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Preface

It is now seven years since the twenty-second edition of the Pocket Book
was published, a rather longer interval than might be desirable in the rapidly
moving and rapidly developing world of electrical technology. We now have
a new editor and, as a result, the possibility of some differing emphasis.

Eric Reeves’ name has become synonymous with the Pocket Book. He
has been editor for over forty years covering some ten or more editions. He is
now enjoying his ‘retirement’. He has left a pocket reference work that is in
good shape, but inevitably as the industry moves on, the detail is constantly
subject to change.

In the UK, privatization of electricity supply was some six years consigned
to history at the time of publication of the twenty-second edition. But much
of the transformation of the industry, which now sees electricity traded as
any other commodity like oil or coffee beans, has taken place over the last
five or six years. Many of the companies that the Government set up in 1989
have now disappeared and the structure of the industry has changed beyond
recognition. Changes now occur so rapidly that the details of the UK utilities
as given in the previous edition have been dropped. The reader must now keep
up with these developments by closely watching the business pages of his or
her newspaper.

Now, if it is more profitable to sell gas than to use it to generate electricity
and sell that, utilities are happy to do this. Now, the generators, transmission
lines and transformers are ‘assets’ which assist the owners in making a profit,
and the staff entrusted with the care and supervision of these are ‘asset man-
agers’. They may be more skilled in risk assessment and knowledgeable about
failure rates and downtimes than their predecessors, but it is still necessary
to retain a workforce who know about the plant and are able to ensure it can
remain in safe and reliable operation.

Privatization of the UK electricity supply has also led to many utilities
procuring equipment overseas, particularly from Europe. This has resulted in
the adoption within the UK of new approaches to many aspects of electrical
equipment design and specification. In a wider context this has probably pro-
vided added impetus to harmonization of standards and the acceptance of IEC
and CENELEC documentation.

Today’s technicians face a challenging task to keep abreast of develop-
ments even within quite narrow fields and ‘continuing professional develop-
ment’ is a task to be pursued by all, not simply those who wish to gain
advancement in their chosen field.

This is where it is hoped that this little book will remain of assistance.
The danger is that it will get larger at each new edition. If it is to remain a
handy pocket reference size, then to include new material it is necessary to
leave out some information which has proved useful in the past. The hope is
that the balance will remain about right and what Eric Reeves has achieved
so successfully for many years will continue.

One chapter which might have been left out is Chapter 6 which deals
with computers. These are no longer specialist tools to be used by the few;
even children in primary schools are being given computing skills. There are

ix
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weekly and monthly magazines by the score which can provide an introduction
to computing, so its need in a work such as this might be superfluous. However,
the chapter has been retained because of its relevance to electrical engineering,
but it has been shortened and made less specific, hopefully in a form which
will provide some useful background for those working in other branches of
electrical engineering.

Chapter 4 of the twenty-second edition dealt with semiconductors as
devices which have superseded valves in electronic equipment. Although many
older engineers may have been introduced to semiconductors in this way,
valves are no longer taught in colleges and universities. Hence the emphasis
has been reversed with semiconductors introduced in their own right and some
descriptions of valve devices retained because these might be encountered in
special applications.

Chapter 7 has been extensively revised to include some description and
theory of a.c. generators. Although few will find themselves coming into close
practical contact with these, some understanding of the design and workings
of the main source of electrical power is perhaps desirable for those who earn
or seek to earn their livelihood in the electrical industry.

Likewise the chapter on transformers, Chapter 10, has been expanded a
little to include some detail of their construction, connections, phase shifts
and losses, although few in the electrical industry will encounter any but the
smaller end of the size range. The section dealing with magnetic materials in
Chapter 2 has also been expanded since in large transformers and generators
magnetic steel is just as important a material as copper.

Since the publication of the twenty-second edition there has been a revi-
sion of BS 7671 which has brought about significant changes. A section has
therefore been added to Chapter 12 detailing the changes and discussing the
implications of these.

Building automatic management systems, which were highlighted in the
preface to the twenty-second edition as being subject to rapid change, has seen
even further development in view of the advances in computing capability.
The result is that Chapter 17 has been largely rewritten to identify these
developments.

Chapter 20, dealing with battery electric vehicles has been expanded a
little to reflect the growth of interest in clean vehicles and particularly to
describe recent developments relating to hybrid vehicles.

There have been significant changes in requirements relating to electrical
equipment for use in hazardous areas in recent years as a result of two EU
Directives, 94/9 relating to explosion protected equipment, and 99/92 relating
to certification of the equipment. Chapter 23, which was newly written for the
twenty-second edition, has, as a result, been extensively revised.

Despite what may appear a lengthy list of changes, much of what was
written by Eric Reeves in the twenty-second edition remains. The hope is that
readers will find both the older material that has been retained, and that which
is new, of value, and that no one will feel that any vital aspect which has made
Eric’s formula such a successful one over so many years has been cast aside.

M.J.H.
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Introduction

The chief function of any engineer’s pocket book is the presentation in con-
venient form of facts, tables and formulae relating to the particular branch of
engineering concerned.

In the case of electrical engineering, it is essential that the engineer should
have a clear understanding of the methods by which the various formulae
are derived in order that he can be quite certain that any particular formula
is applicable to the conditions which he is considering. This applies with
particular force in the case of alternating current work.

The first section of the Pocket Book is, therefore, devoted to the theoretical
groundwork upon which all the practical applications are based. This covers
symbols, fundamentals, electrostatics and magnetism.

When an engineer is called upon to deal with any particular type of
electrical apparatus, for example a protective relay system, a thermostatically
controlled heating system, or industrial switchgear and control gear, the first
requirement is that he shall understand the principles upon which these systems
operate. In order to provide this information, much space has been devoted in
the various sections to clear descriptions of the circuits and principles which
are used in the different types of electrical apparatus.

The inclusion of technical descriptions, together with the essential data
embodied in the tables, will be found to provide the ideal combination for those
engineers engaged on the utilization side of the industry, where many different
types of equipment and electrical appliances, ranging from semiconductor
rectifiers to electrode steam boilers, may have to be specified, installed and
maintained in safe and efficient operation.

An extensive summary of the sixteenth edition of the ‘IEE Regulations
for Electrical Installations’ (now BS 7671) is contained in Chapter 12. In 1992
when this was first issued as a British Standard, the layout and content were
markedly different to the previous editions and for those personnel working
in electrical contracting it is important that they obtain their own up-to-date
copy of the Regulations. One of the most important changes in 1992 was
the exclusion of many of the Appendices which were published as separate
Guidance Notes (see page 260). Another change was the inclusion of a new
Part 6, ‘Special installations or locations’. Section 6 has been added to in
the 2001 edition, and, in addition, in an extended Part 7, there is increased
emphasis on periodic inspection and testing. More is said about these in the
Preface and in Chapter 12.



1 Fundamentals and theory

Fundamentals

Current. The term ‘current’ is used to denote the rate at which electricity
flows. In the case of a steady flow the current is given by the quantity of
electricity which passes a given point in one second. (Although since 1948
the unit of current has been officially defined in terms of the electromagnetic
force that it produces, see below — since this force can be most conveniently
measured.) The magnitude of the current depends not only upon the electro-
motive force but also upon the nature and dimensions of the path through
which it circulates.

Ohm’s law. Ohm’s law states that the current in a direct current (d.c.)
circuit varies in direct proportion to the voltage and is inversely proportional to
the resistance of the circuit. By choosing suitable units this law may be written

Electromotive force
Current = ————
Resistance

The commercial units for these quantities are

Current — the ampere (A)
Electromotive force — the volt (V)
Resistance — the ohm ()

Using the symbols /, V and R to represent the above quantities in the
order given, Ohm’s law can be written

\%4
I=—
R
or V=IxR

The law not only holds for a complete circuit, but can be applied to any part
of a circuit provided care is taken to use the correct values for that part of
the circuit.

Resistivity. The resistivity of any material is the resistance of a piece
of the material having unit length and unit sectional area. The symbol is p
and the unit is the ohm metre. The resistivity of a material is not usually
constant but depends on its temperature. Table 1.1 shows the resistivity (with
its reciprocal, conductivity) of the more usual metals and alloys.

Resistance of a conductor. The resistance of a uniform conductor with
sectional area A and length / is given by

R=p—
Pa

The units used must be millimetres and square millimetres if p is in ohm
millimetre units.
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Temperature coefficient. The resistance of a conductor at any tempera-

ture can be found as follows:

R, = Ro(1 4+ at)

R, = resistance at temperature ¢°C
Ro = resistance at temperature 0°C

The coefficient « is called the temperature coefficient and it can be described
as the ratio of the increase in resistance per degree C rise in temperature
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Table 1.1 Resistivities at 20°C

Material Resistivity Conductivity
Ohm metres Siemens per metre
Silver 1.64 x10°8 6.10 x 107
Copper (annealed) 1.72 x10°8 58 x 107
Gold 2.4 x10°8 417 x 107
Aluminium (hard) 282 x1078 3.55 x 107
Tungsten 50 x10°8 2.00 x 107
Zinc 595 x10°8 1.68 x 107
Brass 6.6 x1078 1.52 x 107
Nickel 6.9 x10°8 1.45 x 107
Platinum 11.0 x10°8 9.09 x 10°
Tin 115 x10°8 8.70 x 108
Iron 10.15 x1078 9.85 x 10°
Steel 19.9 x10°8 5.03 x 10°
German Silver 16-40 x10~8 6.3-2.5 x 108
Platinoid 344 x10°8 2.91 x 10°
Manganin 440 x10°8 2.27 x 10°
Gas carbon 0.005 200
Silicon 0.06 16.7
Gutta-percha 2 x107 5 x10°8
Glass (soda-lime) 5 x10° 2 x10°1
Ebonite 2 x1013 5 x107
Porcelain 2 x1013 5 x107"
Sulphur 4 x1018 25 x10~ ™
Mica 9 x1013 1.1 x10714
Paraffin-wax 3 x1016 33 x 1077

compared with the actual resistance at 0°C. The coefficient for copper may be
taken as 0.004. The increase in resistance for rise of temperature is important,
and for many calculations this factor must be taken into account.

Power. Power is defined as the rate of doing work. The electrical unit
of power (P) is the wart (abbreviation W), and taking a steady current as

with d.c.

IW=1Vx1A

or W=VxA

or in symbols P=VxI

(For alternating current, see page 12)

Note: 1 kW = 1000 W

Energy. Energy can be defined as power x time, and electrical energy is

obtained from

where ¢ is the time in seconds.

Energy = VIt
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The unit obtained will be in joules, which is equivalent to 1 ampere at

1 volt for 1second. The practical unit for energy is the kilowatt hour and is
given by

watts X hours

1000

=kWh

Energy dissipated in resistance. If we pass a current / through resistance
R, the volt drop in the resistance will be given by

V=IR

The watts used will be VI, therefore the power in the circuit will be P =
VI=(R)x1I=1I*R.
This expression (12R) is usually known as the copper loss or the IR loss.
Similarly power can be expressed as V x (V/R) = V2/R.

SI units. The SI (Systeme Internationale) system uses the metre as the
unit of length, the kilogram as the unit of mass and the second as the unit
of time. These units are defined in BS 5555 ‘Specification for SI units and
recommendations for the use of their multiples and of certain other units’.

SI units are used throughout the rest of this book and include most of the
usual electrical units. With these units, however, the permittivity and perme-
ability are constants. They are:

Permittivity g9 = 8.85 x 10712 farad per metre
Permeability o = 47 x 1077 henry per metre
These are sometimes called the electric and magnetic space constants respec-

tively. Materials have relative permittivity ¢, and relative permeability pu,
hence ¢, and pu, for a vacuum are unity.

Electrostatics

All bodies are able to become electrically charged, and this is termed static
electricity. The charge on a body is measured by measuring the force between
two charges, this force follows an inverse square law (i.e. the force is propor-
tional to the product of the charges and inversely proportional to the square
of the distance between them). This may be written

_ 912
47 €pd?

where g1 and g, are the charges in coulombs (symbol C) and d the distance in
metres — the space in between the charges being either air or a vacuum with
a permittivity go. N is newtons.

If the two charged bodies are separated by some other medium the force
acting may be different, depending on the relative permittivity of the dielectric
between the two charged bodies. The relative permittivity is also termed the
dielectric constant.



In this case the force is given by

q192
4 €,€9d?

where ¢, is the constant for the particular dielectric. For air or a vacuum the
value of ¢, is unity.

Intensity of field. A charged body produces an electrostatic field. The
intensity of this field is taken as the force on unit charge.

The intensity of field at any given point due to an electrostatic charge ¢
is given by q

= —V/
4w €od? m

Note: The ampere is the defined unit. Hence a coulomb is that quantity
of charge which flows past a given point of a circuit when a current of one
ampere is maintained for one second.

The value of the ampere, adopted internationally in 1948, is defined as that
current which, when flowing in each of two infinitely long parallel conductors
in a vacuum, separated by one metre between centres, causes each conductor
to have a force acting upon it of 2 x 10~7 N/m length of conductor.

Dielectric flux. The field due to a charge as referred to above is assumed
to be due to imaginary tubes of force similar to magnetic lines of force, and
these tubes are the paths which would be taken by a free unit charge if acted
on by the charge of the body concerned.

By means of these tubes of force we get a dielectric flux-density of so
many tubes of force per square metre of area. For our unit we take a sphere of
1 m radius and give it unit charge of electricity. We then get a dielectric flux
density on the surface of the sphere of one tube of force per square metre.
The total number of tubes of force will be equal to the surface area of the
sphere = 4. For any charge ¢ at a distance r the dielectric flux density will be

q

D=—"_C/m?
47rr?

We have seen that the intensity of field or electric force at any point is

_ q
47 €pe, 12

so that this can also be stated as E = D/g,&.

Electrostatic potential. The potential to which a body is raised by an
electric charge is proportional to the charge and the capacitance of the
body — so that C = Q/V, where V is the potential and C the capacitance.
The definition of the capacitance of a body is taken as the charge or quantity
of electricity necessary to raise the potential by one volt. This unit of potential
is the work done in joules, in bringing unit charge (1 coulomb) from infinity
to a point at unit potential.

Capacitance. For practical purposes the unit of capacitance is arranged
for use with volts and coulombs. In this case the unit is the farad (symbol
F), and we get C = Q/V, where C is in farads, Q is in coulombs and V is
in volts.
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The farad is a rather large unit, so that in practice we more commonly
employ the microfarad = 10~ of a farad or 1 picofarad = 102 of a farad.

Capacitors

The capacitance of a body is increased by its proximity to earth or to another
body and the combination of the two is termed a capacitor. So long as there
is a potential difference between the two there is a capacitor action which is
affected by the dielectric constant of the material in between the two bodies.

Flat plate capacitor. Flat plate capacitors (Figure 1.2) are usually made
up of metal plates with paper or other materials as a dielectric. The rating of
a plate capacitor is found from

C =€,€p A/d farads

where A is the area of each plate and d the thickness of the dielectric. For the
multi-plate type we must multiply by the number of actual capacitors there
are in parallel.

_ €A

Figure 1.2 Plate capacitor

Concentric capacitor. With electric cables we get what is equivalent to a
concentric capacitor (Figure 1.3) with the outer conductor or sheath of radius
ri1 m and the inner conductor of radius r, m. If now the dielectric has a
constant of &,, the capacitance will be (for 1 m length)

2w €€

= loge(ri/r2)

. _ 2neeg
Sy e

Figure 1.3 Concentric capacitor

farads per metre

R A A
c, C eyt

Figure 1.4a Capacitors in series
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Figure 1.4b Capacitors in parallel

Values of &, for different materials
Air
Paper, Pressboard
Cotton tape (rubberized)
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Paper (oiled)
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Paraffin-wax
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Rubber
Ebonite
Gutta-percha
Polyethylene
Nylon polyamide (Nomex)
Epoxy resin
Phenolic resin
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The Magnetic Circuit

Electromagnets. Magnetism is assumed to take the form of lines of force or
magnetic flux which flow round the magnetic circuit. This circuit may be a
complete path of iron or may consist of an iron path with one or more air-gaps.
The transformer iron core is an example of the former and a generator, with
its combination of laminated iron stator core and rotor iron forging with an
air or hydrogen filled gap between them, an example of the latter.

The lines of force are proportional to the magneto-motive-force of the
electric circuit and this is given by

m.m.f. = I N ampere turns

where [ is the current in amperes and N the number of turns in the coil
or coils carrying this current. This m.m.f. is similar in many respects to the
e.m.f. of an electric circuit and in the place of the resistance we have the
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reluctance which may be regarded as the ‘resistance’ of the magnetic circuit
to the establishing of the flux. The reluctance is found from

Reluctance = S = ampere turns per weber (At/Wb)

Apr o

where / is the length of the magnetic circuit in metres, A is the cross-section in
square metres and u, (o is the permeability of the material. The permeability is
a property of the actual magnetic circuit and not only varies with the material
in the circuit but also with the number of lines of force, i.e. flux density,
actually induced in the material if that material is a ferromagnetic material
(normally iron).

The actual flux induced in any circuit is proportional to

. m.m.f.
the ratio ————— and so we get
reluctance

m.m.f.
total flux = ¢ = T Wb

The relative permeability 1, is always given as the ratio of the number of
lines of force (flux density) induced in a circuit of any ferromagnetic material
compared with the number of lines induced in free space for the same condi-
tions. The permeability of free space, (o, to all intents and purposes can be
considered to be the same as that of air and so permeability can be taken as
the magnetic conductivity compared with air.

Taking the formula for total flux given above, we can combine this by
substituting values for m.m.f. and S, giving

HrioI NA

Wb
[

Total flux, ¢ =

Having obtained the total flux, we can obtain the flux density or number
of lines per square metre of cross-section as follows:

Flux density = B = % tesla (T)

The tesla is one weber per square metre.

In many cases the magnetic circuit (Figure 1.5) will have an air-gap in
order that the magnetic flux can be utilized, as, for example, in the rotating
armature of a motor. It is usual, in such a case, to define the flux which can
be utilized as the useful flux. In such a situation it will be found that there is
always a certain amount of ‘bulging’ of the flux at the edges. There will also
be many lines of force which will take shorter paths remote from the air-gap
so that the actual flux in the air-gap will be smaller than that produced by the
coil. The ratio between these two is given by the leakage coefficient which

_ flux in air-gap

flux in iron
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Reluctance = S=

W)
Total flux =@ = MM.F
_ HpigINA
- 4
Magnetizing force = H= N
Cross g 9 ==
¢=Length of section A Flux density = B = ®/A
marrg\;rr;le“c circuit mm2 Permeability = 11,uq = B/H

Figure 1.5 The magnetic circuit

Ampere-turns per metre (At/m). In order to deal with complex magnetic
circuits such as generators, motors, etc., it is more convenient to take the
various sections of the magnetic circuit separately, and for this purpose it is
useful to have the ampere-turns required per metre to give a fixed flux density.
Taking our complete formula above for total flux, we get

& IN
B=—=pmo— = proH

A l
so that the permeability and flux density are linked by the expression
IN
— = H
l

which is called the magnetizing force and it will be seen that this is equal to
the ampere-turns per unit length (i.e. metre).

18

16 L Wrought jron

14 |
12 |

10 |-

Flux density Bin tesla

o N O~ o

| 1 | 1 1 I 1 1
0 40 80 120 160 200 240 280 320 360 400

Magnetizing force in AT/m

Figure 1.6 The B-H curve

The relation between B and H is usually given by means of a B—H curve
(Figure 1.6), but by using a different scale the actual value of ampere-turns
per metre required can be read off. This scale is also shown in Figure 1.6.
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Hysteresis. If a piece of iron is gradually magnetized and then slowly
demagnetized it will be found that when the current is reduced to zero there is
still some residual magnetism or remanence and the current has to be reversed
to cancel the flux. This is shown in Figure 1.7 where the complete curve
of magnetization is shown by the circuit ABCDEF. This lagging of the flux
behind the magnetizing force is termed hysteresis and during a complete cycle
as shown by the figure ABCDEF energy is dissipated in the iron. Since this
represents a loss to the system this is called the hysteresis loss. Frequency is
expressed in hertz (Hz) so that 1 Hz = 1 cycle/second.

B 'A| ABCDEF = Hysteresis loop
OB = Remanence
Hysteresis loss in joules/
cu cm/cycle and in watts/cycle
o JF W= nfB'® x 107" per cu metre
C
D E

Figure 1.7 Hysteresis loss

In an alternating current machine this loss is continuous and its value
depends on the materials used.

n

Watts loss per cubic metre = ki f By,

where k; is a constant for any particular material. The exponent n is known
as the Steinmetz or hysteresis exponent and is also specific for the material.
Originally this was taken as 1.6 but with modern materials working at higher
flux densities n can vary from 1.6 to 2.5 or higher. f is the frequency in Hz,
and Bpax is the maximum flux-density.

Almost all magnetic materials subjected to a cyclic pattern of magnetiza-
tion around the hysteresis loop will also experience the flow of eddy currents
which also result in losses. The magnitude of the eddy currents can be reduced
by increasing the electrical resistance to their flow by making the magnetic
circuit of thin laminations and also by the addition of silicon to the iron which
increases its resistivity. The silicon also reduces the hysteresis loss by reducing
the area of the hysteresis loop.

Eddy current loss is thus given by the expression

Watts loss per cubic metre = kj f 252 Bezﬁ-/ P

where k; is another constant for the material, ¢ the thickness and p its resis-
tivity. Befr is the effective flux density which corresponds to its r.m.s. value
(defined below).

When designing electrical machines it is more convenient to relate the
magnetic circuit or iron losses to the weight of core iron used rather than its
volume. This can be simply done by suitable adjustment of the constants k|
and kp. Typical values of combined hysteresis and eddy current losses can be
from less than 1 to around 2 W/kg for modern laminations of around 0.3 mm
thickness at a flux density of 1.6 tesla and a frequency of 50 Hz.
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Magnetic paths in series. Where the magnetic path is made up of several
different parts, the total reluctance of the circuit is obtained by adding the
reluctance of the various sections. Taking the ring in Figure 1.5 the total
reluctance of this is found by calculating the reluctance of the iron part and
adding the reluctance of the air-gap. The reluctance of the air-gap, of length
lp, will be given by

lo
oA

The value of po = 47 x 1077 H/m.

A.C. Theory

Alternating currents. Modern alternators produce an e.m.f. which is for all
practical purposes sinusoidal (i.e. a sine curve), the equation between the e.m.f.
and time being

e = Enax sinwt

where e = instantaneous voltage
Emax = maximum voltage
wt = angle through which the armature has
turned from the neutral axis.

Taking the frequency as f hertz, the value of @ will be 27 f, so that the
equation reads
e = Enax sin(2u f)t

The graph of the voltage will be as shown in Figure 1.8.

e " Frequency = f or ~u
E max Maximum e.m.f.
E max e Instantaneous e.m.f.
d ¢ i Instantaneous current

Time | V r.m.s. volts

mf. +

Volts
e

| r.m.s.current
| X Reactance
l | Z Impedance
¢ 1 cycle > L Inductance

C Capacitance
o =2nf

Figure 1.8

Because current is generally proportional to voltage (see below) the current
will also generally be sinusoidal and of the form

i = Inax sin[2 f)t + @]

The constant ¢ represents an angular displacement between current and voltage
and is further explained below.
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Average or mean value. The average value of the voltage and current will
be found to be 0.636 of the maximum value for a perfect sine wave, giving
the equations

Eave =0.636Em,x  and  Iyye = 0.636/max

The mean values are only of use in connection with processes where the results
depend on the current only, irrespective of the voltage, such as electroplating
or battery-charging.

R.m.s. (root-mean-square) value. The values which are relevant in any
circumstances involving power

1
Erms. = Emax X —= = 0.707 Epax

g

and Lims. = Imax X = 0.707 I;ax

V2
are the r.m.s. values. These values are obtained by finding the square root
of the mean value of the squared ordinates for a cycle or half-cycle. (See
Figure 1.8.)

These are the values which are used for all power, lighting and heating
purposes, as in these cases the power is proportional to the square of the
voltage or current.

A.C. circuits

Resistance. Where a sinusoidal e.m.f. is placed across a pure resistance the
current will be in phase with the e.m.f., and if shown graphically will be in
phase with the e.m.f. curve (i.e. the value of ¢ in the expression above will
be zero).

The current will follow Ohm’s law for d.c., i.e.

I=V/R

where V is the r.m.s. value of the applied e.m.f. or voltage, and R is the
resistance in ohms — the value of 7 will be the r.m.s. value. (See Figure 1.9.)

v

A\ ,
NA L

Inductance. If a sinusoidal e.m.f. is placed across a pure inductance the
current will be found to be I = V/[(2xf)L] where V is the voltage (r.m.s.
value), f is the frequency and L the inductance henries, the value of I being
the r.m.s. value. The current will lag behind the voltage and the graphs will

Figure 1.9
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v
¥ 90°lag Vv

Loy ™

i ¢
=Y ¢ I
e A\ N

be as shown in Figure 1.10, the phase difference being 90° (¢ = —90°). The
expression (27 f)L is termed the inductive reactance (X ).

>
eor/

Figure 1.10

Capacitance. 1f a sinusoidal e.m.f. is placed across a capacitor the current
will be I = 27 f). CV, where C is the capacitance in farads, the other values
being as above. In this case the current leads the voltage by 90° (¢ = +90°),
as shown in Figure 1.11. The expression 1/[(27f)C] is termed the capacitive
reactance (X¢) and the current is given by

v
= e
Xoo_1_ v 90° lead
€ =%ric I v
c v -
v =X 5 ®
/ =2nfcvV  © I
v n 907

Figure 1.11

Resistance and inductance in series. In this circuit, shown in Figure 1.12,
the current will be given by

Vv

JR2+ X3
where X, is the reactance of the inductance (X; = (2w f)L). The expression

VR + X% is called the impedance (Z), so that / = V/Z. The current will
lag behind the voltage, but the angle of lag, ¢, will depend on the relative
values of R and X — the angle being such that tan ¢ = X /R (¢ being the
angle as shown in Figure 1.12a).

I =

Resistance and capacitance in series. For this circuit the current will be
given by
Vv

JR2+ X2

I =

l’ Z=V R2+Xx?

=V
=z

eori

L

%
=
R =V R24 x2

Figure 1.12a
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Z=\ R2 4 (X, — X2 Current lags if X; >X¢

ll *X=Xo Current leads if Xg>X;
L= Zl Angle of lag or lead

@V X (¢) is given by
R L= 2rfL X, - Xo Xc - X,

tan ¢ = or —4———
c Xc-=--H R R
2rnfC

Figure 1.12b

where X ¢ is the reactance of the capacitance (1/(27w fC)). The current will
lead the voltage and the angle of lead will be given by tan ¢ = X¢/R.
Resistance, inductance and capacitance in series. The impedance (Z) of

this circuit will be Z = /R? + (X; — X¢)? with I = V/Z, and the phase
difference will be either

XL7XC XC*XL

tan¢g = or
¢ R R

whichever is the higher value. (Here X; = inductive reactance and Xc =
capacitance reactance.)

The IEC recommendation is that the terms inductance and capacitance
can be dropped when referring to reactance, provided that reactance due to
inductance is reckoned positive and to capacitance, negative.

Currents in parallel circuits. The current in each branch is calculated
separately by considering each branch as a simple circuit. The branch cur-
rents are then added vectorially to obtain the supply current by the follow-
ing method:

Resolve each branch-current vector into components along axes at right
angles (see Figure 1.13), one axis containing the vector of the supply e.m.f.
This axis is called the in-phase axis; the other axis at 90° is called the quadra-
ture axis. Then the supply current is equal to

(sum of in-phase components)?
+ (sum of quadrature components)?>

and .
sum of in-phase components
cos¢p =
supply current
Thus if Iy, I, ..., denote the branch-circuit currents, and ¢1, ¢2, ..., their

phase differences, the in-phase components are I cos ¢, I> cos ¢, etc. and
the quadrature components are /; sin ¢, I> sin ¢, etc. Hence the line or supply
current is

1= \/(11 cospi+1Ircosr+--)2+(I1singy + L singy + - - -)2

and
Iycos¢y + Ircosgpy + - -+

1

cos¢p =
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Branch Branch
[— 1 2 Z;=\RP + X{
*11 i"Z 22 -1\ R22 + X22
i X4 Xo Iy =Viz,
I =VIZ
Ry Ry 2 2
cos ¢1 = Ry/Z4
—_—
V4 sin ¢4 = Xq/Z;
Y !
L COS ¢p = H2/22
% _____ ey g i Sin ¢ = Xo/Z5
3 ,” 1 > 2
_g iy (i # : I:\/(I1cos @1 + 15C08 Po)“+ (I48in ¢4 + IoSin o)
<0 / |
{1, ! 008 $= l1cos ¢q + [5c0s ¢o
] | i
Quadrature axis Joint impedance Z= V/I

Figure 1.13 Parallel circuits

The quantities cos¢;, sin¢;, etc., can be obtained from the general
formulae: cos ¢ = resistance/impedance, and sin ¢ = reactance/impedance, or
sing = [I; sing + Irsingy]/1.

The equivalent impedance of the circuit is obtained by dividing the line
current into the line voltage.

If the equivalent resistance and reactance of this impedance are required,
they can be calculated by the formulae:

Equivalent resistance of parallel circuits = Impedance x cos ¢

Equivalent reactance of parallel circuits

= \/ (impedance)? — (resistance)? = impedance x sin ¢

Current in a series-parallel circuit. The first step is to calculate the joint
impedance of the parallel portion of the circuit. (Figure 1.14). The easiest way
of doing this is to calculate the branch currents, the joint impedance, and the
equivalent resistance and reactance exactly as for a simple parallel circuit.
The calculations can be made without a knowledge of the voltage across the
parallel portion of the circuit (which is unknown at the present stage) by
assuming a value, V.

Having obtained the joint impedance (Zf) of the parallel portion of the
circuit, this is added vectorially to the series impedance (Zg) to obtain the joint
impedance (Z) of the whole circuit, whence the current is readily obtained in
the usual manner. Thus, the joint impedance of the parallel circuits (Zg)
must be split into resistance and reactance, i.e. Rg = Zg cos¢r and Xg =
ZEg sin ¢, where ¢ is the phase difference. This resistance and reactance is
added to the resistance and reactance of the series portion of the circuit, in
order to calculate the joint impedance of the whole circuit.
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z,=\NR2+ @nfLy2 =VR2:x2
Branch Bra2nch cos 01 = Ry/Z4

| >~ s 1
m I sin ¢4 = X4/Z,
L R, 2= VR2+( e ) = VR 2
6—* 4 Vi oS ¢ = Ro/Z
l R TC sin oo = X5/Z5 (leading)
————— }(V1 assumed)
Z1 12 = V1/22

Line current / (in terms of V) and
phase difference of parallel circuits,
cos ¢, as Figure 1.13

Joint impedance Zg= V4/I
Equivalent resistance Rg = Zg cos ¢4
Equivalent reactance Xg = Zg sin ¢
Joint impedance of whole circuit Z

= \/(HE+RS)2 +(Xg+Xg)
Line current = V/Z

Figure 1.14 Series-parallel circuits

Thus, the resistance term (R) of the joint impedance (Z) of the series-
parallel circuit is equal to the sum of the resistance terms (Rg + Rg) of the
separate impedances. Similarly, the reactance term (X) is equal to the sum of
the reactance terms of the separate impedances, i.e. Xg + Xs. Hence the joint
impedance of the series-parallel circuit is

Z=+vR2+X2
and line current = V/Z

Three-phase circuits. Three-phase currents are determined by consider-
ing each phase separately, and calculating the phase currents from the phase
voltages and impedances in the same manner as for single-phase circuits. In
practice, three-phase systems are usually symmetrical, the loads being bal-
anced. In such cases the calculations are simple and straightforward. For the
methods of calculations when the loads are unbalanced or the system is unsym-
metrical reference should be made to the larger textbooks.

Having calculated the phase currents, the line currents are obtained from
the following simple rules.

With a star-connected system:

line current = phase current

line voltage = 1.73 x phase voltage
With a delta-connected system:

line current = 1.73 x phase current

line voltage = phase voltage
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Power in a.c. circuits. The power in a single-phase circuit is given by
W = VIcos ¢, where W is the power in watts, V the voltage (r.m.s.) and /
the current (r.m.s.). Cos ¢ represents the power factor of the circuit, so that

w watts
power factor =cos¢p = — = ——
VI  volt-amperes

Referring to Figure 1.15, I represents a current lagging by angle ¢. This
current can be split into two components, OW, the energy component, and
OR, the wattless component. Only the energy component has any power value,
so that the power is given by OV x OW = OV x Ol cos¢ = VI cos ¢.

Power in an A.C. circuit

/ OV=V=Volts

i cos I;SV:: F\’/olvc\:lgf fq;ctor O/= /= Current

| _W__ Watts OW = Energy compt

| VI~ Volts x Amps 85‘/ ivlvféiejs compt
O¥--——=R OR=Isin¢

Figure 1.15

Three-phase working. The three windings of a three-phase alternator or
transformer can be connected in two ways, as shown in Figure 1.16. The
relations between the phase voltages and currents and the line voltages and
currents are indicated in this diagram. It should be noted that with the star
or Y connection a neutral point is available, whereas with the delta or mesh
connection this is not so. Generators are generally star wound and the neutral
point used for earthing. Motors can be either star or delta, but for low voltage
small-size motors a delta connection is usually used to reduce the size of
the windings.

Three-phase circuits (balanced systems)

Staror Y AN
I‘/=.@U I 12077\ 120°
=i

W=+3VIcos 0]

| Y3 4200 V2
Delta or A (Mesh)
V=vu Va_y Vi_o
1=+3i -
W=3Vi cos o 3

Vo_s

Figure 1.16

Power in a three-phase circuit. The total power in a three-phase circuit is
the sum of the power in the three phases. Taking the star system in Figure 1.17
and assuming a balanced system (i.e. one in which the three voltages and
currents are all equal and symmetrical), the total power must by 3 x power
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3-Phase 4-Wire

CIReDNR

¥
7 )
3-PH motor

L4L,L4 are single-phase loads at voltage v three-phase loads
are taken from lines 1,2 and 3 at voltage V. Note:-V = \3v

Figure 1.17

per phase. Therefore W = 3vi cos ¢p. Substituting the line values for phase
volts and phase current, we get

W =3(i)cos¢p =3 <% X I) cos¢p = x/§VIcos¢

It will be found that the same expression gives the power in a delta-
connected system, and so for any balanced system the power is given by
W = /3VI cos ¢, where V and I are the line volts and line current and cos
¢ represents the power factor. For unbalanced or unsymmetrical systems the
above expression does not hold good.

(Most three-phase apparatus such as motors can be assumed to form a bal-
anced load, and calculations for current, etc., can be based on this assumption,
using the above expression.)

Power in a three-phase circuit can be measured in several ways. For per-
manent switchboard work a three-phase wattmeter unit is used in which there
are usually two elements, so that the meter will indicate both balanced and
unbalanced loads. For temporary investigations either of the methods shown
in Figure 1.18 can be used. The total power = 3W where W is the reading
on the single meter.

Power in 3-phase

Use of one wattmeter for
balanced load.

Neutral is obtained by use of
resistance R

Total power = 3x W

!
]

Ww.
e

Two wattmeter method for
balanced or unbalanced loads.

Total power = Wi+ W,
Power factor is obtained from

s

A Tan g2 V3 Wa=W2)

Wi+W,

Figure 1.18

For an unbalanced load two units must be used, and these are connected
as indicated in Figure 1.18. In addition to giving the total power by adding the
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readings on the two meters, the power factor can be obtained. It is important
to note, however, that the reading of one meter will be reversed if the power
factor of the system is less than 0.5. In this case the leads of one of the meters
may have to be reversed in order to get a positive reading. For power factors
of less than 0.5 the readings must be subtracted instead of added.

The power factor of the system can be obtained from

V3 (Wi — W)
tang = ——
(W1 + Wy)

which gives the tangent of the angle of lag, and the cosine can be obtained
from the tables.

Power in six-phase. In a six-phase system, such as is often used for rotary
converters and other rectifiers, the power of the system (assumed balanced) is
given by

W =6VIcos¢

where V is the phase voltage and I the phase current.
In terms of line voltage V; and line current /;, the power equation becomes

3
—Vp I cos¢o

V2

In both cases cos ¢ is the phase angle between the phase voltage and phase
current.

Three-phase 4-wire. This system (Figure 1.16) is now used almost uni-
versally in the UK for 400 V distribution. There are three ‘lines’ and a neutral.

The voltage between any one ‘line’ and neutral is nominally 230V and
voltage between the ‘lines’ is /3 times the voltage to neutral. This gives a
three-phase voltage of 400 V for motors, etc. Single-phase loads are therefore
taken from all ‘lines’ to neutral and three-phase loads from the three lines
marked 1, 2 and 3. (It should be noted that the above nominal voltages are the
values that have been adopted in the UK since January, 1995, in place of the
values of 415V, three-phase, and 240V, single-phase, used previously. This
is as a result of an EU Directive on voltage harmonisation — see Chapter 12).

In the distribution cable the neutral may be either equal to the ‘lines’ or
half-size. Modern systems generally use a full-size neutral, particularly where
fluorescent lighting loads predominate.



2 Properties of materials

Magnetic Materials

Low carbon steels. Low carbon steel provides the path for the magnetic flux
in most electrical machines: generators, transformers and motors. Low carbon
steel is used because of its high permeability, that is, a large amount of flux
can be produced with the expenditure of minimal magnetizing ‘effort’, and it
has low hysteresis thus minimizing losses associated with the magnetic field.

High levels of flux mean more powerful machines can be produced for a
given size and weight.

Alternating current machines not only experience iron loss due to hys-
teresis, as explained in the previous chapter, but they also have losses due to
circulating currents, known as eddy currents, which flow within the iron of the
core. These two types of losses are present whenever a machine is energized,
whether on load or not, and are together known as the no-load losses of the
machine. It has been estimated that in 1987/88 the cost of no-load core losses
in transformers in operation in the UK alone was £110 million. There is thus
a very strong incentive to reduce this loss.

The first machines produced in the 1880s used cores made of high-grade
wrought iron but around 1900 it was recognized that the addition of small
amounts of silicon or aluminium greatly reduced the magnetic losses. Thus
began the technology of specialized electrical steel making.

The addition of silicon reduces hysteresis, increases permeability and also
increases resistivity, thus also reducing eddy current losses. It has the dis-
advantage that the steel becomes brittle and hard so that to retain sufficient
workability for ease of core manufacture, the quantity added must be limited
to about 414%.

Increasing resistivity alone does not sufficiently reduce eddy currents so
that it is necessary to build up the core from laminations. These are sheets
around 0.3 mm thick, lightly insulated from each other. This greatly reduces
the cross-section of the iron in the direction in which the eddy currents flow.
The resistance of the eddy current path is thus increased still further. This will
be explained by reference to Figure 2.1.

Hot-rolled steel. Electrical sheet steels from which the laminations are
cut are produced by a process of rolling in the steel mill. The steels have
a crystalline structure and the magnetic properties of the sheet are derived
from the magnetic properties of the individual crystals or grains. The grains
themselves are anisotropic. That is, their properties differ according to the
direction along the crystal that these are measured. Until the 1940s the sheet
steels were produced by a process of hot-rolling in which the grains are packed
together in a random way so that the magnetic properties of the sheet have
similar values regardless of the direction in which they are measured. These
represent the average properties for all directions within the individual crystals.
The sheet steel is therefore isotropic.

Grain-oriented steel. As early as the 1920s it had been recognized that if
the individual steel crystals could be aligned, a steel could be produced which,

21
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For flux perpendicular to paper, eddy-
current path is in plane of paper

Laminations reduce cross-section

of eddy-current path
Figure 2.1 Building core from laminations increases resistance to the flow of eddy
currents. The thinner the laminations the more effective this is

in one direction, would exhibit properties related to the optimum magnetic
properties of the crystals. It was not until the mid-1930s that the American,
N.P. Goss developed and patented an industrial process that did this. This
material is known as cold-rolled grain-oriented steel. 1t is reduced in the steel
mill by a hot rolling process until it is about 2 mm thick. Thereafter it is further
reduced by a series of cold reductions interspersed with annealing at around
900°C to around 0.3 mm final thickness.

In order to reduce surface oxidation and prevent the material sticking to
the rolls, the steel is given a phosphate coating in the mill. This coating has a
sufficiently high resistance to serve as insulation between laminations in many
instances but it must generally be made good by recoating with varnish where
edge burrs produced by cutting have been ground off.

Grain-oriented steel has magnetic properties in the rolling direction which
are very much superior to those perpendicular to the rolling direction. To
obtain maximum benefit from its use, therefore, it must be used in a machine
in which the flux passes along the length of the material. This is particularly
so in the case of a transformer in which the flux passes axially along the leg
as shown in Figure 2.2. Of course the flux must cross the line of the grains
at the top and bottom of the core legs where these join the yokes. As can be
seen from Figure 2.2(b), crossing of the grain pattern can be minimized by
utilizing mitred joints at these points. Before the introduction of cold-rolled
steel, leg-to-yoke joints could be simply overlapped as shown in Figure 2.2(c).

High permeability steel. Cold-rolled steel as described above continued
to be steadily improved until the end of the 1960s when a further step-change
was introduced by the Nippon Steel Corporation of Japan. By introducing
significant changes into the cold rolling process they achieved a considerable
improvement in the degree of grain orientation compared with the previous
grain-oriented material (most grains aligned within 3° of the ideal compared
with 6° obtained previously). The steel also has a very much improved glass
coating. This coating imparts a tensile stress into the steel which has the
effect of reducing hysteresis loss. The reduced hysteresis loss allows some
reduction in the amount of silicon which improves the workability of the
material, reducing cutting burrs and avoiding the need for these to be ground
off. This coupled with the better insulation properties of the coating means
that additional insulation is not required. The core manufacturing process is
simplified and the core itself has a better stacking factor.

Domain-refined steel. Crystals of grain-oriented steel become aligned
during the grain-orientation process in large groups. These are known as
domains. There is a portion of the core loss which is related to the size of
the domains so that this can be reduced by reducing the domain size. Domain
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Type of overlapped core corners which could
be used before the introduction of cold-rolled
steel
()

Figure 2.2 Mitring joints at intersection of limbs and yokes reduces extent of flux
crossing grain orientation

size can be reduced after cold rolling by introducing a small amount of stress
into the material. This is generally carried out by a process of laser etching so
that this type of steel is frequently referred to as laser-etched. Improvements
to the rolling process have also enabled this material to be produced in thinner
sheets, down to 0.23 mm, with resulting further reduction in eddy-current loss.
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Amorphous steel. Amorphous steels have developed in a totally different
direction to the silicon steels described above. They were originally developed
by Allied Signal Inc. Metglas Products in the USA in the early 1970s as an
alternative for the steel in vehicle tyre reinforcement. It was not until the mid-
1970s that the importance of their magnetic properties was recognized. Their
introduction on a commercial scale is still restricted some 25 years later due
to the difficulties in production and handling. Nevertheless amorphous steels
offer considerable reduction in losses compared with even the best conven-
tional steel.

Amorphous steels have a non-crystalline structure. The atoms are ran-
domly distributed within the material. They are produced by very rapid cooling
of the molten alloy which contains about 20% of a glass forming element such
as boron. The material is generally produced by spraying a stream of molten
alloy onto a rapidly rotating copper drum. The molten material is cooled at
the rate of about 10° degrees C per second and solidifies to form a continu-
ous thin ribbon. This requires annealing between 200 and 280°C to develop
the required magnetic properties. Earliest quantities of the material were only
2mm wide and about 0.025-0.05 mm thick. By the mid-1990s a number of
organizations had been successful in producing strip up to 200 mm wide.

By the end of the 1980s the original developers of the material had been
successful in producing a consolidated strip which could be fairly successfully
built into distribution transformer sized cores. This has found more widespread
use in the USA than in the UK. Figure 2.3 shows an experimental distribution
transformer manufactured in the UK using amorphous steel.

7 ol N

Figure 2.3 Core and windings of 200 kVA, 20/0.4 kV transformer using amorphous
steel. Unfortunately very little of the core is visible, but it should be just apparent that
this is of the wound construction. It will also be apparent that fairly elaborate clamping
was considered necessary and that the physical size, for a 200 kVA transformer, is
quite large (Alstom T&D)

Designation of core steels. Specification of magnetic materials including
core steels is covered internationally by IEC 60404. This is a multi-part docu-
ment covering all aspects and types of magnetic materials used in the electrical
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industry. In the UK this becomes BS IEC 60404-1 Magnetic materials. Clas-
sification. BS EN 60404 Parts 2 and 4, relating to methods of measurement
of magnetic properties, have been accepted as European norms.

Permanent magnets (cast). Great advances have been made in the devel-
opment of materials suitable for the production of permanent magnets. The
earliest materials were tungsten and chromium steel, followed by the series of
cobalt steels.

Alni was the first of the aluminium-nickel-iron alloys to be discovered
and with the addition of cobalt, titanium and niobium, the Alnico series of
magnets was developed, the properties of which varied according to composi-
tion. These are hard and brittle, and can only be shaped by grinding, although
a certain amount of drilling is possible on certain compositions after special
heat treatment. The Permanent Magnet Association (disbanded March 1975)
discovered that certain alloys when heat-treated in a strong magnetic field
became anisotropic. That is they develop high properties in the direction of
the field at the expense of properties in other directions. This discovery led
to the powerful Alcomax and Rycomax series of magnets. By using special
casting techniques to give a grain-oriented structure, even better properties are
obtained if the field applied during heat treatment is parallel to the columnar
crystals in the magnet.

Permanent magnets (sintered). The techniques of powder metallurgy
have been applied to both the isotropic and anisotropic Alnico types and it
is possible to produce sintered permanent magnets which have approximately
10% poorer remanence and energy than cast magnets. More precise shapes are
possible when using this method of production and it is economical for the
production of large quantities of small magnets. Sintering techniques are also
used to manufacture the oxide permanent magnets based on barium or stron-
tium hexaferrite. These magnets which may be isotropic or anisotropic, have
higher coercive force but lower remanence than the alloy magnets described
above. They have the physical properties of ceramics, and inferior temper-
ature stability, but their low cost makes them ideal for certain applications.
Barium ferrite bonded in rubber or plastics is available as extruded strip or
rolled sheet.

The newest and most powerful permanent magnets discovered to date,
based on an intermetallic compound of cobalt and samarium, are also made
by powder metallurgy techniques (Zable 2.1).

Nickel-iron alloys. Nickel-iron alloy containing about 25% of nickel
is practically non-magnetic, but with increased nickel content and suitable
treatment some remarkably high permeability materials have been obtained.
Some of the more popular alloys and their magnetic properties are shown in
Tables 2.2(a) and 2.2(b).

From these tables it will be seen that there are two groups falling within
the range 36-50%. The alloys with the higher nickel content have higher
initial and maximum permeabilities but lower saturation inductions, remanence
and coercivity.

Typical applications for these nickel-iron alloys are detailed in Table 2.3.
From this table it will be seen that the materials are particularly suitable for
high frequency applications.
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Table 2.1 Properties of permanent magnets*
Material Remanence Coercive BHpmax Sp. Gr. Description
T force  kdm=3
kAm™1
ISOTROPIC
Tungsten steel 1.05 5.2 2.4 8.1 Rolled or forged
6% W steel
Chromium steel 0.98 52 2.4 7.8 Rolled or forged
6%Cr steel
Cobalt steel 3%Co 0.72 10.4 2.8 7.7 Rolled or forged
steel
Cobalt steel 6%Co 0.75 11.6 3.5 7.8 Rolled or forged
steel
Cobalt steel 9%Co 0.78 12.8 4.0 7.8 Rolled or forged
steel
Cobalt steel 0.82 14.4 5.0 7.9 Rolled or forged
15%Co steel
Cobalt steel 0.90 20 7.6 8.2 Rolled or forged
35%Co steel
Alni 0.55 38.5 10 6.9  Cast Fe-Ni-Al
Alnico 0.75 58 13.5 7.3 Cast Fe-Ni-Al
Feroba 1 (sintered) 0.21 136 6.4 4.8 Barium ferrite
Bonded Feroba 0.17 128 5.6 3.6 Flexible strip or
sheet
ANISOTROPIC
Alcomax Il 1.20 46 41 7.35 Cast Fe-Co-Ni-Al
Alcomax Il 1.30 52 44 7.35 Cast
Fe-Co-Ni-Al-Nb
Alcomax IV 1.15 62 36 7.35 Cast
Fe-Co-Ni-Al-Nb
Columax 1.35 59 60 7.35 Grain oriented
Alcomax llI
Hycomax Il 0.75 96 32 7.3 Cast Fe-Co-Ni-Al-
Nb-Ti
Hycomax llI 0.92 132 44 7.3 Cast
Fe-Co-Ni-Al-Ti
Hycomax IV 0.78 160 46 7.3 Cast
Fe-Co-Ni-Al-Ti
Columnar 1.05 128 72 7.3 Grain oriented
Hycomax llI
Feroba ll 0.35 144 26.4 5.0 Barium ferrite
Feroba llI 0.25 200 20 4.7 Barium ferrite
Sintered Sm Cos 0.80 600 128 8.1 Cobalt-samarium

*Permanent Magnets, by Malcolm McCaig, Pentech Press, 1977.
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Table 2.2(a) Properties of high-permeability nickel-iron alloys (75-80% Ni-Fe
alloys)

Property Mumetal* Nilomag* Permalloy C*
Initial permeability 60000 50000 50000
Maximum permeability 240000 250000 250000
Saturation induction Bga: Tesla 0.77 0.70 0.80
Remanence Bem Tesla 0.45 0.40 0.35
Coercivity Hg (A/m) 1.00 1.60 2.4

*Grades of higher magnetic quality, Mumetal plus Supermetal, Permalloy ‘Super C’
and Nilomag 771 are available.

Table 2.2(b) Properties of high-permeability nickel-iron alloys (36-50% Ni-Fe
alloys)

Property Radiometal* Permalloyt Nilo Radiometal Nilo
50 B alloy 45 36 alloy 36

Initial permeability 6000 5000 6000 3000 4000

Maximum 30000 30000 30000 20000 18000
permeability

Saturation induction 1.6 1.6 1.2 1.2 0.8
Bsat Tesla

Remanence Bem 1.0 0.4 1.1 0.5 0.4
Tesla

Coercivity Hg (A/m) 8.0 12.0 16.0 10.0 10.0

*Super, Hyrno and Hyrem Radiometal are derived from Radiometal 50 and offer
improved permeability, electrical resistivity and remanence respectively.
TPermalloys D and F offer higher electrical and remanence respectively.

Radiometal and Mumetal are trade names are Telecon Metals Ltd; Nilo and Nilomag
are trade names of Henry Wiggin Ltd; Permalloy is a trade name of Standard
Telephones and Cables Ltd.

Copper and its Alloys

The electrical resistance of copper, as of all other pure metals, varies with
the temperature. This variation is sufficient to reduce the conductivity of high
conductivity copper at 100°C to about 76% of its value at 20°C.

The resistance R} = R,[1 + o, (t' — 1)]

where «; is the constant mass temperature coefficient of resistance of copper
at the reference t°C. For a reference temperature of 0°C the formula becomes

R; = Ro(1 + apt)

Although resistance may be regarded for all practical purposes as a linear
function of temperature, the value of the temperature coefficient is not constant
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Table 2.3 Typical applications for high-permeability nickel-iron materials

Applications % Nickel

75-80 45-50 36

Transformer
Pulse
Audio
Microphone
Current
Output
Small power
High frequency
Magnetic amplifiers X
Magnetic screening X
Tape recorder heads
Relays
Cores and armatures
Small motors, synchros, rotors and stators X
Inductors, chokes (h.f.) and filter circuits X

X X X X
x

X X X X X X

x
x

but is dependent upon, and varies with, the reference temperature according
to the law
1 1

— =
1, 23445+

o =
@0

Thus the constant mass temperature coefficient of copper referred to a
basic temperature of 0°C is

1

= —— =0.0042
73445 0.004265 per degree C

oo

At 20°C the value of the constant mass temperature coefficient of resis-
tance is

a0 = 0.00393 per degree C

1
T 234.45 420

which is the value adopted by the IEC.

Multiplier constants and their reciprocals, correlating the resistance of
copper at a standard temperature, with the resistance at other temperatures, may
be obtained from tables which are included in BS 1432-1434, 4109, 7884.

Five alloys discussed below also find wide application in the electrical
industry where high electrical conductivity is required. These are cadmium
copper, chromium copper, silver copper, tellurium copper and sulphur copper.
They are obtainable in wrought forms and also, particularly for chromium
copper, tellurium copper and sulphur copper, as castings and forgings. The
electrical resistivity varies from 1.71 microhm cm for silver copper in the
annealed state at 20°C to 4.9 microhm cm for solution heat-treated chromium
copper at the same temperature.
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The main output of each alloy is determined by its major applications. For
instance cadmium copper is produced as heavy gauge wire of special sections
while silver copper is made generally in the form of drawn sections and strip.
Much chromium copper is produced as bar and also as castings and forgings,
though strip and wire forms are available.

Quantities of the five elements required to confer the differing properties
on these alloys are quite small, the normal commercial ranges being: cadmium
copper 0.7-1.0% cadmium; chromium copper 0.4-0.8% chromium; silver
copper 0.03-0.1% silver; tellurium copper 0.3-0.7% tellurium; and sulphur
copper 0.3-0.6% sulphur.

Cadmium copper, chromium copper and sulphur copper are deoxidized
alloys containing small controlled amounts of deoxidant. Silver copper, like
high-conductivity copper, can be ‘tough pitch’ (oxygen-containing) or oxygen-
free, while tellurium copper may be either tough-pitch or deoxidized. ‘Tough
pitch’ coppers and alloys become embrittled at elevated temperatures in a
reducing atmosphere. Thus, when such conditions are likely to be encountered,
oxygen-free or deoxidized materials should be used. Advice can be sought
from the Copper Development Association which assisted in the compilation
of these notes.

Cadmium copper. This material is characterized by having greater
strength under both static and alternating stresses and better resistance to
wear than ordinary copper. As such it is particularly suitable for the contact
wires of electric railways, tramways, trolley-buses, gantry cranes and similar
equipment. It is also employed for telephone wires and overhead transmission
lines of long span.

Because cadmium copper retains the hardness and strength imparted by
cold work at temperatures well above those at which high-conductivity copper
would soften it has another field of application. Examples are electrode holders
for resistance welding machines and arc furnaces, and electrodes for spot
and seam welding of steel. Cadmium copper has also been employed for the
commutator bars of certain types of electric motors.

Because of its comparatively high elastic limit in the work-hardened con-
dition, cadmium copper is also used to a limited extent for small springs
required to carry current. In the form of thin hard-rolled strip an important
use is for reinforcing the lead sheaths of cables which operate under internal
pressure. Castings of cadmium copper, though rare, do have certain appli-
cations for switchgear components and the secondaries of transformers for
welding machines.

On exposure to atmosphere the material acquires the normal protective
patina associated with copper. Cadmium copper can be soft soldered, silver
soldered and brazed in the same manner as ordinary copper. Being a deox-
idized material there is no risk of embrittlement by reducing gases during
such processes.

Chromium copper. Chromium copper is particularly suitable for appli-
cations in which considerably higher strengths than that of plain copper are
required. For example, for both spot and seam types of welding electrodes.
Strip, and, to a lesser extent, wire are used for light springs destined to carry
current. Commutator segments that are required to operate at temperatures
above those normally encountered in rotating machines are another applica-
tion. In its heat-treated state, the material can be used at temperatures up to
about 350°C without risk of deterioration of properties.
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In the solution heat-treated condition chromium copper is soft and can
be machined. It is not difficult to cut in the hardened state but is not free-
machining like leaded brass or tellurium copper. Chromium copper is similar
to ordinary copper in respect of oxidation and scaling at elevated temperatures.
Jointing methods similar to cadmium copper outlined above are applicable. As
in the case of cadmium copper special fluxes are required under certain con-
ditions, and these should contain fluorides. Chromium copper can be welded
using modern gas-shielded arc-welding technology.

Silver copper. Silver copper has an electrical conductivity equal to that of
ordinary high-conductivity copper, but in addition, it possesses two properties
which are of practical importance. Its softening temperature, after hardening
by cold work, is considerably higher than that of ordinary copper, and its
resistance to creep at moderately elevated temperatures is enhanced.

The principal uses of this material are in connection with electrical
machines which either run at higher than normal temperatures or are exposed
to them during manufacture. Soft soldering or stoving of insulating materials
are examples of the latter.

Silver copper is obtainable in the form of hard drawn or rolled rods and
sections, especially those designed for commutator segments, rotor bars and
similar applications. It is also available as hollow conductors and strip. It is
rarely called for in the annealed condition since its outstanding property is
associated with retention of work hardness at elevated temperatures.

Silver copper can be soft soldered, silver soldered, brazed or welded with-
out difficulty but the temperatures involved in all these processes, except soft
soldering, are sufficient to anneal the material if in the cold-worked condition.
Because the tough pitch material contains oxygen in the form of dispersed
particles of cuprous oxide, it is important to avoid heating to brazing and
welding temperatures in a reducing atmosphere.

While silver copper cannot be regarded as a free-cutting material, it is not
difficult to machine. This is specially true when it is in the work-hardened con-
dition, the state in which it is usually supplied. It is similar to ordinary copper
in its resistance to corrosion. If corrosive fluxes are employed for soldering,
the residues should be carefully washed away after soldering is completed.

Tellurium copper. Special features of this material are ease of machining
combined with high electrical conductivity, retention of work hardening at
moderately elevated temperatures and good resistance to corrosion. Tellurium
copper is unsuitable for welding with most procedures, but gas-shielded arc
welding and resistance welding can be effected with care. A typical application
of this material is for magnetron bodies, which in many cases are machined
from solid blocks of the material.

Tellurium copper can be soft soldered, silver soldered and brazed without
difficulty. For tough pitch, tellurium copper brazing should be carried out in
an inert atmosphere (or slightly oxidizing) since reducing atmospheres are
conducive to embrittlement. Deoxidized tellurium copper is not subject to
embrittlement.

Sulphur copper. Like tellurium copper, sulphur copper is a high-
conductivity free-machining alloy, with greater resistance to softening than
high-conductivity copper at moderately elevated temperatures, and with good
resistance to corrosion. It is equivalent in machinability to tellurium copper,
but without the tendency shown by the latter to form coarse stringers in the
structure which can affect accuracy and finish of fine machining operations.
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Table 2.4 Physical properties of copper alloys

Property Cadmium Chromium  Silver  Tellurium Sulphur
copper  copper  copper  copper copper

Density at 20°C 8.9 8.90 8.89 8.9 8.9
(108 kgm™3)

Coefficient of linear 17 17 17.7 17 17
expansion (20-100°C)
(106 K™

Modulus of elasticity* 132 108 118 118 118
(10°Nm~2)

Specific heat at 20°C 0.38 0.38 0.39 0.39 0.39
(kdkg™ 'K

Electrical conductivity at
20°C (108Sm™")
annealed 46-53 - 57.4-58.6 56.8" 55.1
solution heat treated - 20 - - -
precipitation hardened - 44-49 - 55.71 -

Resistivity at 20°C
(10-8 ohmm)
annealed 2.2-1.9 - 1.74-1.71 1.767 1.81
solution heat treated - 4.9 - - -
precipitation hardened - 2.3-2.0 - - -
cold worked 2.3-2.0 - 1.78 1.80 1.85

*Solution heat treated or annealed.
TOxygen-bearing (tough pitch) tellurium copper.

Sulphur copper finds application for all machined parts requiring high
electrical conductivity, such as contacts, connectors and other electrical com-
ponents. Jointing characteristics are similar to those of tellurium copper.

Sulphur copper is deoxidized with a controlled amount of phosphorus and
therefore does not suffer from hydrogen embrittlement in normal torch brazing
operations; long exposure to reducing atmospheres can result in some loss of
sulphur and consequent embrittlement.

Aluminium and its Alloys

For many years aluminium has been used as a conductor material in most
branches of electrical engineering. In addition to the pure metal, several alu-
minium alloys are also good conductors, combining structural strength with an
acceptable conductivity. The material is lighter than copper (about one third
the density) and therefore easier to handle; it is also cheaper. Another advan-
tage is that its price is not subject to wide fluctuations as is copper. There was
a sharp increase in the price of copper worldwide in the 1960s and 1970s. This
led to many instances of aluminium being used in situations where copper had
previously been the norm. In a few applications, for example domestic wiring
and transformer foil-windings identified below, aluminium proved to be less
suitable than was initially hoped, so that in the late 1990s there has been some
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return to copper and the use of aluminium has tended to be restricted to those
applications for which it is clearly superior.

There are two groups of British Standard Specifications for aluminium,
one covering aluminium for electrical purposes, which relates to high purity
aluminium with emphasis on electrical properties, and the second concerning
aluminium for general engineering.

Aluminium for electrical purposes covers grades with conductivities
between 55% and 61% International Annealed Copper Standard (IACS) and
includes pure aluminium. The following are the relevant British Standards:

BS 215 Part 1: (IEC 207) Aluminium stranded conductors for overhead
power transmission purposes.

Part 2: (IEC 209) Aluminium conductors, steel-reinforced for overhead
power transmission purposes.

BS 2627. Wrought aluminium for electrical purposes — wire.

BS 2897. Wrought aluminium for electrical purposes — strip with drawn or
rolled edges.

BS 2898. Wrought aluminium for electrical purposes — bars, extruded round
tubes and sections.

BS 3242. (IEC 208) Aluminium alloy stranded conductors for overhead
power transmission.

BS 3988. Wrought aluminium for electrical purposes — solid conductors for
insulated cables.

BS 6360. Specifications for conductors in insulated cables and cords.

This group of specifications include grade 1350 (formerly 1E) pure aluminium
with a conductivity of 61% IACS and grade 6101A (formerly 91E) which is a
heat treatable alloy with moderate strength and a conductivity of 55% IACS.

Aluminium for general engineering uses includes grades with conductivi-
ties as low as 30% IACS but with high structural strength, up to 60% of that
of steel, with greater emphasis on mechanical properties. This is covered by
the following British Standards:

BS 1471 Wrought aluminium and aluminium alloys — drawn tube.

BS 1472 Wrought aluminium and aluminium alloys — forging stock
and forgings.

BS 1473 Wrought aluminium and aluminium alloys — rivet, bolt and screw
stock.

BS 1474 Wrought aluminium and aluminium alloys — bars, extruded round
tube and sections.

BS 1475 Wrought aluminium and aluminium alloys — wire.

All of the above documents are based on but not identical to ISO 209.

BS 1490 Aluminium ingots and castings (based on but not identical to
ISO 3522).
BS EN 485 Aluminium and aluminium alloys — sheet, strip and plate.

This group of specifications includes grade 1050A (formerly 1B) with a
conductivity of 61.6 IACS, grade 1080A (formerly 1A) also with a conduc-
tivity of 61.6 IACS, and grade 1200 (formerly 1C) with a conductivity of
59.5% IACS. These grades are generally used in sheet form, up to 10 mm
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thick, or plate, over 10 mm thick. Further information on aluminium grades
and specifications can be obtained from the Aluminium Federation.

Busbars. Aluminium has been used for busbars for more than 60 years
and from 1960 onwards is increasingly being used for a whole range of bus-
bar applications due to its light weight and durability. Tubular aluminium
is used exclusively for grid substation busbars at 275kV and 400kV and is
increasingly being used at 132kV for substation refurbishments and redevel-
opments. Aluminium is used in large industrial plants such as smelters and
electrochemical plants because of the availability of large sections of cast bars
(up to 600 mm x 150 mm). Aluminium is also used in switchgear and rising
main systems because of its lighter weight compared with copper. A major
problem with aluminium is the rapidity with which it oxidizes when the sur-
face is prepared for bolted jointing. Much research was carried out by the
former CEGB into the problem especially with the heavy currents which arise
between a generator and its associated step-up transformer. This resulted in
significant improvements in jointing techniques. Bolted joints in aluminium
busbars which are subject to frequent dismantling are frequently electroplated
using silver or tin.

Cable. Aluminium is extensively employed as the conductors over
16 mm? cross-sectional area for power cables up to 66kV. Aluminium is not
normally found in domestic wiring installations because of the specialized
jointing and termination techniques needed to ensure longevity of trouble-
free service.

Overhead lines. The a.c.s.r. (aluminium conductor steel reinforced) over-
head line conductors are used worldwide for power distribution systems.
A.c.a.r. (aluminium conductor aluminium alloy wire reinforced) have increas-
ingly been used since 1960 because of the elimination of the risk of bi-metallic
corrosion and improved conductivity for a given cross-section. A.c.a.r. cate-
nary conductors for supporting the contact wire are also finding favour with
railway authorities for overhead electrification schemes because of their lower
weight and the reduced risk of theft in comparison with copper.

Motors. Cage rotors for induction motors often employ aluminium bars.
Casings are also made from the material as are fans used for motor cool-
ing purposes.

Foil windings. Aluminium is the norm for the windings of capacitors
from the smallest types used in lighting fittings to large power capacitors.
Foil windings are suitable for some transformers, reactors and solenoids. Foil
thicknesses range from 0.040 mm to 1.20 mm in 34 steps. A better space factor
than for a wire wound copper coil is obtained, the aluminium conductor occu-
pying some 90% of the space as against 60% for copper wire. Heating and
cooling are aided by the better space factor and the smaller amount of insu-
lation needed for foil wound coils. Rapid radial heat transfer ensures an even
temperature gradient. The disadvantage of aluminium is its poorer mechanical
strength, particularly from the viewpoint of making winding end connections.
The tendency, therefore has been to turn to the use of copper foil for air insu-
lated low voltage windings. Aluminium foil is, however, almost exclusively
used for the HV windings of cast resin insulated transformers as it has a ther-
mal expansion coefficient closer to that of the resin encapsulation material
than does copper which thus reduces the thermal stresses arising under load.
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Table 2.5 Constants and physical properties of very high purity aluminium

Atomic number

Atomic volume

Atomic weight

Valency

Crystal structure

Interatomic distance (co-ordination number 12)
Heat of combustion

Latent heat of fusion

Melting point

Boiling point

Vapour pressure at 1200°C

Mean specific heat (0-100°C)

Thermal conductivity (0-100°C)

Temperature coefficient of linear expansion (0-100°C)
Electrical resistivity at 20°C

Temperature coefficient of resistance (0-100°C)
Electrochemical equivalent

Density at 20°C

Modulus of elasticity

Modulus of torsion

Poisson’s ratio

13

10 cm?3/g-atom
26.98

3

fcc

2.68 kX

200k cal/g-atom
94.6 cal/g
660.2°C

2480°C

1 x 102 mmHg
0.219cal/g°C
0.57 cal/cms°C
23.5 x 10~%per°C
2.69 microhmcm
4.2 x 10~3per°C
3.348 x 10" g/Ah
2.6898 g/cm®
68.3 kN/mm?
25.5 kN/mm?
0.34

Heating elements. Aluminium foil heating elements have been developed
but are not widely used at present. Applications include foil film wallpaper,

curing concrete and possibly soil warming.

Heatsinks. High thermal conductivity of aluminium and ease of extruding

or casting into solid or hollow shapes with integral fins makes the material
ideal for heatsinks. Semiconductor devices and transformer tanks illustrate
the wide diversity of applications in this field. Its light weight makes it ideal
for pole-mounted transformer tanks and it has the added advantage that the
material does not react with transformer oil to form a sludge.

Insulating Materials

The revision in 1986 of BS 2757 (and further revision in 1994 to make it iden-
tical to IEC 60085) has introduced a different concept of insulating materials
to that outlined in the same standard issued in 1956. Alteration of the title
to Method for Determining the Thermal Classification of Electrical Insulation
without reference to electrical machinery and apparatus, which appeared in
the title of the edition of 1956 is indicative of this.

Thermal classes and the temperatures assigned to them are as follows:

Thermal class Temperature (°C)

Y 90
A 105
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E 120
B 130
F 155
H 180
200 200
220 220
250 250

Temperatures over 250°C should increase by 25°C intervals and classes
designated accordingly. Use of letters is not mandatory but the relationship
between letters and temperatures should be adhered to.

When a thermal class describes an electrotechnical product it normally
represents the maximum temperature appropriate to that product under rated
load and other conditions. Thus the insulation subjected to this maximum
temperature needs to have a thermal capability at least equal to the temperature
associated with the thermal class of the product. However, the description of
an electrotechnical product as being of a particular thermal class does not
mean, and must not be taken to imply that each insulating material used in its
construction is of the same thermal capacity. It is also important to note that
the temperatures in the table are actual temperatures of the insulation and not
the temperature rises of the product itself.

The 1956 edition of BS 2757 gave typical examples of insulating mate-
rials and their classifications as Group Y, A, E, etc. That concept no longer
exists but Table 1 of BS 5691 Part 2 (IEC 216-2) lists materials and the tests
which may be appropriate for determining their thermal endurance properties.
This table lists three basic classes of material which are then further subdi-
vided. The three classes are: (a) solid insulation of all forms not undergoing
a transformation during application; (b) solid sheet insulation for winding or
stacking, obtained by bonding superimposed layers; and (c) insulation which
is solid in its final state but applied in the form of a liquid or paste, for filling,
varnishing, coating or bonding

Examples under class (a) are inorganic sheet insulation like mica, lami-
nated sheet insulation, ceramics, glasses and quartz, elastomers, thermosetting
and thermoplastic moulded insulation.

Examples under class (b) are solid sheet insulation bonded together by
pressure-sensitive adhesive, heat, simple fusion and fusion combined with
chemical reaction. Again mica products fall into this category as do adhesive
coated films, papers, fabrics and laminates.

In the final class (c) the insulating material may be formed by physi-
cal transformation such as congealing, evaporation or a solvent or gelation.
Fusible insulation materials with and without fillers, plastisols and organosols
are examples. Another method is to solidify the insulation by chemical reac-
tions such as polymerization, polycondensation or polyaddition. Thermosetting
resins and certain paste materials are examples. Table II in the same standard
lists available tests, the methods of carrying them out (by reference to an IEC
or ISO standard), the specimen and end-point criteria.

New definitions. New definitions are now included in BS 2757 but the
reader is also referred to BS 5691 and its Parts 1, 2, 3 and 4 (IEC 216 Parts 1,
2, 3 and 4).



Table 2.6 Class 2 stranded conductors for single-core and multicore cables (from BS 6360)

1 2 3 4 5 6 7 8 9 10
Nominal Minimum number of wires in the conductor Maximum resistance of conductor at 20°C
cross-sectional - - .
area Circular Circular Shaped Annealed copper conductor* Aluminium
conductor compacted conductor - conductor
conductor Plain Metal-coated plain or
wires wires metal-clad wires
Cu Al Cu Al Cu Al
mm? Q/km Q/km Q/km
0.5 7 - - - - - 36.0 36.7 -
0.75 7 - - - - - 245 24.8 -
1 7 - - - - - 18.1 18.2 -
1.5 7 - 6 - - - 121 12.2 -
25 7 - 6 - - - 7.41 7.56 -
4 7 7 6 - - - 4.61 4.70 7.41
6 7 7 6 - - - 3.08 3.11 4.61
10 7 7 6 - - - 1.83 1.84 3.08
16 7 7 6 6 - - 1.15 1.16 1.91
25 7 7 6 6 6 6 0.727 0.734 1.20
35 7 7 6 6 6 6 0.524 0.529 0.868
50 19 19 6 6 6 6 0.387 0.391 0.641

9¢



70
95
120

150
185
240
300
400
500
630
800

960(4 x 240)

1000
1200

1600
2000

19
19
37

37
37
61

61
61
61

91
91

19
19
37

37
37
61

61
61
61

91
91

12
15
18

18
30
34

34
53
53

53
53

12
15
15

15
30
30

30
53
53

53
53

Number of wires not specified

91

91

53

53

Number of wires not specified

12
15
18

18
30
34

34
53
53

53

0.268
0.193
0.153

0.124
0.0991
0.0754

0.0601
0.0470
0.0366

0.0283
0.0221

0.0189

0.0176
0.0151

0.0113
0.0090

0.270
0.195
0.154

0.126
0.100
0.0762

0.0607
0.0475
0.0369

0.0286
0.0224

0.0189

0.0177
0.0151

0.0113
0.0090

0.443
0.320
0.253

0.206
0.164
0.125

0.100
0.0778
0.0605

0.0469
0.0367

0.0313

0.0291
0.0247

0.0186
0.0149

*To obtain the maximum resistance of hard-drawn conductors the values in columns 8 and 9 should be divided by 0.97.

LE



Table 2.7 Standard aluminium conductors, steel reinforced (from BS 215: Part 2)

Nominal Stranding and Sectional Total Approx. Approx. Calculated Calculated
aluminium wire diameter area of sectional overall mass d.c. resistance breaking
area (mm?)  Aluminium Steel aluminium (mm?)  area (mm?) diameter (mm)  perkm (kg) at20°C load (kN)
(mm) (mm) perkm ()
25 6/2.36 1/2.36 26.24 30.62 7.08 106 1.093 9.61
30 6/2.59 1/2.59 31.61 36.88 7.77 128 0.9077 11.45
40 6/3.00 1/3.00 42.41 49.48 9.00 172 0.6766 15.20
50 6/3.35 1/3.35 52.88 61.70 10.05 214 0.5426 18.35
70 12/2.79 7/2.79 73.37 116.2 13.95 538 0.3936 61.20
100 6/4.72 7/1.57 105.0 118.5 14.15 394 0.2733 32.70
150 30/2.59 7/2.59 158.1 194.9 18.13 726 0.1828 69.20
150 18/3.35 1/3.35 158.7 167.5 16.75 506 0.1815 35.70
175 30/2.79 7/2.79 183.4 226.2 19.53 842 0.1576 79.80
175 18/3.61 1/3.61 184.3 194.5 18.05 587 0.1563 41.10
200 30/3.00 7/3.00 2121 261.5 21.00 974 0.1363 92.25
200 18/3.86 1/3.86 210.6 2223 19.30 671 0.1367 46.55

400 54/3.18 7/3.18 428.9 484.5 28.62 1621 0.06740 131.9

8¢
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Table 2.8 Class 1 solid conductors for single-core and multicore cables (from
BS 6360)

1 2 3 4
Nominal Maximum resistance of conductor at 20°C
cross-sectional - .
area Circular, annealed copper conductors* Aluminium
) conductors,
Plain Metal-coated circular or shaped,

plain or metal-clad

mm? Q/km Q/km Q/km
0.5 36.0 36.7 -
0.75 24.5 24.8 -
1 18.1 18.2 -
1.5 121 12.2 18.17
2.5 7.41 7.56 12.11
4 4.61 4.70 7.411
6 3.08 3.11 4617
10 1.83 1.84 3.08f
16 1.15 1.16 1.91%
25 0.727 - 1.20
35 0.524 - 0.868
50 0.387 - 0.641
70 0.268 - 0.443
95 0.193 - 0.320
120 0.153 - 0.253
150 0.124 - 0.206
185 - - 0.164
240 - - 0.125
300 - - 0.100
380 (4 x 95) - - 0.0800
480 (4 x 120) - - 0.0633
600 (4 x 150) - - 0.0515
740 (4 x 185) - - 0.0410
960 (4 x 240) - - 0.0313
1200 (4 x 300) - - 0.0250

*To obtain the maximum resistance of hard-drawn conductors the values in columns
2 and 3 should be divided by 0.97.
T Aluminium conductors 1.5 mm? to 16 mm? circular only.

Temperature index (TI). The number corresponding to the temperature in
degrees Celsius derived from the thermal endurance relationship at a given
time, normally 20 000 h.

Relative temperature index (RTI). The temperature index of a test material
obtained from the time which corresponds to the known temperature index of
a reference material, when both materials are subjected to the same ageing
and diagnostics procedures in a comparative test.
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Table 2.9 Class 5 flexible copper conductors for single-core and multicore cables
(from BS 6360)

1 2 3 4
Nominal Maximum Maximum resistance of conductor at 20°C
cross-sectional diameter . -
area of wires in Plain wires Metal-coated wires
conductor
mm? mm Q/km Q/km
0.22 0.21 92.0 92.4
0.5 0.21 39.0 40.1
0.75 0.21 26.0 26.7
1 0.21 195 20.0
1.25 0.21 15.6 16.1
1.35 0.31 14.6 15.0
15 0.26 13.3 13.7
25 0.26 7.98 8.21
4 0.31 4.95 5.09
6 0.31 3.30 3.39
10 0.41 1.91 1.95
16 0.41 1.21 1.24
25 0.41 0.780 0.795
35 0.41 0.554 0.565
50 0.41 0.386 0.393
70 0.51 0.272 0.277
95 0.51 0.206 0.210
120 0.51 0.161 0.164
150 0.51 0.129 0.132
185 0.51 0.106 0.108
240 0.51 0.0801 0.0817
300 0.51 0.0641 0.0654
400 0.51 0.0486 0.0495
500 0.61 0.0384 0.0391
630 0.61 0.0287 0.0292

Halving interval (HIC). The number corresponding to the temperature
interval in degrees Celsius which expresses the halving of the time to the
end point taken at the temperature of the TI or the RTL

Properties. The following notes give briefly the chief points to be borne
in mind when considering the suitability of any material for a particular duty.

Relative density is of importance for varnishes, oils and other liquids. The
density of solid insulations varies widely, e.g. from 0.6 for certain papers to
3.0 for mica. In a few cases it indicates the relative quality of a material, e.g.
vulcanized fibre and pressboard.

Moisture absorption usually causes serious depreciation of electrical prop-
erties, particularly in oils and fibrous materials. Swelling, warping, corrosion
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Table 2.10 Class 6 flexible copper conductors for single-core and multicore cables
(from BS 6360)

1 2 3 4
Nominal Maximum Maximum resistance of conductor at 20°C
cross-sectional diameter . -
area of wires in Plain wires Metal-coated wires
conductor
mm? mm Q/km Q/km
0.5 0.16 39.0 40.1
0.75 0.16 26.0 26.7
1 0.16 195 20.0
1.5 0.16 13.3 13.7
25 0.16 7.98 8.21
4 0.16 4.95 5.09
6 0.21 3.30 3.39
10 0.21 1.91 1.95
16 0.21 1.21 1.24
25 0.21 0.780 0.795
35 0.21 0.554 0.565
50 0.31 0.386 0.393
70 0.31 0.272 0.277
95 0.31 0.206 0.210
120 0.31 0.161 0.164
150 0.31 0.129 0.132
185 0.41 0.106 0.108
240 0.41 0.0801 0.0817
300 0.41 0.0641 0.0654

and other effects often result from absorption of moisture. Under severe con-
ditions of humidity, such as occur in mines and in tropical climates, moisture
sometimes causes serious deterioration.

Thermal effects very often seriously influence the choice and applica-
tion of insulating materials, the principal features being: melting-point (e.g.
of waxes); softening or plastic yield temperature; ageing due to heat, and the
maximum temperature which a material will withstand without serious deteri-
oration of essential properties; flash point or ignitibility; resistance to electric
arcs; liability to carbonize (or ‘track’); ability to self-extinguish if ignited;
specific heat; thermal resistivity; and certain other thermal properties such as
coefficient of expansion and freezing point.

Mechanical properties. The usual mechanical properties of solid mate-
rials are of varying significance in the case of those required for insulating
purposes, fensile strength, transverse strength, shearing strength and compres-
sive strength often being specified. Owing, however, to the relative degree of
inelasticity of most solid insulations, and the fact that many are quite brittle,
it is frequently necessary to pay attention to such features as compressibility,



42

deformation under bending stresses, impact strength and extensibility, tearing
strength, machinability and ability to fold without damage.

Resistivity and insulation resistance. In the case of insulating material it is
generally manifest in two forms (a) volume resistivity (or specific resistance)
and (b) surface resistivity.

Electric strength (or dielectric strength) is the property of an insulating
material which enables it to withstand electric stress without injury. It is usually
expressed in terms of the minimum electric stress (i.e. potential difference per
unit distance) which will cause failure or ‘breakdown’ of the dielectric under
certain specified conditions.

Surface breakdown and flashover. When a high-voltage stress is applied
to conductors separated only by air and the stress is increased, breakdown of
the intermediate air will take place when a certain stress is attained, being
accompanied by the passage of a spark from one conductor to the other.

Permittivity (specific inductive capacity). Permittivity is defined as the
ratio of the electric flux density produced in the material to that produced
in free space by the same electric force, and is expressed as the ratio of
the capacitance of a capacitor in which the material is the dielectric, to the
capacitance of the same capacitor with air as the dielectric.

Paper pressboard and wood. Before leaving the subject of solid insu-
lation it is necessary to look in a little detail at the natural materials: paper,
pressboard and wood, which are the main insulating materials used in oil-filled
apparatus — primarily transformers.

Early power transformers operated in air and used asbestos, cotton, low-
grade pressboard, and shellac impregnated paper. It soon became clear, how-
ever, that air insulated transformers could not match the thermal capabilities of
oil-filled units. These utilized kraft paper and pressboard systems supplemented
from about 1915 by insulating cylinders formed from phenol-formaldehyde
resin impregnated kraft paper, or Bakelized paper, to give it its proprietary
name. This material, usually referred to as s.r.b.p. (synthetic resin-bonded
paper) continued to be widely used in transformers until the 1960s, and still
finds many uses in locations having lower electrical stress but where high
mechanical strength is required.

Paper is among the cheapest and best electrical materials known. For
electrical purposes it must meet certain chemical and physical standards which
in turn are dictated by the electrical requirements. The important electrical
properties are:

(a) High dielectric strength.

(b) For oil-filled transformers a dielectric constant which matches as closely
as possible that of oil.

(c) Low power factor (dielectric loss — discussed below).

(d) Freedom from conducting particles.

The dielectric constant for kraft paper is about 4.4, for mineral oil the figure is
approximately 2.2. Kraft paper is, by definition, made entirely from unbleached
softwood pulp manufactured by the sulphate process; unbleached because
residual bleaching agents might hazard its electrical properties. This process
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is essentially one which results in a slightly alkaline residue, pH 7-9, as dis-
tinct from the less costly sulphite process commonly used for production of
newsprint, for example, which produces an acid pulp. Acidic content leads to
rapid degradation of the long-chain cellulose molecules and consequent loss
of mechanical strength which would be unacceptable for electrical purposes.
The timber is initially ground to a fine shredded texture at the location of its
production in Scandinavia, Russia or Canada using carborundum or similar
abrasive grinding wheels. The chemical sulphate process then removes most
of the other constituents of the wood, e.g. lignin, carbohydrates, waxes, etc.,
to leave only the cellulose fibres. The fibres are dispersed in water which
is drained to leave a wood-pulp mat. At this stage the dried mat may be
transported to the mill of the specialist paper manufacturer.

The processes used by the manufacturer of the insulation material may
differ one from another and even within the mill of a particular manufacturer
treatments will vary according to the particular properties required from the
finished product. The following outline of the type of processes used by one
UK producer of specialist high quality presspaper gives some indication of
what might be involved.

Presspaper by definition undergoes some compression during manufacture
which increases its density, improves surface finish and increases mechanical
strength. Presspaper production is a continuous process in which the paper is
formed on a rotating fine mesh drum and involves building of the paper sheet
from a number of individual layers. Other simpler processes may produce
discrete sheets of paper on horizontal screen beds without any subsequent
forming or rolling processes, but, as would be expected, the more sophisticated
the manufacturing process, the more reliable and consistent the properties of
the resulting product.

The process commences by repulping of the bales of dry mat using copious
quantities of water, one purpose of which is to remove all residual traces of
the chemicals used in the pulp extraction stage. The individual fibres are
crushed and refined in the wet state in order to expose as much surface area
as possible. Paper or pressboard strength is primarily determined by bonding
forces between fibres, whereas the fibres themselves are stressed far below
their breaking point. These physiochemical bonding forces which are known
as ‘hydrogen bonding’ occur between the cellulose molecules themselves and
are influenced primarily by the type and extent of this refining.

Fibres thus refined are then mixed with more water and subjected to inten-
sive cleaning in multistage centrifugal separators which remove any which
may not have been totally broken down or which may have formed into small
knots. These can be returned to pass through the refining cycle once more. The
centrifuges also remove any foreign matter such as metallic particles which
could have been introduced by the refining process. The cellulose/water mix-
ture is then routed to a wide rotating cylindrical screen. While the water flows
through the screen, the cellulose fibres are filtered out and form a paper layer.
An endless band of felt removes the paper web from the screen and con-
veys it to the forming rolls. The felt layer permits further water removal and
allows up to five or six other paper plies to be amalgamated with the first
before passing through the forming rolls. These then continue to extract water
and form the paper to the required thickness, density and moisture content
by means of heat and pressure as it progresses through the rolls. Options are
available at this stage of the process to impart various special properties, for
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example the CLUPAK! process which enhances the extensibility of the paper,
or impregnation with ‘stabilizers’ such as nitrogen containing chemicals like
dicyandiamide which provide improved thermal performance. Final finish and
density may be achieved by means of a calendering process in which the
paper, at a controlled high moisture content, is passed through heavily loaded
steel rollers followed by drying by means of heat in the absence of pressure.

The cohesion of the fibres to one another when the mat is dried is almost
exclusively a property of cellulose fibres. Cellulose is a high-polymer car-
bohydrate chain consisting of glucose units with a polymerization level of
approximately 2000. Figure 2.4 shows its chemical structure. Hemi-cellulose
molecules are the second major components of the purified wood pulp. These
are carbohydrates with a polymerization level of less than 200. In a lim-
ited quantity, they facilitate the hydrogen bonding process, but the mechan-
ical strength is reduced if their quantity exceeds about 10%. Hemi-cellulose
molecules also have the disadvantage that they ‘hold on’ to water and make
the paper more difficult to dry out.

CH,OH

Figure 2.4 Chemical formula for cellulose

Softwood cellulose is the most suitable for electrical insulation because its
fibre length of 1-4 mm gives it the highest mechanical strength. Nevertheless
small quantities of pulp from harder woods may be added and, as in the case
of alloying metals, the properties of the resulting blend are usually superior
to those of either of the individual constituents.

Cotton cellulose. Cotton fibres are an alternative source of very pure
cellulose which has been used in the UK for many years to produce the so-
called ‘rag’ papers with the aim of combining superior electrical strength and
mechanical properties to those of pure kraft paper. Cotton has longer fibres
than those of wood pulp but the intrinsic bond strength is not so good. Cotton
is a ‘smoother’ fibre than wood so that it is necessary to put in more work in
the crushing and refining stage to produce the side branches which will pro-
vide the necessary bonding sites to give the required mechanical strength. This
alone would make the material more expensive even without the additional
cost of the raw material itself.

When first used in the manufacture of electrical paper in the 1930s the
source of cotton fibres was the waste and offcuts from cotton cloth which
went into the manufacture of clothing and this to an extent kept the cost
competitive with pure kraft paper. In recent years this source has ceased to be
an acceptable one since such cloths will often contain a proportion of synthetic
fibres and other materials so that the constitution of offcuts cannot be relied
upon as being pure and uncontaminated. Alternative sources have therefore
had to be found. Cotton linters are those cuts taken from the cotton plant

I Clupak Inc.’s trademark for its extensible paper manufacturing process.
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after the long staple fibres have been cut and taken for spinning into yarn
for the manufacture of cloth. First grade linters are those taken immediately
after the staple. These are of a length and quality which still renders them
suitable for high quality insulation material. They may provide the ‘furnish’
or feedstock for a paper-making process of the type described, either alone or
in conjunction with new cotton waste threads.

Cotton fibre may also be combined with kraft wood pulp to produce a
material which optimizes the advantages of both constituents giving a paper
which has good electrical and mechanical properties as well as maximum
oil absorption capability. This latter requirement can be of great importance
in paper used for high to low wraps or wraps between layers of round-
wire distribution transformer high voltage windings where total penetration
of impregnating oil may be difficult even under high vacuum.

Other fibres such as manila, hemp, and jute may also be used to provide
papers with specific properties developed to meet particular electrical purposes,
for example in capacitors and cable insulation. British Standard 5626: 1979,
Cellulosic papers for electrical purposes, which is identical to IEC 60554, lists
the principal paper types and properties. Presspapers are covered by British
Standard EN 60641, Pressboard and presspaper for electrical purposes.

Pressboard: At its most simple, pressboard represents nothing more than
thick insulation paper made by laying up a number of layers of paper at the
wet stage of manufacture. Figure 2.5 shows a diagrammatic arrangement of
the manufacturing process. Of necessity this must become a batch process
rather than the continuous one used for paper, otherwise the process is very
similar to that used for paper. As many thin layers as are necessary to provide
the required thickness are wet laminated without a bonding agent. Pressboard
can, however, be split into two basic categories:

% Sulfate pulp
Water

Stock chests

Mixing
chest

Deflakers Refiners —%—b
Forming roll g

Cutter Machine
dryer Cuti Sheet forming chest
utting
table E
lo oooor’ y
7| White
O
Hot press water

Figure 2.5 Manufacturing process for precompressed transformers board (H Wei-
dmann AG)

(a) That built up purely from paper layers in the wet state without any bonding
agent, as described above.

(b) That built up, usually to a greater thickness, by bonding individual boards
using a suitable adhesive.
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Pressboards and presspapers in the former category are covered by a British
Standard, BS EN 60641 Pressboard and presspaper for electrical purposes.
This is a multi-part document, Part 1 of which gives the general requirements
and defines the various types. A similar multi-part document, BS EN 60763
Laminated pressboard, details the technical requirements for the laminated
boards. As in the case of paper insulation, there are a number of variants
around the theme and all the main types of material are listed in the above
documents. Raw materials may be the same as for presspaper, that is all wood
pulp, all cotton, or a blend of wood and cotton fibres.

Pressboard in the first of the above categories is available in thicknesses
up to 8 mm and is generally used at thicknesses of around 2—3 mm for inter-
winding wraps and end insulation of oil-filled transformers and 4.5—6 mm for
strips used to form oil cooling ducts. The material is usually produced in three
subcategories.

The first is known as calendered pressboard and undergoes an initial press-
ing operation at about 55% water content. Drying by means of heat without
pressure then follows to take the moisture level to about 5%. The pressboard
thus produced has a density of about 0.90 to 1.00. Further compression is then
applied under heavy calenders to take the density to between 1.15 and 1.30.

The second category is mouldable pressboard which receives little or no
pressing after the forming process. This is dried using heat only to a moisture
content of about 5% and has a density of about 0.90. The result is a soft press-
board with good oil absorption capabilities which is capable of being shaped
to some degree to meet the physical requirements of particular applications.

The third material is precompressed pressboard. Dehydration, compression
and drying are performed in hot presses direct from the wet stage. This has the
effect of bonding the fibres to produce a strong, stable, stress-free material of
density about 1.25 which will retain its shape and dimensions throughout the
stages of transformer manufacture and the thermal cycling in oil under service
conditions to a far better degree than the two boards previously described.
Because of this, high stability precompressed material is now the preferred
pressboard of most transformer manufacturers for most applications.

Laminated pressboard starts at around 10 mm thickness and is available in
thicknesses up to 50 mm or more. The material before lamination may be of
any of the categories of unlaminated material described above but generally
precompressed pressboard is preferred. This board is used in large power
transformers for winding support platforms, winding end support blocks and
distance pieces as well as cleats for securing and supporting leads.

Liquid dielectrics. Liquid dielectrics are used

(a) As afilling and cooling medium for transformers, capacitors and rheostats.

(b) As an insulating and arc-quenching medium in switchgear, such as cir-
cuit breakers.

(c) As an impregnant of absorbent insulations, e.g. paper, pressboard, and
wood, used in transformers, switchgear, capacitors and cables.

The desirable properties for these liquids are, therefore, (i) high elec-
tric strength, (ii) low viscosity, (iii) high chemical stability and resistance to
oxidation, (iv) high flash point, (v) low volatility.

The most important liquid dielectric in general use is mineral oil. This is
specified in BS 148 : 1984. Specification for unused mineral insulating oils for
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Table 2.11 Representative properties of typical insulating materials

Insulant n* &r tané$ tans
50 Hz 1 MHz
Vacuum 00 1.0 0 0
Air o) 1.0006 0 0
Mineral insulating oil 11-13 2-2.5 0.0002 -
Chlorinated polyphenols 10-12 45-5 0.003 -
Paraffin wax 14 2.2 - 0.0001
Shellac 13 2.3-3.8 0.008 -
Bitumen 12 2.6 0.008 -
Pressboard 8 3.1 0.013 -
Ebonite 14 2.8 0.01 0.009
Hard rubber (loaded) 12-16 4 0.016 0.01
Paper, dry 10 1.9-2.9 0.005 -
Paper, oiled - 2.8-4 0.005 -
Cloth, varnished cotton 13 5 0.2 -
Cloth, silk 13 3.2-4.5 - -
Ethyl cellulose 11 2.5-3.7 0.02 0.02
Cellulose acetate film 13 4-5.5 0.023 -
S.R.B.P. 11-12 4-6 0.02 0.04
S.R.B. cotton 7-10 5-11 0.03 0.06
S.R.B. wood 10 45-5.4 - 0.05
Polystyrene 15 2.6 0.0002 0.0002
Polyethylene 15 23 0.0001 0.0001
Methyl methacrylate 13 2.8 0.06 0.02
Phenol formaldehyde 9-10 4-9 0.1 0.09
wood-filled
Phenol formaldehyde 10-12 5 0.015 0.01

mineral-filled

Polystyrene mineral-filled - 3.2 - 0.0015
Polyvinyl chloride 11 5-7 0.1 -
Porcelain 10-12 5-7 - 0.008
Steatite 12-13 4-6.6 0.0012 0.001
Mycalex, sheet, rod 12 7 - 0.002
Mica, Muscovite 11-15 4.5-7 0.0003 0.0002
Glass, plate 11 6-7 - 0.004
Quartz, fused 16 3.9 - 0.0002

*Volume resistivity: p = 70" ohm-m. The value of n is tabulated. Information in the
above table is taken from the 13th Edition of Electrical Engineer’s Reference Book
published by Butterworths.

use in transformers and switchgear. This document is similar but not identical
to IEC 296. Mineral oil is used as insulant and coolant in virtually all outdoor
transformers and in most underground cables of 132kV and above. Oil is also
used as an arc-quenching medium and insulant in much of the switchgear
currently in service at voltages of 33kV and below. For switchgear, the high
maintenance requirement associated with oil has led to its being superseded
first by air-break equipment and more recently by the widespread introduction
of vacuum and sulphur hexafluoride (SF¢) (see below).
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Mineral insulating oils are highly refined hydrocarbon oils obtained from
selected crude petroleum. The refinement process is the means of remov-
ing impurities, mainly compounds containing sulphur nitrogen and oxygen,
and of separating the lower viscosity hydrocarbons required for the electri-
cal oils from the heavier lubricating and fuel-oil constituents. This is carried
out by distillation, filtration and catalytic breakdown of some of the larger
chain molecules.

Hydrocarbons present in mineral oil fall into three classes: naphthenes,
paraffins and aromatics. Most crude oils consist of a mixture of all three
types, but for electrical purposes an oil which is predominantly naphthenic
is preferred. Many paraffins tend to produce wax which impedes flow at low
temperatures. Aromatics are chemically less stable than the other two types
and if present in large quantity would not provide the required high chemical
stability. A typical electrical oil might contain 65% naphthenes, 30% paraffins
and 5% aromatics.

BS 148 lists acceptable characteristics for three classes of mineral oil,
Class I, II and III. Class is determined by viscosity, with Class I, which
has the highest viscosity, relatively speaking, being used in transformers. The
lower viscosity oil is specified for circuit breakers since this enables the oil to
flow more quickly in between the parting current-interruption contacts which
assists in extinguishing the arc.

Another requirement associated with long-term chemical stability is resis-
tance to oxidation. Oxidation is more of a problem for oil in transformers
than in switchgear as these operate at a higher temperature. Oil which has
become oxidized is acidic and deposits a sludge in the transformer windings
which reduces cooling efficiency and shortens transformer life. Selection of
the correct chemical make up of the oil will assist in resisting oxidation, but
the oxidation resistance may also be improved by the addition of inhibitors.
Oil containing inhibitors is known as inhibited oil. In the UK there has long
been a preference for oil which does not rely on inhibitors as it is not known
how long they will retain their inhibiting properties. Oil without inhibitors is
known as uninhibited oil.

Water is slightly soluble in electrical oils but for good electrical strength
it is desirable that water content is kept to a minimum. Water content is
measured in parts per million (p.p.m.) and solubility varies with type of oil, but
typically at 20°C it will dissolve up to 40 p.p.m. while at 80°C this increases to
400 p.p.m. The greatest hazard to electrical insulation strength is the presence
of free water, as undissolved droplets, in combination with contamination with
minute fibres. When used in switchgear the oil will also become contaminated
by carbon particles arising from arc interruption. This must be periodically
removed by filtration.

BS 148 allows oil as supplied by bulk tanker to contain up to 30 p.p.m.
dissolved water. When supplied in drums it may contain up to 40p.p.m. A
laboratory test (Karl Fischer test — see BS 2511) is necessary to establish water
content in parts per million but an easy and convenient test for the presence
of free water is the crackle test. To carry out this test a sample of the oil is
heated quickly in a test tube over a silent flame. If free water is present this
will boil off with an audible crackle before it is able to dissolve in the hotter
oil. In this test oil shown to contain water should not be used in electrical
equipment without suitable filtration and drying.

The other important test for oil quality is the breakdown strength. For this
test oil is subjected to a steadily increasing alternating voltage between two



49

electrodes spaced at 2.5 mm apart in a test cell, until breakdown occurs. The
breakdown voltage is the voltage reached at the time of the first spark whether
this is transient or total. The test is carried out six times on the same cell filling,
and the electric strength of the oil is the average of the six breakdown values
obtained. BS 148 specifies that breakdown strength for oil as supplied should
be 30kV minimum. For good quality oil as, for example, that taken from a
high voltage transformer, this value should be easily exceeded, a figure of at
least 50 or 60kV being obtained.

Before the present breakdown voltage test was introduced in the 1972
edition of BS 148, the electrical strength test was used. This utilized a similar
test cell having spherical electrodes 4 mm apart. The oil sample was required
to withstand the test voltage of 40kV for one minute. Any transient discharges
which did not develop into an arc were ignored. To pass the test two out of
three samples were required to resist breakdown. This test has not been totally
abandoned. Since it is less searching than the breakdown strength test it is still
accepted as a method of testing used oil and is included as such in BS 5730
Code of practice for maintenance of insulating oil.

A source of concern where a significant quantity of mineral oil is used in
electrical equipment is the risk of fire. In a power station, for example, where
a ready supply of water is available, waterspray fire protection is usually
provided on all the large transformers. Where the risk of fire is not consid-
ered acceptable, for example in buildings, it may be considered preferable
to use another low flammability fluid instead of mineral oil. Some of these
alternatives are listed below.

Silicone fluids. Are low flammability liquid dielectrics suitable for insu-
lation purposes and generally restricted to 66 kV and below. They have high
thermal stability and chemical inertness. They have a very high flash point and
in a tank will not burn below 350°C even when subjected to a flame. They are
used in power and distribution transformers, small aircraft transformers, and
as an impregnant for capacitors. One disadvantage of silicone fluids is that
their arc-quenching properties do not make them suitable for use in on-load
tapchangers.

Synthetic ester fluids. Complex esters or hindered esters are already widely
accepted in the fields of high temperature lubrication and hydraulics, particu-
larly in gas turbine applications and as heat transfer fluids generally. In these
fields they have largely replaced petroleum and many synthetic oils which
have proved toxic or unsuitable in some other respect. More recently a similar
ester has been developed to meet the requirements of application as a high
voltage dielectric for transformers and on-load tapchangers. It has very low
toxicity and is biodegradable. It also possesses excellent lubrication properties
enabling it to be used in forced cooled (i.e. pumped) transformers of all types.

Polychlorinated bi-phenyls (PCBs). This class of synthetic liquids — also
known as askarels — should be mentioned for the sake of completeness as they
were from their introduction by Monsanto in the 1940s until the late 1970s
very widely used in capacitors and transformers. Outside the electrical industry
they also had widespread application as a heat transfer fluid. However, due
to the non-biodegradable nature of PCBs, which causes them to remain in the
environment and ultimately to enter the food chain, plus their close association
with a more hazardous material, dioxin, production of these liquids in most
parts of the world has now ceased and their use is being phased out.
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In the 1980s a number of specialist organizations developed the skills
for draining askarel-filled transformers, refilling them with alternative liquids
and safely disposing of the askarels. The process is, however, fraught with
difficulties as legislation is introduced in many countries requiring that fluids
containing progressively lower and lower levels of PCBs be considered and
handled as PCBs. It is very difficult as well as costly to remove all traces of
PCB from a transformer so that retrofilling in this way is tending to become
a far less viable option. By the 1990s those considering the problem of what
to do with a PCB-filled transformer are strongly encouraged to scrap it in a
safe manner and replace it. Guidance concerning disposal is available from
the Health and Safety Executive.

Gas insulation. As mentioned above, the gas sulphur hexafluoride, SF,
has now replaced mineral oil as the most widely used insulant and arc-
extinguishing medium in all classes of switchgear up to 400kV and beyond.

SF gas is stable and inert up to about 500°C, it is incombustible, non-
toxic, odourless and colourless. SFg gas possesses excellent insulating prop-
erties when pressurized in the range 2 to 6 bar and has a dielectric strength
some 2.5 to 3 times that of air at the same pressure. The gas is about five
times heavier than air with a molecular weight of 146 and specific gravity of
6.14 g/1. At normal densities the gas is unlikely to liquefy except at very low
operating temperatures less than —40°C and equipment may be fitted with
heaters if this is likely to be a problem. Industrial SFs gas used in circuit
breakers and busbar systems is specified to have a purity of 99.9% by weight
and has impurities of SFs4 (0.05%), air (0.05% O plus N»), 15 p.p.m. moisture
and 1 p.p.m. HF. Absorbed moisture leaving the switchgear housing and insu-
lator walls leads to the moisture content of the SFq gas stabilizing at between
20 and 100 p.p.m. by weight when in service.

Gases at normal temperatures are good insulators but the molecules tend to
dissociate at the elevated arc temperatures (~2000 K) found during the circuit
breaking process and become good conductors. SFg gas also dissociates during
the arcing process and is transformed into an electrically conductive plasma
which maintains the current until the next or next but one natural power
frequency current zero. SFg gas has proven to be an excellent arc-quenching
medium. This arises not only from its stability and dielectric strength but
also its high specific heat, good thermal conductivity and ability to trap free
electrons. It cools very rapidly, within a few s, and the fluorine and sulphur
ions quickly recombine to form stable insulating SFs. Such properties all assist
in the removal of energy from the arc during the circuit breaking process. More
will be said about SF¢ in Chapter 15.

Vacuum insulation. Vacuum is now being employed for arc-extinguishing
applications in switchgear and motor control gear. Although vacuum is not a
‘material’ in the sense covered in this chapter, vacuum circuit breakers have
characteristics which are specifically related to the arc-interruption medium.
These will be discussed in Chapter 15.

Power factor and dielectric losses. When an alternating stress is applied
to, say, the plates of a capacitor in which the dielectric is ‘perfect’, e.g. dry
air or a vacuum, the current passed is a pure capacitance current and leads the
voltage by a phase angle of 90°. In the case of practically all other dielectrics
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conduction and other effects (such as dielectric hysteresisz) cause a certain
amount of energy to be dissipated in the dielectric, which results in the current
leading the voltage by a phase angle less than 90. The value of the angle which
is complementary with the phase angle is, therefore, a measure of the losses
occurring in the material when under alternating electric stress.

In the phasor diagram, Figure 2.6, the phase angle is ¢ and the comple-
mentary angle § is known as the loss angle. As this angle is usually quite
small, the power factor (cos ¢) can be taken as equal to tan § (for values of
cos ¢ up to, say, 0.1).

[}

v
Figure 2.6 Vector diagram for a material having dielectric loss

The energy loss (in watts) is V2Cwtan§ where V is the applied voltage.
C the capacitance in farads, and w = 2 f, where f is the frequency in hertz.

This loss, known as the dielectric loss, is seen to depend upon the capaci-
tance, which, for given dimensions of dielectric and electrodes, is determined
by the permittivity of the insulating material. The properties of the dielectric
which determine the amount of dielectric losses are, therefore, power factor
(tan ) and permittivity. It is consequently quite usual practice to quote figures
for the product of these two, i.e. k x tand for comparing insulating materi-
als in this respect. It will also be noted that the losses vary as the square of
the voltage.

Power factor varies, sometimes considerably, with frequency, also with
temperature, values of tand usually increasing with rise in temperature, par-
ticularly when moisture is present, in which case the permittivity also rises
with the temperature, so that total dielectric losses are often liable to a con-
siderable increase as the temperature rises. This is very often the basic cause
of electrical breakdown in insulation under a.c. stress, especially if it is thick,
as the losses cause internal temperature rise with consequent increase in the
dielectric power factor and permittivity, this becoming cumulative and result-
ing in thermal instability and, finally, breakdown, if the heat developed in the
interior cannot get away faster than it is generated.

These properties are, of course, of special importance in the case of radio
and similar uses where high frequencies are involved.

2 Dielectric hysteresis is a phenomenon by which energy is expended and heat pro-
duced, as the result of the reversal of electrostatic stress in a dielectric subjected to
alternating electric stress.
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Superconductivity

The ideal superconducting state exhibited by certain materials is characterized
by two fundamental properties: (a) the disappearance of resistance when the
temperature is reduced to a critical value and (b) the expulsion of any magnetic
flux which may be in the material when the critical, or transition, temperature
is reached. The discovery of superconductivity was made at the University of
Leiden in 1911 by Professor Onnes when he was examining the relationship
between the resistance and temperature of mercury. In the years that followed
many other elements were found to exhibit superconductivity and theories
were developed to explain the phenomenon. The transition temperatures were
typically about 10K (—263°C) which, in practice, meant that they had to be
cooled with liquid helium at 4 K. In general these materials were of little more
than academic value because they could only support a low current density in
a low magnetic field without losing their superconducting properties.

In the 1950s a new class of superconductors was discovered which were
alloys or compounds and which would operate with very high current den-
sities — typically 10° A/em? — and high magnetic flux densities — typically 8
tesla. The most important materials in this class were the alloy NbTi and the
compound NbzSn. The consequence of these discoveries was the initiation of
a significant activity worldwide on their application to many types of power
equipment and magnets for research purposes. Other applications investigated
were computers and very sensitive instruments.

In the UK the former CEGB (now privatized) commenced studies on
the superconducting power cables and magnetohydrodynamic (MHD) power
generation and an electrical machines programme was commenced by NEI
International Research and Development Co. Ltd. This company designed and
built the world’s first superconducting motor in 1966 (now in the Science
Museum) and followed this with a series of other d.c. motors and generators
up to the early 1980s; they also played a leading role in the development of
superconducting a.c. generators for central power stations and a fault current
limiter for use in power transmission/distribution networks. The driving force
for these developments was a reduction of electrical losses, in some cases the
elimination of magnetic iron, and reductions in the size and weight of plant.
Many other countries had similar programmes and there was a good measure
of international collaboration through conferences. Milestones were the design,
construction and test by NEI-IRD of a 2.44 MW low-speed superconducting
motor in 1969; an 87kVA a.c. generator by the Massachusetts Institute of
Technology in the late 1960s; a very large superconducting Bubble Chamber
magnet at CERN in Switzerland in the late 1960s and a superconducting
levitated train by Siemens in the mid-1970s. Many other countries have made
significant achievements since these dates.

One of the problems that arose during the 20 years or so of these devel-
opments was the high cost of designing to meet the engineering requirements
at liquid helium temperature and, by the early 1980s, many programmes had
been terminated and others were proceeding very slowly.

In late 1986, Bednorz and Mueller working in Zurich discovered that a
ceramic material LaBaCuO was superconducting at 35K (they were awarded
a Nobel prize) and in 1987, Professor Chu at the University of Houston in
Texas discovered that YBaCuO was superconducting at 92K and since that
time the transition temperature of other materials has crept up to over 105 K.
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The enormous significance of these discoveries is that the materials will work
in liquid nitrogen instead of liquid helium. The consequence has been an
unprecedented upsurge of activity in every country in the world with a tech-
nology base. Much of this work is directed at seeking new superconductors
with higher transition temperatures and to establishing production routes for
the materials. Some of the major problems are that the new materials are brit-
tle and, unless they are in the form of very thin films, the current density is
rather low 103—10* A/cm?; indications are that they will operate at very high
flux densities in excess of 50 T. However, good progress is being made with
the development of materials and attention is being turned to applications.
There are very significant advantages in using liquid nitrogen instead of liquid
helium — for example, the efficiency of refrigeration is nearly 50 times better.
Many of the organizations in different countries who were working with the
earlier lower temperature materials are now re-examining their designs but
based upon the use of liquid nitrogen. The impact upon industry is expected
to be as important as the silicon chip and many new applications will probably
be identified which will open up completely new markets.



3 Plastics and rubber
in electrical engineering

Properties of Moulding Materials

Plastics have become established as very important materials for the electrical
engineer especially as insulation, but also for structural parts and in some cases
as replacements for metals. The term ‘plastics’ is an omnibus one covering a
great number of substantially synthetic materials which have rapidly increasing
fields of application.

Plastics can be conveniently divided into two different groups known as
thermosetting and thermoplastics materials. The two groups behave differently
when external heat is applied. With thermosetting materials the application of
heat initially causes softening and during this period the material can be formed
or moulded. Continuation of heating, however, results in chemical changes in
the material generally resulting in rigid cross-linked molecules. These are not
appreciably affected by further heating at moderate temperatures. Overheating,
however, may cause thermal decomposition. In addition to heat, thermosetting
resins may be hardened (or ‘cured’) by catalysts, radiation, etc.

When thermoplastics materials are heated, they soften and become less
stiff: they may eventually reach a stage at which they become a viscous liquid.
On cooling, such a material stiffens and returns to its former state. This cycle
of softening and hardening may in theory be repeated indefinitely. Overheating
can, however, result in irreversible decomposition.

A major difference between thermosetting and thermoplastics materials is
that the former are seldom used without the addition of various reinforcing or
filling materials such as organic or inorganic fibres or powders. Thermoplastics
are more often used in unfilled form, but fibres, fillers and other additives can
be added when special properties are required.

In general, many thermoplastics come into the low loss, low permittivity
category whereas thermosetting materials often have higher loss and permit-
tivity values.

Thermosetting Materials

The number of thermosetting materials available to industry is smaller than
for the thermoplastics, and mention will be made only of the more important
groups used in electrical engineering. These are the phenolic, aminoplastic,
polyester, epoxy, silicone, polyimide and polyaralkylether/phenol resins. More
details about each of these materials is given later in this section.

As already noted, thermosetting resins are seldom used untreated and the
following basic processing methods may be considered as typical.
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Laminating. The impregnation of fibrous sheet materials such as glass
and cotton materials, cellulose paper, synthetic fibre and mica with resins and
forming into sheets, tubes and other shapes by the action of heat and pressure
in a press or autoclave.

Compression moulding. Complex-shaped components produced by curing
filled and reinforced compounds under heat and pressure in a matched metal
mould cavity.

Transfer moulding. Similar to compression moulding but involves trans-
ferring fluxed moulding material from a heated transfer pot by means of a
plunger through a runner system.

Casting. Used for liquid resin-based compounds such as polyester and
epoxy, to form complex shapes. Large insulators and encapsulated components
are examples.

Properties. Most thermosetting materials are used as composites and the
resultant characteristics are naturally highly dependent on the properties of
the constituents. For example, the use of glass fabric to reinforce a particular
resin system will produce a material with a higher modulus, a better impact
strength, a better resistance to high temperature than a similar material using
a cellulose paper as reinforcement. The variations in properties which can be
produced by using combinations of the various resins and reinforcing materials
is very wide and it is possible to give only a few typical examples.

Phenolic resin (phenol formaldehyde) — PF. This is the bakelite type
material so well known in industry. The resin is made by reacting phenolic or
cresylic materials with formaldehyde at temperatures around 90—100°C either
with or without a catalyst. The processing is done in a digester equipped
for refluxing, usually with arrangements for the removal of water formed
during the reaction. Ammonia, soda or other alkaline catalysts are generally
employed although sometimes acid catalysts are used. The final polymerizing
or ‘curing’ time of the resin, which vitally affects its utility, is varied as
desired by the manufacturing process. Some resins cure in a few seconds at
temperatures around 150°C whereas others may require an hour or more. The
resins are sometimes in a semi-liquid form but more usually they are solids
with softening temperatures ranging from 60 to 100°C.

Like all thermosetting materials, PF may be compounded with fillers, pig-
ments and other ancillary materials to form moulding compounds which can
be processed by several techniques. Perhaps the most widely used method
involves curing under heat and pressure in metal moulds to produce the fin-
ished article. The fillers may be cheap materials used partly to economize in
resin but also to improve performance and often to reduce difficulties due
to effects such as mould shrinkage, coefficient of thermal expansion, etc.
Examples of some typical fillers are chopped cotton cloth to produce greater
strength, and graphite to produce a material that is an electrical conductor with
good wearing properties. Wood flour is often used as a general purpose filler.
The PF resins are relatively cheap.

As already mentioned this resin can be used to impregnate fabrics, wood
veneers or sheets of paper of various types. When these are hot-pressed high
strength laminates are produced. The liquid resins suitably modified can be
used as adhesives and insulating varnishes.
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Depending on the fillers used, PF materials may be considered as being
suitable for long-term operation at temperatures in the 120°C to 140°C region
although in some forms they may be suitable for even higher temperatures.

The main disadvantages of PF materials are the restriction to dark brown-
ish colours and, from an electrical point of view, the poor resistance to
tracking — when surface contaminants are present. Nevertheless, their good
all-round electrical performance and low cost make them useful for a wide
range of applications. They are employed extensively in appliances and in
some electrical accessories.

Aminoplastic resins (ureaformaldehyde — UF — and melamine-formal-
dehyde — MF). These two resins are aminoplastics and are more expensive
than phenolics. Resins are clear and uncoloured while compounds are white or
pastel coloured, and are highly resistant to surface tracking effects. They are
particularly suitable for domestic applications but should not be used where
moisture might be present.

The resins are produced by reaction of urea or melamine with formalde-
hyde. If the condensation process for UF resins is only partially carried out,
useful water-soluble adhesives are obtained. They can be hardened after appli-
cation to joints by means of the addition of suitable curing agents. Hot-setting
MF resins with good properties are also available.

By addition of various fillers UF and MF resins may be made into com-
pounds which can be moulded to produce finished articles. In addition, mela-
mine resins are employed to produce fabric laminated sheet and tubes. In
decorative paper-based sheet laminates for heat resistant surfaces the core of
the material is generally formed from plies of cellulose paper treated with PF
resin but the decorative surfaces comprise a layer of paper impregnated with
MF resin.

Depending on the fillers used, UF and MF resin-bonded materials may be
considered as being suitable for long-term operation at 110-130°C.

As a result of their good electrical properties and excellent flammability
resistance, UF materials are suitable for domestic wiring devices.

Alkyd and polyester resins (UP). The group known as alkyds is mainly
used in paints and varnishes but slightly different materials are used for mould-
ings. These alkyd resins are the condensation products of polybasic acids (e.g.
phthalic and maleic acids) with polyhydric alcohols (e.g. glycol and glyc-
erol). They are substantially non-tracking and some newer types, when used
in conjunction with fillers, have very high heat resistance.

The unsaturated polyester resins (UP) are usually solutions of unsaturated
alkyd resins in reactive monomers, of which styrene is the most commonly
used. By the addition of suitable catalysts these resins may be cured at ambient
temperatures with zero pressure (contact moulding) to produce large, strong
structures at comparatively low capital costs. Alternatively, preimpregnated
glass fibre reinforced compounds, known as dough moulding compounds
(DMC), may be rapidly cured under high temperatures and pressures to form
durable and dimensionally accurate mouldings and insulating sheets with good
mechanical properties and thermal stability. Such mouldings are used in con-
tactors. As well as sheets for insulation, glass fibre polyester or reinforced
plastics (RP or GRP) mouldings are used for covers and guards, line-operating
poles, insulating ladder and many other applications where large, strong, com-
plex insulated components are required.
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Silicones. In addition to hard, cured resins, silicone elastomers (rubbers)
are also available. These materials have outstanding heat and chemical resis-
tance and their resistance to electrical discharges is excellent. Silicone elas-
tomers can be applied to glass fabrics and woven sleevings to produce flexible
insulants suitable for high temperature use. Filled moulding compositions,
encapsulating and dielectric liquids based on silicone resins for use at elevated
temperatures are also available.

Polyimide resins (PI). A fairly recent development has been the organic
polyimide resins which give good performance at temperatures in the
250-300°C region. For this reason, they are generally used with glass or
other high temperature fibrous reinforcements. Curing is by heat and pressure
and care is needed during the processing operation if good properties are to
be obtained. This is because volatile products are evolved during the process
although it is hoped that this difficulty will be overcome in time. Electrical
properties are also excellent.

Polyaralkylether/phenol resin. Recently developed by the Friedel Crafts
route is a resin based on a condensation reaction between polyaralkylether
and phenol. The material is similar in mechanical and electrical properties
to some of the epoxy resins but having temperature capabilities more like
those of silicone resins. At present the cost is approximately between the two.
Long-term operation at 220-250°C is possible.

These resins are generally used with glass fabric reinforcements to produce
laminates or tubes and with fibrous asbestos fillers to produce mouldings.

Epoxy resins. Epoxy resins are produced by a reaction between epichloro-
hydrin and diphenylalpropane in an alkaline medium. The electrical properties
of this thermosetting material are outstanding with resistance to alkalis and
non-oxidizing acids good to moderate. Water absorption is very low and stable
temperature range is between about —40°C and +90°C.

Epoxy resins are widely used by the electrical industry for insulators,
encapsulating media for distribution and instrument transformers and, when
used with glass reinforcement, for printed circuits.

Thermoplastics Materials

The main thermoplastics materials used in electrical engineering applications
are discussed below with an indication of their uses. Later their electrical
properties are treated in some detail.

Polyethylene (PE). This tough resilient material was first used as an insu-
lant for high frequency low voltage cables in radar and its low-loss properties
are also exploited in high performance submarine cables, and as an insulator
and sheathing for telephone cables.

Polytetrafluorethylene (PTFE). PTFE is a relatively soft flexible mate-
rial which is chemically inert, can withstand continuous temperatures in the
range +250°C and has excellent insulating and non-tracking properties over
a wide temperature range. It is used as a dielectric and insulator in high
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temperature cables, as spacers and connectors in high frequency cables, as a
hermetic seal for capacitors and transformers and in valve holders.

Polyvinylchloride (PVC). Unplasticized PVC is hard, stiff and tough,
and has good weathering, chemical and abrasion resistance. It is employed
for conduit and junction boxes. Incorporation of plasticizers can produce PVC
compounds with a wide range of flexibilities, for which the main electrical use
is in low frequency cable insulation and sheathing and for moulded insulators.

Polypropylene (PP). Polypropylene combines strength, fatigue resistance,
stiffness and temperature withstand and excellent chemical resistance. Its good
electrical properties are exploited in high frequency low-loss cable insula-
tion. Biaxially oriented polypropylene film is used to make power capacitors
of either film-foil or film-paper-foil construction, and also high energy rapid
discharge capacitors.

Thermoplastics polyester (PTP). As a biaxially oriented film, polyethy-
lene terephthalate has high dielectric strength, high volume resistivity, flexibil-
ity, toughness, excellent mechanical strength and a high working temperature.
Major electrical applications include motor insulation, cable wrapping, insu-
lation in transformers, coils, and relays, printed circuit flat cables, and in
capacitors as metallized film.

Other plastics. In film form polycarbonate (PC), polyphenylene oxide
(PPO) and polysulphone are used as capacitor dielectrics. Many thermoplastics
find applications in electrical engineering for mechanical rather than electrical
reasons. For example, housings, casings and containers are made from ABS
(acrylonitrile-butadiene-styrene), PVC (polyvinylchloride), POM (acetal), PC,
PPO PP and nylon. Outdoor illuminated signs make use of CAB (cellulose
acetate butyrate), PMM (acrylic) and PVC while diffusers for fluorescent light
fittings employ PMM and PS (polystyrene).

Electrical properties. Most thermoplastics are good electrical insulators,
some outstandingly so. Often the choice of a plastics for a particular applica-
tion depends primarily on factors other than electrical properties. For example,
mechanical properties such as creep, long-term strength, fatigue and impact
behaviour (see BS 4618) are often the deciding factors. Corrosion resistance or
thermal stability may also govern the choice. An increasingly important factor
is flammability. Many thermosets, PVC, polycarbonate and nylon are inher-
ently flame-retardant, whereas many other plastics materials, when unmodified,
will support combustion.

Where electrical properties are important five characteristics are of interest:
resistivity, permittivity and power factor, electrical breakdown, electrostatic
behaviour and conductance.

Some plastics at room temperature (e.g. highly plasticized PVC) exhibit
ohmic behaviour so that the current reaches a steady value. For most plastics,
however, the resistivity depends on the time of electrification and 7able 3.3
gives data on the apparent volume resistivity after various times of electri-
fication. Surface resistance values depend on the state of the surface of the
plastics, particularly on the presence of hydrophilic impurities which may be
present or as additives in the plastics. Results depend greatly on the ambient
conditions, particularly on the relative humidity.

The permittivity of many non-polar plastics, e.g. PE, is essentially constant
with frequency and changes with temperature may be related to changes in



Table 3.1 Typical properties of some moulding materials*

Type of Phenol Urea Melamine Epoxy Unsaturated

thermosetting resin formaldehyde formaldehyde formaldehyde polyester

Type of filler Wood flour/ Alpha cellulose Alpha cellulose Mineral Mineral

cotton flock

Density, kg/m® 1320-1450 1470-1520 1470-1520 1700-2000 1600-1800

Heat distortion temperature, °C 125-170 130-140 200 105-150 90-120

Water absorption after 24 h at room 0.3-1.0 0.4-0.8 0.1-0.6 0.05-0.2 0.1-0.5
temperature, %

Volume resistivity at room temp, @m 107-10™ 10'0-10" 10"0-1012 >10"8 10"

Electric strength at room temp, kV 8-17 12-16 12-16 18-21 15-21
r.m.s./mm

Loss tangent at 1 MHz and room 0.05-0.10 0.025-0.035 0.025-0.050 0.01-0.03 0.015-0.030
temp, tan§

Permittivity at 1 MHz and room temp 4.5-6.0 6.0-7.5 7.0-8.0 3.0-3.8 3.5-4.2

Flexural strength at room temp, 55-85 70-110 70-110 80-110 60-100
MN/m?

Tensile strength at room temp, MN/m? 45-60 40-90 50-100 60-85 20-35

Elastic modulus at room temp, GN/m? 5-8 7-9 7-9 8-10 7-9

Thermal conductivity perpendicular to 0.17-0.21 0.3-0.4 0.25-0.4 0.5-0.7 0.4-0.6

surface, W/m°C

*1t should be noted that the values given in this table have been collected from a wide variety of sources and the test methods and specimen dimensions
may therefore be such as to make direct comparisons impossible. Wide limits have been given because of the wide types and grades of materials

available.
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Table 3.2 Typical properties of some laminated materials*

Type of Phenol formaldehyde Melamine Unsat- Epoxy Silicone Polyimide Polyaral-
thermosetting resin formal- urated kydether/
dehyde poly- phenols
ester
Reinforcement Cellulose Cotton Wood Asbestos Glass Glass Glass Glass Glass Glass
paper fabric veneer" paper fabric fabric fabric fabric fabric fabric
Density, kg/m® 1340 1330 1300 1700 1700 1750 1770 1650 1850 1770
Water absorption after 24 h 0.5-3.0 0.5-3 1.5-8 0.1-0.5 0.5-1 0.2-0.5 0.1-0.3 0.1-0.2 0.1-0.2 0.1-0.2
in water, %
Loss tangent at 1 MHz, tan § 0.02-0.04  0.04-0.06 0.05 N/a 0.02-0.04  0.01-0.03  0.005-0.02  0.001-0.0083 0.01-0.02  0.01-0.03
Permittivity at 1 MHz 5-6 5-6 4-5 N/a 6.5-7.5 4-5 45-55 3.5-4.5 4-45 4.8
Electric strength normal to 12-24 12-18 3-5 1-5 10-14 10-18 16-18 10-14 16-20 28-34
laminate in oil at 90°C
kVr.m.s./mm
Electric strength along 40-50 25-35 25-30 5-15 25-35 30-50 35-45 30-40 60-80
laminate in oil at 90°C
kVr.m.s./mm
Flexural strength, MN/m? 140-210 105-140 105-210  140-210 200-310 280-350 350-450 105-175 350-520 520
Tensile strength, MN/m? 85-110 70-105 85-170 105-140 175-240 210-240 240-310 105-175 350-450 350-450
Elastic modulus, GN/m? 6-11 5-8 14-17 7-9 12-15 7-12 12-14 4-9 20-28 35
Coeff. of thermal expansion 10-15 17-25 8-15 15-25 10-15 10-15 10-15 10-12 5-10 N/a
in plane of sheet per
°C x 108

*Some of the values are very dependent on the direction of the grain. N/a = No data available.
TSome of the values given in the table have been collected from a wide variety of sources and specimen dimensions therefore may be such as to make direct comparison
impossible. Because of the wide variations in types and grades available wide limits have been given.
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Table 3.3 Apparent volume resistivity at 20°C for differing times of electrification

Material Time of electrification (sec)
10 100 1000
Low density polythene 1078 10° >10"°
High density polythene >101® >10'6 >1016
Polypropylene 10"7 108 108
Flexible PVC >10™ >1014 >10™
Rigid PVC 2% 1018 3% 1016 1017
Poly (methyl methacrylate) 2 x 10" 2.5x 106 10"7
PTFE >10'8 >1019 >10"°
Polyacetal - >10" -
Nylon 6 - >10'? -
Nylon 66 - >10"? -
Nylon 610 - >1018 -
Thermoplastics polyesters 1076 10"7 10'7
(oriented film)

Polyethersulphone (dried) 3 x10'® 1.5 x 10" 108
Polysulphone 41 x10' 52 x 10" 3.2x10'
Polycarbonate - 9 x 10® -

density using the Clausius—Mosotti relationship. For popular materials these
considerations do not apply.

Power factor (loss tangent and loss angle) data have maxima which depend
on both frequency and temperature. The levels of dielectric loss can range from
a few units of 107° in tan & to values as high as 0.3. For low values of loss
tangent it is usual to modify tan § to the angular notation in microradians
(1 microradian = 107 in tan & units). Materials of high power factor such
as PVC transform electrical energy into heat; at high frequencies the heat
generated may lead to softening of the plastics and this is the basis of dielectric
heating used commercially.

Permittivity and power factor data are best presented as contour maps of
the relevant property on temperature—frequency axes, as recommended in BS
4618, but this is beyond the scope of this section. In Table 3.4 data are given
for permittivity and power factor at 20°C at frequencies in the range 100 Hz
to 1 MHz. Table 3.5 indicates the temperature dependence of these properties
from —50°C to +150°C at 1kHz.

When a dielectric/conductor combination is subject to high voltages in
the absence of electrical discharges, the effect may be to induce a new set
of thermal equilibrium conditions, or to produce thermal runaway behaviour
resulting in electrical breakdown. However. with many plastics, failure results
from the electrical (spark) discharges before the onset of thermal runaway,
either by the production of conducting tracks through or on the surface of the
material, or by erosion. This highlights the importance of the standard of sur-
face finish in affecting track resistance. The designer should therefore aim for
complete freedom from discharges in assemblies where long life is required.

One consequence of the high resistivities which many plastics have is the
presence of electrostatic charge in or on an article. Often associated problems
such as dust pick-up and build-up of charge on carpets can be resolved by



Table 3.4 Frequency dependence of permittivity and power factor at 20°C and relative humidity of 50%

Material Permittivity Power factor

100Hz 1kHz 10kHz 100kHz 1MHz 100 Hz 1kHz 10kHz 100 kHz 1 MHz
Low density polythene 2.28 2.28 2.28 2.28 2.28 <1074 <1074 <1074 <10* 15x10™*
High density polythene 235 235 235 235 235 <1074 <1074 <1074 <1074 <1074
Polypropylene 23 23 23 2.3 23  <5x10% <5x10% <5x104 <5x104 <5x10-*
Flexible PVC 5-6 5-6 4-5 3-4 3 ~10~1 ~1071 ~1071 ~1071 <101
Rigid PVC 35 34 33 3.3 1072 ~2x102 ~2x102 ~2x10°2
Poly (methyl methacrylate) dried 32 30 28 2.8 2.7 5x102  4x102 3x102 2x102 15x10°2
PTFE 2.1 2.1 21 21 2.1 <5x107% <5x10° <5x10% <5x10°% <1074
PCTFE 2.7 2.65 2.56 25 2.48 1.9x102 25x1072 2x102 12x102 8x 1073
Polyacetal 3.7 3.7 3.7 3.7 - 2x10% 25x10°% 28x10% 32x10°% -
Nylon 6 - 4 - - 3.6 - 3x10°3 - - 6 x 1072
Nylon 66 49 45 40 3.7 34  ~5x102 ~6x102 ~6x102 ~6x102 ~5x10°2
Nylon 610 3.9 3.7 3.5 3.4 3.2 ~3x1072 ~4x102 ~4x102 ~4x102 5x 1072
Polyesters (linear oriented film) 3 3 3 3 - 3x1073 7x10% 12x102 15x1072 -
Polycarbonates 2.96 2.95 2.95 2.95 - 12x 1078 1x10°8 2 x 1072 5x10°8 -
Polyethersulphone, dried 3.6 3.6 3.6 - - 1.5x10°% 21x10% 3.1x10°3 - -
Polysulphone 316 316 3.16 - - 22x10% 97x10*% 16x1073 - -
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Table 3.5 Temperature dependence °C of permittivity and power factor at 1 kHz

Material Permittivity Power factor
5 0 50 100 150 _50 0 50 100 150

Low density polythene 228 228 228 228 228 <1074 <1074 <107 <104 -
Polypropylene 23 23 23 23 23  <5x10%4 <5x10* <5x10°% <5x10°* -
Flexible PVC 3 3-4 7 7-8 - ~2 x 1072 ~8 x 1072 ~8 x 1072 ~2 x 1072 -
Rigid PVC 31 33 37 12 - ~2x102  ~2x102 ~2x10°2 1% 10" -
Poly (methyl methacrylate) dried 2.7 2.9 3.3 4.2 - 1x 1072 3x107? 7x1072 8 x 1072 -
PTFE 2.1 2.1 2.05 2.0 1.95 5x 1075 <5x 1075 <5x 1075 <5x 1075 <5x1075
PCTFE 2.43 2.55 2.75 2.83 2.89 5x 1078 2 x 1072 1x1072 3x1073 25x 1078
Polyacetal 3.5 3.7 3.75 3.8 - 2x 1072 2.5x 1072 1.5x 1073 2.5 x 1072 -
Polyester (linear) oriented film 3 3 3 3 3.3 1.2 x 1072 1x 1072 3x10°5 5x1073 8x 1073
Polycarbonate 3 3 3 3 3 6x10° 15x10°3 1% 1073 1% 1073 2 x 1073
Polyethersulphone - - 357 356 3.54 - - 8x10% 12x10°% 74x10~*

€9
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applying a hygroscopic coating to the surface or by incorporating an anti-
static agent in the plastics which will migrate to the polymer surface and
reduce surface resistivity. Where a spark discharge could lead to a hazardous
situation, anti-static grades of plastics should be used.

Electrically conducting plastics are usually produced by incorporating high
concentrations of filamentary carbon black or certain pyrolized materials into
an otherwise electrically insulating polymer matrix.

Rubber in Electrical Engineering

Rubbers are organic compounds derived from the latex plant or by synthe-
sis. They are characterized by some unique qualities, notably high elasticity.
Natural or synthetic latex is the chief material of the rubber industry and vul-
canized rubber in its many forms is the main end product. To be classed as a
rubber rather than a plastic, a material must meet four requirements:

. It must consist of very long-chain molecules.

. The long-chain molecules must be lightly cross-linked (vulcanized).

. The glass transition temperature must be well below room temperature.

. The melting point of the crystallites, if any, must also be below room
temperature.

RESEOSI S

Vulcanized rubber meets all four requirements and finds applications in
the cable industry and other electrical fields. The temperature limits in degrees
Celsius for practical applications of the various rubbers is given in Table 3.6.

Table 3.6 Temperature limits in °C of some rubbers

Natural rubber —50 to 60
Styrene butadiene rubber —45 to 65
Butyl rubber —30to 80
Chloroprene rubber —20to 70
Nitrile rubber —10t0 90
Polysulphide rubber —50 to 100
Silicone rubber —70to 150
Polyurethane rubber —5510 90
Fluor rubber —30 to 150
Ethylene propylene rubber —50 to 90

The electrical properties of some rubbers are shown in Table 3.7. A glance
at the table reveals that in general the material possesses good electrical prop-
erties with the exception of nitrile polychloropropene and polyurethane. The
latter are not suitable for high frequency applications because of high dielectric
losses. Ebonite is no longer used for electrical purposes as it has been replaced
by plastics like polyethylene, but is included in the table for completeness.
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Table 3.7 Electrical properties of rubber

Material Volume Dielectric Tan § Breakdown
resistance in constant at 1kHz voltage in
1072 ohm-cm  at 1kHz kV/icm
(50 Hz after
2 hours)

Natural rubber 101%-10"7 2.3-3.0 0.0025-0.0030 210

SBR 101% 2.9 0.0030 260

Butyl rubber 107 21-2.4 0.0030 220

Nitrile rubber 1010 13.5 0.055 165

Polychloroprene 10" 9.0 0.030 225
rubber

Polysulphide 1012 7.0-95 0.001-0.005 200
rubber

Silicone rubber 10" -10"7 3.0-3.5 0.001-0.010 220

Fluor rubber 1018 2.0 0.0002 250

Polyurethane 10™ 7.0 0.017-0.09 165
rubber

Polyethylene 1015-101° 2.3 0.0005 200
rubber

Ebonite 1014-1016 2.8-4.0 0.005 250

Gutta-percha, an isomeric form of natural rubber, which has been used in sea
cables, has also been replaced by polyethylene.

The cable industry is a large user of rubbers for insulating and sheathing
purposes. Ethylene propylene rubbers (EPR) and the hard version (HEPR) are
specified in BS 6899 and BS 6469 respectively. The latter is suitable for use
at temperatures up to 90°C.

EPRs have good ozone resistance making them suitable for high voltages.
Like natural rubber the material burns and is not particularly oil resistant so
insulated cable cores have to be provided with some kind of sheathing.

Butyl rubber was used as a cable insulating medium but its rather limited
mechanical strength has caused it to lose favour, although it is still used for
some wiring cables. Nevertheless it can be operated in high ambient temper-
atures and is therefore used sometimes as the entry cable in a luminaire.

Silicone rubber is becoming increasingly popular as the insulating medium
for fire resistant cables.



4 Semiconductors and
semiconductor devices

Semiconductors

Following on from the early pioneers of electrical science, Faraday’s work in
the late nineteenth century laid the foundation for the growth of the electrical
power industry. This resulted in the development of electromagnetic machines:
motors, generators and transformers, together with the necessary switchgear
and cables for the transmission and distribution infrastructure to support them.
Although greatly improved and refined, much of this equipment and its under-
lying principles is recognizably similar to that developed eighty to a hundred
years ago. The basic materials of this electrical power industry were copper,
iron, and the various insulators described in the two preceding chapters.

In the middle of the twentieth century a new material appeared on the
scene. This was to revolutionize electrical technology in the latter half of the
century and the early part of this century. It changed the field of electronics
beyond recognition and resulted in a blurring of the once clearly definable
boundaries of electronics and electrical power. This material is silicon.

True, telephony, radio, radar, and even computers had been developed
using thermionic valves in the first half of the twentieth century but, until
they were able to benefit from the advantages of the silicon chip, none of
these technologies possessed the scope, intricacy and sophistication that we
currently take for granted.

It should be noted that while silicon is not the only material possessing
semiconductor properties and although few of its properties might be consid-
ered ideal, none are so far from ideal as to exclude its use in all but a small
fraction of present day devices.

Pure silicon crystals are comparatively good insulators since the crystal
lattice does not possess the free electrons normally associated with the trans-
mission of an electric current in materials such as copper and silver. This is
because the silicon crystal is based on a tetrahedral lattice structure and the
silicon atom has four outer electrons, which are locked into the crystal lattice
formed by the individual atoms.

If a very small quantity, of the order of 1p.p.m., of an impurity such as
phosphorus or arsenic, having five outer electrons, is added to the crystal this
results in a number of atoms within the crystal having one ‘surplus’ electron.
This ‘free’ electron is available to move within the crystal under the influence
of any applied potential difference, thus rendering the material a conductor.
Because the conduction is by means of movement of a negative charge as in the
conventional current flow, material containing such an impurity is known as n
type. Alternatively an impurity such as boron or gallium which has three outer
electrons can be added to the crystal. These result in an electron ‘shortage’
at points within the lattice, which are termed holes. Holes can also move
within the crystal under the influence of a potential difference and, since the
presence of a hole results in the crystal having a net positive charge, material
thus treated is said to be p type.

66



67

The intersection of a p-type material with an n-type one gives rise to a p-n
junction which is a rectifier, but it is also the basic building block of almost
all other semiconductor devices.

The desired impurities may be added to the melt during the growth of the
single-crystal material. A long single crystal may be produced up to 200 mm
diameter. This will then be sawn many times along the same well-defined
crystal plane and each slice is then ground and polished on one of its two
faces. Further doping may then be carried out during fabrication of the various
devices by the introduction of impurity atoms in a furnace at temperatures of
around 1000°C. This may be done by creating a mask of silicon dioxide on
the slice surface which is then etched to reveal the silicon in the required
pattern. This ensures that the further doping will only be carried out in the
required areas. An alternative more costly but more accurate technique is to
use ion implantation. This involves firing a beam of suitably charged ions at
the surface of the slice at the points where the additional doping is required.
Because of the surface damage caused by the ion bombardment the slice must
be annealed for a prolonged period following this process.

Early semiconductor equipment used discrete devices, i.e. individual
diodes, transistors or thyristors to produce amplifiers, logic circuits, or rectifiers
in a similar manner to those which had been designed using valves. But the
major benefits which accrue from the use of semiconductors in electronic
equipment arise when these are incorporated into integrated circuits. It should
be noted, however, that for power devices, i.e. those carrying currents in the
range of several hundred milliamps to possibly 5 kA, discrete devices are still
the norm.

There are many advantages from the use of integrated circuits and there is
constant pressure to make these integrated circuits smaller in order to maximize
the advantages. One important benefit to be obtained from size reduction is
in minimizing the effects of defects in the silicon crystal. In many integrated
circuits the silicon chip will carry a large number of identical circuits, for
example to perform a logic function in a computer. If the chip is large there will
be an increased likelihood that it will contain defects. It must, therefore, have
a number of redundant circuits to allow for the defective ones to be discarded.
Clearly, if the circuits can be made smaller the chip can be smaller and the
likelihood of defects will be reduced. It is also the case, to a certain degree,
that the smaller the circuits the lower the voltages which need to be applied
to produce the required movement (mobility) of electrons or holes within the
material and achieve a given speed of response. Reduction in the applied
voltage reduces operating power requirement and, of course, heat generation
due to losses. Reduction in the size of the components coupled with reduction
of input power, losses, and cooling requirements also has benefits by way of
reduction of overall size and cost of equipment.

Thick- and thin-film microcircuits. Thick and thin conducting films are
used in microcircuits to connect active components such as transistors and to
replace passive components such as resistors and capacitors. Where a mixture
of thick and thin films is used to connect discrete active devices, the overall
system is known as a hybrid microcircuit. Microcircuit construction principles
were developed from the techniques used during the second world war to
reduce the size and weight of electronic circuitry. These used printed carbon
resistors on ceramic substrates.
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Thick-film hybrids use screen printing techniques to deposit patterns of
conducting pastes onto ceramic substrates. These are suitable for relatively
simple circuits duplicated in large quantities as used in, for example, telephone
exchanges. Firing at high temperature fuses the pastes to the substrates to form
circuit elements of less than 0.025 mm thick. Even so, these remain ‘thick’
films compared to the thickness of those used in ‘thin’-film technology. Other
substrate materials such as high purity alumina can be used and are constantly
being developed. The requirement is that these must be insulating, flat, non-
reactive, and thermally stable.

Multilayer hybrids can be built up from layers of conductor tracks sepa-
rated by layers of dielectric glaze and interconnected windows (called vias)
in the glaze.

To attach components with solder, solder cream is printed over conduc-
tor pads in the substrate, into which the component feet are placed prior to
reheating of the solder. The solder cream contains the solder and flux and is
printed through a coarse mesh screen.

All types of components can be attached to hybrids in this way including
semiconductor chips packaged in a variety of ways, as well as capacitors
ranging in size from 1.25mm x Imm to 6mm x 5mm and in value from
1pF to 1 nF.

The preferred substrates for thin-film microcircuits are glass or 99.6% pure
alumina. The surface finish needs to be very smooth to allow the deposition
of a uniform conductive metal film. Typically, resistor lines may be no more
than 10 wm wide with conductor lines 50 wm in width. Circuit designs must
be produced on a magnified scale and reduced photographically. A thin film
of photosensitive material is coated onto the surface and the pattern is exposed
and developed. This film is known as a photoresist. The metal film can then be
etched away in areas not protected by the photoresist to provide the required
circuit patterns.

Thin-film circuits produced in a matrix on glass substrates in this way
can be diced using a diamond wheel. The individual circuits are then assem-
bled using similar methods to those employed for thick films, although gen-
erally when assembled they are placed into hermetically sealed packages
for protection.

Semiconductor devices

Transistors. The first semiconductors in commercial use were transistors. As
long ago as the 1870s a German engineer called Braun discovered that when a
wire made contact with certain crystals an electric current would flow freely in
one direction only. The first use of Braun’s discovery was the ‘cat’s whisker’
used in early radio receivers.

In 1947 experimenters at the Bell Telephone Laboratory in the USA found
that when two wires were brought into contact with certain crystals, a small
current flowing from one wire to the crystal could control the flow of a very
much larger current flowing in the other wire. This was the first transistor
amplifier and was developed commercially as the point-contact transistor. The
crystal used was n-type germanium. Such a device is shown in Figure 4.1.
Operation is explained by reference to Figure 4.2.

If a potential, positive with respect to the base electrode, is applied to
the emitter and a negative bias to the collector, it is found that as the current
to the emitter is varied by the voltage, a corresponding and greater current
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Figure 4.1 Germanium point-contact transistor
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Figure 4.2 Operations of the point-contact transistor (RCA Ltd)

change appears in the collector circuit, thus giving rise to an amplification
effect. Amplifications up to 100 times (20 dB) can be obtained in this way.

Junction-type transistor. In practice, the point-contact transistor has sev-
eral limitations and, in consequence, the junction-type transistor was devel-
oped. This consists of a suitably prepared thin section of p-type silicon sand-
wiched between two large crystals of n type. The centre section is known as
the base and performs the control function while the outer n-type sections,
known as the emitter and collector respectively, correspond to the main cur-
rent path. This type of transistor is known as the n- p-n transistor. It is possible
to produce a transistor having n-type material sandwiched between layers of
p type, in which case the transistor is said to be of the p-n-p type.

Operation. In order to understand the operation of the p-n-p or n-p-n junc-
tion transistor it is necessary to consider the conditions existing on both sides
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of the particular p-n junction. In the n-type material there is a concentration
of mobile electrons while on the p-type side there is a concentration of mobile
holes. Due to a potential barrier existing at the junction it is not possible for
the free electrons to move across to the p-type side or for the holes to move
across to the n-type side.

If a d.c. voltage is connected to the p-n junction as shown in Figure 4.3(a)
an increased bias is exerted on the junction causing the free electrons and the
free holes to move away from the junction. When the battery connection is
reversed, Figure 4.3(b), the external potential ‘overcomes’ the internal poten-
tial barrier and there is a movement of electrons and holes from the respective
materials across the junction and round the outside circuit. This movement
constitutes a current flow.

pACIORC
+®++®®+
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Figure 4.3 Diagrammatic representation of a p-n junction. In (a) the battery is

connected in such a way as to increase the bias. In (b) the bias is removed by
reversing the battery, which now assists current flow

Thus it will be seen that the junction acts as a rectifier, with conduction
taking place in one direction only. However, it must be appreciated that if the
reverse voltage is too large Figure 4.4 a breakdown of the potential barrier
will result and the rectifying qualities of the transistor will be destroyed.

The characteristic curve for a junction transistor is shown in Figure 4.4.
From the curve it will be noticed that for a small applied voltage in the
conducting or forward direction a comparatively large current flows. However,
when a large reverse voltage is applied very little current flows until the
breakdown point is reached. It is obvious therefore that for correct operation
the device must not be used in a circuit where the system voltage exceeds the
breakdown voltage.

Theory of action. The p-n-p junction transistor structure is shown schemat-
ically in Figure 4.5. The letters e, b and c indicate respectively the emitter,
base and collector. Two p-n junctions have been formed in the transistor and
across each there will be a potential barrier as described earlier. The arrows
in the diagram show the direction of the electric fields across the two junc-
tions and are the directions in which positive charges would move under the
influence of the electric field.

If the d.c. voltage is applied as shown in Figure 4.5(a), the right-hand p-n
junction is biased in the reversed or non-conducting direction, the length of the
arrows serving to indicate the strength of the electric fields at the junctions.
Under these conditions the collector current is very small, and in a good
transistor is only a few microamperes.
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Figure 4.4 Characteristic curve for a junction transistor. Note the different scales
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Figure 4.5 A p-n-p junction transistor. The arrow lengths denote the strengths of
the fields at the junctions, as well as their direction of operation

When the voltage is applied as shown in Figure 4.5(b), it will be seen that
the field across the barrier, in the forward or conducting direction, is reduced,
so that it is relatively easy for holes and electrons to move across the barrier.
But the material of the transistor is such that there is a large concentration
of holes in the p-region and relatively few electrons in the n-region so that
the current flowing consists almost entirely of holes and the emitter is said to
inject holes into the n-region.

These holes move across the emitter-base junction into the n-region, which
has a width of about 0.005 mm, and find themselves near the base-collector
junction across which the field is such as to drive the holes towards the collec-
tor. Thus the effect of applying a voltage to the emitter is to cause an increase
in the collector current by an amount nearly equal to the emitter current. An
increase in the emitter voltage causes an increase in emitter and collector
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current. The amount of emitter current may be several milliamperes and so
the collector current due to this is very much larger than the small collector
current which flows when the emitter current is zero.

The mode of action of the n-p-n junction transistor is similar to the above
except that the applied voltages are reversed and the part played by the holes
is taken over by the electrons.

Field effect transistors. Field effect transistors (FET) may be divided into
two main categories, namely junction and insulated gate. Basically a junction
FET is a slice of silicon whose conductance is controlled by an electric field
acting perpendicularly to the current path. This electric field results from a
reversed-bias p-n junction and it is because of the importance of this transverse
field that the device is so named.

One of the main differences between a junction FET and a conventional
transistor is that for the former current is catried by only one type of carrier, the
majority carriers. In the case of the latter both majority and minority carriers
are involved. Hence the FET is sometimes referred to as a unipolar transistor
while the conventional type is called a bipolar transistor.

Another important difference is that the FET has a high input impedance,
while ordinary transistors have a low input impedance. Because of this,
junction FETs are voltage-operated as opposed to current-operated bipolar
transistors.

Insulated gate FETs utilize a sandwich type of construction consisting of
a conducting silicon surface in contact with an isolating layer of metal oxide
and a layer of semiconductor. Such a device is known as a MOSFET — metal
oxide silicon field effect transistor. The metal layer is the control electrode or
gate. The metal oxide layer allows the field produced by the gate to control the
operation of the semiconductor while preventing any d.c. current flow from
the gate to the other electrodes.

Power semiconductors

The above descriptions of transistor devices are given to enable an understand-
ing to be gained of their principles of operation; however as indicated above,
discrete semiconductor devices nowadays tend only to be used for power appli-
cations. The following descriptions of present day practical discrete devices
are therefore related to power semiconductors, of which the most important
and widely used are thyristors.

Although power semiconductors utilize the principles already described,
their role is generally that of a switch or rectifier rather than as an amplifier or
detector as is frequently the case for transistors used in microelectronic circuits.

In their operation as switch or rectifier, power semiconductors are aiming
to achieve infinite off-state resistance and zero on-state resistance, an ideal
which many modern devices can closely approach. The secondary objectives
are, of course, to achieve the above for ever increasing levels of power at
an economic cost and with a low level of losses. To achieve these secondary
objectives demands a range of different devices each of which strikes a differ-
ent compromise, generally trading cost against rated voltage, current, losses
and operating frequency.

Silicon diodes. Almost all modern power semiconductor devices are made
using crystalline silicon. The simplest uses a single junction of p- and n-
type material, which through the basic mechanism described above produces
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rectification. Single-element silicon diodes are available with ratings up to
6kV and more than 5SkA average current. Typically the largest silicon diodes
have a forward volt drop of 1.1V at 3kA and a reverse leakage current of
less than 100mA at 5kV. This low level of forward volt drop is achieved
by carefully arranging the silicon doping process to control the disposition
of current carriers within the material to provide a mechanism of operation
known as charge modulation. The very low forward volt drop and reverse
leakage current lead to very low power loss, to be dissipated within the device,
compared to the power controlled or rectified, and the high efficiency of this
type of diode. Normally this type of diode will be mounted in a package which
can be double side cooled.

Bipolar power transistors. Almost all bipolar power transistors are n-p-n
devices which also rely on an arrangement of silicon dosing to enable charge
modulation to occur and thus provide a very low forward voltage drop. The
bipolar power transistor is basically a switch and it is operated either in the
fully off or in an on state, being driven between these two conditions by means
of the bias voltage applied to the base. In the off state the base is held at zero
or negative bias to minimize the collector leakage current. Typical ratings at
the present time are continuous currents up to 1000 A with peak currents of
1200 A and collector emitter sustaining voltages of 1kV.

The Darlington bipolar power transistor. This is a single-chip derivation
of the n-p-n bipolar power transistor described above which has been specially
developed to provide high gain.

Thyristors. The generic term thyristor covers a large and important group
of semiconductor devices. It is therefore worthwhile looking in more detail at
their basic method of operation.

The basic thyristor is also known as the silicon controlled rectifier (SCR)
and is the oldest controllable power semiconductor device. It is still the most
widely used in MV applications. Its structure is shown in Figure 4.6. As can be
seen from the figure, the thyristor is a four layer p-n-p-n junction silicon device
which operates as a controllable rectifier. The structure is best visualized as
consisting of two transistors, a p-n-p and an n-p-n interconnected to form a
regenerative feedback pair as shown in Figure 4.6. Current gain around the
internal feedback loop G is .1 X hfer wWhere hg.; and hyeo are the common
emitter current gains of the individual sections.

If 1., is the collector to base leakage current of the n-p-n section and /.,
is the collector to base leakage of the p-n-p section, then

for the p-n-p section : Iey = hye1 (U2 + Icot) + Icot
for the n-p-n section : Iy = hpeo (et + Ico2) + Ieon
and the total anode-to-cathode current I, = (I + I2)

1 h e 1 h e2)Ueo Ieo
from which I, =( Fhre)U + hyed)Ueor + Teo2)
1 — (hpe1)(hge2)

With a proper bias applied, i.e. positive anode to cathode voltage, the
structure is said to be in the forward blocking or high impedance ‘off” state.
The switch to the low impedance ‘on’ state is initiated simply by raising
the loop gain G to unity. As this occurs the circuit starts to regenerate, each
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Figure 4.6 Two-transistor analogue of thyristor
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transistor driving its partner into saturation. Once in saturation all junctions
assume a forward bias, and the total potential drop across the device approx-
imates to that of a single junction. Anode current is then only limited by the
external circuit.

To turn off the thyristor in a minimum time it is necessary to apply a
reverse voltage and under this condition the holes and electrons in the vicinity
of the two end junctions will diffuse in these junctions and result in a reverse
current in the external circuit. The voltage across the thyristor will remain at
about 0.7 V positive as long as an appreciable reverse current flows. After the
holes and electrons in the vicinity of the two end junctions have been removed,
the reverse current will cease and the junction will assume a blocking state. The
turn-off time is usually of the order of 10—15 ps. The fundamental difference
between the transistor and thyristor is that, with the former, conduction can be
stopped at any point in the cycle because the current gain is less than unity.
This is not so for the thyristor, conduction only stopping at a current zero.

Other power devices

There is a sizeable family of other two-junction (transistors) and three-junction
(thyristors) which have been developed — and continue to be further devel-
oped — to meet specific requirements, which usually mean higher voltage or
current, lower losses, or faster switching. The following is an outline of some
of the more important types.

Thyristors

Gate turn-off thyristor (GTO). This has a similar operating principle to that
of a conventional thyristor. It is shown diagrammatically in Figure 4.7. It is a
three-terminal device reliant on complex gating and snubber circuitry to control
switching transients. The turn-off gain is typically 4-5. Currently maximum
blocking voltage is of the order of 6kV with current ratings of 4 kA (average
anode current <2kA). Switching frequency is typically less than 1 kHz.

Integrated gate commutated thyristor (IGCT). This is a development from
the GTO to achieve improved switching performance and with the objective
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Figure 4.7 Gate turn off thyristor

of simplifying snubber circuitry. A gate drive is mounted in close proximity
to the GTO and the switching action is achieved by employing a large gate-
current pulse. It has a turn-off gain of unity. Maximum blocking voltage is of
the order of 5.5kV with peak current ratings of 1.8 kA (1.2kA r.m.s.). At the
present time practical IGCTs can operate up to about 500 Hz.

Metal oxide silicon turn-off thyristor (MTO). This device arises out of
the objective of achieving the same power handling capability as the previous
device but with lower switching losses and a simpler gate drive. See Figure 4.8.
It is still under development and appears to be promising. The small turn-off
gate allows substantial cost saving and improved reliability compared to GTOs
and IGCTs. The MTO structure lends itself to double cooling.

Insulated gate bipolar transistor (IGBT). This device has the low conduc-
tion loss of a bipolar junction transistor and the switching speed of a MOSFET.
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Figure 4.8 Metal oxide silicon turn off thyristor

See Figure 4.9. It is voltage driven and suitable for snubberless operation.
High voltage IGBTs have a positive temperature coefficient of resistance in
the on state and this enables them to be paralleled. A basic chip can thus be
rated at 50, 75 or 100 A and higher current ratings achieved by paralleling
IGBT chips inside a single package. Compared with other devices the IGBT
has a high forward voltage drop but switching losses are low compared with
GTOs. Recent IGBT technology has produced reliable low cost devices for up
to 3.3kV, 1200 A r.m.s. Short-circuit protection is possible by a simple gate
drive control. Under short-circuit the IGBT current is inherently limited by
the device characteristics and can be reduced by a reduction in applied gate
emitter voltage before turn-off. Gate drive power requirement is very low;
less than 1 W for a 3.3kV 1.2kA device operating at 2 kHz. Higher frequency
switching means lower harmonic content in the output waveform, lower losses
in the driven plant, reduced filtering requirements and lower acoustic noise. To
achieve a higher blocking voltage switch, power devices can be connected in
series. Heavy investment in IGBTs by almost all semiconductor manufacturers
is currently leading to a reduction in their cost.



77

Gate

Emitter

Collector

(a

Anode

:‘_

Gate

ITfL

Cathode |

[
(b) (0)

Figure 4.9 Insulated gate bipolar transistor

Cooling. High power thyristors have to dissipate any losses in a small vol-
ume and thus artificial means are often provided to take the heat away from the
devices. It is usual therefore to mount the thyristors on aluminium alloy cast-
ings which act as heatsinks, see Figure 4.10. For very high power installations
this natural cooling may be supplemented by forced draught means.

Applications of Power Semiconductors

The chief use of diodes is as d.c. supplies for electrolytic process lines, for
traction substations and for general industrial purposes. Early uses of thyristors
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Figure 4.10 Stack assembly of thyristors showing the heatsink arrangements. It is
rated to control up to 120 A on a 415V a.c. system (International Rectifiers)

included phase-controlled converters producing variable d.c. supplies for motor
drives, turbine-generator and hydro-generator excitation, vacuum-arc furnaces,
electrochemical processes, battery charging, etc. These are still major applica-
tions, but increasingly thyristors and power transistors are being employed in
new switching modes as d.c. choppers or as inverters producing a.c. of fixed
or variable frequency. Other applications for thyristors are given below.

Excitation of synchronous motors. Most specifications for synchronous
motors state that they must be capable of withstanding a gradually applied
momentary overload torque without losing synchronism. This was detailed in
BS 2613, withdrawn in 1978 and superseded by BS 5000 Part 99. The latter
standard does not have a similar section dealing with this matter.

In the past the overload torque requirement has been met by using a
larger frame size than necessary to meet full-load torque requirements, the
torque being proportional to the product of the a.c. supply voltage and the d.c.
field produced by the excitation current.

With thyristor control of excitation current it is possible to use a smaller
frame size for a given power rating and arrange to boost the excitation by
means of a controller to avoid loss of synchronism under torque overload
conditions.

The excitation current of a synchronous motor may be controlled by sup-
plying the motor field winding from a static thyristor bridge, using the motor
supply current to control the firing angle, Figure 4.11. A pulse generator varies
the firing angle of the thyristors in proportion to a d.c. control signal from a
diode function generator. Variable elements in the function generator enable a
reasonable approximation to be made to any of a wide range of compensating
characteristics.

‘When the motor operates asynchronously, i.e. during starting, a high e.m.f.
is induced in the field winding, and the resulting voltage appearing across the
bridge must be limited to prevent the destruction of the bridge elements. This
may be done by using a shunt resistor connected as shown. Where more
exacting requirements have to be met, current feedback can be applied to
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eliminate effects of non-linearity in the pulse generator and rectifier bridge
and it will also improve the response of the system to sudden changes of
load. Automatic synchronizing is possible without relays by incorporating a
slip-frequency sensing circuit to control the gate which supplies the control
signal to the pulse generator.

Variable frequency supply. It is possible to use a cycloconverter to con-
trol the speed of an induction motor. The cycloconverter is a rectifier device
first developed in the 1930s but with the improved control characteristics of
thyristors and better circuit techniques, a continuously variable output fre-
quency is possible.

Figure 4.12 illustrates the process of conversion for 15Hz output from
a 50Hz supply. During the conduction cycles starting at point a the output
voltage reaches a maximum since there is no firing delay. At point » commu-
tation from phase two to phase three is slightly delayed and commutation is
further delayed at point c.

At time e the firing delay is such that the mean output voltage is only just
possible. In the diagram the low frequency load power factor is 0.6 lagging so
that although the mean load voltage crosses the axis at X the current remains
positive until Y. Consequently the rectifiers which conduct at instants f, g
and £ are giving positive load current and negative voltage, that is inverting.
From i the system behaves as a controlled rectifier using the negative group
of thyristors, d, e and f until the mean output voltage becomes positive when
an inversion period starts again.

D.C. chopper controlling a d.c. motor. The basic circuit is shown in
Figure 4.13, the supply being applied to the motor by firing 7'1. At standstill
the current rises rapidly to a value controlled by the circuit resistance and at
a rate controlled by the inductance of the motor.

After a certain interval T'1 is switched off, the flow of current round the
motor and through the diodes DI being maintained by the inductive energy
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of the system. When this current has decayed to a certain level, 7’1 is again
fired. In order to maintain the constant motor current the current limiting
device provides a control signal which varies the length of the times 7'1 is on
or off.

In Figure 4.13 the circuit components 72, C1, L, R and D2 are included
for the purpose of switching off 7T'1.

Control of fluorescent lighting banks. Dimming of fluorescent lighting
by means of thyristors is possible, the circuit being shown in Figure 4.14. A
separate transformer is necessary to maintain constant preheating currents to
the electrodes irrespective of the setting of the dimmer. This entails use of
a 4-wire distribution system. Control is effected by simply varying the firing
angle of the thyristor.




81

. —PL—&I- R
Faam

LL D

Ballast
resistor

E 1

Pulses to thyristor stack
b4 4

Heater
kl——— Trigger o transformer
E control unit

Photo
\I\/Ianual Prog:fmme Servoj detector

Possible control inputs
Figure 4.14 Circuit for control of fluorescent lamp, including dimming facilities

Thermionic Devices

As indicated in the introduction to this chapter, many of the functions which
are now performed by semiconductors were, in the early days of electronics,
carried out using thermionic devices, that is they achieved their operation by
controlling the flow of electrons between two electrodes, generally in a vacuum
but occasionally in a gas. The control could be simply on/off depending on
the polarity of the applied voltage or could be modulating control by the
action of a voltage applied to a further electrode, or electrodes. The supply of
electrons was produced from a cathode coated with a material which freely
emits these on heating. The cathode was usually indirectly heated by means
of a low voltage heating element. This gave the devices the generic name of
thermionic valves, presumably because they enabled current flow in a circuit
to be regulated in a similar manner to the regulation of fluid flow by a valve
in a pipework system. Nowadays few thermionic devices are used. Those
which are, are almost exclusively high power devices, thyratrons, magnetrons,
klystrons and ignitrons used in telecommunications transmission and radar.

Hydrogen thyratron. The hydrogen thyratron has become the most
widely used switching device for medium and high power radar pulse
modulators and other applications where accurately timed high power pulses
are required. Thyratrons were first used in radar systems but they are now
being employed in various circuits concerned with particle accelerators and
high power energy diverter systems. The English Electric Valve Co.’s range
includes both hydrogen and deuterium-filled triode and tetrode thyratrons with
either glass or ceramic/metal envelopes. Multigap ceramic tubes are available
for operation up to 160kV.

Basically all thyratrons consist of a gas-filled envelope containing an
anode, a control grid and a thermionic cathode, see Figure 4.15. Gas may
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be mercury vapour, hydrogen or an inert gas. The tube remains in a non-
conductive state with a positive voltage on the anode if a sufficiently negative
voltage is applied to the grid. Value of the grid voltage depends on the anode
voltage and the geometry of the tube. If the grid voltage is made less negative
the ability to hold off the positive anode voltage is reduced. This is the basis
of operation of the negative grid thyratron.

Anode

Grid

Cathode

Figure 4.15 The structure of a simple negative grid thyratron (English Electric Valve
Co. Ltd)

The cathode emits electrons which, in the absence of grid control, are
accelerated by the anode voltage and collide with the gas atoms present, to
produce an ionized column of gas. A very low voltage, typically 50-100V
for hydrogen and deuterium, then exists across the discharge, through which
a wide range of currents can be passed, their magnitudes depending on the
external circuitry. During conduction the grid is sheathed with ions which
effectively prevent any control being exercised. The tube returns to its non-
conducting state only when the anode voltage is removed or reversed for a
time sufficient to allow the charge density to decay to a low value. After
this the grid regains control and when the anode voltage is reapplied the tube
will not conduct. Thus the tube acts as an electronic switch, turned on by
a positive-going charge of grid voltage and turned off only by removal or
reversal of the anode voltage.

In some designs a disc baffle is fixed close to the cathode side of the grid
and this usually modifies the tube’s characteristics so that the potential of the
grid may be taken positive without the tube conducting when the anode voltage
is applied. This arrangement is called a positive grid thyratron. Baffles may
also be used to protect the tube electrodes from deposition of cathode material
which may cause malfunctioning. In practice this means that a positive pulse
with respect to the cathode potential must be applied to the grid to initiate a
grid cathode discharge.

Mercury-vapour filled thyratrons have been superseded by hydrogen-filled
tubes because of the low limiting voltage that could be developed across the
tube, approximately 30 V. A higher voltage across the mercury tube results in
positive bombardment causing rapid cathode deterioration.
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Most thyratrons can be mounted in any position, though with the larger
tubes a base-down position is usually more convenient.

When the reduction of firing time variations is important in a thyratron
circuit, the triode type can be replaced by a tetrode unit, which has two grids.
These grids may be driven in a number of ways. The first grid may be contin-
uously ionized while the second may act as a gate when pulse driven above its
negative bias level. Another way is that of pulsing the grids successively with
a delay of about one microsecond between the leading edges of the pulses. A
third method is to pulse both grids from a single trigger source arranged to
drive them separately.

Multi-gap thyratrons overcome the problems of operating thyratrons in
series. When triggered, the multi-gap thyratron breaks down gap by gap in the
normal gas discharge mode.

Hydrogen thyratrons for pulse modulator series are available from English
Electric Valve and the M-O valve with a peak power output of 400 MW and a
peak forward voltage of 160kV, this tube being a 4-gap ceramic/metal tetrode.

Magnetrons. The cavity magnetron is a compact, efficient thermionic
valve for generating microwaves, e.g. radar waves. Basically it is a diode, but
it belongs to the family of valves known as ‘crossed-field devices’.

Essentially it consists of a (usually) concentric heater, anode and cathode
assembly and an embracing magnet (Figure 4.16). The magnetic field is at
right angles to the electric field. High voltage pulses between the hot cathode
and anode produce a spoked-wheel cloud of electrons which spirals round the
cathode under the influence of the interacting electric and magnetic fields. The
electron cloud only exists in a vacuum. The copper anode is so designed that
a number of resonant cavities are formed around its inside diameter. As the
‘tips’ of the electron-cloud spokes brush past each very accurately dimensioned
cavity the field interacts with the field existing in the cavity. Energy is absorbed
and the oscillations within the cavity build up until the cavity resonates. The
energy released is beamed through the output window and along a waveguide
or cable to the aerial.

Pulsed-type magnetrons are available in the frequency range from 1 to
80 GHz with peak power outputs from a few hundred watts to several thousand
megawatts, and mean power a thousand times less than peak power. Tubes
for continuous wave operation are used mainly for heating, having powers in
the range of 25kW-200W at frequencies of 0.9 GHz and 2.45 GHz. Lower
power types are available for beacon operation at frequencies of about 9 GHz.

The cathode of a magnetron must be operated at its correct temperature. If
it is too low reduced emission can cause unstable operation which may damage
the magnetron. Excessively high temperatures lead to rapid deterioration of the
cathode. The combination of the magnetic and electric fields in the interaction
space results in a back bombardment of electrons to the cathode. This causes
dissipation of a proportion of the anode input power. In order to maintain
the cathode at its optimum temperature under these conditions it is generally
necessary to reduce the heater voltage.

Care must also be exercised when raising the cathode to its operating
temperature, before applying the anode voltage. The cold resistance of the
heater is typically less than one fifth of the hot resistance. The surge of current
when switching on the heater must be controlled. Similar precautions must be
taken when designing the modulator output circuit to prevent pulse energy
being dissipated in the magnetron heater.
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Figure 4.16 The magnetron (English Electric Valve Co. Ltd)

Operation of grid-controlled rectifier on a.c. The most important appli-
cations of the grid-controlled rectifier rely on its behaviour on alternating-
current supplies.

When an alternating current is impressed on the anode circuit, the arc
is extinguished once every half cycle because the valve is fundamentally a
rectifier. Hence the grid is given the opportunity of regaining control every
half cycle. This means that when the arc is extinguished due to the reversal
of the alternating voltage, a negative grid can prevent anode current starting
when the anode becomes positive again on the next cycle.

Further, by supplying an alternating voltage of the same frequency but
of variable phase to the grid, the average value of the anode current can be
controlled. Figure 4.17 indicates how a grid voltage of variable phase can
delay the starting of the arc during the positive half cycle of anode voltage,
and thereby permit the mean value of the rectified current to be smoothly
controlled from zero to the maximum value, corresponding to a phase change
in the grid voltage of 180° to 0°.
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Figure 4.17 Control of anode current by phase variation of grid voltage. The shaded
areas show the current conducting periods

An alternative method of grid control having the same effect as phase
control is to impose an adjustable d.c. bias voltage upon a constant phase a.c.
grid voltage (amplitude control).

Rectification and power control. It will be apparent from the above that
by using the grid in conjunction with a phase-shifting device a d.c. load can
be supplied from an a.c. source and at the same time the load current can be
regulated from zero to maximum. Furthermore, if the phase shifting device is
operated by the changes in the external conditions that are to be controlled,
completely automatic control can be effected.

Figure 4.18 shows a typical circuit for rectification and power control,
using two gas-filled triodes to obtain the advantages of full-wave rectification.
The respective control grids are connected to the ends of the transformer
secondary, T, so that at all times one grid is positive while the other is
negative, in the same way as the corresponding anodes. The phase position
of the applied grid voltage is readily varied by the phase-shifting device,
consisting of a distributed field winding connected to the a.c. supply and a
single-phase rotor connected to the primary of T,. The phase of the induced
rotor voltage is determined by the rotor position relative to the field, so that
change of rotor position changes the phase of grid voltage in each tube and
correspondingly varies the d.c. circuit current. This form of control has been
used for many purposes, notably the speed control of motors.

Phase control circuits. The phase-shifting device referred to above is a
small induction regulator, constituting a very light controlling element. Alter-
native methods of applying phase control in terms of voltage are shown in
Figure 4.19. At (a) the voltage across the inductance-resistance circuit is given
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Figure 4.19 Methods for phase-control of grid-bias voltage

by AB in the phasor diagram. The same current flows through the inductance
as through the resistance and the voltage drops — AG across the resistance
and GB across the inductance — are therefore approximately 90° out of phase
with each other. The grid voltage is the voltage of point G relative to point
O (which is connected to the cathode), that is, OG in the phasor diagram. By
varying R the phase of the voltage OG is varied with respect to the voltage
OB, which is the anode voltage; increase of resistance, therefore, produces
increase of anode current.

In Figure 4.19 (b) the anode current decreases steadily as the resistance
is increased, while in (c) the anode current is a maximum or zero depending
on whether the resistance is greater or less than a critical value.

Where accuracy of timing is required, the a.c. grid voltage, instead of
having a sinusoidal waveform, is arranged to have a peaky waveform, and be
superimposed on a steady d.c. bias voltage considerably more negative than
the maximum critical value. The phase of the a.c. component is varied so as
to cause the positive peak to occur at any point in the positive half cycle of
anode voltage at which anode current flow is required to commence.
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Control of a.c. loads. The control of alternating-current load currents may
be conveniently effected by means of a gas-filled triode used in conjunction
with a saturable reactor. A single-phase circuit is shown in Figure 4.20. The
saturable reactor has a laminated core of high permeability iron and carries two
a.c. windings in series with the load on its outer limbs. The centre limb carries
a d.c. winding supplied with direct current by the gas-filled triode. When the
grid voltage phase difference, as controlled by the phase-shift device, is such
that the tube is non-conducting, the a.c. winding has a high impedance due
to the presence of the high permeability iron core. Under these conditions,
the load current is negligible. As the grid-controlled rectifier output current is
increased, the iron of the reactor gradually becomes saturated, reducing the
permeability of the iron, and thus lowering the impedance of the reactor a.c.
winding. At full output of the thyratron, the iron is completely saturated and
substantially full-line voltage is impressed upon the load.

Reactor
Al
B
A.C.
load
A.C. supply

Figure 4.20 Circuit for control of a.c. load current using saturable reactor

During the positive half cycles the thyratron passes grid-controlled impul-
ses of unidirectional current; during the negative half cycles the thyratron can
convey no current, but the reactor current is maintained by the discharge of the
energy stored in its magnetic field through the rectifier (2) across its terminals.
The rectifier may be of the selenium or gas-filled diode type.

Temperature measurement and control. In the control of a heating load
where temperatures above 750°C are encountered, measurement of the temper-
ature can be carried out by a photoelectric pyrometer. This gives instantaneous
response to changes of temperature when viewing the hot body. The small pho-
toelectric currents, which are a measure of the received radiation, are amplified
by a vacuum valve amplifier which energizes the control grids of the vapour
valves, thus increasing or decreasing the current to the load by saturable reac-
tor control.

For low temperatures, a resistance thermometer connected in a bridge
circuit is used with a vacuum valve amplifier for providing the signal voltage
on the control grid. In electrically heated boilers an accuracy of control of
plus or minus 1°C at 300°C has been obtained by this means.

Electronic control of machines and processes. Other physical qualities
beside that of temperature referred to above may be employed as signals
for driving the control grids, provided the quality is converted into terms
of voltage. Thus speed, torque, acceleration, pressure, illumination, sound,
mechanical movement, and the various electrical qualities are utilized for
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initiating control in gas-filled or mercury-vapour triode circuits. Sound, for
example, can be detected by a carbon, inductive, or capacitor microphone,
and R, L, or C used as the variable element in the grid circuit. Mechanical
movement can be detected by change of R, L, or C in a carbon pile resistance,
slider resistance, variable choke, or capacitor — or by means of a photo-cell. A
tachogenerator is employed for registering changes in speed or acceleration,
as, for example, in certain types of speed control of d.c. motors.

Ignitrons. The ignitron is a high current rectifier with a mercury pool
cathode, usually in a water-cooled steel envelope. In its simplest form it con-
sists of a cylindrical vacuum envelope with a heavy anode supported from the
top by a glass insulator, dipping into the mercury pool at the bottom. For some
applications tubes may be provided with additional ignitors, auxiliary anodes
and internal baffles. Ignitrons have been used in applications calling for high
current levels such as resistance welding and high power rectification. There
are also types intended for high current single-pulse operation such as dis-
charging capacitor banks; these are used to pulse particle accelerator magnet
coils, for electromagnetic forming of metals and similar applications.

The action of an ignitron is similar to a thyratron in that a control signal
is needed to start conduction, which then continues until the current falls to
zero. When the tube is operating as an a.c. rectifier it conducts during one half
cycle of the supply frequency and must be ignited every alternate half cycle
for as long as it is required to conduct. Figure 4.21 shows a cross-section of
an English Electric Valve rectifier ignitron.

The ignitor is a small rod of semiconducting material, with a pointed end
dipping into the cathode pool. When a suitable current is passed through the
ignitor-mercury junction, the ignitor, being positive, a cathode spot is formed
on the surface of the mercury and free electrons are emitted. If the anode is
sufficiently positive with respect to the cathode at this time, an arc will form
between cathode and anode. Once the arc has struck the ignitor has no further
control and the tube continues to conduct until the voltage across it falls below
the ionization potential of the mercury vapour.

In a three-phase welding control circuit, the ignitron must deionize quickly
in order to hold off the high inverse voltage which immediately follows the
conduction cycle. This is accomplished by including a baffle (see Figure 4.21)
which operates at cathode potential. No additional connections are required but
the voltage drop across the tube is increased slightly. An auxiliary anode may
be provided for power rectification at higher voltages. This is used to strike a
small arc in a low voltage circuit separate from the main load. This maintains
the cathode spot at low load currents ensuring stable operation under these
conditions. The large tubes designed for single-pulse operation are also fitted
with an auxiliary anode which may be used to prolong the ignition arc. Little
or no baffling is used so as to keep the arc voltage drop as low as possible.

The cathode ray tube. The cathode ray tube consists of a highly evac-
vated conical-shaped glass container having at its narrow end or throat, a
cathode capable of being heated, a control electrode and several anodes. Higher
up the throat of the tube are two pairs of deflector plates arranged at right
angles to each other, Figure 4.22.

The large end or base of the conical container is coated on the inside with
a fluorescent compound which emits light when the cathode ray impinges
on it.
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The action of the tube is as follows. When the cathode is heated, and
the anodes connected to positive high voltages of increasing magnitude, the
electrons emitted from the cathode are accelerated and focused into a beam
which emerges from a small aperture in the final anode. This beam passes
between the first pair of deflector plates, which are located so that when given
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an electrostatic charge they can attract the electrons, say, to the right or left.
The beam then passes between the second pair of deflector plates arranged so
that the beam can be attracted up or down. The beam, which consists of a
stream of electrons moving at high speed, impinges on the fluorescent screen
and causes a spot of light to appear on it.

If now a fluctuating voltage is applied to the first pair of deflector plates,
the beam will move from side to side of the screen in synchronism with the
voltage applied to the first deflectors. If another voltage is applied between the
second deflector plates, the beam, while maintaining its side-to-side motion,
will also receive a vertical displacement corresponding to the voltage applied
to the second deflectors.

It will be seen that the spot of light on the screen will thus trace out
a curve corresponding to the varying potentials applied to the two pairs of
deflector plates.

In many applications the horizontal deflectors are given a steadily increas-
ing voltage with instantaneous flyback after the beam or spot has reached the
extreme edge of the screen.

The result of this is that the spot travels at a uniform speed from left
to right in a given time period, e.g. 1/50 of a second. If a 50 Hz alternating
voltage is applied to the vertical deflector plates the vertical deflection of the
spot at any instant will correspond to the instantaneous voltage of the supply.
Thus the waveform of the supply voltage will be traced out on the fluorescent
screen. As owing to the instantaneous flyback the above process is repeated 50
times per second, the waveform of the applied alternating voltage will be seen
on the screen as a stationary sine wave with or without harmonics, according
to the waveform of the applied voltage.

When the cathode ray tube is applied to television, the horizontal deflector
plates are used for causing the spot to sweep across the screen with flyback
at the end of each sweep, while the vertical deflectors give the spot a small
vertical displacement after each horizontal sweep, with vertical displacement
after each horizontal sweep, with vertical flyback when the lower edge of the
screen has been ‘scanned’.

The incoming television signals are applied to the control electrode and
have the effect of increasing or decreasing the intensity of the beam, according
to the brightness of the picture spot, which is being transmitted at any instant.

Klystrons. The klystron is a thermionic device in which electrons from
a heated cathode are accelerated to full anode potential and formed into a
long parallel beam. This first traverses two grids or apertures between which
is a high frequency voltage provided by a tuned circuit in the form of a
resonant cavity. The resultant small periodic changes in speed eventually lead
to conventional current modulation by a process known as bunching. Where
this bunching is virtually complete another resonant cavity (catcher) is placed.
If its impedance and tuning are correct it will extract from the beam much
more power than was used to modulate it. The arrangement then acts as an
amplifier. Efficiency is moderate, output power can be very high, and gain can
be almost indefinitely increased by putting more resonant cavities between the
buncher and catcher. Oscillators up to the highest frequencies can be formed
either by returning some of the collected power to the buncher, or by using a
single resonant cavity and reflecting the beam back through it.

High performance klystrons require an axial magnetic field to focus and
control the magnetic beam during its passage through the drift tubes, see
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Figure 4.23 Schematic arrangements of a four-cavity amplifier complete with the
coils and mild steel yoke used to provide the axial magnetic field (English Electric
Valve Co. Ltd)

Figure 4.23. The improved performance generally justifies the complication
involved. Damage to a valve will occur if the beam is not focused efficiently
and it is essential to protect it against a failure of the focusing system, which
would cause a rise in the electron current reaching the drift tubes. If a simpler
installation with a reduced performance is acceptable, it may be possible to use
a klystron which has no external means for focusing the beam. This eliminates
the need for a magnetic field and the power supply required to maintain it.
The precautions on the beam focusing are reduced simply to that of screening
the electron beam from the influence of any stray magnetic fields present in
the vicinity of the valve.

Photoelectric Devices

Photocell relays. The basic component of a photocell relay is an integral
light activated switch. It combines a silicon planar photodiode with integrated
circuitry on a single substrate to provide a highly sensitive photoelectric device.
Operation is such that when light of a selected intensity falls upon it, the device
switches on and supplies current to an external load. When the light intensity
falls below the critical level the load current is turned off. This critical level
can be adjusted within wide limits.

The equipment comprises a projector containing a light emitting diode
(LED) and optical system projecting a beam of light either directly or by
reflection onto a photocell mounted in a receiver unit. The relay coil is ener-
gized when the light beam is made and de-energized when it is broken. Thus
the relay contacts can provide a changeover operation which can be used to
perform some external control function. The control unit can contain addi-
tional circuitry such as time delays or LED failure circuits to meet a wide
variety of application requirements. Systems are available for operating over
distances from 10—15mm up to 50 m or more.
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Applications include conveyor control, paper breakage alarm, carton sort-
ing and counting, automatic spraying, machinery guarding, door opening, level
controls, burglar alarms, edge alignment control and punched card reading.

Photoelectric switch units. Light-sensitive switches are used for the eco-
nomical control of lighting. They consist of a photocell which monitors the
intensity of the light and automatically switches the lighting on or off. Con-
struction of a typical unit is shown in Figure 4.24 and this will switch a
resistive load of 3 A at 250V a.c. The unit is based on a cadmium-sulphide
cell and it incorporates a 2-minute time delay to prevent ‘hunting’. Larger
units are available with resistive switching capacities up to 10 A.

. Housing, upper

. Housing, lower

. Cadmium-sulphide
photocell

. Relay, bi-metal

. Insulation plate

Holder, relay

. Lead wires

. Mounting bracket

. Mounting screw

wWnN =

©oONO A

Figure 4.24 Photain type P B0-2403 photoelectric switch unit

Silicon photoelectric cells. These cells are designed to provide large
output current even under low illumination intensities. Currents of several
milliamperes are obtainable. Structure of a photoelectric cell is shown in
Figure 4.25 in which it will be seen to consist of a thin p-type layer on
n-type silicon. Due to its photovoltaic effect there is no need for a bias power
source. A linear output can be obtained by selecting a suitable load resistance
for a wide range of illuminance. Like the silicon blue cell, described below, it
has no directivity of receiving light, so there is no need to adjust the optical
axis as is the case with phototransistors.

p-type thin layer

n-type silicon

|

©

Contact  Contact
Figure 4.25 Photain photovoltaic cell
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Silicon blue cell. The Sharp’s silicon blue cell manufactured by Photain
Controls was claimed to be the world’s first photoelectric diode possessing
high sensitivity over the entire visible light spectrum. It is more reliable than
the selenium or cadmium-sulphide photocells and has superior time response.
No bias power is required, it has a lower noise level than the other two types
and it is non-directional.

Applications include illumination meters, exposure meters, optical read-
outs of film sound tracks, colorimetry, flame spectrometry, photospectrometry
and colour or pattern recognition equipment.



5 Rectifiers and converters

Introduction

Rectification is the conversion from alternating to direct current. Over the
last few years the development of inexpensive, rugged, variable speed a.c.
drives over a wide range of power ratings has vastly reduced the need for d.c.
machines, which were hitherto indispensable for many industrial processes
where fine control of speed was necessary. Such applications include rolling
mills, electric overhead cranes and traction drives. Direct current nowadays
has much more limited use for processes such as electroplating plants, gas
production plants, and to supply chargers for standby battery systems. Added
to these is the somewhat exotic but limited application for high voltage direct
current transmission.

For most of these applications the conversion device will nowadays be a
piece of power electronics, consisting of diodes or thyristors, but the principles
of operation of rectifier equipments remain much the same regardless of the
device which actually performs the rectification. This short chapter will confine
itself to describing some of the aspects of rectifiers not covered by the previous
chapter but still likely to be encountered in service.

Metal Rectifiers

Three basic types of metal rectifier remain in common use: namely, selenium,
germanium and silicon. The last two are generally referred to as semiconduc-
tor rectifiers and their theory of operation is described in Chapter 4. One of the
major manufacturers of these rectifiers in the UK was formerly the Westing-
house Brake and Signal Co., to whom acknowledgement is made for providing
information upon which this chapter is based, although the Westinghouse name
is no longer used in connection with the manufacture of metal rectifiers.

Selenium rectifiers. During the past 30 years there has been a continuous
development of the selenium rectifier so that the stability of the rectifier is such
that it can be operated at relatively high temperatures, i.e. 120°C if required.
Alternatively it can be operated for a much longer time than hitherto under
normal operating conditions.

Selenium rectifiers have been used widely for all low power requirements
where initial cost is important and the ability to withstand substantial and
repeated overloads eliminates the need for special protective devices that may
be required for silicon or germanium rectifiers. Although the efficiency and
performance of selenium rectifiers may be slightly inferior to the other two
and the size somewhat greater, these features are often of less importance for
outputs below 25 kW.

Applications include electroplating where oil-immersed units provide cur-
rents up to 200kA. At high values of current, water-cooled germanium units
are used due to their smaller weight and the limited space which they require.
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Electrostatic precipitation for removal of dust particles from gases where
d.c. voltages from 30 to 100kV are required is a common application for
selenium rectifiers. Oil-immersed equipment is reliable in operation, robust and
provides an efficient means of rectification. Equipments with outputs of 60kV
and currents from 60 mA to 1amp are in widespread use. These equipments
are transductor controlled with very rapid arc extinction.

Cinema arc power supplies can be provided by transductor or
choke/capacitor constant current selenium equipments for both high and
low intensity arcs and can be operated from either single-phase or three-
phase supplies.

Germanium rectifiers. Germanium rectifiers are used extensively for low
power and medium power industrial applications where the ambient tempera-
ture is not high and particularly at voltages below 100 V where high efficiency
at such voltages is of overriding importance. The size of the installation may
be in the megawatt range. The germanium is extracted from coal and zinc
deposits and refined to a high degree of purity. The resultant grey metallic
material is pulled into a single crystal which is specially cut to form small
wafers. By heat treatment, an indium button is welded on to and diffused into
the germanium wafer. The bond between the germanium and the indium forms
the rectifying junction which is mounted in a hermetically sealed housing.

Both germanium and silicon rectifiers are used extensively in equipments
providing power for the electrolytic production of chlorine and hydrogen. Out-
puts in excess of 27 kA at 120V have been provided from these equipments,
germanium offering the slightly better efficiency at d.c. voltages below 100V,
but they may not be economical in countries where the ambient temperature
is high.

Industrial d.c. power supplies are frequently provided from germanium
and silicon semiconductor equipments although as stated earlier for powers
below 25 kW the selenium rectifier still remains the most attractive plant. Both
types have been used extensively for large telephone exchanges. Chargers for
battery electric vehicles are generally of the germanium rectifier type. Welding
is another area where both germanium and silicon rectifiers compete with
each other.

Silicon rectifiers. Silicon is a metal obtained from sand and is refined to
a high degree of purity, drawn into large monocrystals and cut into wafers. A
thin plate of aluminium is bonded to and diffused into the silicon wafer and the
junction between the aluminium and the silicon forms the rectifying junction.

Many of the applications for this type of rectifier have already been out-
lined but this type of rectifier was considered to be the best for railway traction
supplies. Variable speed drives is another area that this type of rectifier has
been widely employed. The facility of the grid control made it ideal for speed
control of d.c. machines up to the largest ratings.

Comparison of three types. The semiconductor germanium and silicon
rectifiers are, for a given output, more compact than selenium. This is due in
part to the low forward resistance per unit area of rectifiers, and in part to
the high voltages which they withstand in the reverse direction. Silicon will
withstand a higher reverse voltage than germanium and will also operate at a
higher temperature. The forward resistance of germanium is lower than that
of silicon.

The d.c. voltage/current characteristics of the three types of rectifier are
shown in Figure 5.1. It will be seen that with a rectifier operating at normal
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current density, one may expect a low voltage drop with germanium, a higher
voltage drop with selenium and a still higher one with silicon. In practice
it is not usual for the reverse current to exceed about 0.5% of the forward
current and, therefore, the selenium rectifier is capable of being operated at
about 32V, germanium 70-90 V and silicon 100-300 V. The voltage at which
the rectifiers are operated is determined by many factors such as duty cycle,
circuit connection, temperature, etc.

Temperature characteristics. There is a maximum critical temperature
above which each of these three rectifiers cannot safely operate. It is important
therefore to ensure that the temperature rise of the rectifier and the ambient
temperature together does not exceed the critical value. Forward ageing is the
limit for a selenium rectifier and such units are suitable for temperatures up to
70°C with specials being available for use at total temperatures up to 130°C.

Although the maximum temperature at which germanium rectifiers can
safely operate from forward and reverse ageing is 90°C, another factor limits
the safe working temperature to 70°C. Due to the low thermal mass of this type
of rectifier, relatively small overloads can cause rapid temperature increase.
It is considered advisable therefore to limit the total operating temperature to
50°C. For similar reasons the total operating temperature of the silicon rectifier
is reduced from 200°C to about 160—170°C to give an added factor of safety.

Overloads. Selenium rectifiers are formed on a substantial metal base
and operate at a low current density. They can therefore withstand severe
current overloads of short duration without damage. As mentioned above the
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low thermal mass of the other two types does not permit them to withstand
current overloads.

Voltage overloads give rise to increased leakage currents and self-heating.
Again the silicon and germanium devices are more sensitive to these and
care must be taken to protect them from such overloads under normal operat-
ing conditions.

Parallel and series connections. With germanium and silicon rectifiers
care has to be taken when connecting them up in series or parallel to ensure
even load sharing. Performance ratings should be closely matched or ratings
should be substantially reduced. It is desirable to have individual protection
of diodes by fuses or an equivalent.

Size and efficiency. A germanium rectifier is roughly one third the vol-
ume of a selenium rectifier for the same power output. A silicon rectifier is
about one third the volume of a germanium device or one tenth of the volume
of a selenium rectifier.

The overall efficiency of an installation is determined by a consideration
of all the equipment and to some extent by the circuit connection, load, etc.
Table 5.1 lists the efficiencies of the three types of rectifiers.

Table 5.1 Comparison of efficiency of rectifiers (in %)

D.C. voltage Selenium Germanium Silicon

6 85 91 83

12 91 95 90

25 91 97 94

50 91 97 97

100 92 97 97

500 92 97 98

750 92 98 98

Rectifier Equipments

Physical arrangements. In its simplest form a silicon rectifier comprises an
assembly of silicon diodes on heatsinks together with fuse and surge voltage
protection components. These are all normally housed in a sheet enclosure and
supplied by a separately mounted double-wound transformer. Additional items
may include control cubicles, switchgear, voltage regulators and connections.
A controlled rectifier will be similar, with thyristors in place of the diodes and
with appropriate electronic firing gear and controls.

The rectifier assembly is generally contained in a floor-mounted cubicle
with the associated transformer. Cooling may be air natural or in some cases air
blast. If the atmosphere is corrosive, dusty or damp, closed-circuit air cooling
or liquid cooling may be used. Heavy current rectifiers usually employ a water
cooled welded-up heatsink/busbar assembly as the best means of achieving the
high rating suited to the electrochemical environment.

Basic connections. The choice of single-way (half-wave) or double-way
(full-wave bridge) connection depends partly upon the d.c. voltage required.
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With single-way the d.c. passes effectively through only one diode at a time
instead of through two in series as in the bridge connection. The forward
voltage drop is therefore half the value of that for the bridge connection. Hence
the losses are also half. However, transformer losses and cost are higher for
single-way operation. The voltage above which double-way connection is used
is generally determined by a combination of efficiency and cost considerations.

Figures 5.2 to 5.7 show a number of different rectifier configurations.
Only one diode per arm is shown although there may, in an actual system, be
a number of diodes in a series-parallel arrangement for each arm.

Three-phase bridge (6-pulse). The double-way connection, Figure 5.2
gives 6-pulse rectification with a 120° conduction angle. The voltage regulation
is virtually a straight line over the normal working range. This is the most
commonly used connection for industrial power supplies.

Aoe D

Transformer
single secondary

AC

+ DC -
Figure 5.2 6-pulse circuit for 2-wire single bridge d.c. output

Double-star (6-pulse). With this connection the six-phase secondary wind-
ings are separated in the two opposed star groups, the neutral points of which
are connected through an interphase reactor, Figure 5.3. The voltage equaliz-
ing effect of the interphase reactor enables the two star groups to share the
current, and 120° conduction occurs at all currents above the very small value
required to magnetize the interphase reactor. The voltage regulation curve is
virtually a linear slope while 120° conduction is taking place but there is a
sharp rise of about 15% as the interphase reactor becomes demagnetized. With
modern core steels this point is usually well below 0.5% load and the rise is
not normally objectionable or harmful. A small shunt load permanently con-
nected or automatically switched in at low loads can be provided if necessary
to eliminate this effect. This connection is primarily used for power supplies
for low voltage process work of a continuous nature, where overall efficiency
is of prime importance.

Multi-circuit connections. For 12-pulse working, two 6-pulse rectifier
equipments, two groups of equipments or two rectifier circuits need to be
phase shifted 30° from each other. This is usually achieved by having a
star/delta relationship between transformers or transformer windings associated
with the two 6-pulse rectifiers. Phase displaced rectifiers closely paralleled
in this way usually require an intercircuit reactor to equalize the voltage
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Figure 5.4 Transformer 12-pulse circuit for 2-wire d.c. output from parallel bridges
with intercircuit reactor

between the phase-displaced groups (see Figures 5.4 and 5.5) but these are
sometimes omitted if there is sufficient d.c. circuit reactance in connections or
in other reactors. On very large installations, pulse numbers greater than 12
can be obtained by suitably phase shifting a number of 6- or 12-pulse rectifier
equipments.
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Figure 5.5 Half-wave 12-pulse circuit for 2-wire d.c. output. The reactor X can
sometimes be omitted

Three-wire circuits. Three-wire d.c. outputs may quite easily be obtained
with several rectifier and transformer connections. Choice of a particular con-
nection depends upon the required out-of-balance current, the pulse number
of the outer to mid-wire d.c. voltage, and the cost involved. The arrangement
shown in Figure 5.6 is the most economic, comprising a normal three-phase
bridge rectifier and a transformer having a star or interstar connected sec-
ondary with the neutral point brought out. This connection provides for not
more than 20% out-of-balance current in the mid-wire with a simple star wind-
ing or 100% if an interstar winding is used. In such circuits the d.c. voltage
waveform contains the harmonics of 6-pulse operation across the outers and
3-pulse operation from mid-wire to outers. The r.m.s. value of the harmonic
voltage is about 6% of rated d.c. voltage for 6-pulse working and about 25%
for 3-pulse working.

The connection shown in Figure 5.7 consists of two three-phase bridge
rectifiers connected in series and fed by a transformer having two secondaries,
one star connected and the other delta connected. This connection will handle
100% out-of-balance mid-wire currents with d.c. voltage harmonics outer-to-
outer of only about 3% r.m.s. (12-pulse) and the outer to mid-wire of about
6% (6-pulse).

Supply harmonics. It is important that the harmonics drawn from the
supply by a rectifier system be kept within the limits laid down by the supply
authority. Recommendations normally specify the maximum ratings of recti-
fiers, having a stated pulse number and assuming no phase control, which can
be fed from supplies at various voltages at the point of common coupling for
two or more consumers.
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mid-wire. Suitable for mid-wire current up to 100%
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Table 5.2 Maximum permitted rectifier loadings at specified voltage in the UK

Supply system Type of Permissible kVA capacity and corresponding

voltage (kV) converter effective pulse number of

at point of three-phase installations

common

coupling 3-pulse  6-pulse 12-pulse

0.415 Uncontrolled - 150 300
Half controlled - 65 -
Controlled - 100 150

6.6 and 11 Uncontrolled 400 1000 3000
Half controlled - 500 -
Controlled - 800 1500

33 Uncontrolled 1200 3000 7600
Half controlled - 1200 -
Controlled - 2400 3800

132 Uncontrolled 1800 5200 15000
Half controlled - 2200 -
Controlled - 4700 7500

Table 5.2 shows the general recommendations for the UK; these require-
ments are usually more onerous than those in other countries where larger
rectifier loadings may be permissible. It should be remembered that a three-
phase bridge circuit has a pulse number of 6. Pulse numbers less than 6 are
used only on rectifiers of a few kW rating or by special arrangement with
the supply authority. The table is only a guide and prospective rectifier users
should always consult their local supply authorities who are aware of other
consumers’ rectifier plants that may already be connected to the system.

Regulation. The inherent regulation of a rectifier equipment is defined as
the rise in voltage from full load to light load, and is expressed as a percentage
of the rated full load d.c. voltage. Light load is taken as 5% of rated load.

With certain rectifier circuits, the d.c. voltage can rise sharply below 5%
load because of the demagnetization of an interphase transformer. Steps can
be taken to prevent this occurring.

Small rectifier equipments incorporating fuse protection will have an inher-
ent regulation of the order of 5%. Larger equipments designed to be protected
by switchgear, and having a higher rectifier transformer reactance, will have an
inherent regulation of approximately 8%. Lower regulation values than these
can be obtained but they will usually cost more.

Rectifier protection. Rectifier equipments are protected against overcur-
rent and surge voltages, and are designed so that internal component failure
cannot cause damage. There are three basic overcurrent schemes: circuit-
breakers, fuses or a combination of both.

When fuses are used on their own they are of the fast acting type, specially
designed to match the characteristics of the diodes. They are connected in
series with the diodes but will also disconnect the diode should it have an
internal fault, allowing the passage of current in the blocking period. When
diodes are connected in parallel they normally have individual fuses. Indicator
fuses, of the striker pin type, are also connected across the diode fuses to
assist in identifying a blown fuse and the faulty diode. For small equipments
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containing six or less diode fuses it is often acceptable for these to be the sole
means of protection.

Circuit-breakers are used where it is not desirable to lose the complete d.c.
supply due to a feeder fault on the d.c. distribution network. This is generally
applicable to large rectifier equipments. In such cases fuses are provided for
protection of the diodes but d.c. feeder faults are cleared by high speed d.c.
circuit-breakers. This leaves the rectifier supply available for healthy circuits.

When d.c. overcurrents are likely to occur often but are not normally of
maximum severity, i.e. not short-circuits, the overcurrents may be cleared by
a moulded case a.c. circuit-breaker with diode fuses as back-up protection for
severe faults. Such protection applies to small equipments, up to 200/300 kW,
and only where the a.c. supply voltage is under 1000 V. A slightly higher
transformer reactance than normal allows the a.c. breaker to clear most faults.

Surge voltage protection is provided by capacitor/resistor networks within
the rectifier equipment. These networks limit transient voltage surges and com-
mutation voltage peaks to levels substantially below the transient rating of the
diodes. In most cases the surge absorbing circuits are themselves protected by
fuses. On larger equipments, local or remote indication of fuse operation can
be provided.

When regeneration can occur it is necessary to protect the d.c. network
by some other means than the surge absorbing circuit. Any motor attempting
to feed power back into the rectifier terminals raises the d.c. voltage to a level
which may cause damage. Protection for this condition can be provided by
a loading resistor that can be permanently connected or switched into circuit
under regenerative conditions.

Converting Machines

The term converting machines is used to cover those arrangements whereby
a.c. is converted to d.c. by machines having rotating parts. Although their use
is gradually dying out because of the advent of static converters, nevertheless
there are still many in operation today. There are three main types as follows.

Rotary converters. These consist of a wound rotor revolving in the field
of a d.c. generator, the rotor being fitted with slip-rings at one end and with a
commutator at the other. If while rotating at synchronous speed an a.c. supply
is connected to the slip-rings, d.c. can be taken from the commutator. There
is only one winding and the power to keep the machine running and to supply
the electrical and friction losses is taken from the a.c. side.

A rotary converter will run from the d.c. side when a.c. can be taken from
the slip-rings — this arrangement being called an inverted rotary converter.
Practically all rotary converters of any size are polyphase; three-phase for
small and medium outputs and six-phase for larger outputs.

Ratio of transformation. The d.c. voltage will be /2 or 1.41 times the
a.c. voltage for a single-phase, and the various ratios for polyphase machines
are given in Table 5.3.

The relationship is given by a.c. volts between slip-rings

dc.volts . m s
= ———=—sin—, where m = no. of slip-rings
m

Nz
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Table 5.3 Transforming ratios

Single Three Six Twelve
phase phase phase phase
Volts between slip-rings as a 70.7 61.2 35.4 18.3

percentage of d.c. volts

As d.c. voltages are usually in the region of 220 to 240V it will be seen
that with normal a.c. supply a transformer is needed to give the required
voltage for the supply to the a.c. side.

Six-phase machines are the most usual since it is fairly simple to obtain
a six-phase supply from the secondary of the transformer, using a delta con-
nection on the h.v. side.

Voltage regulation is obtained either by varying the power factor (by exci-
tation control), thus using the reactance of the transformer, or by using a
booster. Voltage control can also be obtained by using an induction regulator.

The efficiency of a rotary converter varies from 90 to 94%; it has a high
overload capacity, and as the power factor is under control it can be kept
approximately at unity.

Normally, rotary converters are not self-starting from the a.c. side, but a
starting winding can be wound on the stator to act as an induction motor.
Other methods include starting from the d.c. side and the use of an auxiliary
starting motor. With these methods careful synchronizing is necessary before
switching on to the a.c. supply otherwise serious damage may result.

Motor generators. These consist of two entirely separate machines (from
the electrical point of view), and any two machines (e.g. a motor driving a
generator) form a motor converter.

Normally they are coupled machines for converting a.c. to d.c. and consist
of either an induction motor or a synchronous motor driving a d.c. generator.
They also convert in the reverse direction from d.c. to a.c. when the latter is
required where there is no supply. Also motor converters are used as frequency
changers (i.e. an a.c. motor driving an alternator).

As there are losses in both machines the efficiency is not high and not
usually above 90%. One of the advantages is that high voltage can be taken
to the a.c. side and a wider control is obtainable as to the voltage on the
output side than with rotary converters. Motor generators are sometimes used
as standby supplies for computer installations.

Motor converters. These consist of two machines mechanically coupled
together but also connected electrically. The motor portion consists of an
induction motor with a wound rotor, the rotor being connected to the winding
of the rotor of the generator portion. The efficiency at full load varies from 86
to 92% with a power factor of 0.95 and over. They are rather more stable than
rotary converters and are self-starting from the a.c. side. They are not quite
so efficient at light loads. Both motor generators and motor converters are
discussed in some detail under ‘High integrity power supplies’ on page 139.



6 Computers and programmable
controllers

Compared to any other branch of electrical engineering, the field of computing
has seen the most radical changes in recent times. Indeed the area has expanded
so much that the study of computers and computing is a subject in its own
right. Here it is intended to give only the briefest overview of the many systems
now available, with the intention that the reader, knowing what systems are
capable of, will find the detailed information he requires in a more specific
publication.

The reduction of the many facets of computing activity to a single phrase
results in a definition which could be ‘computers are devices which process
information’. In the industrial environment this involves the control of other
pieces of equipment, but even this control is based on information signals
received, and a set of instructions against which the signals should be inter-
preted.

Two aspects are fundamental to the way computers carry out this infor-
mation processing:

1. The data must be represented digitally, this means using binary code. In
the binary or ‘base 2’ arithmetic system there are only two states which
may be represented by the digits 0 and 1. However, any number can be
represented using this notation as long strings of 1s and 0Os. By simple
substitution, letters and other typographical characters can be represented.
Similarly a photograph can be described digitally, with every dot, or pixel,
being given a number corresponding to a particular shade of colour. To
describe a large colour picture in this way is clearly an extremely data
intensive exercise, but the point is that all information is reduced to a form
in which it can be processed by a machine.

2. The second fundamental aspect of modern computing is that the digital
information is processed electronically. Electronic circuits can be built
which act on the digital data. Provided the numbers are either 1 or O then a
circuit to add two numbers, or compare two numbers, is relatively simple to
construct. Data comprising of 1s and 0s is easy to store. Although the num-
ber of individual bits of information is large, for even, say, a short English
word, this does not matter. Computers have enormously large numbers of
circuits, and they work incredibly fast. Indeed the power of a computer
is a function of the speed at which it operates, and the number of bits of
information it works with at any one time.

To a user it appears that pressing buttons on the keyboard causes letters
to appear on the screen. In the background, the computer is working on many
different fronts to achieve this task.

First there is the hardware, the actual physical components which comprise
the computer system. The keyboard is a panel of pushbuttons. The screen might
be either a cathode ray tube, or a grid of light emitting diodes. For a desktop
style computer the main processing functions will be carried out in a single
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integrated circuit on a silicon chip. Other chips will provide the ‘memory’.
There will be an electrical power supply, maybe a cooling fan, and one or
more long-term memory or data storage devices using magnetic media.

In a field where the pace of development is so rapid, giving examples of
the capacity of storage devices, or the speed of processors, serves only to date
the text, but at the present time storage capacities are counted in gigabytes
where the prefix ‘giga-’, abbreviated by the symbol G, indicates multiplication
by the factor 10°. A byte represents a string of individual 1s or Os which go
together to represent a particular character or piece of information. Processor
speeds are determined by the operating frequency of the device, which is
counted in gigahertz where the prefix ‘giga-’ has the meaning defined above
and one hertz represents one operation per second.

The most technically complex of the components is the processor chip
itself. By the time the data arrives for processing, it will already have been
converted to digital 1s and Os. The basic control of how data is moved around
inside a computer is the function of the operating system. This is a set of
instructions (a program — or, more precisely, a program protocol) which the
computer follows to undertake basic tasks, like getting the instructions to
do more complex activities. The operating system is controlling the actions
of electronic components in the processor chip, so this makes an operating
system specific to a particular design of computer. In reality many common
standards have been agreed within the industry. There are a few major oper-
ating systems, and most hardware designs are broadly similar. The resulting
general data processing platforms are then customized to do specific tasks by
loading into them particular software. This could be word processing, control-
ling a machine, robot or large production process, or performing calculations
and displaying the results.

The processing power available, the software available, and the facility
for users to create their own software for their particular needs make com-
puters extremely versatile tools. As processing power increases, users find
ways to utilize the extra power to give more and better functionality. The
cost of the technology comes down all the time. As a result, it is practical to
embed computers into hand-held devices or telephones, and development is
still continuing.

Office and Home Computers

The computer familiar to many will be a case of 4 to 6dm°>, a keyboard, and
a screen. Although it may have been manufactured by any one of a number
of companies, this PC, or personal computer, is based on a generic design
by IBM. Indeed, for a long time the design was known as ‘IBM compati-
ble’ machines. The most prevalent operating system is Microsoft Windows, a
product which has achieved widespread use through marketing along with the
hardware. The combination of similar hardware design and similar versions of
software mean that almost all office and home computers will work in pretty
much the same way. This has obvious advantages for the user. Apple comput-
ers use different hardware and operating systems, and are frequently defended
by their users as being technologically better for the tasks they perform, but
they are a minority of the systems in use today.
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As a standalone device the computer is a powerful tool. It can be used
for calculations, preparing printed material, processing music and many other
activities. The true potential of computers is released when they are connected
together into networks. Networks allow many computer users to access data
stored centrally, in processors with large data storage capacity called servers.
In an office, peripheral devices like printers can be shared among all the users
of the network. The network connection makes it easy for the data on one com-
puter to be sent to another. This could be between two adjacent desks in an
office, or to the other side of the world. In the same way that telephones trans-
mit voice signals down wires, through exchanges, and via satellites, computers
can pass their digital information from one machine to another.

Early computer networks actually used the telephone system, and most
home computers still use this to make their connections, but for large users
there are now dedicated data connections. In exactly the same way that a
telephone exchange switches a telephone call through to its destination, the
computing equivalent, the router, directs the flow of digital data through con-
necting wires and satellite links to its destination. This worldwide connection
of computers is known as the Internet. There is a consistency of standards in
use and an incredible amount of data can be freely accessed using the protocols
of the World Wide Web.

There are so many uses that computers can be put to that it would not be
possible to list them all. The more important ones are worthy of note, however,
since they illustrate the widespread use of such systems.

Word processing. This is the creation and editing of text, laying it out
on a page, possibly adding pictures, and then printing the results on paper.
The computer controls the printer, it checks spelling and can arrange the
formatting automatically. This has totally replaced the typewriter in everything
from writing a short paragraph, to typesetting books and newspapers. In its
most advanced form, this is known as desktop publishing.

Spreadsheets. Another activity carried out in office applications. Spread-
sheets are programs for storing and arranging data, in a format which is very
easy to use. They are also good for producing graphs, and doing calculations.

Email. The need to send messages from one computer to another was
questioned in the early days, but today it is an extremely widespread use of
computer networks. A concern has been expressed that the ability to broadcast
information to large numbers of people has reduced the effort users put into
the quality of what is sent. Files and other information can be attached to
email message covering letters.

Databases. These are used by companies often as a core part of their
business. For example, in the case of a mail order business a single database
might contain the names and addresses of all customers, lists of everything
they have ever purchased, what they have on order at the moment, and their
account balance. This could all be tied-in with the purchasing database for
ordering stock from suppliers. Programs within the main database can auto-
matically generate dispatch notes and invoices, order new stock, and print out
a warehouse pick list.

A utility company may have a database containing every meter reading,
for a customer’s domestic energy supply details. The same data is used for
billing. Banks keep account information in databases, and the share dealing
and commodity brokerage systems used by financial institutions also involve
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large databases. The common factor is that a lot of information is stored and
indexed, and various programs can process or change the data in order to
effect the desired transactions.

In fact the amount of information stored on computers nowadays is so
extensive that it has led to the Data Protection Act, an Act of Parliament
which limits how organizations can use electronically stored data, and give
the people who are the subject of the data certain rights.

Technical calculations. In the engineering field, it is the calculating power
of computers which is of benefit. Mathematical models representing real life
situations (algorithms) can be created, and tested in all conceivable circum-
stances. These can range from modelling the loads in an electricity network,
to calculating the thickness of the structural members of an aircraft fuselage.
Computer aided design goes together with drawing packages which enable
the finished output to be produced on paper. Alternatively the design can be
taken directly to the computer numerically controlled (CNC) machine tool,
and produced without the need for prototypes.

Digital sound and pictures. Since sound and pictures can be converted
to numerical patterns, or digitized, computers can process music and film.
Whereas previously video signals were recorded in analogue form on tape,
now the information is stored digitally, so it is easier to edit and refine.

Computers in education and in the home. On a smaller level, computers
in schools and in the home can be excellent educational tools. Their use in
schools at as early a stage as primary school level also has the benefit of
teaching computing skills to the next generation at a very early stage in their
education. Links to the World Wide Web enable information to be found from
many sources, and learning to access this information is a skill that is taught
from an early age. Finally computers can also be used for playing games
whose complexity is limited only by the programmers’ skills.

Security

The ability of computers to connect to other machines introduces security risks.
Many systems are password protected, theoretically allowing only authorized
users to access the data. However, computer hackers can find ways round
passwords and gain unauthorized access to private information. Most large cor-
porations take the issue of computer security extremely seriously, and invest
in the latest technology to defeat hackers. Another threat to computer systems
is through viruses. These are programs which can modify or delete data, or
have other undesired effects. The programs can run on any computer in the
network and copy themselves on to other machines, hence the name. Virus
programs are usually introduced into a system in an email message or inad-
vertently downloaded from the Internet. Software is available to detect and
remove them.

Industrial Computing

The widespread use of computers has undoubtedly revolutionized the way we
work in offices and relax at home. Industrial computing, robotics, and process
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control all seem less fundamental changes by comparison, but to the industries
they affect they are no less important. Machinery for performing repetitive or
strenuous tasks has been around since the industrial revolution, but what is
new is the way in which machines can now be controlled. Again, computers
are the controlling device, but in this case the information they are processing
represents aspects of the operation of a machine.

Previously an automatic machine would have relied on a panel of electro-
magnetic relays to sequence its operations properly. The wiring was configured
such that a signal on a particular sensor would trigger output of a certain actu-
ator, provided other criteria were met. Large panels of relays have now been
replaced with the programmable logic controller, or PLC.

Programmable controllers. A PLC is a small computer. It has inputs,
and outputs, where connections can be made to the external circuits. It has a
processor to control the outputs in relation to the signals on the inputs, and
it has memory to store the program. What may not be apparent is a screen
or keyboard. Often these are removed after programming, since the PLC does
not need them to function.

The PLC has many advantages over hard-wired relay panels. In terms of
processing power per unit size, it is much smaller. As there are no moving
parts, it is orders of magnitude more reliable. If the user wishes to change
the logic, then it is easy to plug in the programming keyboard and edit the
program; rewiring would have been necessary with a relay panel. The degree
of control available is much more sophisticated. PLCs can have digital inputs
from switches, or analogue inputs from temperature, pressure or flow sensors.
The computing commands available cater for all industrial requirements. The
device could perform logic control and interlocking, it could sequence various
plant operations, or it could control process flows and conditions using PID
(proportional, integral and derivative) algorithms.

Many manufacturers produce a range of PLC components. The entire
device may be contained in one single ‘brick’, suitable for mounting in a
small box, with the input and output terminals arranged along the top and
bottom of the case. The larger systems are usually built up from a number
of components. On to a pack plane would be fitted a power supply module,
a processor module, some analogue and some digital input modules, some
analogue and some digital output modules. The rating of some output modules
may be small, to keep the size down, and so to enable large loads to be
controlled, it may be necessary to specify a relay output as opposed to a
transistor output. Usually the modular nature of the systems makes this an
easy activity.

High integrity control. Where PLCs are used in critical process areas, for
example in safety shutdown systems in petrochemical plants, it is frequently
required to have redundancy, that is more than one device or system is used
to provide the control function. Many systems permit this by linking two or
more processors together. If one processor fails, then the system will automat-
ically switch over to the other. In triplex redundant systems, three processors
are working together, and the output modules operate according to the voted
commands based on a ‘two-out-of-three’ rule. Thus if one processor gives a
spurious result this will be ignored. Manufacturers claim that such systems
are so reliable that they will never maloperate over their entire service life.
Such a guarantee is obviously dependent on careful commissioning of the
controller initially.
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PLC networks. Another feature of the larger types of PLCs is the ability
to network them. In just the same way as the productivity of office computers
goes up when they can all share data, when PLCs are connected together, the
data they are processing can be monitored. A group of PLCs on a production
line can be linked to one operator station. This could be a specific control
panel by the same manufacturer, or a standard office computer running special
software. From this station it might be possible to make running changes as
the line is operating. It might be possible to diagnose faults, or reprogram the
controllers when they are off-line. The running totals of production quantities
can also be monitored.

System-specific PLCs. The PLC systems described above are made from
standard products, and specifying and indeed programming the systems is
straightforward. Nothing about the controller is specific to the task to which
the customer is going to put it. This leads to ranges of good value, yet reliable
systems, suitable for a wide variety of applications. However, there are some
areas where a specific control system is called for. An example might be
that of a gas turbine controller. A control system like this is designed by the
manufacturer of the primary plant, and the two are sold together. The control
algorithms might be proprietary information and so once the equipment is
set up, the end user or customer is not given access to the source code. For
normal operation of the equipment this does not matter, but for servicing,
OEM (original equipment manufacturer) support is needed. The manufacturer
might put a premium price on this assistance, but this is usually offset by the
reduced frequency of servicing which goes with computer controlled systems.

Control of entire plant. The highest level system of all would be that
which controls a whole process plant or power station. In such systems the
various processors are often distributed about the plant, earning their name
of distributed control systems. It is a relatively short cable run from any field
instrument to the nearest processor cubicle. In large systems there would usu-
ally be redundancy of controllers, and redundancy of the network connections
between them. A single control room could have a number of operator screens
on the same network. Although each processor is substantially autonomous and
does not need the network to operate, it uses the links to send plant data back
and forth. Thus every aspect of the plant can be both monitored and controlled
from a single point. In such systems the computing power is used to:

1. Keep the system running as efficiently as possible. The algorithms might
tune themselves in order to maximize the desired output. Very sophisticated
control actions can be taking place.

2. Make the operator’s life as easy as possible. Information is presented on
plant mimic-diagrams, with graphics that represent flows in pipes and the
levels of tanks and reaction vessels. Alarm conditions are automatically
linked to information about the problem. Fewer people can look after
more plant.

3. Store massive amounts of data about the plant. Often, for reliability reasons,
the two functions of controlling the plant and recording data are performed
on separate processors, but both are connected to the same network. On
some plants, several thousand analogue values, and maybe ten thousand
binary signals are logged with a 5-second sampling interval for the 30-year
life of the plant. This requires colossal amounts of storage capacity, but
given the way costs fall, it is economic to do. The data available to plant
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engineers for maintenance, fault diagnosis, and performance improvements
is invaluable.

Major industrial computing systems such as these can have their net-
works connected to the more commonplace office networks, usually with some
bridging computer running special software. Thus a plant manager can have
real-time information on his desktop about the plant conditions.

Microprocessor-based Devices

It is now so easy to design a microprocessor-based computer, and so cheap
to manufacture these, that many products now contain them. This adds new
features to existing products, so more can be achieved with fewer components.
Protection relays for use in electrical systems now use microprocessors. Indi-
vidual cubicles in a motor control centre may have integrated microprocessor
protection and control modules. When designing a large plant, this can reduce
on-site wiring, and enable many commissioning tests to be carried out from
a single point. However, this introduction of different systems has brought
with it new areas which must be carefully thought out. Making one computer
system work with another is not always straightforward. Although there are
common standards for data communication in industrial systems, it can be
complicated to commission a brand new design.

Although the only moving part might be a hard disk which is in a her-
metically sealed enclosure, the environment in which a computer is located
is important. Server rooms in companies will be air-conditioned. The power
supply will be filtered so that high frequency transients or spikes are removed.
Since an unexpected power interruption can cause loss of data and corruption
of files, uninterruptible power supplies frequently have to be provided. When
installed in an industrial environment, a clean, dry, cool location should be
selected. Since computers use low signal levels, interference from other items
of electrical apparatus can be a problem. Optical-fibre cables can be used for
long routes where this is the case.

Computers and computing is a field in itself, there is much jargon to
come to terms with as well as new skills to learn. Working with comput-
ers and microcontrollers introduces new challenges, but also some exciting
opportunities. The technology is relatively cheap, and getting cheaper all the
time. Similarly the computing power available is increasing all the time. In
the office, new ways of working have resulted, and in industry the automation
has brought cost savings and productivity improvements. There are still many
more developments to come, especially in the areas of mobile computing, and
it is likely that these will seem every bit as revolutionary as what has happened
in the last ten years.



7 Electricity generation

Generation may be direct current or alternating current but the versatility of
the latter together with the availability of units with high ratings, and the
robustness and reliability of alternating current plant, have made it universally
dominant. Only alternating current generation is dealt with here.

Synchronous Generator Theory

An alternating current generator consists essentially of a magnetic field system
produced by direct current, and an armature having windings linking this field
system so as to induce an alternating voltage. The field is almost invariably
carried on the rotor of the machine which is driven by the power source,
possibly a steam or gas turbine in the case of a large unit, or an internal
combustion engine for a small generator up to, say, 25 MW. The rotor may
be cylindrical or it may have salient, that is readily identifiable, poles. The
armature, which produces the alternating output voltage is the stationary part
of the machine, or stator. For all but the very smallest machines the output
is generally three-phase, at a frequency of 50 Hz in the UK and Europe, and
60Hz in North America.

The form of construction of the machine depends greatly on the power
source and speed. To generate at a frequency of fHz when driven at a speed
of n r.p.m. the generator must have 2p poles, such that
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2p

where n is the synchronous speed, that is the speed of the rotating magnetic
field which would be produced by currents at frequency f circulating in the
three-phase stator winding. It will be seen that a low speed machine will thus
have a large number of pole-pairs and must therefore have a large diameter
to accommodate these, while a high-speed machine of similar power will be
longer with a smaller overall diameter. The highest machine speed corresponds
to two poles (p = 1) and will be 3000 r.p.m. for 50 Hz or 3600 r.p.m. for 60 Hz.

The electrical output, S, of a generator can be determined from its dimen-
sions, speed of rotation and electrical and magnetic loadings as:

S = KD*LnAB

where K is a constant, D is the diameter of the stator bore, L is the stator
active length, A is the electrical loading (stator ampere turns per unit stator
bore circumference) and B is the flux density at the stator bore. For any
given choice of materials and method of cooling, the electrical and magnetic
loadings (A and B) are essentially fixed, so generators for different outputs are
designed by selecting different diameter and length of stator bore. These are
constrained by the ability to build corresponding rotors capable of withstanding
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the centrifugal forces which increase as the diameter increases, and of avoiding
damaging critical speeds which decrease as the length increases. It is also
necessary to ensure adequate cooling of both stator and rotor which becomes
more difficult as the length increases.

The e.m.f. equation. Consider the three-phase, two-layer winding of
Figure 7.1. While the field system moves through a distance equal to one
half a pole-pitch the induced e.m.f. changes from zero to Ey,x. Regardless of
the space distribution of flux in the air-gap its r.m.s. value will be k| times
the average value, where ki is the form factor of the flux distribution. Since
the waveforms of the induced e.m.f. distribution in any conductor cut by a
flux field travelling at constant speed and the flux distribution are identical,
this too will have form factor k;.

Pole-pitch

=180° elect.

120°—»{«—120°>|
2, 1, 3, 2\1 1, 34

o1 Ot
Coils 1, 1, 15 and 1, the four coils of phase 1
Coils 2,2,2, " 2, " " - "o
Coils 31 32 33 " 34 " " " " o3

Figure 7.1 Three-phase two-layer winding

Now the average e.m.f. induced in this conductor, E,y, is given by

flux cut

™ time of cutting

and the flux which cuts the conductor as the pole system moves one half a
pole-pitch is /2, where @ is the total flux per pole, while the time of cutting
is one quarter of the periodic time, namely 1/4 f sec.

Hence

D/2
1/4f
=2df volts

E,y per conductor =

If there are Z conductors in series per phase, then the average voltage
of all conductors summated will be 2®Zf and the r.m.s. voltage will be
k1 Eay = 2k1 ®Zf volts.
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However, in establishing this expression the assumption has been made
that all the e.m.f.s of the Z conductors can be added arithmetically. In reality
the conductors of a phase will be distributed over several slots and it is also
likely that the width of the coils is not the full pole-pitch. The terminal e.m.f.
must therefore be reduced by factors to take account of the physical disposition
of the winding. Hence, the induced e.m.f. per phase is given by

Eph = 2k1kak3®Zf volts

where k; is a factor to take account of the distribution of the winding over a
number of slots and is known as the distribution factor, and k3 is a factor to
take account of the fact that coils do not have the full pole-pitch and is known
as the coil-span factor.

Machine reactances. In order to determine the response of a generator
to changes of load, excitation or other factors it is necessary to have a mathe-
matical model. This requires that reactances and resistance values are defined.
Because of the lack of symmetry of the machine rotor about its central axis, it
is usual to consider these parameters resolved along two axes at 90 electrical
degrees, where the angle between two adjacent poles is 180 electrical degrees.
These are known as the direct or simply ‘d’ axis, taken along the centre line
of the rotor poles, and the quadrature or ‘q’ axis being along the interpolar
axis. The d axis and q axis values can be calculated from a knowledge of the
machine geometry. At low values of magnetic flux when the reluctance is all
in the air-gap, the reactances are said to be unsaturated. Under short-circuit
conditions when very large currents flow, the flux paths in the stator core and
rotor body can become saturated and reactance values will be reduced. These
are known as saturated values.

Leakage reactance. The stator leakage reactance results from flux which
passes along the air-gap from tooth to tooth without entering the rotor, or
it may arise from the stator endwinding. Since these leakage flux paths are
essentially independent of the angular position of the rotor, the direct and
quadrature axis values are considered to be the same.

Armature reaction. When load current flows in the stator winding, this
produces a magnetomotive force (m.m.f.) which combines with the m.m.f.
produced by the rotor winding to modify the flux which would be produced
by the rotor winding on its own. This is known as armature reaction. On no
load, with no stator current, there is no armature reaction. On load, the way
in which the excitation flux is modified by the armature reaction depends on
the power factor of the load. Consider the single-phase two pole machine of
Figure 7.2. Figure 7.2(a) shows the e.m.f. developed on open-circuit with a
polarity directly related to that of the adjacent poles. Figure 7.2(b) shows the
current distribution with a unity power factor load. Since current and voltage
are in phase this is identical to the e.m.f. distribution of Figure 7.2(a). The
m.m.f. produced by the stator is at 90 electrical degrees to the rotor m.m.f. so
that the resultant flux is shifted through an angle determined by the relative
magnitudes of rotor and stator m.m.fs.

In Figure 7.2(c) the stator current lags by 90°, i.e. zero power factor lag.
It will be seen that the m.m.f. produced is in phase opposition to the rotor
m.m.f. so that the resultant flux is considerably reduced. By similar reasoning
it can be shown that when the stator current is at zero power factor lead there
will be an increase in the nett flux (Figure 7.2(d)).
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(a) E.M.F. distribution. (b) Current distribution,
unity power factor
load.

(c) Current distribution, (d) Current distribution,
zero power factor zero power factor
load (lagging). load (leading).

Figure 7.2 Armature reaction in an alternator

Synchronous reactance. The effects described above can be quantified as
follows. Suppose that a generator is operating at zero power factor lag. Then
the current I, can be represented lagging the terminal voltage Vpn by 90° as
shown in the phasor diagram of Figure 7.3. Now the leakage reactance drop,
E., in the machine leads the current by 90° so it will be in phase with Epp,. The

y
A4

Figure 7.3 Operation at zero power-factor lagging
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terminal voltage, Vpn, is thus the difference between Epy and Ey. However,
it has been shown, above, that the effect of armature reaction is to directly
reduce the excitation flux and since the actual induced e.m.f. is the result of this
reduced flux and not the open-circuit flux, it is clear that the armature reaction
has the same effect as increased leakage reactance. Hence the armature reaction
can be ignored and a notional value of reactance assumed which would have
the same effect as the combined leakage reactance and armature reaction. This
notional reactance is called the synchronous reactance.

Transient and subtransient reactances. These are the reactance values
which determine the contribution of the generator to an external short-circuit.
(They also determine the effect of external faults on the machine windings.)
The subtransient reactance, denoted by the symbol X", is the parameter which
determines the contribution to the initial peak current, the fransient reactance,
denoted by X', determines the fault current on a longer timescale.

Generator open- and short-circuit characteristics. Prediction of a gen-
erator steady-state performance is based on its open-and short-circuit charac-
teristics shown in Figure 7.4. With the stator terminals open-circuited a curve
of open-circuit volts, E,, is plotted against exciting current ;. At rated speed
the abscissa Ob corresponds to the field current for rated volts, bg. Oa is
the proportion of the field current required to overcome the reluctance of the
air-gap and ab that required to generate the flux within the iron circuit.

Air gap line E

10—————

E,and I (p.u.)

@
0 Field current /;

Figure 7.4 Open- and short-circuit characteristics

With the stator winding short-circuited, stator current can be plotted against
field current to produce the curve Oh such that field current Od circulates
rated stator current Isc. On short-circuit the stator winding represents a load
of almost zero power factor lagging in view of the very low winding resis-
tance. Armature reaction is in direct opposition to the field m.m.f. so that
the resultant flux is very small and insufficient to cause any saturation. Oh is
therefore a straight line. The stator induced e.m.f. Es. which circulates rated
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stator current /s against the stator leakage reactance X, neglecting the stator
winding resistance, is I X.

Since the relationship between I and Ir is linear, E. and X are both pro-
portional to speed so the short-circuit characteristic is, to a first approximation,
independent of speed. It is nevertheless usually obtained at rated speed.

Considering the open-circuit and short-circuit characteristics and again
neglecting saturation effects and stator resistance, it will be seen that a field
current of magnitude Oa produces an e.m.f. equal to af on open-circuit and
ak on short-circuit. Hence on short-circuit the stator appears to present a
reactance E, /I = af/ak, a constant representing the unsaturated direct axis
synchronous reactance, Xgy.

Types of Generator

Generators are generally classified in accordance with speed and construction
into the following categories.

Turbogenerators. Are driven by steam or gas turbines and cover power
outputs from a few MW up to the largest built, currently around 1300 MW.
They are usually two-pole machines having cylindrical rotors in which the
field winding is housed in axial slots. The machines may be cooled by circu-
lating air by means of a shaft-mounted fan either drawn directly from external
atmosphere or using an enclosed circuit having secondary ait/air or air/water
heat exchangers. For the largest ratings, say over 200 MW, the rotor and stator
core may be cooled by circulating hydrogen, and the stator winding by passing
cooling water down the centre of the winding conductors. This water must be
demineralized in order to have the high resistivity necessary, and the water-
pipe connections to the stator windings are normally of PTFE (see Chapter 3)
to insulate these from the high voltage between the stator windings and the
earthed heat exchangers.

Hydrogenerators. Are driven by water turbines and are generally very
much slower speed than steam or gas turbine driven generators. They are
normally salient pole with a large number of pole-pairs and operate at
50-1000r.p.m. depending on available water head and flow rate. Low-speed
machines can be very large diameter with correspondingly short axial length.
Generally such machines will have a vertical spindle with the generator
mounted above the turbine.

Industrial generators. Are widely used for standby power supplies or
supplies in remote areas where a public supply is unavailable. Often the prime
mover is a diesel engine driving a salient pole machine at up to 1500 r.p.m.
Ratings may be up to around 12MW with the larger machines running at
lower speeds.

Induction generators. Are similar in construction to an induction motor
and draw their magnetizing current from the power system. They generate an
output when driven at a speed slightly greater than synchronous speed and have
ratings not normally greater than about 3 MW running at up to 1000 r.p.m.
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Generator Construction

Rotors. The rotor shaft is usually a steel forging which is supported hori-
zontally on bearings, ball or roller bearings for small generators and journal
bearings on the larger machines. Hydrogenerators often have a vertical shaft
which is supported on a thrust bearing designed to carry the weight of the rotor
and possibly the turbine runner together with any hydraulic thrust. For a cylin-
drical rotor generator, slots running the length of the rotor body are machined
in the rotor forging to house the copper conductors forming the rotor winding,
and high strength wedges to hold the conductors in place against the high cen-
trifugal forces. The conductors normally form concentric coils about the pole
centreline which is not slotted for the winding. At the ends of the rotor body,
the overhangs of the concentric coils are held in place against the centrifugal
forces by high strength end-rings which go over the coils and are supported
from the ends of the rotor body. Salient pole generators may have pole bodies
forged integrally with the shaft or may have pole bodies, assembled from steel
laminations, secured to the shaft by T headed slots. Slower speed and larger
diameter generators, which can be over 10m in diameter, may have a bolted
laminated steel rim supported on a fabricated spider from the shaft. Again the
pole bodies, assembled from steel laminations, are secured to the rim by T
headed slots or similar. These very large rotors can exceed transport limits in
terms of weight and/or dimensions so they are split into sections for transport
or are built for the first time on site.

Rotor windings. The rotor winding carries direct current in order to pro-
vide the magnetic flux. Figure 7.5 shows a typical salient pole machine in
cross-section while Figure 7.6 shows the cross-section of a cylindrical rotor
turbogenerator. Simplified flux distributions are shown in both diagrams. The
disposition of the field windings on the salient pole machine is apparent from
the diagram. For the cylindrical rotor machine the field winding must be dis-
tributed in slots covering a considerable section of the rotor face. These field
winding arrangements play a part in determining the shape of the air-gap flux
wave, which in turn determines the stator output waveform. Distribution of
the field coils in the rotor slots assists in shaping the flux wave. The machine
designer is aiming for the stator output waveform to be as near as possible to
a true sine wave. For the salient pole machine the pole faces are shaped so
as to have increased air-gaps at the pole edges. This assists in producing the
required flux pattern which otherwise would be basically rectangular, that is
opposite the pole face there would be flux and outside this band there would
be no flux.

Stator core. The core is made from thin laminations of special magnetic
steel sheet cut to form rings, with the rings segmented for the larger generators.
Each lamination is stamped from sheet to give the correct profile including
slots for the stator winding and any ventilation holes, and is then insulated to
reduce eddy current losses. The rings of laminations are built up to the required
core length and then pressed and held under pressure within a stator frame
to hold them securely. Any loose laminations may vibrate and damage the
stator windings, or the teeth between the winding slots may fracture. Special
care is taken with the stator core of a two-pole generator which experiences a
compressive force in line with the pole centreline and rotating at synchronous
speed. For transport purposes the stator cores of large generators can be split
into segments.



119

Part of stator
winding
(armature)

Stator core
(laminated)

Stator slots

Pole shoe

Pole core

Exciting
coil

Air gap

Path of mean
magnetic flux

Figure 7.5 General arrangement of rotating field alternator

Figure 7.6 Cross-section of cylindrical rotor turbogenerator
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Stator casing. This holds the stator core and frame to the foundations,
transmits the forces under normal and abnormal operating conditions and con-
tains/directs the cooling medium. Large generators may have hydrogen, at
perhaps up to 3 or 4 atmospheres, in the casing to give improved cooling of
stator and rotor. The casing must then be a gas tight construction with special
seals around the rotor shaft. These take the form of journal or thrust bearings
which hold oil at a higher pressure than the gas so that there is a small oil
flow to the gas side.

Stator windings. Figure 7.7 shows the disposition of a simple single-
phase winding. It has only one conductor per pole and in addition to making
very poor use of the available periphery of the stator, this would have a very
small output e.m.f. Figure 7.8 shows ways in which turns can be accommo-
dated and distributed in slots around the stator. Of course, in reality, each slot
may contain a number of conductors so the winding will be made up of a
number of coils containing several turns each. In Figure 7.8(a) coils have two
turns each distributed over two slots per pole. It can be seen from the diagram
that for this winding the coils’ ends or overhang occupy only half the stator
periphery. This is inefficient use of space and would lead to a more costly
machine. By utilizing coils whose width is slightly less than a pole pitch
as shown in Figure 7.8(b) the overhangs are evenly distributed around the
whole periphery. The windings shown in Figure 7.8 are single-layer wind-
ings because one slot holds the conductors of one coil only. Most modern
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Figure 7.7 Elementary four-pole alternator
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Figure 7.8 Concentrated and distributed windings

generators have two-layer windings in which each slot holds the conductors
of two coils. These are arranged so that the lower half slot contains one
coil-side of which the other side occupies the upper half in its return slot.

Three-phase windings. The windings described above are for a single-
phase machine. In a three-phase machine each phase-group of coils occupies
an arc of 60° electrical under each pole. In order to achieve the required 120°
electrical displacement between the stator induced e.m.fs., phases a and b will
occupy the outer positions and phase c, connected reverse polarity, will occupy
the middle.
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Practical considerations. The physical make-up of the coils is dependent
on the size of machine. Small machines operating at modest voltages utilize
mush coils. These are wound from round wire, enamel insulated, laid at random
in open or semi-closed slots (Figure 7.9 ). The main insulation between coil and
core is a slot liner of polyamide or aramid paper (Nomex). Two-layer windings
have either a separate liner for the top coil-side, or simply a separator between
top and bottom halves of the slot.

Figure 7.9 Semi-enclosed slots in generator stator periphery

Larger machines have preformed coils wound from rectangular conductor.
Each conductor may be subdivided into a number of subconductors to reduce
eddy current loss. These may be enamel insulated, or enamel plus a thin cov-
ering of braided glass or polyester-glass. Subconductors may be transposed
along the coil-side so that each links a similar level of leakage flux (produced
by the load current) thus balancing out the leakage flux induced e.m.fs. Coils
may be wound as flat loops which are then formed into shape, having the cor-
rect length for the stator slots and the appropriate slot pitch. Interturn insulation
is usually applied by overwrapping after this forming stage. The main insula-
tion to earth on large high voltage generators is made from mica bonded with
epoxy resin which is applied directly to the subconductor stack and pressed
and cured to give an integral structure having excellent mechanical, electrical
and thermal properties.

Special attention is paid on very large generators, under normal operation
as well as under fault conditions, to the forces on the conductors in the slots
and in the overhang.

Testing

Apart from site built generators it is usual for all generators to undergo some
proving tests before leaving the factory. Full load testing is impracticable
except on the smallest generators. Testing can include:

Winding resistance
Insulation resistance
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Winding high voltage
Open-circuit excitation
Open-circuit losses
Short-circuit excitation
Short-circuit losses

Zero power factor excitation
Temperature rise

Sudden three-phase short-circuit
Overspeed

Some of these tests, referred to as fype tests, may only be carried out on
one generator of a particular design.

Generator Protection and Synchronization

All generators have some form of electrical protection which is aimed at lim-
iting the damage to the generator from an internal fault or external fault that
gives rise to damaging conditions. Also the protection aims to limit the dis-
turbance to the external electrical system from a generator fault. The extent of
protection applied is determined by the value, i.e. size and rating, of the gener-
ator and disturbances to the external electrical system. Protection can include:

Generator differential
Overcurrent

Stator winding earth fault
Rotor winding earth fault
Negative phase sequence current
Loss of excitation

Pole slipping

Reverse power

Rate of change of frequency
Over/undervoltage
Over/underfrequency
Overfluxing

Overexcitation

Microprocessor protection offers several of these functions within one
equipment so that the user may select those to be used. Large generators may
have a two-channel arrangement which duplicates some protection functions
and gives alternative cover for other fault types.

Automatic synchronizing equipment which controls prime mover speed
to match frequency and voltage phase angle, and controls voltage to match
voltage magnitude before automatically closing the generator breaker, is used
widely. Synchronizing is achievable within fine limits.

Connection to Electrical Network

At voltages up to about 11kV, the rated generator stator voltage is normally
selected to match the voltage of the system to which the generator is connected.
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However, even at these voltages, a small output at a high voltage or a large
output at a low voltage may make the generator design uneconomic. In these
cases, and where a generator is to be connected to a higher voltage transmission
or distribution system, it is usual for the generator output to go via a generator
transformer which matches the voltages. In these cases the generator designer
is able to optimize the selection of rated voltage and current. For example,
for the 500 MW and 660 MW generators in the UK, the rated generator stator
voltages are 22kV and 23kV, giving rated stator currents of about 15kA
and 20kA. These rated currents are too large for cable connections so phase-
isolated busbars comprising a hollow aluminium conductor inside a circular
aluminium earthed outer enclosure are used. These virtually eliminate the
risk of phase to phase faults at the generator voltage with the attendant large
currents and forces. The use of a generator transformer gives the option of
control of voltage at the electrical system interface by changing generator
voltage or by keeping fixed generator voltage and using an on-load tapchanger
on the transformer. The latter arrangement is used in the UK and gives the
required voltage droop characteristic with reactive power by virtue of the
transformer reactance (see section on excitation control) and permits power
station auxiliaries to be supplied via a unit transformer connected to the fixed
voltage generator terminals.

Operation of Generators

The operating characteristics of an a.c. generator are slightly different when
running singly compared to when it is running connected to a large system.
The latter arrangement is, of course, by far the most common method of
operating an alternating current generator.

Operation singly. When a generator runs alone to supply power to an
isolated system, the power demanded by the system has to be supplied by the
prime mover. If the demand is increased the generator will initially tend to
slow down but action of the engine governor will increase the throttle setting
to maintain the speed and frequency constant. The system power factor will
likewise be determined by the load, but if the load conditions change such as
to change the system power factor the generator output voltage will initially
change. This will be maintained constant by the automatic voltage regulator
having control over the field. By convention, a lagging power factor load is
considered to require that the machine export reactive volt-amperes (VArs) and
a leading power factor load requires the machine to import VArs. A lagging
power factor load will cause the machine output voltage to fall compared with
generation at unity power factor, so that increased excitation (field current)
will be required to maintain the system voltage. A leading power factor load
will require reduced excitation compared with that at unity power factor to
maintain a constant output voltage.

Operation on a large system. When it is connected to a large system the
action of the individual machine controls cannot have any significant effect
on the system as a whole. Hence opening the throttle of the prime mover
to increase power input to the machine cannot affect system frequency but
the power exported by the machine will be increased, while it continues to
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run at synchronous speed. Similarly, increasing the machine excitation cannot
increase the voltage on the system but this simply increases the VArs exported
by the machine to the system, that is the machine power factor moves further
lagging. In the same way reducing the machine excitation causes the power
factor to move further leading. Reducing the excitation too far will cause the
power factor to move too far to the leading condition so that the machine
could become unstable and pole-slip. The field may be seen as the means of
transferring the input power delivered by the prime mover to the rotor to the
output system connected to the stator. If this field is allowed to become too
low it is no longer capable of transmitting the output power demanded by the
system. Generally, in order to avoid any risk of pole-slipping, leading power
factor operation is limited to about 0.7 at zero load to 0.9 at full load. (See
description of automatic voltage regulators later in this chapter.) In the case of
a generator connected to the system via a generator transformer, the change
in reactive power and consequently the change in excitation is achieved by
operation of the on-load tapchanger on the transformer.

Excitation Systems

The generator excitation system provides the source of supply to the rotor
field coils. Control of the field current produced by the excitation system is
exercised by the automatic voltage regulator or a.v.r. which is described later.
Control of the field current must ensure that the machine runs at the desired
voltage or, when the generator is operating connected to a large system, that
it imports or exports the required level of reactive kVArs or MVArs.
The combination of excitation system and a.v.r. must:

e Control the machine voltage accurately in response to slow changes in power
or reactive var demand.

e Limit the magnitude of voltage excursions in response to sudden changes
in load.

e Maintain steady-state stability.

e Ensure transient stability in response to system faults.

It is the final three requirements which largely determine the type of
excitation system used.

For many years the standard method of providing the excitation current
was to use a d.c. generator coupled to the shaft of the synchronous machine.
For larger high speed generators coupling was via a gearbox to reduce the
exciter speed to typically 1000 or 750r.p.m. in order to simplify construction
and avoid commutation problems with the d.c. generator. The exciter out-
put was fed to the machine rotor via slip-rings. Generally the exciter itself
was separately excited from a directly coupled pilot exciter. Control of the
generator excitation was by controlling the field current of the main exciter.

A.C. excitation. The advent of solid-state rectifiers made possible the
elimination of the commutator on the d.c. exciter and the substitution of the
exciter by an a.c. generator operating at any convenient frequency between
50 and 250Hz and providing an output through slip-rings to be rectified in
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locally mounted diode cubicles. Rectifier output is then fed to the machine
rotor via slip-rings as for the d.c. excitation system.

The main exciter field is supplied by a pilot exciter which is usually a
permanent magnet generator. The main exciter is generally three-phase with
the diodes arranged in a bridge network. Bridge arms normally have a number
of diodes in parallel and each diode is individually fused to remove it from
the electrical circuit in the event that it faults to the short-circuit condition.
Cooling may be by natural or forced air ventilation, or in the case of very
large machines the rectifiers may be water-cooled.

Brushless excitation. The next advance in the a.c. excitation system
described above, with rectifying diodes in cubicles adjacent to the exciter,
was to mount these on the exciter shaft. The main exciter has its output arma-
ture winding on the rotor with its field on the stator. Rotor output, which can
be at a frequency between 150 and 250 Hz, is then connected directly to the
shaft mounted diodes. Output from these can then be taken directly to the rotor
of the main generator. The pilot exciter, which might operate at up to 400 Hz,
will very likely be a permanent magnet generator or, on small generators, the
supply to the exciter field can be taken from the generator terminals.

Thyristor excitation. Thyristor excitation represents the ultimate devel-
opment of the theme. Control of the thyristor rectifiers enables direct control
of the generator field current to be obtained providing a very much faster
response than can be obtained by controlling the exciter field current, which
thus enables the fastest response to system transients to be obtained. This can
be particularly important for installations where rapid response to faults or
disturbances is critical for system stability. The disadvantage of thyristors is
that a means has not yet been developed commercially for shaft mounting
these, the reason being the difficulties of reliably providing control signals to
them from stationary equipment. Hence it is necessary to provide sliprings
and brushes to connect to the machine rotor.

Excitation power may be provided by fairly conventional directly coupled
main and pilot exciters or it may be direct from the main generator terminals
via a step-down transformer. The step-down transformer ratio is normally
selected so as to provide full output during the occurrence of a system fault
which reduces the machine terminal voltage. This has the disadvantage that
the field winding insulation level must be such as to withstand the higher
voltage existing when system conditions are healthy. Elimination of the time
delay associated with the exciter and pilot exciter means that transformer-fed
excitation systems have the fastest response of all.

Automatic Voltage Regulators

As indicated above, the purpose of the a.v.r. for a generator running singly
is to maintain the steady-state voltage within specified limits and contain the
extent of voltage excursions when sudden changes of load occur. In addition,
for a group of generators running in parallel some further controls may be
required to ensure satisfactory sharing of reactive load. In the case of a machine
running in parallel with a large interconnected system, control of steady-state
and transient stability is an important additional requirement. The demands
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of this may be such as to render manual control inadequate and require that
automatic control be provided.

Basic principles. A signal proportional to generator terminal voltage
obtained from the rectified output of a voltage transformer is compared to
a stabilized reference voltage obtained within the regulator. Any difference,
or error signal, is amplified and used to control the excitation supply, raising
or lowering the input to the main field winding or exciter field, as appropriate,
to reduce the error signal to zero or an acceptable value. Adjustment of the set
voltage is obtained either by adjustment of the reference voltage or by adjust-
ing the proportion of machine voltage compared to the reference voltage. This
basic scheme is shown diagrammatically in Figure 7.10. The stabilizing loop
is included to prevent hunting.

Excitation
power
supply

Power supply to circuits

Firing
gear

v

A4

Reference
volts

Amplifier

v

Generator DC to field of
voltage generator or
exciter

Figure 7.10 Basic circuit of an a.v.r.

Control range. Generators are normally required to deliver from zero to
rated output over a voltage range of +5%, at power factors from 0.8—0.9 lag
to 0.9 lead. The a.v.r. setting controls must provide the appropriate range of
excitation as well as a voltage down to about 85% of nominal at no-load.
Accuracy of control is normally between £2.5% and £1% of set value over
the load range.

Manual control. Manual control is generally provided as a back-up to
the automatic control although, as stated above, many large machines cannot
be satisfactorily operated except in automatic and the manual setting may
only be used for the initial commissioning. Most regulators, when operating
in automatic, are provided with ‘manual follow-up’ which ensures that the
manual setting matches the automatic setting so that if failure of the automatic
system causes a ‘trip to manual’ this will not result in any change of set-point.
A balance meter may be provided so that if changeover is to be made manually,
a check can be made before effecting the change.

Parallel operation. The a.v.r. can be arranged to provide a fall in gen-
erator terminal voltage (voltage-droop) for increasing reactive load to ensure
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satisfactory reactive load sharing when generators are operating in parallel.
The droop is normally between 2.5 and 4% voltage fall over the reactive
range at full load.

Excitation limits. Fault conditions on the system which result in a fall
in system voltage will cause the a.v.r. to drive the excitation to ceiling value
to try to restore normal voltage. A timer is provided to return the excitation
to normal after a few seconds to prevent overheating of the excitation system
if the fault persists. This must be co-ordinated with the design of electrical
system protection to reduce the risk of system voltage collapse.

A reactive power limiter, or VAr-limiter is provided to prevent the exci-
tation falling so low that the generator will become unstable. The reactive
power at which this operates is automatically adjusted to follow the limit of
stability as generator voltage and output power are varied.

A more restricted reactive power limit applies when the excitation is under
manual control. Whenever the generator is operating between this restricted
limit and the automatic control stability limit, it is desirable for the ‘manual’
setting control to be restrained at a setting no lower than the ‘manual’ limit so
that should there be a trip to manual control, the generator excitation will be
increased to a safe level. Under this condition, there will be a standing error
on the balance indicator, requiring operator correction.

Overfluxing protection. It is operationally desirable that the a.v.r. should
remain in service when the machine is shut down and subsequently run up.
To prevent overfluxing of the machine and any associated generator or unit
transformer, the a.v.r. overfluxing prevention, which is sometimes known as
V/f protection, will operate to ensure that below about 95% rated speed
excitation will decrease at least in proportion to frequency.

Dual-channel a.v.rs. Large generators may have dual channel a.v.rs
which effectively have two sets of control equipment. Each channel is able to
perform the control function independently and may either operate in parallel
or in main and standby mode. If one channel fails the other performs the duty
alone and an alarm is initiated.

Digital a.v.rs. Even with the sophistication built into the a.v.rs described
above, there remains a risk of reliability problems due to the failure of some
contacts of the many electromechanical relays incorporated. It was in an effort
to improve on this aspect that consideration was first given to replacing the
relay logic by a digital system.

This was initially done by the use of a series of programmable logic con-
trollers, which could be used with analogue inputs as well as digital ones. It
soon became apparent that the whole ‘front end’ electronics could be made to
operate in a digital mode. The characteristics required of the a.v.r. could be
digitally programmed into the processor and these could be tested by simula-
tion in the factory before installation on site. Problems encountered in analogue
amplifiers such as drift can be eliminated as can noise and/or contact problems
in setting rheostats. A simplified block diagram, Figure 7.11, shows the basic
operating principles. Almost all present day excitation control systems use this
basic operating philosophy.
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Power Generation for Public Electricity Supply

Any description of a.c. generators cannot be complete without some examina-
tion of the means whereby the generator is driven, since the act of designing
generating plant involves a matching and integration of the prime mover and
the generator. Mention has already been made, for example, of the basic differ-
ences between turbogenerators and hydrogenerators which arise because of the
difference in speed of rotation. The majority of generators used for large-scale
power generation are turbogenerators, and until recently these were driven by
steam turbines. Since the early 1990s, for reasons which will be explained,
there has been an enormous increase in the use of gas turbines so that the two
types now co-exist as the main, and diverse, sources of supply of electrical
energy throughout the world.

The subject of diversity in electricity supply will be discussed in the next
chapter. It is appropriate here to look in more detail at the various methods of
power generation.

Steam turbines. There are a number of ways in which steam can be
produced for power generation. The principal ones are by burning fossil fuels,
coal or oil, or from nuclear power.

Coal- and oil-fired stations. In the UK a large programme of power station
construction in the 1960s and early 1970s resulted in a significant proportion
of power generation from large coal- and oil-fired units. Larger unit size led to
higher thermal efficiencies so that the first of this new generation of stations
had units of 500 MW compared to those of around 200 MW built hitherto. In
order to provide a mix of fuels, those in the coal producing areas were coal-
fired while oil-fired units were located conveniently for the use of imported oil.
Later stations standardized on the use of 660 MW units. The escalation of oil
prices in the 1970s meant that the oil-fired units rapidly became uneconomic
so that their use was soon greatly curtailed. At an oil-fired station on the
Thames at Isle of Grain, originally intended as a 5 x 660 MW station, only
the first three units were completed and commissioned.

For these large units steam is delivered to the turbine stop valve at pres-
sures exceeding 160 bar at 566°C. These units are capable of achieving thermal
efficiencies of just about 40%. At the time of privatization of the Central
Electricity Generating Board (CEGB), the public authority responsible for
electricity generation and transmission in England and Wales, in 1989, greater
pressures, up to 310 bar, were being contemplated with unit sizes of 900 MW
and with temperatures up to 590°C. These higher temperatures associated with
the higher pressures require special austenitic steels and many technical prob-
lems had still to be resolved. These higher temperatures and pressures were
expected to enable percentage efficiencies into the lower 40s to be achieved.
Privatization, and the move to gas turbines as prime movers, described below,
prevented this development taking place.

Gas turbines. Gas turbines were initially introduced at the 500 and
660 MW unit fossil fuelled stations as peak-lopping generators, as an inde-
pendent supply to power station auxiliaries in the event of prolonged system
operation at a low frequency, and to permit start-up in the event of a transmis-
sion system failure. These used only slightly modified aero engines as their
source of power and because of the high temperature of their exhaust gases
they had very poor thermal efficiency. The output of the aero engine meant
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that most of these units have electrical ratings of only 17 MW, although some
of the later units are 25 MW. Their big advantage is that they can be started,
run up and synchronized to the system and loaded to full load in a matter of
minutes compared to the hours necessary to perform the equivalent operation
on a steam turbine. Hence their duty of ‘peak-lopping,” that is being used to
support the supply system at times of rapid increase in demand. They also had
a capability for ‘black-start’. That is they could be started and run up without
any input from the grid. Once run up and generating power, the output could
then be used to start up a large fossil-fuelled unit. Hence, in any emergency
situation which led to the collapse of a part of the grid system, this could be
recovered using the gas turbine generators. These benefits also resulted in the
CEGB building a small number of pure gas turbine stations based on purpose
built units having electrical outputs of the order of 70 MW.

Combined cycle gas turbines (CCGT). The CCGT aims to overcome the
poor thermal efficiency of the OCGT (open cycle gas turbine) described above
by recovering the heat from the exhaust gas. This is done by passing this
through a heat recovery boiler to raise steam which is then used to drive a
conventional steam turbine. A CCGT unit will thus consist of one or more gas
turbines and associated generators with a heat recovery boiler taking all the
exhaust gases to generate the steam to drive a single large steam turbine. The
overall thermal efficiency of this ‘combined-cycle’ arrangement was around
55% for the units commissioned in the 1990s, with the next generation aiming
at achieving the ‘holy grail’ of 60%. This step increase in thermal efficiency
compared with large fossil-fuelled steam turbines has resulted in approximately
32% of the UK installed capacity being CCGT in the year 2000 compared with
virtually nil some ten years earlier.

In the UK the ‘dash for gas’, as it has been termed, has been so marked,
and the rise in use of the CCGT through much of the world has been so
extensive that many commentators have attempted to establish the reasons for
this. These are not simply the increased thermal efficiency, since this benefit
had been recognized for a number of years.

Industrial gas turbines, that is those designed specifically for non-aero
applications, had been developed almost concurrently with those for aircraft.
However, the unit size was modest for power generation purposes and the
economics of installing heat recovery boilers for such small units were not
attractive. It was not until a number of ‘power blackouts’ occurred in the USA
in the 1970s that the problems of re-establishing a major network following
shutdown were driven home, and the role that units with rapid start-up capa-
bility were able to perform in assisting this re-establishment was recognized
in all quarters. This led to further development of the larger gas turbines. If,
say, two 70 MW units are installed at a common location it becomes more
practicable to provide a heat recovery boiler to handle the combined exhaust
gases, leading to the first commercially attractive CCGTs. Once the attractions
of the process came to be recognized there were more incentives in develop-
ing and transferring aero technology to improve the industrial gas turbines. In
addition, more and larger gas fields have been established, and in Europe at
around the time of privatization of the UK electricity supply industry, the EU
directive of 1975 which stated that natural gas was too precious a resource to
be used for power generation was rescinded. These factors occurred coincident
with recognition of the ‘greenhouse effect’ and the pressures to