100 volts.

The capacitor has a value of 76 000 pF or 0.076 µF with a tolerance of 20%
and a maximum working voltage of 100 volts.

Often the value of a capacitor is simply written on its body,
possibly together with the tolerance and/or its maximum
operating voltage. The tolerance rating may be omitted, and it is
generally higher for capacitors than resistors. Most modern
resistors have tolerances of 5% or better, but for capacitors the
tolerance rating is generally 10% or 20%. The tolerance figure is
more likely to be marked on a close tolerance capacitor than a
normal 10% or 20% type.
The most popular form of value marking on modern capacitors is
for the value to be written on the components in some slightly
cryptic form. Small ceramic capacitors generally have the value
marked in much the same way that the value is written on a
circuit diagram.
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Where the value includes a decimal point, it is standard practice
to use the prefix for the multiplication factor in place of the
decimal point. This is the same practice as was used for resistors.
The abbreviation µ means microfarad; n means nanofarad;
p means picofarad. Therefore:
●●
●●
●●
●●
●●

3.5 pF capacitor would be abbreviated to 3 p5
12 pF capacitor would be abbreviated to 12 p
300 pF capacitor would be abbreviated to 300 p or n 30
4500 pF capacitor would be abbreviated to 4 n5
1000 pF = 1 nF = 0.001 µF.

Polarity
Once the size, type and d.c. voltage rating of a capacitor have
been determined it now remains to ensure that its polarity is
known. Some capacitors are constructed in such a way that if the
component is operated with the wrong polarity its properties as a
capacitor will be destroyed, especially electrolytic capacitors.
Polarity may be indicated by a + or – as appropriate. Electrolytic
capacitors that are contained within metal cans will have the can
casing as the negative connection. If there are no markings a
slight indentation in the case will indicate the positive end.
Tantalum capacitors have a spot on one side as shown in
Figure 8.195.
When this spot is facing you the right-hand lead will indicate the
positive connection.

VE terminal

Figure 8.194 Capacitor showing polarity

With dot
towards you
+ lead is
on right

Figure 8.195 Tantalum capacitor
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Electrostatics and calculations with capacitors
The charge stored on a capacitor is dependent on three main
factors: the area of the facing plates; the distance between the
plates; and the nature of the dielectric. The charge stored by a
capacitor is measured in coulombs (Q) and is related to the value
of capacitance and the voltage applied to the capacitor:
Charge (coulombs) = Capacitance (farads) × Voltage (volts)
Q=C×V
The formula for energy stored in a capacitor can be calculated by
using the formula:
1
W = CV 2
2

Capacitors in combination
Capacitors, like resistors, may be joined together in various
combinations of series or parallel connections. Figures 8.196 and
8.197 illustrate the equivalent capacitance Ct of a number of
capacitors. Ct can be found by applying similar formulae as for
resistors. However, these formulae are the opposite way round to
series and parallel resistors.
C1

V

C2

C1

C2

1 1
1
= + (as in parallel resistance)
Ct C1 C2
or

C1 × C2
Ct = C + C (when there are two capacitors in series)
1

2

Ct = C1 + C2 (as in series resistance)

Figure 8.196 Capacitors connected in parallel
C1

C2

1 1
1
= + (as in parallel resistance)
Ct C1 C2
or

C1 × C2
Ct = C + C (when there are two capacitors in series)
1

2

Figure 8.197 Capacitors connected in series
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Example 1

Capacitors of 10 µF and 40 µF are connected in series and then in parallel.
Calculate the effective capacitance for each connection.
Series:

Parallel:

1
1
1
= +
Ct
C1 C2

Ct = C1 + C2

1
1
1
=
+
Ct 10µF 40µF

Ct = 10µF + 40µF

1
4µF + 1µF
=
Ct
40µF

Ct = 50µF

1
5µF
=
Ct
40µF
Therefore:
Ct
40µF
=
1
5µF
Ct = 8µF
Example 2

Three capacitors of 30 µF, 20 µF and 15 µF are connected in series across a
400 V d.c. supply. Calculate the total capacitance and the charge on each
capacitor.
1
1
1
1
= +
+
Ct
C1 C2 C3
1
1
1
+
+
30µF 20µF 15µF
9µF
=
60µF
∴ Ct = 6.66µF
=

Q, the charge, is common to each capacitor. Therefore:
Q=C×V
Q = 6.66 × 10–6 × 400
Q = 2.664 mC
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Example 3

Three capacitors of 30 µF, 20 µF and 15 µF are connected in parallel across a
400 V d.c. supply. Calculate the total capacitance, the total charge and the
charge on each capacitor.
Ct = C1 + C2 + C3
Ct = 30 + 20 + 15
Ct = 65µF
Total charge Q = C × V
Qt = C1 × V
Qt = 65 × 10–6 × 400
Qt = 26 mC
Q1 = C1 × V
Q1 = 30 × 10–6 × 400
Q1 = 12 mC
Q2 = C2 × V
Q2 = 20 × 10–6 × 400
Q2 = 8 mC
Q3 = C3 × V
Q3 = 15 × 10–6 × 400
Q3 = 6 mC

Charging and discharging capacitors
Figure 8.198 shows a typical charge and discharge circuit for an
uncharged capacitor (C) connected via a three-position switch (S1)
to a 6 V supply (VS), with a voltmeter (V) connected across the
capacitor.
6V

S1

1
0

C
I

2

R

Centre zero
microammeter
Vc
Voltmeter

Figure 8.198 A typical charge and discharge circuit
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The charging phase
With the switch in position (0), we can see that the circuit is
open; no voltage exists across the capacitor (VC as measured by
the voltmeter) and therefore no electrostatic field can exist
between the plates.
If we now close switch S1 to position (1), the capacitor will be
connected to the supply; current will flow through the resistor (R)
and both positive and negative charges will be deposited on the
capacitor plates. This results in an increasing potential difference
(VC) being created that will rise exponentially from zero to a
maximum value that will be the same value as the supply, in this
case 6 V.
Once the voltage at the terminals of the capacitor (VC) is equal to
the supply voltage of 6 V (VS), then no further current can flow
and the capacitor can be said to be charged.
We can look at this in another way. From Ohm’s Law we know
that the supply voltage (VS) is equal to the sum of the p.d.s across
each individual component (V = V1 + V2 etc.).
We can therefore use Ohm’s Law to find the charging current,
where the voltage across the resistor (VR) will be (VS – VC).
Charging current (I) =

( VS − VC )
R

When we first switch to position (1), VC is zero and therefore
V
from Ohm’s Law, our initial charging current will be: ( I ) = S
R
We also said that VC increases exponentially as a charge starts to
build up on the capacitor. In turn this will reduce the voltage
across the resistor (VR = VS – VC) and therefore reduce the
charging current. This means that the rate of charging becomes
progressively slower as VC increases.
As we have discussed, the charging and discharging of a capacitor
is never instantaneous. The time taken for the capacitor to
charge/discharge to within a certain percentage of its maximum
supply value is the time constant and is taken as the product of
the circuit resistance and the capacitance. Therefore:
Time constant (T) = Resistance (Ω) × Capacitance (µF)
In other words: T = RC
As the capacitor charges, the potential difference across its plates
increases with the actual time taken for the charge on the
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capacitor to reach 63% of its maximum possible
voltage (VS). This is known as the time constant
or 1RC.

This continues indefinitely, with VC always
approaching, but never quite reaching, the full
value of VS.
However, at the end of five time constants (5T
or 5RC), VC will reach 99% of the value of VS
and to all intents and purposes the capacitor is
deemed to be fully charged. We can show these
relationships in Figures 8.199 and 8.200.

The discharging phase
To discharge the capacitor, we simply move the
switch (S1) to position (2) where it will
discharge through the resistor, again falling
exponentially over five time constants and again
not fully discharging, but instead reaching a
value just above zero.

Capacitor Voltage

VC

Capacitor
Charging
Voltage

0.63 VS

0

1T

2T

3T

4T

5T

Time, t

5T

Time, t

Time Constant, (T)

Figure 8.199
i=

Capacitor Voltage

In theory our capacitor (C) never fully charges
to the supply voltage (VS). In the first time
constant, (C) charges to 63% of VS and in the
second time constant (C) charges to 86% of VS.
This is also 63% of the remaining voltage
difference between VS and VC.

VS
0.99 VS

VS
R

Capacitor Charging
Voltage

0.5 i
0.37 i

IC

0

1T

2T
3T
4T
Time Constant, (T)

Figure 8.200

Semiconductor devices
The crystal radio that can be constructed from modern electronic
game sets depends on the detector action produced by a ‘cat’s
whisker’ and a crystal (a cat’s whisker was a piece of wire, the
point of which was pressed firmly into contact with a suitably
mounted piece of natural crystal).
This crystal detector was in fact a diode. It is the use of diodes,
semiconductors and semiconductor devices that we will
investigate in this section.

Semiconductor basics
Try to think of a semiconductor as being a material that has an
electrical quality somewhere between a conductor and an
insulator, in that it is neither a good conductor nor a good
insulator. Typically, we use semiconducting materials such as
silicon or germanium, where the atoms of these materials are
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Key term
Valence electrons – the
electrons in an atom’s
outermost orbit

arranged in a ‘lattice’ structure. The lattice has atoms at regular
distances from each other, with each atom ‘linked’ or ‘bonded’ to
the four atoms surrounding it. Each atom then has four valence
electrons.

Figure 8.201 Lattice structure of semiconducting material

However, we have a problem in that, with atoms of pure silicon
or germanium no conduction is possible because we have no free
electrons. To allow conduction to take place we add an impurity
to the material via a process known as doping. When we dope
the material we can add two types of impurity:
●●
●●

pentavalent – e.g. arsenic which contains five valence electrons
trivalent – e.g. aluminium that contains three valence
electrons.

As we can see by the number of valence electrons in each, adding
a pentavalent (five) material introduces an extra electron to the
semiconductor and adding a trivalent (three) material to the
semiconductor ‘removes’ an electron (also known as creating a
hole).
When we have an extra electron, we have a surplus of negative
charge and call this type of material ‘n-type’. When we have
‘removed’ an electron we have a surplus of positive charge and
call this material ‘p-type’. It is the use of these two materials that
will allow us to introduce the component responsible for
rectification, the diode.

The p–n junction
A semiconductor diode is basically created when we bring
together an ‘n-type’ material and a ‘p-type’ material to form a p–n
junction. The two materials form a barrier where they meet which
we call the depletion layer. In this barrier, the coming together
of unlike charges causes a small internal p.d. to exist.
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We now need to connect a battery across the ends of the two
materials, where we call the end of the p-type material the anode
and the end of the n-type material the cathode.
depletion layer

anode

p

n

cathode

Figure 8.202 p–n junction

If the anode is positive and the battery voltage is big enough, it
will overcome the effect of the internal p.d. and push charges
(both positive and negative) over the junction. In other words, the
junction has a low enough resistance for current to flow. This
type of connection is known as being forward biased.
Reverse the battery connections so that the anode is now negative
and the junction becomes high resistance and no current can
flow. This type of connection is known as being reverse biased.
When the junction is forward biased, it only takes a small voltage
(0.7 V for silicon) to overcome the internal barrier p.d.
When reversed biased, it takes a large voltage (1200 V for silicon)
to overcome the barrier and thus destroy the diode, effectively
allowing current to flow in both directions. As a general summary
of its actions, we can therefore say that a diode allows current to
flow through it in one direction only.
We normally use the symbol in Figure 8.204 to represent a diode.
In this symbol, the direction of the arrow can be taken to
represent the direction of current flow.

anode

Figure 8.203 Diodes

cathode

Figure 8.204 Symbol
representing a diode
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Zener diode
We have just established that a conventional diode will not allow
current flow if reverse biased and below its reverse breakdown
voltage. We also said that when forward biased (in the direction
of the arrow), the diode exhibits a voltage drop of roughly 0.6 V
for a typical silicon diode. If we were to exceed the breakdown
voltage, the internal barrier of the diode would be destroyed, thus
allowing current flow in both directions. However, this normally
results in the total destruction of the device.
Zener diodes are p–n junction devices that are specifically
designed to operate in the reverse breakdown region without
completely destroying the device. The breakdown voltage of a
zener diode Vz, (known as the zener voltage, named after the
American physicist Clarence Zener who first discovered the
effect) is set by carefully controlling the doping level during
manufacture. The breakdown voltage can be controlled quite
accurately in the doping process and tolerances to within 0.05%
are available, although the most widely used tolerances are 5%
and 10%.
band

anode

(a)

cathode

(b)

Figure 8.205 Zener diode characteristics
I (mA)

Therefore, a reverse biased zener Fdiode will exhibit a controlled
breakdown, allow current to flow and thus keep the voltage across
–20
the zener diode at the predetermined zener voltage. Because of
this characteristic, the zener diode is commonlyForward
used as a form
–15
bias
of voltage limiting/regulation
when
connected
in
parallel
across
V2
a load.
–10
When connected so that it is reverse biased in parallel with a
–5
variable voltage source, a zener diode
acts as a short circuit when
the voltage reaches the diode’s reverse breakdown voltage and
VR(V)
VF(V)
therefore
limits the voltage to a known value.
–6

–4

–2

0

+2

+4

A zener diode used in this way is known as a shunt voltage
A
–5
regulator (shunt meaning connected in parallel and voltage
regulator being
a class of circuit that produces a fixed voltage).
Reverse
–10

bias power supply, a simple voltage regulator could
For a low current
be made with a resistorB (to limit
the operating current) and a
–15
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reverse biased zener diode as shown in Figure 8.206. Here, VS is
the supply voltage, remembering that VZ is our zener breakdown
voltage.
+VS
Resistor
input
voltage

+VZ
Zener
Diode

0V

fixed
output
voltage
0V

Figure 8.206 A simple voltage regulator made with a resistor and a reverse
biased zener diode

As a summary, we can therefore say that a zener’s properties are
as follows:
●●

●●

●●

When forward biased (although not normally used for a zener)
the behaviour is like an ordinary semiconductor diode.
When reverse biased, at voltages below VZ the device
essentially doesn’t conduct, and it behaves just like an ordinary
diode.
When reverse biased, any attempt to apply a voltage greater
than VZ causes the device to be prepared to conduct a very
large current. This has the effect of limiting the voltage we can
apply to around VZ.

As with any characteristic curve, the voltage at any given current,
or the current at any given voltage, can be found from the curve
of a zener diode (see Figure 8.206).

Did you know?
Zener diodes are readily
available with power ratings
ranging from a few hundred
milliwatts to tens of watts. Low
power types are usually
encapsulated in glass or plastic
packages, and heat transfer
away from the junction is mainly
by conducting along the wires.
High power types like power
rectifiers are packaged in metal
cases designed to be fitted to
heat sinks so that heat can be
dissipated by conduction,
convection and radiation.

Light emitting diodes (LEDs)
The light emitting diode is a p–n junction especially
manufactured from a semi-conducting material, which emits light
when a current of about 10 mA flows through the junction. No
light is emitted if the diode is reverse biased and if the voltage
exceeds 5 volts then the diode may be damaged. If the voltage
exceeds 2 volts then a series connected resistor may be required.
Figure 8.207 illustrates the general appearance of a LED.
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Lens

Coloured
translucent
plastic base

Anode

‘Flat’
Cathode
lead

Anode
lead

Cathode

Figure 8.207 Light emitting diode

Photo cell and light-dependent resistor

Figure 8.208 Photo cell and its circuit symbol

The photo cell shown in Figure 8.208 changes light (also infrared
and ultraviolet radiation) into electrical signals and is useful in
burglar and fire alarms as well as in counting and automatic
control systems. Photoconductive cells or light-dependent
resistors make use of the semiconductors in which resistance
decreases as the intensity of light falling on them increases. The
effect is due to the energy of the light setting free electrons from
donor atoms in the semiconductor, making it more conductive.
The main use of this type of device is for outside lights along the
streets, roads and motorways. There are also smaller versions for
domestic use within homes and businesses.

Photodiode
A photodiode is a p–n junction designed to be responsive to
optical input. As a result, they are provided with either a window
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or optical fibre connection that allows light to fall on the sensitive
part of the device.
Photodiodes can be used in either zero bias or reverse bias. When
zero biased, light falling on the diode causes a voltage to develop
across the device, leading to a current in the forward bias
direction. This is called the photovoltaic effect and is the principle
of operation of the solar cell, a solar cell being a large number of
photodiodes. The use of the solar cell can then be seen in
providing power to equipment such as calculators, solar panels
and satellites orbiting the earth.

Figure 8.209 Circuit symbol for photodiode

When reverse biased, diodes usually have extremely high
resistance. This resistance is reduced when light of an appropriate
frequency shines on the junction. When light falls on the junction,
the energy from the light breaks down bonds in the ‘lattice’
structure of the semiconductor material, thus producing electrons
and allowing current to flow. Circuits based on this effect are
more sensitive to light than ones based on the photovoltaic effect.
Consequently, the photodiode is used as a fast counter or in light
meters to measure light intensity.

Opto-coupler
The opto-coupler, also known as an opto-isolator, consists of an
LED combined with a photodiode or phototransistor in the same
package, as shown in Figure 8.210 and 8.211.
A

C
LED
Phototransistor

K

E

Figure 8.210 Opto-coupler circuit
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Figure 8.211 Opto-coupler package

The opto-coupler package allows the transfer of signals, analogue
or digital, from one circuit to another in cases where the second
circuit cannot be connected electrically to the first, for example,
due to different voltages.
Light (or infrared) from the LED falls on the photodiode/
transistor which is shielded from outside light. A typical use for
one of these is in a VCR to detect the end or start of the tape.

Infrared source and sensor
Source/Receiver

Receiver

Source

Source/Receiver

An infrared beam of light is projected from an LED which is a
semiconductor made from gallium arsenide crystal. The light
emitted is not visible light, but very close to the white light
spectrum. Figure 8.112 shows various housings for both the
source output and the sensors within the security alarms industry.
Infrared beams have a receiver, which reacts to the beam in
differing ways depending upon its use. Infrared sources/receivers
are used for alarm detection and as remote control signals for
many applications. The passive infrared (PIR) detector is housed
in only one enclosure and uses ceramic infrared detectors. The
device does not have a projector but detects the infrared heat
radiated from the human body.

Figure 8.212 Housings for
infrared source output and
sensors for security alarms
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Fibre optic link
The simplified block diagram in Figure 8.213 shows a system of
communication, which can be several thousand kilometres in
length. On the far left we input information such as speech or
visual pictures as electrical signals. They are then pulse code
modulated in the coder and changed into equivalent digital light
signals by the optical transmitter via a miniature laser or LED at
the end of the fibre optic cable.

Information

Coder

Optical
transmitter

Optical

Optical
receiver

Fibre

Decoder

Information

Figure 8.213 Simplified block diagram of fibre optic link

The light is transmitted down the cable to the optical receiver
which uses a photodiode or phototransistor which converts the
incoming signals back to electrical signals before they are decoded
back into legible information.
The advantages of this type of link over a conventional
communication system are:
●●
●●
●●
●●
●●
●●

high information carrying capacity
free from the noise of electrical interference
greater distance can be covered, as there is no volt drop
the cable is lighter, smaller and easier to handle than copper
crosstalk between adjacent channels is negligible
it offers greater security to the user.

The fibre optic cable
The fibre optic cable (see Figure 8.214) has a glass core of higher
refractive index than the glass cladding around it. This maintains
the light beam within the core by total internal reflection at the
point where the core and the cladding touch.
‘Light’
beam
125 µm

Core

Cladding

Figure 8.214 Fibre optic cable
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This is similar to the insulation of the single core cable preventing
the current leaking from the conductor. The beam of light
bounces off the outer surface of the core in a zigzag formation
along its length.
There are two main types of cable: multimode and singlemode
(monomode).
Multimode
The wider core of the multimode fibre (Figure 8.215) allows the
infrared to travel by different reflected paths or modes. Paths that
cross the core more often are longer and take more time to travel
along the fibre. This can sometimes cause errors and loss of
information.
Cladding

125μm

Paths or modes

50μm

Refractive index

Core

Fibre

Figure 8.215 Multimode fibre optic cable

Singlemode
The core of the singlemode fibre (Figure 8.216) is about one
tenth of the multimode and only straight through transmission is
possible.
Cladding

Straight-through path

125μm
5μm
Refractive index

Core

Fibre

Figure 8.216 Singlemode fibre optic cable
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Diode testing
Diodes allow electricity to flow in only one direction. When we
test diodes, we are testing not only the condition of the diode but
its ability to do this. The arrow in the circuit symbol shows the
direction in which the current can flow.
We therefore need to remind ourselves of a diode’s connections.
Figure 8.217 shows the connections of the diode.

anode

cathode

Figure 8.217 Diode
connections

We can therefore say that:
●●

●●

●●

a good diode will show an extremely high resistance with
reverse bias and a very low resistance with forward bias
a defective open diode will show an extremely high resistance
for both forward and reverse bias
a defective shorted or resistive diode will show zero or a low
resistance for both forward and reverse bias.

A defective open diode is the most common type of failure.
It is also important to remember that the test method used will
depend upon the type of multimeter available, i.e. whether it is an
analogue or digital meter.

Using an analogue multimeter
The following list explains the key points you should remember
when using an analogue multimeter to carry out tests of diodes.
●●
●●

●●

●●

●●

Set the multimeter to a low value resistance scale such as ×10.
An important point – when on the resistance settings only,
most analogue meters reverse the polarity of the leads, so black
become positive.
Therefore connect the black (+) positive lead to the anode and
the red (–) negative lead to the cathode. The diode should
conduct and the meter will display a low resistance (the needle
will be heading towards zero).
Reverse the connections so that black (+) positive is connected
to the cathode.
The diode should not conduct this way so the meter will show
a high resistance (the needle will be heading towards infinity).

Using a digital multimeter
Digital multimeters have a special setting for testing a diode,
usually indicated by the diode symbol.
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When connected to this diode setting the meter provides an
internal voltage sufficient to forward bias and reverse bias a diode.
●●

●●

●●
●●

Connect the red (+) positive lead to the anode and the black
(–) negative lead to the cathode.
If the diode is good, expect a reading of between
approximately 0.5 V and 0.9 V, with 0.7 V being typical for
forward bias.
Reverse the connections.
The diode should not conduct this way, so if the diode is
working properly, expect a voltage reading based on the
meter’s internal voltage source. The value indicates that the
diode has an extremely high reverse resistance with essentially
all of the internal voltage therefore appearing across it.

Using a digital multimeter on Ohms function
If the multimeter does not have a special diode setting then the
diode can be checked using a low resistance scale, much as with
the analogue meter. However, there will be no need to reverse the
lead polarity. Red should be positive this time!
For a forward bias check of a good diode, expect a low resistance
reading and for the reverse bias check of a good diode expect an
extremely high value or a reading of ‘OL’ as the reverse resistance
is too high for the meter to measure. The actual resistance of
forward biased diode is typically much less than 100 Ω.

Rectification
Rectification is the conversion of an a.c. supply into a d.c. supply.
Despite the common use of a.c. systems in our day-to-day work
as an electrician, there are many applications (e.g. electronic
circuits and equipment) that require a d.c. supply. The following
section looks at the different forms this can take.

Half-wave rectification
A diode will only allow current to flow in one direction and it does
this when the anode is more positive than the cathode. In the case of
an a.c. circuit, this means that only the positive half cycles are
allowed ‘through’ the diode and, as a result, we end up with a signal
that resembles a series of ‘pulses’. This tends to be unsuitable for
most applications, but can be used in situations such as battery
charging. A transformer is also commonly used at the supply side to
ensure that the output voltage is to the required level. The waveform
for this form of rectification would look as in Figure 8.218.
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a.c. supply

Load

Figure 8.218 Half-wave rectification

Full-wave rectification
We have seen that half-wave rectification occurs when one diode
allows the positive half cycles to pass through it. However, we can
connect two diodes together to give a more even supply. We call
this type of circuit biphase. In this method, we connect the
anodes of the diodes to the opposite ends of the secondary
winding of a centre-tapped transformer. As the anode voltages
will be 180° out of phase with each other, one diode will
effectively rectify the positive half cycle and one will rectify the
negative half cycle. The output current will still appear to be a
series of pulses, but they will be much closer together, with the
waveform shown in Figure 8.219.

a.c. supply

Load

Figure 8.219 Full-wave rectification

The full-wave bridge rectifier
This method of rectification doesn’t have to rely on the use of a
centre-tapped transformer, but the output waveform will be the
same as that of the biphase circuit previously described. In this
system, we use four diodes, connected in such a way that at any
instant in time two of the four will be conducting. The
connections would be as in Figure 8.220, where we have shown
two drawings to represent the route through the network for each
half cycle.
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Positive Half Cycle

Negative Half Cycle

D4

D1

D4

D1

D2

D3

D2

D3

Figure 8.220 Full-wave bridge rectifier

The circuits that we have looked at so far convert a.c. into a supply
which, although never going negative, is still not a true d.c. supply.
This brings us to the next stage of the story – smoothing.

Smoothing
We have seen that the waveform produced by our circuits so far
could best be described as having the appearance of a rough sea.
The output current is not at a constant value, but constantly
changing. This, as we have said before, is acceptable for battery
charging, but useless for electronic circuits where a smooth
supply voltage is required.
To make it useful for electronic circuits, we need to smooth out
the waveform by creating a situation that is sometimes referred to
as ripple-free and in essence there are three ways to achieve this,
namely capacitor smoothing, choke smoothing and filter circuits.

Capacitor smoothing
If we connect a capacitor in parallel across the load, then the
capacitor will charge up when the rectifier allows a flow of current
and discharge when the rectifier voltage is less than the capacitor.
However, the most effective smoothing comes under no-load
conditions. The heavier the load current, the heavier the ripple.
This means that the capacitor is only useful as a smoothing device
for small output currents.

Choke smoothing
If we connect an inductor in series with our load, then the
changing current through the inductor will induce an e.m.f. in
opposition to the current that produced it. This means that the
e.m.f. will try to maintain a steady current. Unlike the capacitor,
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this means that the heavier the ripple (rate of change of current)
the more that ripple will be smoothed. This effectively means that
the choke is more useful in heavy current circuits.

Filter circuits
This is the name given to a circuit that removes the ripple and is
basically a combination of the two previous methods. The
most effective of these is the capacitor input filter, shown in
Figure 8.221.

D4

D1

D2

D3

Figure 8.221 Capacitor input filter

The waveform for the filter circuit that we have just
spoken about is shown in Figure 8.222, where the
dotted line indicates the waveform before smoothing.

Three-phase rectifier circuits
Whereas Figure 8.222 indicates that a reasonably
smooth waveform can be obtained from a singlephase system, we can get a much smoother wave from Figure 8.222 Waveform for capacitor input filter
the three-phase supply mains. To do
so we use six diodes connected as a
three-phase bridge circuit
(see Figure 8.223). These types of
rectifier are used to provide
high-powered d.c. supplies.

Figure 8.223 Waveform for capacitor input filter
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Thyristors, diacs and triacs
Sometimes referred to as a ‘silicon controlled rectifier’ (SCR), the
thyristor is a four-layer semiconducting device, with each layer
consisting of an alternating n or p type material as shown in
Figure 8.223.

Figure 8.224 Thyristor

The main terminals (the anode and cathode) are across the full
four layers, while the control terminal (the gate) is attached to
one of the middle layers. The circuit symbol for a thyristor is
shown in Figure 8.226.
Anode A
p
n
Gate G

p
n

THY
1A/50

Cathode C

Figure 8.225 Construction of a thyristor Figure 8.226 Thyristor circuit symbol

Effectively acting as a high speed switch, thyristors are available
that can switch large amounts of power (as high as MW) and can
therefore be seen in use within high voltage direct current
(HVDC) systems. These can be used to interconnect two a.c.
regions of a power-distribution grid, albeit the equipment needed
to convert between a.c. and d.c. can add considerable cost. That
said, above a certain distance (about 35 miles for undersea cables
and 500 miles for overhead cables), the lower cost of the HVDC
electrical conductors can outweigh the cost of the electronics
required.
Did you know?
The conversion from a.c. to d.c.
is known as rectification and
from d.c. to a.c. as inversion.

Principle of operation
A thyristor acts like a semiconductor version of a mechanical
switch, having two states; in other words it is either ‘on’ or ‘off’
with nothing in between. This is how they gained their name
from the Greek word thyra (which means door), the inference
being something that is either open or closed.
The thyristor is very similar to a diode, with the exception that it
has an extra terminal (the gate) which is used to activate it.
Effectively in its normal or ‘forward biased’ state, the thyristor
acts as an open-circuit between anode and cathode, thus
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preventing current flow through the device. This is known as the
‘forward blocking’ state.
However, the thyristor can allow current to flow through it by the
application of a control (gate) current to the gate terminal. It is
this concept that allows a small signal at the gate to control the
switching of a higher power load. In this respect the thyristor is
performing in a similar way to a relay (pages 292–94).
Once activated, a thyristor doesn’t require a control (gate) current
to continue operating and will therefore continue to conduct until
either the supply voltage is turned off, reversed or when a
minimum ‘holding’ current is no longer maintained between the
anode and cathode.
These concepts are shown in the following diagram:
In Figure 8.227, switch S1 acts as a master isolator and no supply
is present at either the thyristor or at switch S2. Closing switch S1
will allow a supply to be present at the thyristor, but there is no
signal at the gate terminal as switch S2 is open and therefore no
current will flow to the indicator lamp. However, if we now close
switch S2, the gate will be energised and the thyristor will operate,
thus allowing current to flow through it to the indicator lamp.
The current at the anode would be large enough in this situation
to allow the thyristor to continue operating, even if we opened
switch S2.

Lamp
+
6V
d.c.

Switch S2

Thyristor

–

Switch S1

Figure 8.227 Circuit diagram of a thyristor

The control of a.c. power can also be achieved with the thyristor
by allowing current to be supplied to the load during part of each
half cycle. If a gate pulse is applied automatically at a certain time
during each positive half cycle of the input, then the thyristor will
conduct during that period until it falls to zero for the negative
half cycle.
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+
a.c.
output
(V)

0

time

–
+
Gate
pulses
(mA)
0

time

+
d.c.
output
(V)
0

time

Figure 8.228 Supply of current to load during part of each half cycle

You will see from Figure 8.228 that the gate pulse (mA) occurs at
the peak of the a.c. input (V). During negative half cycles the
thyristor is reverse biased and will not conduct and will not
conduct again until half way through the next positive half cycle.
Current actually flows for only a quarter of the cycle, but by
changing the timing of the gate pulses, this can be decreased
further or increased. The power supplied to the load can be
varied from zero to half wave rectified d.c.
THY
1A/50

C

G
A

(from below)

Figure 8.229 Typical small value thyristor

Thyristor testing
To test thyristors a simple circuit needs to be constructed as
shown in Figure 8.230. When switch B only is closed the lamp
will not light, but when switch A is closed the lamp lights to full
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brilliance. The lamp will remain illuminated even when switch A
is opened. This shows that the thyristor is operating correctly.
Once a voltage has been applied to the gate the thyristor becomes
forward conducting like a diode and the gate loses control.

Lamp
+
A

6V
d.c.

Switch

Thyristor

–
B
Switch

Figure 8.230 Circuit for testing thyristor

The triac
The triac is a three terminal semiconductor for controlling
current in either direction and the schematic symbol for a triac is
shown in Figure 8.231.
MT2

G

MT1

Figure 8.231 Triac symbol

If we look at Figure 8.231 more closely, we can see that the
symbol looks like two thyristors that have been connected in
parallel, albeit in opposite facing directions and with only one
gate terminal. We refer to this type of arrangement as an inverse
parallel connection.
The main power terminals on a triac are designated as MT1
(Main Terminal 1) and MT2. When the voltage on terminal
MT2 is positive with regard to MT1, if we were to apply a
positive voltage to the gate terminal the left thyristor would
conduct. When the voltage is reversed and a negative voltage is
applied to the gate, the right thyristor would conduct.

Did you know?
Triacs were originally developed
for, and used extensively in, the
consumer market. They are used
in many low power control
applications such as food
mixers, electric drills and lamp
dimmers, etc.

As with the thyristor generally, a minimum holding current must
be maintained in order to keep a triac conducting. A triac
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therefore generally operates in the same way as the thyristor, but
operating in both a forward and reverse direction. It is therefore
sometimes referred to as a bidirectional thyristor, in that it can
conduct electricity in both directions. One disadvantage of this is
that triacs can require a fairly high current pulse to turn them on.

The diac
Before consideration is given to practical triac applications and
circuits, it is necessary to examine the diac. This device is often
used in triac triggering circuits because it, along with a resistorcapacitor network, produces an ideal pulse-style waveform. It
does this without any sophisticated additional circuitry, due to its
electrical characteristics. Also it provides a degree of protection
against spurious triggering from electrical noise (voltage spikes).
Diac

Figure 8.232 Diac symbol

The symbol is shown in Figure 8.232. The device operates like
two breakdown (zener) diodes connected in series, back to back.
It acts as an open switch until the applied voltage reaches about
32–35 volts, when it will conduct.

Lamp dimmer circuit
Figure 8.233 shows a typical 230 V GLS lamp dimmer circuit.
The GLS lamp has a tungsten filament, which allows it to operate
at about 2500°C and is wired in series with the triac. The variable
resistor is part of a trigger network providing a variable voltage
into the gate circuit, which contains a diac connected in series.
Increasing the value of the resistor increases the time taken for
the capacitor to reach its charge level to pass current into the diac
circuit. Reducing the resistance allows the triac to switch on faster
in each half cycle. By this adjustment the light output of the lamp
can be controlled from zero to full brightness.
Load
R1
MT2
a.c. mains

Triac

R2

C1

G

MT1

Diac

Figure 8.233 GLS lamp dimmer circuit
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The capacitor is connected in series with the variable resistor.
This combination is designed to produce a variable phase shift
into the gate circuit of the diac. When the p.d. across the
capacitor rises, enough current flows into the diac to switch on
the triac.
The diac is a triggering device having a relatively high switch on
voltage (32–35 volts) and acts as an open switch until the
capacitor p.d. reaches the required voltage level.
The triac is a two-directional thyristor, which is triggered on both
halves of each cycle. This allows it to conduct current in either
direction of the a.c. supply. Its gate is in series with the diac,
allowing it to receive positive and negative pulses.
A relatively high resistive value resistor R2 (100 W) is placed in
series with a capacitor to reduce false triggering of the triac by
mains voltage interference. The capacitor is of a low value
(0.1 mF). This combination is known as the snubber circuit.
Working life
You are asked to look at a problem at a small private residential care home. When you arrive the warden explains that there is
a problem with the nurse call system, in that it has very recently been installed but, as the electrical contractor that fitted it has
gone into receivership, no one is quite sure of its operation. Additionally, they require another ‘patient call’ button to be
installed in a further bedroom. The warden has a circuit diagram of the system, which is shown below.
B

Patient Call button 1

Patient Call button 2

buzzer

A

L

N

All components, with the exception of the patient call buttons, are located inside the nurse call panel, which is located at the
nurses’ station. Looking at the diagram, identify the components and prepare a written report for the warden, explaining in
writing how the system operates. Now produce a revised circuit diagram to show how an additional patient could be added
to the system. (Please assume that the values and ratings of any components for this exercise will be acceptable.) Your new
drawing and report will then be held by the warden for future reference.

483
Installing Electrotechnical Systems and Equipment_Book B.indb 483

12/09/2011 15:18:20

Level 3 NVQ/SVQ Diploma Installing Electrotechnical Systems and Equipment Book B

Did you know?

Transistors

The term ‘transistor’ is derived
from the two words ‘transferresistor’. This is because in a
transistor approximately the
same current is transferred from
a low to a high resistance
region. The term ‘bipolar’ means
both electrons and holes are
involved in the action of this
type of transistor.

What is usually referred to as simply a
transistor, but is more accurately
described as a bipolar transistor, is a
semiconductor device, which has two
p–n junctions. It is capable of
producing current amplification and,
with an added load resistor, both a
load and voltage power gain can be
achieved.

Figure 8.234 Transistor

Transistor basics
A bipolar transistor consists of three separate regions or areas of
doped semiconductor material and, depending on the
configuration of these regions, it is possible to manufacture two
basic types of device.
When the construction is such that a central n-type region is
sandwiched between two p-type outer regions, a pnp transistor is
formed as in Figure 8.235.
Collector

Collector

p
Base

n

Base

p

Emitter

Emitter

Figure 8.235 pnp transistor and its associated circuit symbols

If the regions are reversed as in Figure 8.236, an npn transistor is
formed.
In both cases the outer regions are called the emitter and collector
respectively and the central area the base.
The arrow in the circuit symbol for the pnp device points towards
the base, whereas in the npn device it points away from it. The
arrow indicates the direction in which conventional current would
normally flow through the device.
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Collector

Collector

n
Base

p

Base

n

Emitter

Emitter

Figure 8.236 npn transistor and its associated circuit symbols

Electron flow is of course in the opposite direction as explained
on pages 264–81. Note that in these idealised diagrams, the
collector and emitter regions are shown to be the same size. This
is not so in practice; the collector region is made physically larger
since it normally has to dissipate the greater power during
operation. Further, the base region is physically very thin,
typically only a fraction of a micron (a micron is one millionth of
a metre).
Hard-wire connections are made to the three regions internally;
wires are then brought out through the casing to provide an
external means of connection to each region. Either silicon or
germanium semiconductor materials may be used in the
fabrication of the transistor but silicon is preferred for reasons of
temperature stability.

Transistor operation
For transistors to operate three conditions must be met:
1. The base must be very thin.
2. Majority carriers in the base must be very few.
3. The base-emitter junction must be forward biased and the
base-collector junction reverse biased.
Electrons from the emitter enter the base and diffuse through it.
Due to the shape of the base most electrons reach the
base-collector junction and are swept into the collector by the
strong positive potential. A few electrons stay in the base long
enough to meet the indigenous holes present and recombination
takes place.
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Base

itter

Lead-out wires from
emitter base

Base

Emitter
Case

Lead-out wires fr
emitter base

Silicon oxide

Mounting
Transistor
(soldered with
collector side
to gold-plated
mounting)

Collector

Collector

Figure 8.237 Transistor operation

To maintain the forward bias on the base-emitter junction, holes
enter the base from the base bias battery. It is this base current
which maintains the base-emitter forward bias and therefore
controls the size of the emitter current entering the base. The
greater the forward bias on the base-emitter junction, the greater
the number of emitter current carriers entering the base.

Electrons
Holes
Reverse biased
p-n junction

Holes
(base current)

B1

+

The collector current is always a fixed proportion of the emitter
current set by the thinness of the base and the amount of doping.
Holes from the
emitter enter the
Electrons
(collector current)
base and diffuse
through it – see
Figure 8.238.
Due to the shape
Collector
(n-type)
of the base most
holes reach the
+
B2 base-collector
Base
junction and are
(p-type)
swept into the
collector by the
Emitter
strong negative
(n-type)
potential.

Forward biased
p-n junction

Electrons
(emitter current)

Figure 8.238 Circuit diagram for operation of transistor

486
Installing Electrotechnical Systems and Equipment_Book B.indb 486

12/09/2011 15:18:21

ELTK 04a Understanding the principles of planning and
ELTK 08
selection for the installation of electrotechnicalUnit
equipment

Current amplification
Consider, for example, as in Figure 8.239, a base bias of some
630 mV has caused a base current of 0.5 mA to flow but more
importantly has initiated a collector current of 50 mA.
IC = 50 mA
(Collector current)
IB = 0.5 mA
(Base current)
+0.6 V

C

B

0V

+

6V

E
IE = 5.0 mA
(Emitter current)

Figure 8.239 Current flow in transistor

Although these currents may seem insignificant, it’s the
comparison between the base and collector currents which is of
interest. This relationship between IB and IC is termed the ‘static
value of the short-circuit forward current transfer’ – we normally
just call it the gain of the transistor, and it is simply a measure of
how much amplification we would get. The symbol that we use
for this is hFE. This is the ratio between the continuous output
current (collector current) and the continuous input current (base
current). Thus when IB is 0.5 mA and IC is 50 mA the ratio is:
IC
IB
50 mA
=
0.5 mA

h FE =

Remember
There are no units since this is a
ratio.

i.e. approximately equal to 100.
It can therefore be said that a small base current initiated by the
controlling forward base-bias voltage produces a significantly
higher value of collector current to flow dependent on the value
of hFE for the transistor. Thus current amplification has been
achieved.

Voltage amplification
Mention was previously made of the derivation of the word
‘transistor’, and quoted the device as transferring current from a
low resistive circuit to approximately the same current in a high
resistive circuit. This is an npn transistor so the low resistive
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reference is the emitter circuit and the high resistive reference, the
collector circuit, the current in both being almost identical.
The reason the emitter circuit is classed as having a low resistance
is because it contains the forward biased (pn) base-emitter
junction. Conversely, the collector circuit contains the reverse
biased (np) base-collector junction, which is of course in the
order of tens of thousands of ohms (it varies with IC). In order to
produce a voltage output from the collector, a load resistor (RB) is
added to the collector circuit as indicated in the circuit diagram
in Figure 8.240.
IB

+VCC

IC
RL
C

RB

VCE

VO

VCE = Varying d.c.
= Steady d.c. + a.c.
= 1 VCC + VO
2

Vi = Alternating input

VO = Alternating output

+
0

t

VBE

Vi

t

0

t

–

0

Figure 8.240 Voltage amplification

This shows the simplest circuit for a voltage amplifier. To see
how voltage amplification occurs we have to consider that there is
no input across Vi, which is called the quiescent (quiet) state. For
transistor action to take place the base emitter junction VBE must
be forward biased (and has to remain so when Vi goes positive
and negative due to the a.c. signal input).
By introducing resistor RB between collector and base, a small
current IB will flow from VCC through RB into the base and down
to 0 V via the emitter, thus keeping the transistor running (ticking
over).
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Component resistor values RB and RL are chosen so that the
steady base current IB makes the quiescent collector-emitter
voltage VCE about half the power supply voltage VCC. This allows
VO to replicate the input signal Vi at an amplified voltage with a
180° phase shift. When an a.c. signal is applied to the input Vi
and goes positive it increases VBE slightly to around 0.61 V. When
Vi swings negative, VBE drops slightly to 0.59 V. As a result a
small alternating current is superimposed on the quiescent base
current IB, which in effect is a varying d.c. current.
The collector emitter voltage (VCE) is a varying d.c. voltage, or an
alternating voltage superimposed on a normal steady d.c. voltage.
The capacitor C is there to block the d.c. voltage, but allow the
alternating voltage to pass on to the next stage. So in summing
up, a bipolar transistor will act as a voltage amplifier if:
●●
●●

●●

●●

●●

it has a suitable collector load RL
it is biased so that so that the quiescent value VCE is around
half the value of VCC, which is known as the class A condition
the transistor and load together bring about voltage
amplification
the output is 180° out of phase with the input signal as Figure
8.240 indicates
the emitter is common to the input, output and power supply
circuits and is usually taken as the reference point for all
voltages, i.e. 0 V. It is called ‘common’, ‘ground’ or ‘earth’ if
connected to earth.

Transistor as a switch
We have looked at the transistor as an amplifier of current and
voltage. If we connect the transistor as in Figure 8.241, we can
operate it as a switch. Compared with other electrically operated
switches, transistors have many advantages, whether in discrete or
integrated circuit (IC) form. They are small, cheap, reliable, have
no moving parts and can switch millions of times per second – the
perfect switch that has infinite resistance when ‘off’, no resistance
when ‘on’ and changes instantaneously from one state to another,
using up no power.
Figure 8.241 shows the basic circuit for an npn common emitter
as in previous diagrams with a load resistor RL connected in series
with the supply (VCC) and the collector.
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+VCC = 6V

IC
1kΩ

RL

C
IB

RB

B

BFY51
or
2N3053

10kΩ
Input = V i

VBE

VCE

E

VCE = V O = output

Figure 8.241 Circuit diagram for transistor used as a switch

RB prevents excessive base currents, which would seriously
damage the transistor when forward biased. With no input across
VI, the transistor is basically turned off. This means then that
there will be no current (IC) through RL, therefore there will be no
volt drop across RL so the +VCC voltage (6 V) will appear across
the output VCE.
If we now connect a supply of between 2 V–6 V across Vi input,
the transistor will switch on, current will flow through the
collector load resistor RL and down to common, making the
output VCE around 0 V. From this we can state that:
●●
●●

when the input Vi = 0 V, the output VCE = 6 V
when the input Vi = 2 V–6 V, the output VCE = 0 V.

From this we can see that the transistor is either High (6 V) or
Low (0 V), or we can confirm, like a switch i that it is ‘On’ (6 V)
or ‘Off’ (0 V).
This circuit can be used in alarms and switch relays for all types
of processes and is the basic stage for programmable logic control
(plc) which uses logic gates with either one or zero to represent
what the output is from a possible input.
In Figure 8.242 are identified basic logic gate circuits with their
inputs/outputs, ‘truth table’ and symbols.
There is also an Exclusive NOR which gives an output as
indicated in Figure 8.243.
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Circuit OR Gate
British
A

1
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B
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Circuit NAND Gate

–VCC = 6V
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F
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A

F

B
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A
B
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A
B
0
0
0
1
1
0
1
1

F
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A

F

B
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A
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0V

Circuit AND Gate
British
&
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F

B
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A
B

B
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B
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B
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B
0
1
0
1
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1
1
1
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AND gate
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F

F
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A

A
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0
1
1

Truth table
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B

A

0
1
1
1
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&

B

A
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D2

A
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Output
A
B
0
0
1
0
1
0
1
0
0
1
1
0
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A
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NOT

American
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Output
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Input
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0
1
1
0
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0V

A
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A
0
0
1
1

B
0
1
0
1

C
1
1
1
0

F
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0
0
1
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F
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A
0
0
1
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B
0
1
0
1

F
0
1
1
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Figure 8.242 Basic logic gate circuits
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Symbol
British
=1
A
B

A
B

Truth table

X

American
X

Exclusive NOR
gate
Input
A
B
0
0
0
1
1
0
1
1

Output
1
0
0
1

Figure 8.243 Exclusive NOR gate

Testing transistors
As all transistors consist of either a npn or a pnp construction the
testing of them is similar to diodes. Special meters with three
terminals for testing transistors are available and many testing
instruments have this facility. However, an ohmmeter can be used
for testing a transistor to check if it is conducting correctly. The
following results should be obtained from a transistor assuming
that the red lead of an ohmmeter is positive.
Note: This is not always the case. With some older analogue
meters, the battery connections internally are the opposite way
round, so it is always good to check both ways across base and
emitter as shown in Figures 8.244 and 8.245.
A good npn transistor will give the following readings:
●●

●●

●●

Red to base and black to collector or emitter will give a low
resistance.
However, if the connections are reversed it will result in a high
resistance reading.
Connections of any polarity between the collector and emitter
will also give a high reading.

A good pnp transistor will give the following readings:
●●

●●

●●

Black to base and red to collector or the emitter will give a low
resistance reading.
However, if the connections are reversed a high resistance
reading will be observed.
Connections of either polarity between the collector and
emitter will give a high resistance reading.
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Figure 8.244 Testing transistors with digital multimeter
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Figure 8.245 Testing transistors with analogue multimeter

Field effect transistors (FETs)
Field effect transistor devices first appeared as separate (or discrete)
transistors, but now the field effect concept is employed in the
fabrication of large-scale integration arrays such as semiconductor
memories, microprocessors, calculators and digital watches.
There are two types of field effect transistor: the junction gate
field effect transistor, which is usually abbreviated to JUGFET,
JFET or FET, and the metal oxide semiconductor field effect
transistor known as the MOSFET. They differ significantly from
the bipolar transistor in their characteristics, operation and
construction.
The main advantages of an FET over a bipolar transistor are:
●●

●●

●●

Its operation depends on the flow of majority current carriers
only. It is, therefore, often described as a unipolar transistor.
It is simpler to fabricate and occupies less space in integrated
form.
Its input resistance is extremely high, typically above 10 MW
especially for MOSFET devices. In practice, this is why
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●●

●●

The main disadvantages of an FET over its bipolar counterpart
are:

Remember
The main reason why the FET
has such a differing
characteristic from the bipolar
transistor is because current
flow through the device is
controlled by an electric field,
which is not the case with the
bipolar transistor. It is for this
reason that the FET is
considered to be a voltage
operated device rather than
current operated.

ID

voltage measuring devices such as oscilloscopes and digital
voltmeters employ the FET in their input circuitry, so that the
voltage being measured is not altered by the connection of the
instrument.
Electrical noise is the production of random minute voltages
caused by the movement of current carriers through the
transistor structure. Since the FET does not employ minority
carriers, it therefore has the advantage of producing much
lower noise levels compared with the bipolar transistor.
Also due to its unipolar nature it is more stable during changes
of temperature.

●●

●●

●●

Its very high input impedance renders it susceptible to internal
damage from static electricity.
Its voltage gain for a given bandwidth is lower. Although this
may be a disadvantage at low frequencies (below 10 MHz), at
high frequencies the low noise amplification that an FET
achieves is highly desirable. This facet of FET operation,
though, is usually only exploited in radio and TV applications,
where very small high frequency signals need to be amplified.
The FET cannot switch from its fully on to its fully off
condition as fast as a bipolar transistor. It is for this reason that
digital logic circuits employing MOSFET technology are
slower than bipolar equivalents, although even faster switching
speeds are being achieved as FET production technology
continues to advance.

Drain D

n

n-channel

Depletion
Layer
Gate G

Figure 8.246 illustrates the basic construction of the
FET, which consists of a channel of n-type
semiconductor material with two connections, source
(S) and drain (D). A third connection is made at the
gate (G), which is made of p-type material to control
the n-channel current. The symbol is shown in Figure
8.247.
d

Electron

g
Metal

Source S

Figure 8.246 Basic construction of field
effect transistor (FET)

s

Figure 8.247 Field effect transistor (FET) symbol
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In theory, the drain connection is made positive with respect to
the source, and electrons are attracted towards the D terminal.
If the gate is made negative there will be reverse bias between
G and S, which will limit the number of electrons passing from
S to D.
The gate and source are connected to a variable voltage supply,
such as a potentiometer, and increasing or lowering the voltage
makes G more or less negative, which in turn reduces or increases
the drain current.

Component positional reference
As electronic diagrams become more complex a system called the
component positional reference system is used. This system uses
a simple grid reference to identify holes on a board on which
components are installed. This is done by counting along the
columns at the top of the board starting from the left and
numbering them as you count. Then starting from the left and
counting down rows, each row is given a letter in turn from the
alphabet starting from A. For example the position reference
point 7:J would be 7 holes from the left and 10 holes down.

Inverters
Earlier we looked at the conversion of a.c. to d.c. by the process
of rectification. The opposite process, namely converting d.c. into
a.c. is called inversion and a device called an inverter is used to
do so.
We know them as inverters because of their origin. Early devices
were actually mechanical devices that used an a.c. motor
connected to a generator to produce d.c. and were known as
converters. By running the converter in reverse, d.c. could be
applied to the field and commutator windings to turn the
machine, thus producing a.c. and leading to them being called an
‘inverted rotary converter’.
Nowadays, the inverter uses electronic components such as
thyristors and mosfets to switch the d.c. to create pulses of a.c.
As we saw earlier in this unit, alternating current produces a sine
wave that is smooth with continuous curves from positive to
negative and back again, and the modern power inverter creates
an approximation of a sine wave that meets all equipment needs
and is commonly referred to as a pure sine wave inverter.
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Solid-state inverters have no moving parts and can be found from
switching power supplies in computers to large high-voltage direct
current systems (HVDC) that transport large amounts of power.
More commonly, inverters are used to supply a.c. from a d.c.
source such as solar panels or batteries.
Equally, in terms of emergency supplies, an ‘uninterruptible
power supply’ (UPS) will use batteries and an inverter to supply
a.c. to equipment when there has been a mains failure.
Additionally, as has also been mentioned earlier in this unit,
variable-frequency drives control the operating speed of an a.c.
motor by controlling the frequency and voltage of the power
supplied to the motor via an inverter.

Integrated circuits
Integrated circuits are complete electronic circuits within a plastic
case (known as the black box). The chip contains all the
components required, which may include diodes, resistors,
capacitors, transistors etc.
Key term
Dual in-line ICs – the types of
IC with the pins lined up down
each side

There are several categories, which include analogue, digital and
memories. The basic layout is shown in Figure 8.248, which is an
operational amplifier (dual in-line IC).
The plastic case has a notch at the end and, if you look at the
back of the case with the notch at the top, Pin 1 is always the first
one on the left hand side, sometimes noted with a small dot. The
other pin numbers follow down the left hand side, 2, 3 and 4 and
then back up the right hand side from the bottom right to the top
5, 6, 7 and 8. This is an 8-pin chip but you can get some chips
with 32 pins or more.
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Connection from
‘chip’ to pin

‘Chip’
Plastic case

Notch

Small dot

Metal pin
0.1 inch
Pin 1

Figure 8.248 Operational amplifier
Progress check
1

Explain briefly what a semiconductor diode is.

2

How does a light emitting diode work?

3

Give a common example of the use of an inverter.
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Getting ready for assessment
This unit focuses on some of the key scientific concepts that underpin all your work as an electrician, and relate
directly to all the practical tasks you will undertake as part of your course and your career.
For this unit you will need to be familiar with:
•
•
•
•
•
•
•
•
•
•

mathematical principles which are appropriate to electrical installation, maintenance and design work
standard units of measurement used in electrical installation, maintenance and design work
basic mechanics and the relationship between force, work, energy and power
relationship between resistance, resistivity, voltage, current and power
fundamental principles which underpin the relationship between magnetism and electricity
electrical supply and distribution systems
how different electrical properties can effect electrical circuits, systems and equipment
operating principles and application of d.c. machines and a.c. motors
operating principles of different electrical components
principles and applications of electrical lighting systems
• principles and applications of electrical heating
• types, applications and limitations of electronic components in electrotechnical systems and equipment
For each learning outcome, there are several skills you will need to acquire, so you must make sure you are familiar
with the assessment criteria for each outcome. For example for Learning Outcome 6 you will need to be able to
describe how electricity is generated and transmitted for both domestic and commercial use, as well as specifying the
features and characteristics of the generation and transmission systems, as well as explaining how electricity is
generated from other sources. You will need to describe the main characteristics of a number of supply systems and
the operating principles, application and limitations of transformers and the different types used. You should also be
able to determine by calculation and measurements primary and secondary voltages and current and the kVA rating
of a transformer.
It is important to read each question carefully and take your time. Try to complete both progress checks and multiple
choice questions, without assistance, to see how much you have understood. Refer to the relevant pages in the book
for subsequent checks. Always use correct terminology as used in BS 7671. There are some simple tips to follow
when writing answers to exam questions.
• Explain briefly – usually a sentence or two to cover the topic. The word to note is ‘briefly’ meaning do not
ramble on. Keep to the point.
• Identify – refer to reference material, showing which the correct answers are.
• List – a simple bullet list is all that is required. An example could include, listing the installation tests required in
the correct order.
• Describe – a reasonably detailed explanation to cover the subject in the question.
Much of the knowledge in this unit is theoretical rather than practical. As such you will need to make extensive use
of your functional skills in order to complete the unit effectively. In particular, this unit will require extensive use of
your maths skills, making calculations and working with equations. Just as with practical work, it is important to
regularly check any calculations you are making to ensure that they are correct. Mistakes in sums can be as costly and
time-consuming as errors when installing components.
Good luck!
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CHECK YOUR KNOWLEDGE
1. The SI unit for weight is known as a:
a) Mole
b) Joule
c) Newton
d) Kilogram
2. Which one of the following prefixes represents a
multiplier of 1 000 000?
a) Tera
b) Kilo
c) Giga
d) Mega
3. What is the result of the following calculation
10 + 2 × 4 – 2?
a) 14
b) 16
c) 24
d) 46
4. What is the formula for calculating Force?
a) Force = Mass + Acceleration
b) Force = Mass – Acceleration
c) Force = Mass ÷ Acceleration
d) Force = Mass × Acceleration
5. What is the total resistance for a parallel combination
consisting of resistors valued at 20 Ω and 30 Ω?
a) 10 Ω
b) 12 Ω
c) 25 Ω
d) 50 Ω
6. A 2 kW electric fire is used 6 hours a day in winter.
What will be the total consumption over a 13 week
quarter?
a) 546 kWh
b) 54.6 kWh
c) 156 kWh
d) 15.6 kWh

7. Which of the following materials cannot be
magnetised?
a) Iron
b) Steel
c) Cobalt
d) Aluminium
8. When selecting a relay, which of the following would
not be considered?
a) Coil voltage
b) Contact ratings
c) Coil material
d) Contact arrangements
9. What is the force on a conductor 20 m long, lying at
right angles to a magnetic field of 8 tesla, when 10 A
flows in the coil?
a) 38 T
b) 38 N
c) 1600 N
d) 1600 T
10. Which of these is a suitable transmission voltage?
a) 400 kV
b) 11 kV
c) 400 V
d) 230 V
11. What is the effective r.m.s. value of an a.c. sine wave
given by?
a) 0.637 × Imax
b) 0.707 × Imax
c) 0.637 × Ipeak
d) 0.707 × Ipeak
12. Complete this sentence: The current in an inductive
circuit…?
a) is in phase with the voltage
b) leads the voltage
c) lags the voltage
d) is resistive only
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CHECK YOUR KNOWLEDGE
13. Which of the following is used to improve power
factor?
a) Resistor
b) Inductor
c) Capacitor
d) Transformer

18. Which of the following motors would be used on an
a.c. supply?
a) Long shunt
b) Short shunt
c) Universal
d) Compound

14. What is the impedance of a circuit with 30 Ω
resistance and a 40 Ω inductive reactance?
a) 10 Ω
b) 30 Ω
c) 40 Ω
d) 50 Ω

19. What is the major advantage a star-delta starter has
compared with a direct on line starter?
a) Reduced starting current
b) Increased starting current
c) Increased voltage
d) Faster motor speed

15. What would the balanced three-phase system in a
neutral current be?
a) The same as the phase current
b) The same as the line current
c) Zero

20. What is stroboscopic effect associated with?
a) Tungsten filament lamp
b) Tungsten halogen lamp
c) Incandescent lighting
d) Fluorescent discharge lighting

d) Low
16. How many windings does an autotransformer have?
a) None
b) One
c) Two
d) Three

21. What would be the colour coding of a 630 kOhm
resistor with a tolerance of 5%?
a) Blue, red, orange and silver
b) Blue, orange, yellow and silver
c) Blue, orange, yellow and gold
d) Blue, yellow, orange and gold

17. What is the turns ratio of a safety isolating
transformer?
a) 1:1

22. What device is used to measure the temperature of a
motor winding?
a) Resistor

b) 2:1
c) 10:1
d) 20:1

b) Thermistor
c) Transistor
d) Thyristor
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