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The Electrical Engineer’s Reference Book was first published
in 1945: its original aims, to reflect the state of the art in
electrical science and technology, have been kept in view
throughout the succeeding decades during which sub-
sequent editions have appeared at regular intervals.

Publication of a new edition gives the opportunity to
respond to many of the changes occurring in the practice
of electrical engineering, reflecting not only the current
commercial and environmental concerns of society, but
also industrial practice and experience plus academic
insights into fundamentals. For this 16th edition, thirty-
nine chapters are either new, have been extensively
rewritten, or augmented and updated with new material.
As in earlier editions this wide range of material is brought
within the scope of a single volume. To maintain the overall
length within the possible bounds some of the older
material has been deleted to make way for new text.

The organisation of the book has been recast in the
following format with the aim of facilitating quick access
to information.

General Principles (Chapters 1-3) covers basic scientific
background material relevant to electrical engineering. It
includes chapters on units, mathematics and physical
quantities, electrotechnology and network analysis.

Materials & Processes (Chapters 4-10) describes the
fundamentals and range of materials encountered in
electrical engineering in terms of their electromechanical,
thermoelectric and electromagnetic properties. Included
are chapters on the fundamental properties of materials,
conductors and superconductors, semiconductors, insu-
lation, magnetic materials, electroheat and materials pro-
cessing and welding and soldering.

Control (Chapters 11-16) is a largely new section with six
chapters on electrical measurement and instruments,
industrial instrumentation for process control, classical
control systems theory, fundamentals of digital control,
microprocessors and programmable controllers.

Power Electronics and Drives (Chapters 17-20) reflect the
significance of upto 50% of all electrical power passing
through semiconductor conversion. The subjects included
of greatest importance to industry, particularly those
related to the area of electrical variable speed drives,
comprise power semiconductor devices, electronic
power conversion, electrical machine drives, motors and
actuators.

Preface

Environment (Chapters 21-25) is a new section of particular
relevance to current concerns in this area including lighting,
environmental control, electromagnetic compatibility,
health and safety, and hazardous area technology.

Power Generation (Chapters 26-29) sees some ration-
alisation of contributions to previous editions in the largely
mechanical engineering area of prime movers, but with an
expanded treatment of the increasingly important topic of
alternative energy sources, along with further chapters on
alternating current generators and batteries.

Transmission and Distribution (Chapters 30-38) is con-
cerned with the methods and equipment involved in the
delivery of electric power from the generator to the
consumer. It deals with overhead lines, cables, HVDC
transmission, power transformers, switchgear, protection,
and optical fibres in power systems and aspects of
installation with an additional chapter on the nature of
electromagnetic transients.

Power Systems (Chapters 39-43) gathers together those
topics concerned with present day power system planning
and power system operation and control, together with
aspects of related reactive power plant and FACTS
controllers. Chapters are included on electricity economics
and trading in the liberalised electricity supply industry now
existing in many countries, plus an analysis of the power
supply quality necessary for modern industrialised nations.

Sectors of Electricity Use (Chapters 44-49) is a concluding
section comprising chapters on the special requirements of
agriculture and horticulture, roads, railways, ships, aircraft,
and mining with a final chapter providing a preliminary
guide to Standards and Certification.

Although every effort has been made to cover the scope of
electrical engineering, the nature of the subject and the
manner in which it is evolving makes it inevitable that
improvements and additions are possible and desirable. In
order to ensure that the reference information provided
remains accurate and relevant, communications from
professional engineers are invited and all are given careful
consideration in the revision and preparation of new
editions of the book.

The expert contributions made by all the authors involved

and their patience through the editorial process is gratefully
acknowledged.

M. A. Laughton

D. F. Warne

2002
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This reference section provides (a) a statement of the
International System (SI) of Units, with conversion factors;
(b) basic mathematical functions, series and tables; and
(c) some physical properties of materials.

1.1 International unit system

The International System of Units (SI) is a metric system
giving a fully coherent set of units for science, technology
and engineering, involving no conversion factors. The starting
point is the selection and definition of a minimum set of inde-
pendent ‘base’ units. From these, ‘derived’ units are obtained
by forming products or quotients in various combinations,
again without numerical factors. For convenience, certain
combinations are given shortened names. A single SI unit of
energy (joule =4dlogram metre-squared per second-squared)
is, for example, applied to energy of any kind, whether it be
kinetic, potential, electrical, thermal, chemical . .., thus unify-
ing usage throughout science and technology.

The SI system has seven base units, and two supplement-
ary units of angle. Combinations of these are derived for all
other units. Each physical quantity has a quantity symbol
(e.g. m for mass, P for power) that represents it in physical
equations, and a unit symbol (e.g. kg for kilogram, W for
watt) to indicate its SI unit of measure.

1.1.1 Base units

Definitions of the seven base units have been laid down in
the following terms. The quantity symbol is given in italic,
the unit symbol (with its standard abbreviation) in roman
type. As measurements become more precise, changes are
occasionally made in the definitions.

Length: [, metre (m) The metre was defined in 1983 as
the length of the path travelled by light in a vacuum during
a time interval of 1/299 792458 of a second.

Mass: m, kilogram (kg) The mass of the international
prototype (a block of platinum preserved at the
International Bureau of Weights and Measures, Sévres).

Time: t, second (s) The duration of 9 192 631 770 periods of
the radiation corresponding to the transition between the two
hyperfine levels of the ground state of the caesium-133 atom.

Electric current: i, ampere (A) The current which, main-
tained in two straight parallel conductors of infinite length, of
negligible circular cross-section and 1 m apart in vacuum, pro-
duces a force equal to 2 x40~ newton per metre of length.

Thermodynamic temperature: T, kelvin (K) The fraction
1/273.16 of the thermodynamic (absolute) temperature of
the triple point of water.

Luminous intensity: I, candela (cd) The luminous intensity
in the perpendicular direction of a surface of 1/600000 m” of a
black body at the temperature of freezing platinum under a
pressure of 101 325 newton per square metre.

Amount of substance: Q, mole (mol) The amount of sub-
stance of a system which contains as many elementary entities
as there are atoms in 0.012kg of carbon-12. The elementary
entity must be specified and may be an atom, a molecule, an
ion, an electron . . ., or a specified group of such entities.

1.1.2 Supplementary units

Plane angle: «, (.., radian (rad) The plane angle
between two radii of a circle which cut off on the circumfer-
ence of the circle an arc of length equal to the radius.

Solid angle: ), steradian (sr) The solid angle which, having
its vertex at the centre of a sphere, cuts off an area of the surface
of the sphere equal to a square having sides equal to the radius.

International unit system 1/3

1.1.3 Notes

Temperature At zero K, bodies possess no thermal
energy. Specified points (273.16 and 373.16K) define
the Celsius (centigrade) scale (0 and 100°C). In terms of
intervals, 1°C=4K. In terms of levels, a scale Celsius
temperature fgcorresponds to (At 273.16) K.

Force The SI unit is the newton (N). A force of I N
endows a mass of 1kg with an acceleration of 1 m/s”.

Weight The weight of a mass depends on gravitational
effect. The standard weight of a mass of 1kg at the surface
of the earth is 9.807 N.

1.1.4 Derived units

All physical quantities have units derived from the base and
supplementary SI units, and some of them have been given
names for convenience in use. A tabulation of those of inter-
est in electrical technology is appended to the list in Table 1.1.

Table 1.1 Sl base, supplementary and derived units
Quantity Unit Derivation Unit
name symbol

Length metre m
Mass kilogram kg
Time second S
Electric current  ampere A
Thermodynamic

temperature kelvin K
Luminous

intensity candela cd
Amount of mole mol

substance
Plane angle radian rad
Solid angle steradian st
Force newton kgm/s’ N
Pressure, stress  pascal N/m Pa
Energy joule Nm, Ws J
Power watt J/s w
Electric charge,

flux coulomb As C
Magnetic flux weber Vs Wb
Electric potential volt J/C \%
Magnetic flux

density tesla Whb/m? T
Resistance ohm V/A Q
Inductance henry Wb/A, Vs/A H
Capacitance farad C/V,As/V F
Conductance siemens AV S
Frequency hertz 5! Hz
Luminous flux  lumen cd sr Im
Illuminance lux Im/m? Ix
Radiation

activity becquerel 5! Bq
Absorbed dose  gray J/kg Gy
Mass density kilogram per

cubic metre kg/m®

Dynamic

viscosity pascal-second Pas
Concentration mole per cubic mol/

metre m’

Linear velocity  metre per second m/s
Linear metre per second- m/s>

acceleration squared
Angular velocity radian per second rad/s

cont’d



1/4  Units, mathematics and physical quantities

Table 1.1 (continued)

Quantity Unit Derivation Unit
name symbol

Angular radian per second-

acceleration squared rad/s
Torque newton metre Nm
Electric field

strength volt per metre V/m
Magnetic field

strength ampere per metre A/m
Current density ampere per square

metre A/m?

Resistivity ohm metre Qm
Conductivity siemens per metre S/m
Permeability henry per metre H/m
Permittivity farad per metre F/m
Thermal

capacity joule per kelvin J/K
Specific heat joule per kilogram

capacity kelvin J/(kgK)
Thermal watt per metre

conductivity kelvin W/(mK)
Luminance candela per

square metre cd/m?

Decimal multiples and submultiples of SI units are indi-
cated by prefix letters as listed in Table 1.2. Thus, kA is the
unit symbol for kiloampere, and pF that for microfarad.
There is a preference in technology for steps of 10°.
Prefixes for the kilogram are expressed in terms of the
gram: thus, 1000 kg =1 Mg, not 1 kkg.

Table 1.2 Decimal prefixes

1.1.5 Auxiliary units

Some quantities are still used in special fields (such as
vacuum physics, irradiation, etc.) having non-SI units. Some
of these are given in Table 1.3 with their SI equivalents.

1.1.6 Conversion factors

Imperial and other non-SI units still in use are listed in
Table 1.4, expressed in the most convenient multiples or sub-
multiples of the basic SI unit[ ] under classified headings.

1.1.7 CGS electrostatic and electromagnetic units

Although obsolescent, electrostatic and electromagnetic
units (e.s.u., e.m.u.) appear in older works of reference.
Neither system is ‘rationalised’, nor are the two mutually
compatible. In e.s.u. the electric space constant is eg=1, in
e.m.u. the magnetic space constant is po= 1; but the SI units
take account of the fact that 1/,/(eguo) is the velocity of
electromagnetic wave propagation in free space. Table 1.5
lists SI units with the equivalent number » of e.s.u. and
e.m.u. Where these lack names, they are expressed as SI unit
names with the prefix ‘st’ (‘electrostatic’) for e.s.u. and ‘ab’
(‘absolute’) for e.m.u. Thus, 1V corresponds to 107%/3 stV
and to 10® abV, so that 1stV=300V and 1 abV=10"°V.

1.2 Mathematics

Mathematical symbolism is set out in Table 1.6. This sub-
section gives trigonometric and hyperbolic relations, series
(including Fourier series for a number of common wave
forms), binary enumeration and a list of common deriva-
tives and integrals.

10" exa E 10° giga G 10> hecto h 1073 milli m 10" pico p
10'° peta P 10 mega M 10" deca da 107 micro ug 1071 femto f
10" tera T 10® kilo k 107" deci d 10~° nano n 10-"® atto a
1072 centi ¢
Table 1.3 Auxiliary units
Quantity Symbol SI Quantity Symbol SI
Angle Mass
degree ©) /180 rad tonne t 1000 kg
minute ") — —
second @) — — Nucleonics, Radiation
becquerel Bq 1.0 5!
Area gray Gy 1.0 J/kg
are a 100 m’ curie Ci 3.7x 10" Bq
hectare ha 0.01 km® rad rd 0.01 Gy
barn barn 1072 m? roentgen R 26x%x107* C/kg
Energy Pressure
erg erg 0.1 nJ bar b 100 kPa
calorie cal 4.186 J torr Torr 133.3 Pa
electron-volt eV 0.160 al Time
gauss-oersted Ga Oe 7.96 pJ/m? minute min 60 S
Force hour h 3600 S
dyne dyn 10 uN day d 86400 s
Length . Volume
Angstrom A 0.1 pm litre lorL 1.0 dm?®




Table 1.4 Conversion factors

Mathematics 1/5

Length [m]
1 mil
1 in
1 ft
1yd
1 fathom
1 mile
1 nautical mile

Area [m?]
1 circular mil
1 in
1 ft?
1 yd?
1 acre
1 mile?

Volume [m?]
li m
11t
1yd?
1 UK gal

Velocity [m/s, rad/s]
Acceleration [m/s%, rad/s?]

1 ft/min

1 in/s

1 ft/s

1 mile/h

1 knot

1 deg/s

1 rev/min

1 reV/s

1 ft/s?

1 mile/h per s

Mass [kg]
1 oz
11b
1 slug
1 cwt
1 UKton

Energy [J], Power [W]
1 ft 1bf
I m kgf
1 Btu
1 therm
1 hph
1 kW h
1 Btu/h
1 ft Ibf/s
1 m kgf/s
1 hp

Thermal quantltles [W, ], kg, K]

1 W/in®
lBtu/(ft h)

1 Btu/(ft> h)

1 Btu/(ft h°F)
1 ft 1bf/1b

1 Btu/lb

1 Btu/ft®

1 ft 1bf/(Ib °F)
1 Btu/(lb °F)
1 Btu/(ft* °F)

25.40 pm
25.40 mm
0.3048 m
0.9144m
1.829m
1.6093 km
1.852 km

506.7 um?
645.2 mm?
0.0929 m>
0.8361 m*
4047 m>

2.590 km?

16.39cm’
0.0283m>
0.7646 m>
4.546 dm’>

5.080 mm/s
25.40 mm/s
0.3048 m/s
0.4470 m/s
0.5144m/s
17.45mrad/s
0.1047 rad/s
6.283 rdd/s
0.3048 m/s
0.4470 m/s”

28.35¢g

0.454kg
14.59 kg
50.80 kg
1016 kg

1.356]
9.807J
10551
105.5kJ
2.685MJ
3.60 MJ
0.293 W
1.356 W
9.807W
7459 W

1.550 kW/m’
3155 W/m’
10.35 W/m®
1.731 W/(mK)
2.989J/kg
2326J/kg
37.26 KJ/m’
5.380J/(kg K)
4.187kJ/(k g K K)
67.07kJ/m’ K

Density [kg/m, kg/m’]
11b/in
11b/ft
1 lb/yd
1 lb/m
11b/ft?
1 ton/yd®

Flow rate [kg/s, m®/s]

11b/h

1ton/h

11b/s

1ft /h

1fts

1 gal/h

1 gal/min

1 gal/s

Force [N], Pressure [Pa]
1dyn
1 kgf
1 ozf
11bf
1 tonf
1 dyn/cm
1 lbf/ft
1 1bf/in*
1 tonf/ft
1 tonf/m
1 kgf/m?
1 kgf/cm?
I mmHg
linHg
1inH,O
1 ftH,O

Torque [N m]
1 ozf in
11bf in
11bf ft
1 tonf ft
1 kgf m

Inertia [kgm?]
Momentum [kg m/s, kg m?/s]
lozin
11b in2
11b ft?
1 slug ft
1 ton ft°
11b fté
/s

11b ft
Viscosity [Pas, m?/s]

1 poise

1 kgf s/m

11bf s/ft‘

1 1bf h/ft?

1 stokes

11n /s

1£t%/s

lllummatlon [cd, Im]
1 lm/ft
1 cd/ft
1 cd/in®

17.86kg/m
1.488 kg/m
0.496 kg/m
27.68 Mg/m
16.02 kg/m
1329 kg/m*

0.1260 g/s

0.2822kg/s
0.4536 k%

7.866cm’ /s
0.0283m’ /s
1.263 cm’ /s
75.77 cm’ /s
4.546 dm?*/s

10.0 uN
9.807N
0.278N
4.445N
9.964 kN
0.10 Pa
47.88 Pa
6.895kPa
107.2kPa
15.44 MPa
9.807 Pa
98.07kPa
133.3Pa
3.386 kPa
149.1 Pa
2.989kPa

7.062nN m
0.113Nm
1.356 Nm
3.307kN m
9.806 N m

0. Ol8gm
0.293 gm?
0.0421 kgm
1.355kgm>
94.30 kg m?
0.138 kgmés
0.042kgm~/s

9.807 Pas
9.807Pas
47.88Pas
172.4 kPa s
1.0cm /s
6.452 cm?/s
929.0 cm?/s

10.76 lm/m
10.76 cd/m
1550 cd/m?
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Table 1.5 Relation between SI, e.s. and e.m. units

Quantity SI unit Equivalent number n of
e.s.u e.m.u.

Length m 10° cm 10 cm
Mass kg 103 g 10° g
Time s 1 s 1 s
Force N 10° dyn 10° dyn
Torque Nm 10’ dyncm 107 dyncm
Energy J 10’ erg 10’ erg
Power w 107 erg/s 107 erg/s
Charge, electric flux C 3% 10° stC 107! abC

density C/m? 3% 10° stC/em? 10°° abC/em?
Potential, e.m.f. \Y% 10~ /3 stV 108 abV
Electric field strength V/m 10743 stV/cm 10° abV/cm
Current A 3% 10° StA 107! abA

density A/m? 3 X 10° stA/cm? 10°° abA/cm?
Magnetic flux Wb 10~ /3 StWb 108 Mx

density T 107%/3 stWb/cm? 104 Gs
Mag. fd. strength A/m 127 x 107 StA/cm 47 % 1073 Oe
M.M.F. A 127r>< 10° StA 4 x 107" Gb
Resistivity Qm °/9 stQcm 10' abQcm
Conductivity S/m 9 x 10° stS/cm 10°! abS/cm
Permeability (abs) H/m 10~ 1*/367rg — 107 /47 —
Permittivity (abs) F/m 36w x 107 — 4rx 107" —
Resistance Q 1079 st(2 10° abQ)
Conductance S 9% 10" stS 107 abs
Inductance H 10-'%/9 stH 10° cm
Capacitance F 9x 10" cm 9 x 10" abF
Reluctance A/Wb 367 x 10! — 47 x 1078 Gb/Mx
Permeance Wb/A 10" /367¢ — 10°/4n¢ Mx/Gb
Gb = gilbert; Gs = gauss; Mx = maxwell; Oe = oersted.
1.2.1 Trigonometric relations

) ) . ) . tan(x = y) = (tanx -tany)/(1 F tanx - tan y)<

The trigonometric functions (sine, cosine, tangent, cosecant, .
secant cotangent) of an angle 6 are based on the circle, given sm” x = (1 —cos2x)cos?x = —1 (1 + cos 2x)
by x>+ y>=h% Let two radii of the circle enclose an angle s sinfx+coslx=1 sin®x= _%(3 sinx — sin 3x)

and form the sector area S,=(w/°)(0/27) shown shaded in
Figure 1.1 (left): then fccan be defined as 2S./h%. The right-
angled triangle with sides / (hypotenuse), « (adjacent side) and p
(opposite side) give ratios defining the trigonometric functions

sin =p/h cosec § = 1/sinf =h/p
cosf=a/h sec 0 =1/cosb =h/a
tanf = p/a cotan # = 1/tanf = a/p

In any triangle (Figure 1.1, right) with angles, 4, B and C at
the corners opposite, respectively, to sides @, b and ¢, then
A+ B+ C=mrad (180°) and the following relations hold:

a=bcosC+ ccosB
b=ccosA+acosC
¢=acos B+ bcos A

a/sind =b/sinB=c¢/sinC

@ = b+ +2bccos A

(a+0b)/(a—b) = (sind +sinB)/(sin 4 — sin B)<
Other useful relationships are:

sin(x & y) =sinx-cosy £ cosx -siny

cos(x £ y) =cosx-cosyFsinx-siny

cos’ x = 1 (3cosx + cos 3x)

s
sin x + sin 2 Lix - )
xasing =2l (=) B b )|

Cos

cosx tcosy = —
7 Lmz

(=) Zdt )]

tan x £ tany = sin(x + y)/cosx - cosy

sin” x — sin® y = sin(x + y) - sin(x — y)<

cos® x — cos? y = —sin(x + y) - sin(x — y)<

cos® x — sin® y = cos(x 4 ¥) - cos(x — y)<=

d(sinx)/dx = cos x ﬂsin x-dx=—cosx+k

d(cosx)/dx = —sinx Hcosx-dx:sinerk

d(tan x)/dx = sec® x ”tanx -dx = —In|cosx| +k

Values of sin 6, cos 6 and tan 6 for 0°< 6 < 90°or 0 < 6 ¢
< 1.571rad) are given in Table 1.7 as a check list, as they
can generally be obtained directly from calculators.
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Table 1.7 Trigonometric functions of 6¢

Term

Symbol

Base of natural logarithms
Complex number

argument; modulus
conjugate

real part; imaginary part
Co-ordinates

cartesian

cylindrical; spherical
Function of x

general

Bessel

circular

inverse

differential
partial

exponential

hyperbolic
inverse

increment
limit
logarithm
base b
common; natural

e (=2.71828...)

C=A4+]jB=C exp(j9)
=C /bg

arg C=60; mod C=C

C*=A—jB=C exp(—jb)
=C /—bs

ReC=4;Im C=B

X, ),z
g, 2, 0, ¢S

f(x), g(x), F(x)

1,(0)

sin X, cos x, tan x...

arcsin x, arccos Xx,
arctan x...

dx

ox

exp(x)

sinh x, cosh x, tanh x...

arsinh x, arcosh x,
artanh x...

Ax, 6x

lim x

logy, x
lg x; In x (or log x; log. x)

¢ sin 0g cos Og tan Og

deg rad

0 0.0 0.0 1.0 0.0

5 0.087 0.087 0.996 0.087
10 0.175 0.174 0.985 0.176
15 0.262 0.259 0.966 0.268
20 0.349 0.342 0.940 0.364
25 0.436 0.423 0.906 0.466
30 0.524 0.500 0.866 0.577
35 0.611 0.574 0.819 0.700
40 0.698 0.643 0.766 0.839
45 0.766 0.707 0.707 1.0
50 0.873 0.766 0.643 1.192
55 0.960 0.819 0.574 1.428
60 1.047 0.866 0.500 1.732
65 1.134 0.906 0.423 2.145
70 1.222 0.940 0.342 2.747
75 1.309 0.966 0.259 3.732
80 1.396 0.985 0.174 5.671
85 1.484 0.996 0.097 11.43
90 1.571 1.0 0.0 0o

1.2.2 Exponential and hyperbolic relations

Exponential functions For a positive datum (‘real’)
number u, the exponential functions exp(x) and exp(—u)
are given by the summation to infinity of the series

exp(du) = =t ut /2 £33+ ut jA + - =

with exp(+ u) increasing and exp(—u) decreasing at a rate
proportional to u.

If u=1, then
exp(+1)=1+14+1/24+1/64+1/24+---=e=2718--- <
exp(—1)=1-1+1/2—1/6+1/24—--- =1/e=0.368--- <

In the electrical technology of transients, u is most com-
monly a negative function of time ¢ given by u=—(¢/T).
It then has the graphical form shown in Figure 1.2 (left)
as a time dependent variable. With an initial value k, i.e.
y=k exp(—t/T), the rate of reduction with time is dy/dt =<«
—(k/T)exp(—t/T). The initial rate at r=0 is —k/7. If this
rate were maintained, y would reach zero at t = T, defining
the time constant T. Actually, after time 7 the value of y is k
exp(— t/T) =k exp(—1)=0.368k. Each successive interval T’
decreases y by the factor 0.368. At a time ¢ =4.67T the value
of yis 0.01k, and at t=6.9T it is 0.001k.

Matrix A, B
complex conjugate A*, B*
product AB
square, determinant det 4

inverse A7!
transpose A
unit 1

Operator
Heaviside p (=«/dy)
impulse function 6(1)

Laplace L[f(#)]=F(s) s (=o¢tjw)
nabla, del V<
rotation 7/2 rad; ]

27/3 rad h
step function H(?), u(?)

Vector A,a,B,b
curl of A curl A, Vx A
divergence of 4 divA, V- A
gradient of ¢¢ grad ¢, V<
product: scalar; vector A-B;AxB
units in cartesian axes i, j, k

sC
h
==
A 8
déﬂ__\,—__._— __——«1
L g = — == a

Figure 1.1 Trigonometric relations
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k exp(—t/T)

Quadrature

cosh v
ye:

Figure 1.2 Exponential relations

tanh v

sinh v

0

e —3 ——d

|
|
|
|
|
|

If u is a quadrature (‘imaginary’) number =+jv, then
exp(£jv) = 1 £jv —v2 /2L F 3 /31 v dl £ ..

because j>=—1, *=—jl, j*=+1, etc. Figure 1.2 (right)
shows the summation of the first five terms for exp(jl), i.e.

exp(jl) = 1+j1 —1/2 —j1/6+ 1/24

a complex or expression converging to a point P. The length
OP is unity and the angle of OP to the datum axis is, in fact,
I rad. In general, exp(jv) is equivalent to a shift by /vrad.
It follows that exp(+£jv) =cos v & j sin v, and that

exp(jv) + exp(—jv) = 2cosv exp(jv) — exp(—jv) =j2sinv

For a complex number (u + jv), then

exp(u +jv) = exp(u) - exp(jv) = exp(u) - Lv

Hyperbolic funclzom A point P on a rectangular hyper-

bOld ( z/a)2 “y/a)*=1 defines the hyperbolic ‘sector’ area

In[(x/a — (y/a)L shown shaded in Figure 1.3 (left). By

analogy with 0= 2S,./h” for the trigonometrical angle 0, the

hyperboli ic entity (not an angle in the ordinary sense) is

u=2Sp/a’, where a is the major semi-axis. Then the hyperbolic
functions of u for point P are:

sinh u=y/a cosech u =a/y

cosh u =x/a sech u =a/x

tanh u = y/x coth u=x/y

—4 Figure 1.3 Hyperbolic relations

The principal relations yield the curves shown in the
diagram (right) for values of u between 0 and 3. For higher
values sinh u approaches +cosh u, and tanh u becomes
asymptotic to +1. Inspectlon shows that cosh(—u) =cosh u,
sinh(—u) = —sinh u and cosh? u— sinh® u=1.

The hyperbolic functions can also be expressed in the
exponential form through the series

cosh u=141/20 +u /4 +ub /6! + .- =
sinhw=u+u/3 +u’/5! +u” /T + - <=
so that

cosh u = L[exp(u) + exp(—u)]<sinh u = § [exp(u) — exp(—u)]

cosh u + sinh u = exp(u)<  cosh u —sinh u = exp(—u)<

Other relations are:
sinh u + sinh v = 2 sinh{ (u + v) - coshd (u — v)
cosh u +cosh v =2 coshi (u+v) - coshl(u—v)
cosh u — cosh v =2 sinh{ (u+ v) - sinh (u —v)
sinh(u &+ v) = sinh u - cosh v + cosh u - sinh v
cosh(u £ v) = cosh u - cosh v £ sinh u - sinh v

tanh(u &+ v) = (tanh « =+ tanh v)/(1 £ tanh - tanh v)<
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u exp(u) exp(—u) sinh u cosh u tanh u
0.0 1.0 1.0 0.0 1.0 0.0
0.1 1.1052 0.9048 0.1092 1.0050 0.0997
0.2 1.2214 0.8187 0.2013 1.0201 0.1974
0.3 1.3499 0.7408 0.3045 1.0453 0.2913
0.4 1.4918 0.6703 0.4108 1.0811 0.3799
0.5 1.6487 0.6065 0.5211 1.1276 0.4621
0.6 1.8221 0.5488 0.6367 1.1855 0.5370
0.7 2.0138 0.4966 0.7586 1.2552 0.6044
0.8 2.2255 0.4493 0.8881 1.3374 0.6640
0.9 2.4596 0.4066 1.0265 1.4331 0.7163
1.0 2.7183 0.3679 1.1752 1.5431 0.7616
1.2 3.320 0.3012 1.5095 1.8107 0.8337
1.4 4.055 0.2466 1.9043 2.1509 0.8854
1.6 4.953 0.2019 2.376 2.577 0.9217
1.8 6.050 0.1653 2.942 3.107 0.9468
2.0 7.389 0.1353 3.627 3.762 0.9640
2.303 10.00 0.100 4.950 5.049 0.9802
2.5 12.18 0.0821 6.050 6.132 0.9866
2.75 15.64 0.0639 7.789 7.853 0.9919
3.0 20.09 0.0498 10.02 10.07 0.9951
3.5 33.12 0.0302 16.54 16.57 0.9982
4.0 54.60 0.0183 27.29 27.31 0.9993
4.5 90.02 0.0111 45.00 45.01 0.9998
4.605 100.0 0.0100 49.77 49.80 0.9999
5.0 148.4 0.0067 74.20 74.21 0.9999
5.5 244.7 0.0041 122.3 osh u anh u
6.0 403.4 0.0025 201.7 sinh u 1.0
6.908 1000 0.0010 500 Lexp(u)
1 1

1.2.4 Series
sinh(u £ jv) = (sinh u - cosv) + j(cosh u - sinv)<= . . .

Factorials 1In several of the following the factorial (n!) of

cosh(u £ jv) = (cosh u - cosv) £ j(sinh u - sinv)<=
d(sinh u)/du =<osh u
d(cosh u)/du =<inh u

[sinh u - du =<osh u
[cosh u - du =<inh u
Exponential and hyperbolic functions of u between zero

and 6.908 are listed in Table 1.8. Many calculators can give
such values directly.

1.2.3 Bessel functions

Problems in a wide range of technology (e.g. in eddy
currents, frequency modulation, etc.) can be set in the form
of the Bessel equation

dy 1 dy n?
LA TR ] — = |y =
dx2+x dx +<% xz}} @

and its solutions are called Bessel functions of order n. For
n =0 the solution is

Jo(x) == (x?/28) + (x*/2% 4% — (2822 - 4. M) + - =
and forn=1,2,3...

n 2

X X

X4
St |! T2+ 2)<2-42n+2)2n+ 4= H‘

Ju(x) =

Table 1.9 gives values of J,,(x) for various values of n and x.

integral numbers appears. For n between 2 and 10 these are

A=« 2 1/2!=0.5
=« 6 1/3'=0.1667
4=« 24 1/41=0.417 x 107!
Sl=«< 120 1/51=0.833 x 1072
6l=< 720 1/6!'=0.139 x 1072
=< 5040 1/71=0.198 x 1073
8=« 40320 1/81=0.248 x 10~*
9! =362 880 1/91=0.276 x 1073
10! =3 628 800 1/10!'=0.276 x 107°
Progression
Arithmetic a+(a+d)+(a+2d)+---+[a+(n — 1)d]

=17 (sum of 1st and nth terms)

Geometric a+ar—+ar* +---+ar"' = a(1—")/(1-r)
Trigonometric See Section 1.2.1.
Exponential and hyperbolic See Section 1.2.2.
Binomial

(1 £x)" =<4+ nx+n(n27 l)<€2 in(n _ 13)'(’1 — 2)<;3 4=

r n! r

(a+x)" =<1 £ (x/a)]"
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Binomial coefficients n!/[r! (n—r)!] are tabulated:

Termr=<0 1 2 3 4 5 6 7 8§ 9 10
n=1 1 1

2 1 2 1

3 1 3 3 1

4 1 4 6 4 1

5 1 510 10 5 1

6 1 6 15 20 15 6 1

7 1 7 21 35 35 21 7 1

8 1 8 28 56 70 56 28 8 1

9 1 9 36 84 126 126 84 36 9 1

10 1 10 45 120 210 252 210 120 45 10 1

Power If there is a power series for a function f{(h), it is

given by

1.2.6 Derivatives and integrals

Some basic forms are listed in Table 1.11. Entries in a given
column are the integrals of those in the column to its
left and the derivatives of those to its right. Constants of
integration are omitted.

1.2.7 Laplace transforms

Laplace transformation is a method of deriving the
response of a system to any stimulus. The system has a
basic equation of behaviour, and the stimulus is a pulse,
step, sine wave or other variable with time. Such a response
involves integration: the Laplace transform method
removes integration difficulties, as tables are available for
the direct solution of a great variety of problems. The pro-
cess is analogous to evaluation (for example) of y=2.1%°
by transformation into a logarithmic form log
y=23.6 xlog(2.1), and a subsequent inverse transformation
back into arithmetic by use of a table of antilogarithms.

I — o) 72 /20 £ 13 /31 £ The Laplace transform (L.t.) of a time-varying function
F0) = 1(0) + B O0) + (/20 0) + (/3 0) 4o = Th
+ KW /MNFI0) 4 - = (Maclaurin)< (o
LU/ ()] = F(s) = ﬁ‘ exp(—s0)-/ (1) - di
S h) =f(x) + b Ox) + (120D (x) + - =
i (h"/r!)f<’) ()4 = (Taylor)<= and the inverse transformation of F(s) to give f(¢) is
B ] 1 +Hjws
Permutation, combination L'[E(s)] = /(1) = hmﬂ‘] ~exp(st) - F(s) - ds
Jq—jws
"Pr=n(n—=1)(n=2)n=3)...(n=r+1)=n/(n-r) The process, illustrated by the response of a current i(¢) in
"C, = (1/M)n(n=1)(n=2)(n=3) ... (n—r +1)] = n!/rl(n—r)! an electrical network of impedance z to a voltage v(¢)
applied at t=0, is to write down the transform equation
Bessel  See Section 1.2.3.
Fourier See Section 1.2.5. I(s) = V(s)/Z(s)<=
where I(s) is the L.t. of the current i(¢), V(s) is the L.t. of the
. . voltage v(¢), and Z(s) is the operational impedance. Z(s) is
1.2.5 Fourier series obtaiped from the netyvork resistance R, inductange L and
A univalued periodic wave form f{6) of period 2ndis repre- capacitance C by leaving R unchanged but replacing L by
sented by a summation in general of sine and cosine waves Ls and C by 1/Cs. The process is equivalent to writing the
of fundamental period 2w@and of integral harmonic orders n network impedance for a steady state frequency wqnd then
(=2,3,4,...) as replacing jwsby s. V(s) and Z(s) are polynomials in s: the
’ quotient V(s)/Z(s) is reduced algebraically to a form recog-
_ nisable in the transform table. The resulting current/time
JO)=cota c.os bt az C.OS W+ ay ?OS nst -+ <= relation i(7) is read out: it contains the complete solution.
+ by sinfst by sin20ct - - - + by sinnfst - - - < However, if at =0 the network has initial energy (i.e. if
currents flow in inductors or charges are stored in capa-
The mean value of f() over a full period 2mds citors), the equation becomes
| @ I(s) = [V(s) + U(s)l/Z(s)«=
@ _%mq J(6) - dds where U(s) contains such terms as L/, and (1/s)V, for the
inductors or capacitors at t=0.
and the harmonic-component amplitudes « and b are A number of useful transform pairs is listed in Table 1.12.
1 TS l 7S
ay =< || f(0)-cosnbs db,c b, =<|| f(0)-sinnbs dbs 1.2.8 Binary numeration
T T
A number N in decimal notation can be represented by an
Table 1.10 gives for a number of typical wave forms the ordered set of binary digits @, a2, ..., a2, a1, ag such that
harmonic series in square brackets, preceded by the mean N =2, +2" a4y |+ - +2a) + ao
value ¢y where it is not zero.
Decimal 1 2 3 4 5 6 7 8 9 10 100
Binary 1 10 11 100 101 110 111 1000 1001 1010 1100100




Table 1.9 Bessel functions J(x)

no ) S J3) Ju(®) Ju(5) Ju(6) Ju(7) Ju(8) Ju(9) J,(10) a0 (02 L33 L34 J(15)
0 07652 0.2239 —-0.2601 —-0.3971 —0.1776 0.1506 0.3001 0.1717 —0.0903 —0.2459 —0.1712 0.0477 0.2069 0.1711  —0.0142
1 0.4401 0.5767 0.3391  —0.0660 —0.3276 —0.2767 —0.0047 0.2346 0.2453 0.0435 —0.1768 —0.2234  —0.0703 0.1334 0.2051
2 0.1149 0.3528 0.4861 0.3641 0.0466 —0.2429 —-0.3014 —0.1130 0.1448 0.2546 0.1390 —0.0849 —0.2177 —0.1520 0.0416
3 0.0196 0.1289 0.3091 0.4302 0.3648 0.1148 —0.1676 —0.2911 —0.1809 0.0584 0.2273 0.1951 0.0033 —0.1768 —0.1940
4 — 0.0340 0.1320 0.2811 0.3912 0.3567 0.1578 —0.1054 —0.2655 —0.2196 —0.0150 0.1825 0.2193 0.0762 —0.1192
5 — — 0.0430 0.1321 0.2611 0.3621 0.3479 0.1858 —0.0550 —0.2341 —0.2383 —0.0735 0.1316 0.2204 0.1305
6 — — 0.0114 0.0491 0.1310 0.2458 0.3392 0.3376 0.2043 —0.0145 —0.2016 —0.2437 —0.1180 0.0812 0.2061
7 — — — 0.0152 0.0534 0.1296 0.2336 0.3206 0.3275 0.2167 0.0184 —0.1703 —0.2406 —0.1508 0.0345
8 — — — — 0.0184 0.0565 0.1280 0.2235 0.3051 0.3179 0.2250 0.0451 —0.1410 —-0.2320 —0.1740
9 — — — — — 0.0212 0.0589 0.1263 0.2149 0.2919 0.3089 0.2304 0.0670 —0.1143  —0.2200
10 — — — — — — 0.0235 0.0608 0.1247 0.2075 0.2804 0.3005 0.2338 0.0850 —0.0901
11 — — — — — — — 0.0256 0.0622 0.1231 0.2010 0.2704 0.2927 0.2357 0.0999
12 — — — — — — — — 0.0274 0.0634 0.1216 0.1953 0.2615 0.2855 0.2367
13 — — — — — — — — 0.0108 0.0290 0.0643 0.1201 0.1901 0.2536 0.2787
14 — — — — — — — — — 0.0119 0.0304 0.0650 0.1188 0.1855 0.2464
15 — — — — — — — — — — 0.0130 0.0316 0.0656 0.1174 0.1813

Values below 0.01 not tabulated.
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Table 1.10 Fourier series

Wave form Series
\ _ﬂh o ;_ T

1 J_

0 Q F27r 0 Q D or  Sine: a sin 6 Cosine: a sin 6

6—»
, T Square: aﬂ Silll ()g‘I Si11339g% sinSSHgI sin776?gjL o

0 ™ 27 &
2y/3 [sinfs sin56s sin76s sin116s sin 1365 sin 176
Rectangular block: ai Smus Simov s g+ s C+ s 2ove gnlibe
s 1 5 7 11 13 17

3 2.5 "2.7 9 21

Rectangular block: a i in 10(_ sin 39<+ sin 59<+ sin 76 sin 949<I sin 116¢
ml } .
sin 136 sin 159& sin 176< H‘

S ot

¢ le: — T T T
Stepped rectangle a7r< I —+ 5 + 7 T 3 7

3 {sineg sin 505 sin76s sin 116¢ sin 136¢ sin1749§Jr H{

‘:?— 4 A . anele: M in Hgi sin 59& sin 7t9§‘ sinllﬁgl sin 136‘2 .
s 10 7 3 on symmetric rectangle: a e HT s T e T =
2_3" ; cos20s cos4fs cos8fs cos 106s .
2 4 8§ 10
S |
: . 8 [sinfs sin360s sinS50s sin760¢ sin90s sin 116¢
0 u 20 Triangle: a5 {T_ 9 25 T s i +H‘

a
0 P o Sawtooth: aé sinfs sin 249gI sin 305 sin 40g{ sin50¢
mq 1 2 3 4 5
4 [siné¢ sinfs sin 36 sin 30s  sin S58¢ sin 56¢
Trapeze: a— } ; I
70| 1 9 25

6+/3 [sin f¢ sin50<‘ sin 760¢ sin 116¢ _
" {T_ 3 2 i +"'H‘f0r6”/3

. 9
Trapeze-triangle: a— {— +
™

sin s sin 50¢ sin70<L sin 116¢ sin 1365
2| ] 25 49 121 169

cont’d
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Wave form Series

.

0 m 27

2w/m

Triangular pulse train:

Rectified sine (half-wave): al + agc{
’7T T

2
Rectified sine (full-wave): a— —
™

o o m_. m
Rectified sine (m-phase): a—sin —g—&— a—
woom

. o 2
Rectangular pulse train: a—ng a _C[
s T

wsin s cos20s cosdbs cos 60
4 1-3 3.5 5.7

4 cos 26¢. cos49§ c0s 66<_ cos86§Jr
13 735 757 90

g{cos m@g cos 2m9§ cos 3mc9g
m

2m .
si

it 21 4m fl‘Enzfl

sin 6 cos Hg‘ sin 26¢ cos 20g‘ sin 36¢ cos 36¢

e 5 ‘ 3 H
a§g[¥q c05229< co;30c+ H{ for o <

sin®3(k8)
9

og

™

6 4 |fin’(
U +a7r5g 1

)<= <«
)vosf)+

cos20+ cos360+--

sin®2(ké)
4

a£+a610059+00529+cos39+ -] “or bk T

2w

where the as have the values either 1 or 0. Thus, if N=19,
19=16+2+1=2%1+ 20+ (2H0+ 2H1 + (2% 1=10011
in binary notation. The rules of addition and multiplication
are

04+0=0,0+1=1,141=10; 0x0=0,0x1=0, Ix1=1

1.2.9 Power ratio

In communication networks the powers P; and P, at
two specified points may differ widely as the result of ampli-
fication or attenuation. The power ratio Pj/P, is more
convenient in logarithmic terms.

Neper [Np] This is the natural logarithm of a voltage or
current ratio, given by
a=4da(V,/Vy)<or a=4(l;/L) N
If the voltages are applied to, or the currents flow in,
identical impedances, then the power ratio is

—@(V}/VQ)Z :QFIH( Vl/V2)<:
and similarly for current.

Decibel [dB] The power gain is given by the common
logarithm 1g(P,/P,) in bel [B], or most commonly by
A=10 log(Py/P,) decibel [dB]. With again the proviso

that the powers are developed in identical impedances, the
power gain is
log(V1/V2)°

A =¢1=OlOg(P1/P2) = =&0 IOg(Vl/Vz) dB

Table 1.13 gives the power ratio corresponding to a gain
A (in dB) and the related identical-impedance voltage (or
current) ratios. Approximately, 3 dB corresponds to a
power ratio of 2, and 6 dB to a power ratio of 4. The decibel
equivalent of 1 Np is 8.69 dB.

1.2.10 Matrices and vectors

1.2.10.1 Definitions

If a1y, a1, a3, a14. . . 1s a set of elements, then the rectangu-

lar array
apr  app A dig...diy
ar a ax ...a
A — o 2 a3 24 2n
ml  Am2  Am3  Ap4 .. . Ayp

arranged in m rows and n columns is called an (m x n)
matrix. If m=n then A is n-square.
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Table 1.11 Derivatives and integrals

d[Ax))/dx Sx) JA(x) e
1 X %xz
nx""! X" (n #£—1) X"+ 1)
—1/x? 1/x In x
1/x In x x In x—x
exp x exp x exp x
cos X sin x —Cos X
—sin x cos X sin x
sec? x tan x In(sec x)
—cosec x -¢ot x cosec x In(tanix)
sec x -¢an x sec x In(sec x 4 tan x)
—cosec® x cot x In(sin x)
1/ J(@=x%) arcsin(x/a) x arcsin(x/a) + /(@ —x?)
-1/ J(@-x%) arccos(x/a) x arccos(x/a)—/(a*—x>)
a/(@® +<2) arctan(x/a) x arctan(x/a) —4aln (@ +x%)
—alx |/ (x*—d?) arccosec(x/a) x arccosec(x/a)+a In | x +<;/ (x*=d? |
alx \/(x2—a2) arcsec(x/a) x arcsec(x/a)—a In | x4+ \/(xz—az) \
—a)(@® +<) arccot(x/a) x arccot(x/a) +4aln (a® +x?)
cosh x sinh x cosh x
sinh x cosh x sinh x
sech? x tanh x In(cosh x)
—cosech x -<«oth x cosech x —In(tanh 1 x)
—sech x -<anh x sech x 2 arctan (exp x)
—cosech? x coth x In(sinh x)
12+ 1) arsinh x x arsinh x— /(1 +<7)
1//(x*~1) arcosh x x arcosh x—/(x*—1)
1/(1—x%) artanh x xartanh x+4In (1 —«?)
—1/x \/(xz +<) arcosech x x arcosech x 4+ arsinh x
—1/x \/(l—xz) arsech x x arsech x + arcsin x
1/(1-x?) arcoth x x arcoth x+1In(x* -4
§ 0y o u(x) () ﬂ— dy

dx dx
Idu wudy u(x)
vy Vdx V()

r exp(xa) X sm(wx + ¢st-<4)

exp(ax) X sin(wx +<2)

(l Ir )exp(ax)sm(wx + ¢—0)
=H(w” +<a’) Oe=arctan (w/a)

An ordered set of elements x =fx;, X, X3..

an n-vector.

An (n x4 matrix is called a column vector and a (1 x#
matrix a row vector.

1.2.10.2 Basic operations

. x,] is called

If A=4a,,), B=b,),

(1) Sum C=«&+B is defined by c,,=¢+b, for
r=&..m;s=%&..n.

(ii) Product If A is an (m x4 matrix and B is a (¢ x#)
matrix, then the product C=4B is an (m x#) matrix
defined by (c)=F,a,b, p=&..q; r=&..m
s=<4..n. If AB=8A then A and B are said to commute.

(iii) Matrix-vector product 1f x =4§...x,], then b=4x is
defined by (b,) =%, a,, x,, p=& .. n;r=4&..m.

(iv) Multiplication of a matrix by a (scalar) element 1f k is
an element then C =4#A =&k is defined by (c,,) =#fa,,).

(v) Equality 1f A=38; then (ay) =€), for i=%&..n;
j=%..m.

1.2.10.3 Rules of operation

)
(ii)
(ii)

(iv)

)

(vi)
(vii)

Associativity A +<4B +<€)=A +B) +<€,
A(BC) =AB)C =4ABC.
Distributivity A(B+ C)=4B+ AC,
B+ C)A=8BA + CA.
Identity 1f U is the (n x#) matrix (6ij), i, j=<%...n,
where 6ij=4=if i=4=and 0 otherwise, then U is the
diagonal unit matrix and A U=+
Inverse If the product U=4B exists, then B=#4 "
the inverse mdtrlx of A If both inverses A~ and B~
exist, then (A B) '=8""1A"".
T;ampomzon The transpose of A is written as
AT and is the matrix whose rows are the columns
of A If the product C =4AB exists then

—@AB)' =
Conjugate For A %a,x), the congugate of A is
denoted by A* =€,,*).
Or thogonalzty Matrix A is  orthogonal if
AAT=4.

i



Table 1.12 Laplace transforms
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Definition f(t) from t =6+ F(s) =<&[f (1) = {%ff(;) -exp (—st) -4
Sum afi(t)+ bf(1) aF(s)+ bF(s)
First derivative (d/de) f(r) sF(s)—f(0—)
nth derivative (d"/de"yf (1) $"F(8)—s" " f0—)— "2 D(0—) —-et=F "D (0—)
T 1
Definite integral L]Qf (1) < N F(s)
Shift by T ft=T) exp(—sT)-¥(s)
1
Periodic function (period 7') S m.qzxp (—sT) - K1) <
Initial value ), t—0+ sF(s), s—oo<=
Final value S(1), t—oo<= sF(s), s—0
Description A F(s) (1) to base t
1. Unit impulse 8(1) 1 ” :Area=1
. 1
2. Unit step H(?) - I l
s
—St
3. Delayed step H(—T) w _MHMM]H
4. Rectangular pulse (duration 7') H(H)—H(t—T) 1—exp(=sT) I ] I
s
. 1
s
6. Delayed ramp (t—T)H(t—T) &P (;ST) T’i‘
s
n!
7. nth-order ramp " — _J,_.zmmﬂﬂlmﬂ
g+l
8. Exponential deca exp(—at) ! _mmm
- BEXp y p S+
L as
9. Exponential rise 1—exp(—at) G 1) Al | ‘
10. Exponential x ¢+ t exp(—at) 1 _JA]]I[HHH]]]IHIH]J
(s +4)’
11. Exponential x £ " exp(—at) n! _l‘ﬁﬂm]ﬂ[[[[[ﬂ]m]
(S +@)n+l
12. Difference of exponentials exp(—at)—exp(—[5t) _ fees _MHIH]HHH]]IM
' P P P e

cont’d
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Table 1.12 (continued)

Definition

f(t) fromt=0+

F(s) = LIf(0] = [ /() - exp(—s) - di

13. Sinusoidal

14. Phase-advanced sine

15. Sine x ¢

16. Exponentially decaying sine

17. Cosinusoidal

18. Phase-advanced cosine

19. Offset cosine

20. Cosine X ¢

21. Exponentially decaying cosine

22. Trigonometrical function G(¢)

23. Exponentially decaying

trigonometrical function

24. Hyperbolic sine

25. Hyperbolic cosine

26. Rectangular wave (period 7T')

sin wt

sin(wt + ¢)

t sin wt

exp(—at)sin wt

CoS wt

cos(wt + @)

1—cos wt

1 Cos wt

exp(—at)cos wt

sin wt—wt cos wt

exp(—at) - G(?)

sinh wt

cosh wt

S0

27. Half-wave rectified sine (7'=2n/w) f(1)

28. Full-wave rectified sine (7=27/w) f{(?)

ws
$2 +w?

wCOoS O¢t S sin ¢
s + w?

2ws
(s2 + u?)?

we
(s + a)* + w2

S
s + w?

$COS (p¢— w sin ¢)s
2 + w?

W2

s(s2 + w?)

s2 —w?

(2 + w?)?

(s+ )
(s + @) + w?

2w
(2 + w?)?

2w?

(s + @) + w?)?

we
2 — 2
s
2 — o2

1 4 tanh(s7'/4)
2s

wexp (sT/2)cosech(sT/2)

22+ w?)

wcoth(sT/2)
$? +w?




Table 1.13 Decibel gain: power and voltage ratios

A Py/P, ViV, A P/P, ViV

0 1.000  1.000 9 7.943 2.818
0.1 1.023 1.012 10 10.00 3.162
02 1.047  1.023 12 15.85 3.981
03 1.072  1.032 14 25.12 5.012
04 1.09  1.047 16 39.81 6.310
0.6 1.148 1.072 18 63.10 7.943
0.8 1202  1.096 20 100.0 10.00
1.0 1259  1.122 25 316.2 17.78
1.2 1318  1.148 30 1000 31.62
1.5 1413 1.189 35 3162 56.23
20 1.585  1.259 40 1.0x10* 100.0
25 1.778  1.333 45 32x10* 177.8
3.0 1995  1.413 50  1.0x10° 316.2
3.5 2239 1.49 55 3.2x10° 562.3
40 2512 1.585 60 1.0x10° 1000

45 2818  1.679 65 3.2x10° 1778

50 3162  1.778 70 1.0x 10’ 3160

6.0 3981  1.995 80 1.0x10® 10000

7.0 5012 2239 90 1.0x10° 31620

80 6310 2512 100 1.0x10'™ 100000

1.2.10.4 Determinant and trace

(i) The determinant of a square matrix A denoted by
|A], also det(A), is defined by the recursive formula
[Al=a;; My —ap Mpp+ai3 Miz— -+ =1)"ay, My,
where M is the determinant of the matrix with row 1
and column 1 missing, M, is the determinant of the
matrix with row 1 and column 2 missing etc.

(i) The Trace of A is denoted by tr(A)=3; a;, i=1,2...n.

(iti) Singularity Thesquare matrix A is singularif det (A)=0.

(iv) The Characteristic Polynomial P(\)=det(A — AU).

1.2.10.5 Eigensystems

(1) Eigenvalues The eigenvalues of a matrix A(A) are the n
complex roots Aj(A), Ax(A)...\,(A) of the characteristic
polynomial det(A — AU)=0. Normally in most engin-
eering systems there are no equal roots so the eigenvalues
are distinct.

(ii) Eigenvectors For any distinct eigenvalue )\; (A), there is
an associated non-zero right eigenvector X; satisfying the
homogeneous equations (A —\U) X;=0, i=1,2...n.
The matrix (A — A\;U) is singular, however, because the
det (A — \;U)=0; hence X; is not unique. In each set of
equations (A — \;U) X;=0 one equation is redundant
and only the relative values of the elements of X; can
be determined. Thus the eigenvectors can be scaled
arbitrarily, one element being assigned a value and the
other elements determined accordingly from the remain-
ing non-homogeneous equations.

The equations can be written also as AX;=\X,,
or combining all eigenvalues and right eigenvectors,
AX=AX, where A is a diagonal matrix of the eigen-
values and X is a square matrix containing all the right
eigenvectors in corresponding order.

Since the eigenvalues of A and AT are identical, for
every eigenvalue ); associated with an eigenvector X; of
A there is also an eigenvector P; of AT such that
ATP;= \P;. Alternatively the eigenvector P; can be con-
sidered to be the left eigenvector of A by transposing the
equation to give P;"A = \,P;", or combining into one
matrix equation, PTA=PTA.

Physical quantities 1/17

Reciprocal eigenvectors Post-multiplying this last
equation by the right eigenvector matrix X gives
PTA X =PTAX, which summarises the # sets of equations
PIAX, =P )\ X;=\P;T X;=k;\;, where k; is a scalar
formed from the (1 x#) by (n x 1) vector product P;" X,.
With both P; and X, being scaled arbitrarily, re-scaling the
left eigenvectors such that W;=(1/k;) P;, gives W;" X,=«
6ij=1, if i=j, and =0 otherwise. In matrix form
W7 X = U, the unit matrix. The re-scaled left eigenvectors
W, are said to be the reciprocal eigenvectors correspond-
ing to the right eigenvectors X,.

(iii) Eigenvalue sensitivity analysis The change in the
numerical value of ); with a change in any matrix A
element 6a,, is to a first approximation given by
o= (w,); (x,); 6a,., where (w,); is the r-th element of the
reciprocal eignvector W; corresponding to \; and (xy); is
the s-th element of the associated right eigenvector X;.
In more compact form the sensitivity coefficients 6)\;/
ba,, or condition numbers of all n eigenvalues with
respect to all elements of matrix A are expressible by
the 1-term dyads S;=W; X' i=1...n

5)\,'/(%111 6)\,‘/5&12 5)\,‘/5[11,,
)\;/6(12] 6)\,'/6[122 5)\[/6612,,

S = e ... .
)\i/(sanl 6)\1'/6‘1}12 5)\1'/6011}1

The matrix S; is known as i-th eigenvalde sensitivity
matrix.

(iv) Matrix functions Transposed eigenvalue sensitivity
matrices appear also in the dyadic expansion of a matrix
and in matrix functions, thus A =S AX; W,T=3\S;T,
i=1...n. Likewise [AP >[Z:\ S/ P=T2* ST or
in general [A]P=3X\P S;7; thus, for example, [A] ' =«
DV A

1.2.10.6 Norms

(1) Vector norms A scalar measure of the magnitude of a
vector X with elements x1, x5. . . X, is provided by a norm,
the %qneral family of norms being defined by || X|| =[Z;
|x;/’]"P. The usual norms are found from the values of p.
If p=1, || X]| is the sum of the magnitudes of the elements,
p=2,||X|| is Euclidean norm or square root of the sum of
the squares of the magnitudes of the elements,
p=infinity, || X]| is the infinity norm or magnitude of the
largest element.

(ii) Matrix norms Several norms for matrices have also
been defined, for matrix A two being the Euclidean norm,
lAle=[ZZ a3 r=1,2...m; s=1,2...n, and the
absolute norm, ||A|| =max,. | a4

1.3 Physical quantities

Engineering processes involve energy associated with phys-
ical materials to convert, transport or radiate energy. As
energy has several natural forms, and as materials differ
profoundly in their physical characteristics, separate tech-
nologies have been devised around specific processes; and
materials may have to be considered macroscopically in
bulk, or in microstructure (molecular, atomic and subatomic)
in accordance with the applications or processes concerned.

1.3.1 Energy

Like ‘force’ and ‘time’, energy is a unifying concept invented
to systematise physical phenomena. It almost defies precise
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definition, but may be described, as an aid to an intuitive
appreciation.

Energy is the capacity for ‘action’ or work.

Work is the measure of the change in energy state.

State is the measure of the energy condition of a system.

System is the ordered arrangement of related physical
entities or processes, represented by a model.

Mode is a description or mathematical formulation of the
system to determine its behaviour.

Behaviour describes (verbally or mathematically) the
energy processes involved in changes of state. Energy
storage occurs if the work done on a system is recoverable
in its original form. Energy conversion takes place when
related changes of state concern energy in a different form,
the process sometimes being reversible. Energy dissipation is
an irreversible conversion into heat. Energy transmission
and radiation are forms of energy transport in which there
is a finite propagation time.

In a physical system there is an identifiable energy input
W; and output W,. The system itself may store energy W
and dissipate energy W. The energy conservation principle
states that

Wi= W+ W+ W,

Comparable statements can be made for energy changes Aw
and for energy rates (i.e. powers), giving

Aw; = Aws + Aw + Aw, and p; = ps +p + po

1.3.1.1 Analogues

In some cases the mathematical formulation of a system
model resembles that of a model in a completely different
physical system: the two systems are then analogues.
Consider linear and rotary displacements in a simple
mechanical system with the conditions in an electric circuit,
with the following nomenclature:

A mechanical element (such as a spring) of compliance k&
(which describes the displacement per unit force and is the
inverse of the stiffness) has a displacement /=kf when a
force f'is apphed At a final force f the potential energy
stored is W= kfl For the rotary case, O=kM and

W=1kM?. In the electric circuit with a pure capacitance
C, to Wthh a p.d. v is applied, the charge is ¢= Cv and the
electric energy stored at vy is WZ% Cv2.

Use is made of these correspondences in mechanical
problems (e.g. of vibration) when the parameters can be con-
sidered to be ‘lumped’. An ideal transformer, in which the
primary m.m.f. in ampere-turns /;N; is equal to the second-
ary m.m.f. ;,N, has as analogue the simple lever, in which a
force f; at a point distant /; from the fulcrum corresponds to
f> at [, such that i/, = f>/.

A simple series circuit is described by the equation
v= L(di/dt) + Ri+ q/C or, with i written as dg/d¢,

v=L(d’g/dr*) + R(dg/dD) +(1/C)g

A corresponding mechanical system of mass, compliance
and viscous friction (proportional to velocity) in which for
a displacement / the inertial force is m(du/d¢), the compli-
ance force is //k and the friction force is ru, has a total force

f=m(d*1/d) + r(dl/de) + (1/k)]

Thus the two systems are expressed in identical mathemat-
ical form.

1.3.1.2 Fields

Several physical problems are concerned with ‘fields’ having
stream-line properties. The eddyless flow of a liquid, the cur-
rent in a conducting medium, the flow of heat from a high- to
a low-temperature region, are fields in which representative
lines can be drawn to indicate at any point the direction of

force [N]

mass [kg]

friction [N s/m]
compliance [m/N]
displacement [m]
velocity [m/s]

T ~F IS
§®T g

torque [N m]

inertia [kgm?]

friction [Nm s/rad]
compliance [rad/N m]
displacement [rad]
angular velocity [rad/s]

voltage [V]
inductance [H]
resistance [€2]
capacitance [F]
charge [C]
current [A]

ORISR

The force necessary to maintain a uniform linear velocity u
against a viscous frictional resistance r is f= ur; the power is
p=fu=u’r and the energy expended over a distance / is
W = fut =u’rt, since [ =ut. These are, respectlvely, the ana-
logues of v=iR, p=vi=i*R and W=vit=i’Rt for the
corresponding electrical system. For a constant angular
velocity in a rotary nmechanical system, M=uwr,
p=Mw= wrand W= wzrl, since f¢= wt.

If a mass is given an acceleration du/d¢, the force required
is f=m(du/dr) and the stored kinetic energy at velocity u;
is Wf%mu For rotary acceleration, M =J(dw/df) and
W= Jw% Analogously the application of a voltage v to a
pure 1nductor L produces an increase of current at the rate
di/dt such that v= L(d {dt) and the magnetic energy stored
at current 7, is Wf—Lz

the flow there. Other lines, orthogonal to the flow lines, con-
nect points in the field having equal potential. Along these
equipotential lines there is no tendency for flow to take place.

Static electric fields between charged conductors (having
equipotential surfaces) are of interest in problems of insula-
tion stressing. Magnetic fields, which in air-gaps may be
assumed to cross between high-permeability ferromagnetic
surfaces that are substantially equipotentials, may be
studied in the course of investigations into flux distribution
in machines. All the fields mentioned above satisfy
Laplacian equations of the form

(OPV]OxX*) + (O*V )9y*) + (*V /9z*) = 0

The solution for a physical field of given geometry will
apply to other Laplacian fields of similar geometry, e.g.

System Potential Flux Medium

current flow voltage V' current / conductivity og

heat flow temperature 0¢ heat ¢ thermal conductivity A¢
electric field voltage V' electric flux Q permittivity eg
magnetic field m.m.f. F magnetic flux ¢¢ permeability pg




The ratio I/V for the first system would give the effective
conductance G; correspondingly for the other systems, g/6¢
gives the thermal conductance, Q/V gives the capacitance
and ®/F gives the permeance, so that if measurements are
made in one system the results are applicable to all the others.

It is usual to treat problems as two-dimensional where
possible. Several field-mapping techniques have been devised,
generally electrical because of the greater convenience and
precision of electrical measurements. For two-dimensional
problems, conductive methods include high-resistivity paper
sheers, square-mesh ‘nets’ of resistors and electrolytic tanks.
The tank is especially adaptable to three-dimensional cases of
axial symmetry.

In the electrolytic tank a weak electrolyte, such as ordinary
tap-water, provides the conducting medium. A scale model
of the electrode system is set into the liquid. A low-voltage
supply at some frequency between 50Hz and 1kHz is
connected to the electrodes so that current flows through
the electrolyte between them. A probe, adjustable in the
horizontal plane and with its tip dipping vertically into the
electrolyte, enables the potential field to be plotted. Electrode
models are constructed from some suitable insulant (wood,
paraffin wax, Bakelite, etc.), the electrode outlines being
defined by a highly conductive material such as brass or
copper. The metal is silver-plated to improve conductivity
and reduce polarisation. Three-dimensional cases with axial
symmetry are simulated by tilting the tank and using the
surface of the electrolyte as a radial plane of the system.

The conducting-sheet analogue substitutes a sheet of
resistive material (usually ‘teledeltos’ paper with silver-
painted electrodes) for the electrolyte. The method is not
readily adaptable to three-dimensional plots, but is quick
and inexpensive in time and material.

The mesh or resistor-net analogue replaces a conductive
continuum by a square mesh of equal resistors, the potential
measurements being made at the nodes. Where the bound-
aries are simple, and where the ‘grain size’ is sufficiently
small, good results are obtained. As there are no polarisation
troubles, direct voltage supply can be used. If the resistors are
made adjustable, the net can be adapted to cases of inhomo-
geneity, as when plotting a magnetic field in which perme-
ability is dependent on flux density. Three-dimensional plots
are made by arranging plane meshes in layers; the nodes are
now the junctions of six instead of four resistors.

A stretched elastic membrane, depressed or elevated in
appropriate regions, will accommodate itself smoothly to the
differences in level: the height of the membrane everywhere
can be shown to be in conformity with a two-dimensional
Laplace equation. Using a rubber sheet as a membrane, the
path of electrons in an electric field between electrodes in a
vacuum can be investigated by the analogous paths of rolling
bearing-balls. Many other useful analogues have been devised,
some for the rapid solution of mathematical processes.

Recently considerable development has been made in
point-by-point computer solutions for the more compli-
cated field patterns in three-dimensional space.

1.3.2 Structure of matter

Material substances, whether solid, liquid or gaseous, are
conceived as composed of very large numbers of molecules.
A molecule is the smallest portion of any substance which
cannot be further subdivided without losing its characteristic
material properties. In all states of matter molecules are in a
state of rapid continuous motion. In a solid the molecules
are relatively closely ‘packed” and the molecules, although
rapidly moving, maintain a fixed mean position. Attractive
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forces between molecules account for the tendency of the
solid to retain its shape. In a /iguid the molecules are less
closely packed and there is a weaker cohesion between them,
so that they can wander about with some freedom within the
liquid, which consequently takes up the shape of the vessel in
which it is contained. The molecules in a gas are still more
mobile, and are relatively far apart. The cohesive force is very
small, and the gas is enabled freely to contract and expand.
The usual effect of heat is to increase the intensity and speed
of molecular activity so that ‘collisions’ between molecules
occur more often; the average spaces between the molecules
increase, so that the substance attempts to expand, producing
internal pressure if the expansion is resisted.

Molecules are capable of further subdivision, but the
resulting particles, called atoms, no longer have the same
properties as the molecules from which they came. An atom
is the smallest portion of matter than can enter into chemical
combination or be chemically separated, but it cannot gener-
ally maintain a separate existence except in the few special
cases where a single atom forms a molecule. A molecule
may consist of one, two or more (sometimes many more)
atoms of various kinds. A substance whose molecules are
composed entirely of atoms of the same kind is called an
element. Where atoms of two or more kinds are present, the
molecule is that of a chemical compound. At present over 100
elements are recognised (Table 1.14: the atomic mass number
A is relative to 1/12 of the mass of an element of carbon-12).

If the element symbols are arranged in a table in ascend-
ing order of atomic number, and in columns (‘groups’) and
rows (‘periods’) with due regard to associated similarities,
Table 1.15 is obtained. Metallic elements are found on the
left, non-metals on the right. Some of the correspondences
that emerge are:

Group la: Alkali metals
(Li 3, Na 11, K 19, Rb 37, Cs 55, Fr 87)
2a: Alkaline earths
(Be 4, Mg 12, Ca 20, Sr 38, Ba 56, Ra 88)
1b: Copper group (Cu 29, Ag 47, Au 79)
6b: Chromium group (Cr 24, Mo 42, W 74)
7a: Halogens (F 9, C1 17, Br 35, 1 53, At 85)
0: Rare gases
(He 2, Ne 10, Ar 18, Kr 36, Xe 54, Rn 86)
3a—6a: Semiconductors
(B 5, Si 16, Ge 32, As 33, Sb 51, Te 52)

In some cases a horizontal relation obtains as in the
transition series (Sc 21...Ni 28) and the heavy-atom rare
earth and actinide series. The explanation lies in the struc-
ture of the atom.

1.3.2.1 Atomic structure

The original Bohr model of the hydrogen atom was a
central nucleus containing almost the whole mass of the
atom, and a single electron orbiting around it. Electrons, as
small particles of negative electric charge, were discovered
at the end of the nineteenth century, bringing to light the
complex structure of atoms. The hydrogen nucleus is a
proton, a mass having a charge equal to that of an electron,
but positive. Extended to all elements, each has a nucleus
comprising mass particles, some (protons) with a positive
charge, others (neutrons) with no charge. The atomic mass
number A is the total number of protons and neutrons in the
nucleus; the atomic number Z is the number of positive
charges, and the normal number of orbital electrons. The
nuclear structure is not known, and the forces that bind
the protons against their mutual attraction are conjectural.
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The hydrogen atom (Figure 1.4) has one proton (Z=48
and one electron in an orbit formerly called the K shell.
Helium (Z =2 has two protons, the two electrons occupy-
ing the K shell which, by the Pauli exclusion principle, can-
not have more than two. The next element in order is
lithium (Z =3, the third electron in an outer L shell. With
elements of increasing atomic number, the electrons are
added to the L shell until it holds a maximum of 8, the
surplus then occupying the M shell to a maximum of 18.
The number of ‘valence’ electrons (those in the outermost
shell) determines the physical and chemical properties of the
element. Those with completed outer shells are ‘stable’.

Isotopes An element is often found to be a mixture of
atoms with the same chemical property but different atomic
masses: these are isotopes. The isotopes of an element must
have the same number of electrons and protons, but differ
in the number of neutrons, accounting for the non-integral
average mass numbers. For example, neon comprises 90.4%
of mass number 20, with 0.6% of 21 and 9.0% of mass
number 22, giving a resultant mass number of 20.18.

Energy states Atoms may be in various energy states.
Thus, the filament of an incadescent lamp may emit light
when excited by an electric current but not when the current
is switched off. Heat energy is the kinetic energy of the
atoms of a heated body. The more vigorous impact of
atoms may not always shift the atom as a whole, but may
shift an electron from one orbit to another of higher energy
level within the atom. This position is not normally stable,
and the electron gives up its momentarily acquired potential
energy by falling back to its original level, releasing the
energy as a light quantum or photon.

Ionisation Among the electrons of an atom, those of the
outermost shell are unique in that, on account of all the
electron charges on the shells between them and the nucleus,
they are the most loosely bound and most easily removable.
In a variety of ways it is possible so to excite an atom that
one of the outer electrons is torn away, leaving the atom
ionised or converted for the time into an ion with an effect-
ive positive charge due to the unbalanced electrical state it
has acquired. Ionisation may occur due to impact by other
fast-moving particles, by irradiation with rays of suitable
wavelength and by the application of intense electric fields.

1.3.2.2 Wave mechanics

The fundamental laws of optics can be explained without
regard to the nature of light as an electromagnetic wave
phenomenon, and photoelectricity emphasises its nature as
a stream or ray of corpuscles. The phenomena of diffraction
or interference can only be explained on the wave concept.
Wave mechanics correlates the two apparently conflicting
ideas into a wider concept of ‘waves of matter’. Electrons,
atoms and even molecules participate in this duality, in that
their effects appear sometimes as corpuscular, sometimes as
of a wave nature. Streams of electrons behave in a corpus-
cular fashion in photoemission, but in certain circumstances
show the diffraction effects familiar in wave action.
Considerations of particle mechanics led de Broglie to
write several theoretic papers (1922-1926) on the parallel-
ism between the dynamics of a particle and geometrical
optics, and suggested that it was necessary to admit that
classical dynamics could not interpret phenomena involving
energy quanta. Wave mechanics was established by
Schrédinger in 1926 on de Broglie’s conceptions.

When electrons interact with matter, they exhibit wave
properties: in the free state they act like particles. Light has
a similar duality, as already noted. The hypothesis of de
Broglie is that a particle of mass m and velocity u has wave

Table 1.14 Elements (Z, atomic number; A, atomic mass;
KLMNOPQ, electron shells)

Z  Name and symbol A Shells
K L
1 Hydrogen H 1.008 1 —
2 Helium He 4.002 2 —
3 Lithium Li 694 2 1
4 Beryllium Be 9.02 2 2
5 Boron B 10.82 2 3
6 Carbon C 12 2 4
7 Nitrogen N 14.01 2 5
8 Oxygen (0] 16.00 2 6
9 Fluorine F 19.00 2 7
10 Neon Ne 20.18 2 8
KL M
11 Sodium Na 2299 10 1 —
12 Magnesium Mg 2432 10 2 —
13 Aluminium Al 26.97 10 3
14 Silicon Si 28.06 10 4 —
15 Phosphorus P 31.02 10 5 —
16  Sulphur S 32.06 10 6 —
17 Chlorine Cl 3546 10 7 —
18 Argon Ar 3994 10 8 —
19 Potassium K 39.09 10 8 1
20 Calcium Ca 40.08 10 8 2
21 Scandium Sc 4510 10 9 2
22 Titanium Ti 4790 10 10 2
23 Vanadium \" 095 10 11 2
24 Chromium Cr 52.01 10 13 1
25 Manganese Mn 5493 10 13 2
26 Iron Fe 5584 10 14 2
27 Cobalt Co 5894 10 15 2
28  Nickel Ni  58.69 10 16 2
29  Copper Cu 6357 10 18 1
30 Zinc Zn 65.38 10 18 2
31 Gallium Ga 69.72 10 18 3
32  Germanium Ge 72.60 10 18 4
33 Arsenic As 7491 10 18 5
34 Selenium Se 78.96 10 18 6
35 Bromine Br 7991 10 18 7
36 Krypton Kr 83.70 10 18 8
KLM N O
37 Rubidium Rb 8544 28 8 1
38 Strontium Sr 87.63 28 8 2
39 Yttrium Y 88.92 28 9 2
40  Zirconium Zr 9122 28 10 2
41 Niobium Nb 9291 28 12 1
42 Molybdenum Mo 96.0 28 13 1
43  Technetium Tc  99.0 28 14 1
44  Ruthenium Ru 101.7 28 15 1
45 Rhodium Rh 1029 28 16 1
46 Palladium Pd 106.7 28 18 —
47  Silver Ag 1079 28 18 1
48 Cadmium Cd 1124 28 18 2
49  Indium In 1148 28 18 3
50 Tin Sn 118.7 28 18 4
51  Antimony Sb 121.8 28 18 5
52 Tellurium Te 127.6 28 18 6
53 lodine 1 1269 28 18 7
54  Xenon Xe 131.3 28 18 8
KLIM N O P
55 Caesium Cs 1329 28 18 8 1
56 Barium Ba 1374 28 18 8 2
cont’d



Table 1.14 (continued)

Z  Name and symbol A Shells
KIM N O P
57 Lanthanum La 1389 28 18 9 2
58 Cerium Ce 140.1 28 19 9 2
59 Praseodymium Pr 1409 28 21 8 2
60 Neodymium Nd 1443 28 22 8 2
61 Promethium Pm 147.0 28 23 8 2
62 Samarium Sm 1504 28 24 8 2
63 Europium Eu 152.0 28 25 8 2
64 Gadolinium Gd 157.3 28 25 9 2
65 Terbium Tb 159.2 28 27 8 2
66 Dysprosium Dy 162.5 28 28 8 2
67 Holmium Ho 163.5 28 29 8 2
68 Erbium Er 167.6 28 30 8 2
69 Thulium Tm 1694 28 31 8 2
70 Ytterbium Yb 173.0 28 32 8 2
71 Lutecium Lu 1750 28 32 9 2
72 Hafnium Hf 178.6 28 32 10 2
73 Tantalum Ta 1814 28 32 11 2
74 Tungsten W 184.0 28 32 12 2
75 Rhenium Re 1863 28 32 13 2
76 Osmium Os 191.5 28 32 14 2
77 Iridium Ir 1931 28 32 15 2
78 Platinum Pt 1952 28 32 17 1
79 Gold Au 1972 28 32 18 1
80 Mercury Hg 200.6 28 32 18 2
81 Thallium TI 2044 28 32 18 3
82 Lead Pb 207.2 28 32 18 4
83 Bismuth Bi 209.0 28 32 18 5
84 Polonium Po 2100 28 32 18 6
85 Astatine At 211.0 28 32 18 7
86 Radon Rn 2220 28 32 18 8
KLMN O P Q
87 Francium Fr 2230 60 18 8 1
88 Radium Ra 2260 60 18 8 2
89 Actinium Ac 227.0 60 18 9 2
90 Thorium Th 232.0 60 18 10 2
91 Protoactinium Pa 231.0 60 20 9 2
92 Uranium U 2380 60 21 9 2
93 Neptunium Np 237.0 60 22 9 2
94 Plutonium Pu 239.0 60 24 8 2
95 Americium Am 243.0 60 25 8 2
96 Curium Cm 247.0 60 25 9 2
97 Berkelium Bk 247.0 60 26 9 2
98 Californium Cf 251.0 60 28 8 2
99 Einsteinium Es 2540 60 29 8 2
100 Fermium Fm 257.0 60 30 8 2
101 Mendelevium Md 257.0 60 31 8 2
102 Nobelium No 254.0 60 32 8 2
103 Lawrencium Lr 256.0 60 32 9 2
104 Kurchatovium Ku —
105 Hahnium Ha —

properties with a wavelength Ae=##mu, where h is the
Planck constant, 1 =626 x40 >*Js. The mass m is relat-
ivistically affected by the velocity.

When electron waves are associated with an atom, only
certain fixed-energy states are possible. The electron can be
raised from one state to another if it is provided, by some
external stimulus such as a photon, with the necessary
energy difference Aw in the form of an electromagnetic
wave of wavelength Ae=+#e/Aw, where c is the velocity of
free space radiation (3 x46%m/s). Similarly, if an electron
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falls from a state of higher to one of lower energy, it emits
energy Aw as radiation. When electrons are raised in energy
level, the atom is excited, but not ionised.

1.3.2.3 Electrons in atoms

Consider the hydrogen atom. Its single electron is not
located at a fixed point, but can be anywhere in a region
near the nucleus with some probability. The particular
region is a kind of shell or cloud, of radius depending on
the electron’s energy state.

With a nucleus of atomic number Z, the Z electrons can
have several possible configurations. There is a certain
radial pattern of electron probability cloud distribution
(or shell pattern). Each electron state gives rise to a cloud
pattern, characterised by a definite energy level, and
described by the series of quantum numbers n, /, m; and
my. The number n(=45 2, 3,...) is a measure of the energy
level; (=651, 2,...) is concerned with angular momentum;
m, is a measure of the component of angular momentum in
the direction of an applied magnetic field; and mi arises
from the electron spin. It is customary to condense the
nomenclature so that electron states corresponding to /=485
1, 2 and 3 are described by the letters s, p, d and f and a
numerical prefix gives the value of n. Thus boron has 2 elec-
trons at level 1 with /=4%; two at level 2 with /=48; and one
at level 3 with /=< this information is conveyed by the
description (15)%(25)*(2p)".

The energy of an atom as a whole can vary according to
the electron arrangement. The most stable state is that of
minimum energy, and states of higher energy content are
excited. By Pauli’s exclusion principle the maximum possible
number of electrons in states 1, 2, 3, 4,..., n are 2, 8, 18,
32,..., 2n% respectively. Thus, only 2 electrons can occupy
the ls state (or K shell) and the remainder must, even for
the normal minimum-energy condition, occupy other states.
Hydrogen and helium, the first two elements, have, respec-
tively, 1 and 2 electrons in the 1-quantum (K) shell; the
next, lithium, has its third electron in the 2-quantum (L)
shell. The passage from lithium to neon results in the filling
up of this shell to its full complement of 8 electrons. During
the process, the electrons first enter the 2s subgroup, then
fill the 2p subgroup until it has 6 electrons, the maximum
allowable by the exclusion principle (see Table 1.14).

Very briefly, the effect of the electron-shell filling is as
follows. Elements in the same chemical family have the
same number of electrons in the subshell that is incom-
pletely filled. The rare gases (He, Ne, Ar, Kr, Xe) have no
uncompleted shells. Alkali metals (e.g. Na) have shells con-
taining a single electron. The alkaline earths have two elec-
trons in uncompleted shells. The good conductors (Ag, Cu,
Au) have a single electron in the uppermost quantum state.
An irregularity in the ordered sequence of filling (which
holds consistently from H to Ar) begins at potassium (K)
and continues to Ni, becoming again regular with Cu, and
beginning a new irregularity with Rb.

The electron of a hydrogen atom, normally at level 1, can
be raised to level 2 by endowing it with a particular quantity
of energy most readily expressed as 10.2eV. (1eV=4
electron-volt =46 x 40~ '? I is the energy acquired by a free
electron falling through a potential difference of 1V, which
accelerates it and gives it kinetic energy.) The 10.2V is the

first excitation potential for the hydrogen atom. If the

electron is given an energy of 13.6¢eV, it is freed from the
atom, and 13.6V is the ionisation potential. Other atoms
have different potentials in accordance with their atomic
arrangement.
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Table 1.15 Elements: periodic table

Periods Groups
la 2a 3b 4b 5b 6b 760 8 8 8 1b 2b 3a 4a Sa 6a T7a 0
I 1 Metals Non-metals 2
H He
II 3 4 5 6 7 8 9 10
Li Be B C N O F Ne
111 11 12 13 14 15 16 17 18
Na Mg Transitions Al Si P S Cl Ar
v 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
v 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te 1 Xe
VI 55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
VII 87 88 89
Fr Ra Ac
Rare earths 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Actinides 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Z=1 Z=3
H
L{K
Z=2
He Li Figure 1.4 Atomic structure

1.3.2.4 Electrons in metals

An approximation to the behaviour of metals assumes that
the atoms lose their valency electrons, which are free to
wander in the ionic lattice of the material to form what is
called an electron gas. The sharp energy levels of the free
atom are broadened into wide bands by the proximity of
others. The potential within the metal is assumed to be
smoothed out, and there is a sharp rise of potential at the
surface which prevents the electrons from escaping: there is
a potential-energy step at the surface which the electrons
cannot normally overcome: it is of the order of 10eV. If
this is called W, then the energy of an electron wandering
within the metals is — W +1 2.

The electrons are regarded as undergoing continual
collisions on account of the thermal vibrations of the lattice,
and on Fermi-Dirac statistical theory it is justifiable to treat
the energy states (which are in accordance with Pauli’s
principle) as forming an energy continuum. At very low
temperatures the ordinary classical theory would suggest
that electron energies spread over an almost zero range, but
the exclusion principle makes this impossible and even at
absolute zero of temperature the energies form a continuum,
and physical properties will depend on how the electrons are
distributed over the upper levels of this energy range.

Conductivity The interaction of free electrons with the
thermal vibrations of the ionic lattice (called ‘collisions’ for
brevity) causes them to ‘rebound’ with a velocity of random
direction but small compared with their average velocities as
particles of an electron gas. Just as a difference of electric
potential causes a drift in the general motion, so a difference
of temperature between two parts of a metal carries energy
from the hot region to the cold, accounting for thermal
conduction and for its association with electrical conductivity.
The free electron theory, however, is inadequate to explain
the dependence of conductivity on crystal axes in the metal.

At absolute zero of temperature (zero K=-273°C)
the atoms cease to vibrate, and free electrons can pass
through the lattice with little hindrance. At temperatures
over the range 0.3-10K (and usually round about 5K) the
resistance of certain metals, e.g. Zn, Al, Sn, Hg and Cu,
becomes substantially zero. This phenomenon, known as
superconductivity, has not been satisfactorily explained.

Superconductivity is destroyed by moderate magnetic
fields. It can also be destroyed if the current is large enough
to produce at the surface the same critical value of magnetic
field. It follows that during the superconductivity phase the
current must be almost purely superficial, with a depth of
penetration of the order of 10 pm.



Table 1.16 Physical properties of metals

Approximate general properties at normal temperatures:

6 density [kg/m?] k
E elastic modulus [GPa] T
e linear expansivity [pm/(m K)] S

¢ specific heat capacity [kJ/(kg K)]
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thermal conductivity [W/(m K)]

melting point [K]

resistivity [n{2m]

ag  resistance—temperature coefficient [m$2/(2 K)]

Metal 1S E e c k T S ag
Pure metals

4 Beryllium 1840 300 120 1700 170 1560 33 9.0
11 Sodium 970 — 71 710 130 370 47 5.5
12 Magnesium 1740 44 26 1020 170 920 46 3.8
13 Aluminium 2700 70 24 900 220 930 27 4.2
19 Potassium 860 — 33 750 130 340 67 5.4
20 Calcium 1550 — 22 650 96 1120 43 4.2
24 Chromium 7100 25 8.5 450 43 2170 130 3.0
26 Iron 7860 220 12 450 75 1810 105 6.5
27 Cobalt 8800 210 13 420 70 1770 65 6.2
28 Nickel 8900 200 13 450 70 1730 78 6.5
29 Copper 8930 120 16 390 390 1360 17 4.3
30 Zinc 7100 93 26 390 110 690 62 4.1
42 Molybdenum 10200 — 5 260 140 2890 56 4.3
47 Silver 10 500 79 19 230 420 1230 16 3.9
48 Cadmium 8640 60 32 230 92 590 75 4.0
50 Tin 7300 55 27 230 65 500 115 4.3
73 Tantalum 16 600 190 6.5 140 54 3270 155 3.1
74 Tungsten 19300 360 4 130 170 3650 55 4.9
78 Platinum 21500 165 9 130 70 2050 106 3.9
79 Gold 19300 80 14 130 300 1340 23 3.6
80 Mercury 13550 — 180 140 10 230 960 0.9
82 Lead 11300 15 29 130 35 600 210 4.1
83 Bismuth 9800 32 13 120 9 540 1190 4.3
92 Uranium 18700 13 — 120 — 1410 220 2.1
Alloys
Brass (60 Cu, 40 Zn) 8500 100 21 380 120 1170 60 2.0
Bronze (90 Cu, 10 Sn) 8900 100 19 380 46 1280 — —
Constantan 8900 110 15 410 22 1540 450 0.05
Invar (64 Fe, 36 Ni) 8100 145 2 500 16 1720 100 2.0
Iron, soft (0.2 C) 7600 220 12 460 60 1800 140 —
Iron cast (3.5 C, 2.5 Si) 7300 100 12 460 60 1450 —
Manganin 8500 130 16 410 22 1270 430 0.02
Steel (0.85 C) 7800 200 12 480 50 1630 180 —

Electron emission A metal may be regarded as a potential
‘well’ of depth —V relative to its surface, so that an electron
in the lowest energy state has (at absolute zero temperature)
the energy W =% (of the order 10eV): other electrons
occupy levels up to a height e* (5-8¢V) from the bottom
of the ‘well’. Before an electron can escape from the surface
it must be endowed with an energy not less than ¢pe=d/—c*,
called the work function.

Emission occurs by surface irradiation (e.g. with light) of
frequency v if the energy quantum /v of the radiation is at
least equal to ¢. The threshold of photoelectric emission is
therefore with radiation at a frequency not less than v =<//.

Emission takes place at high temperatures if, put simply,
the kinetic energy of electrons normal to the surface is great
enough to jump the potential step W. This leads to an
expression for the emission current i in terms of temperature
T, a constant A and the thermionic work function ¢:

i =AT? exp(—¢/kT)<

Electron emission is also the result of the application of
a high electric field intensity (of the order 1-10GV/m) to a

metal surface; also when the surface is bombarded with
electrons or ions of sufficient kinetic energy, giving the effect
of secondary emission.

Crystals When atoms are brought together to form a
crystal, their individual sharp and well-defined energy levels
merge into energy bands. These bands may overlap, or there
may be gaps in the energy levels available, depending on the
lattice spacing and interatomic bonding. Conduction can
take place only by electron migration into an empty or
partly filled band; filled bands are not available. If an elec-
tron acquires a small amount of energy from the externally
applied electric field, and can move into an available empty
level, it can then contribute to the conduction process.

1.3.2.5 Insulators

In this case the ‘distance’ (or energy increase Aw in electron-
volts) is too large for moderate electric applied fields to
endow electrons with sufficient energy, so the material
remains an insulator. High temperatures, however, may
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Table 1.17 Physical properties of non-metals

Approximate general properties:

8¢ density [kg/m’] T
e linear expansivity [um/(m K)] S
¢ specific heat capacity [kJ/(kg K)] €

k  thermal conductivity [W/(m K)]

melting point [K]
resistivity [M{2 m]
relative permittivity [—]

Material o e c k Tm pS eg
Asbestos (packed) 580 — 0.84 0.19 — — 3
Bakelite 1300 30 0.92 0.20 — 0.1 7
Concrete (dry) 2000 10 0.92 1.70 — — —
Diamond 3510 1.3 0.49 165 4000 107 —
Glass 2500 8 0.84 0.93 — 10 8
Graphite 2250 2 0.69 160 3800 1o —
Marble 2700 12 0.88 3 — 10° 8.5
Mica 2800 3 0.88 0.5 — 108 7
Nylon 1140 100 1.7 0.3 — — —
Paper 900 — — 0.18 — 10* 2
Paraffin wax 890 110 2.9 0.26 — 10° 2
Perspex 1200 80 1.5 1.9 — 10" 3
Polythene 930 180 22 0.3 — — 2.3
Porcelain 2400 3.5 0.8 1.0 1900 10° 6
Quartz (fused) 2200 0.4 0.75 0.22 2000 10 3.8
Rubber 1250 — 1.5 0.15 — 107 3
Silicon 2300 7 0.75 — 1690 0.1 2.7

Table 1.18 Physical properties of liquids
Average values at 20°C (293 K):

b¢ density [kg/m’]

v viscosity [mPas]

e cubic expansivity [1073/K]

¢ specific heat capacity [kJ/(kg K)]

k  thermal conductivity [W/(m K)]
T, melting point [K]

T, boiling point [K]

eg  relative permittivity [—]

Liquid S v e C k Tm Ty &g
Acetone (CH;),CO 792 0.3 1.43 2.2 0.18 178 329 22
Benzine C¢Hg 881 0.7 1.15 1.7 0.14 279 353 2.3
Carbon disulphide CS, 1260 0.4 1.22 1.0 0.14 161 319 2.6
Carbon tetrachloride CCly 1600 1.0 1.22 0.8 0.10 250 350 2.2
Ether (C,H5),0 716 0.2 1.62 2.3 0.14 157 308 4.3
Glycerol C;3;H5(OH); 1270 1500 0.50 2.4 0.28 291 563 56
Methanol CH;OH 793 0.6 1.20 1.2 0.21 175 338 32
Oil — 850 85 0.75 1.6 0.17 — — 3.0
Sulphuric acid H,SO, 1850 28 0.56 1.4 — 284 599 —
Turpentine CioHe 840 1.5 0.10 1.8 0.15 263 453 2.3
Water H,O 1000 1.0 0.18 4.2 0.60 273 373 81

result in sufficient thermal agitation to permit electrons to

‘jump the gap’.

1.3.2.6 Semiconductors

Intrinsic semiconductors (i.e. materials between the good
conductors and the good insulators) have a small spacing
of about 1eV between their permitted bands, which affords
a low conductivity, strongly dependent on temperature and
of the order of one-millionth that of a conductor.

Impurity semiconductors have their low conductivity
raised by the presence of minute quantities of foreign
atoms (e.g. 1 in 10%) or by deformations in the crystal struc-
ture. The impurities ‘donate’ electrons of energy level that
can be raised into a conduction band (n-type); or they can

attract an electron from a filled band to leave a ‘hole’, or
electron deficiency, the movement of which corresponds to
the movement of a positive charge (p-type).

1.3.2.7 Magnetism

Modern magnetic theory is very complex, with ramifica-
tions in several branches of physics. Magnetic phenomena
are associated with moving charges. Electrons, considered
as particles, are assumed to possess an axial spin, which
gives them the effect of a minute current turn or of a
small permanent magnet, called a Bohr magneton. The gyro-
scopic effect of electron spin develops a precession when a
magnetic field is applied. If the precession effect exceeds the
spin effect, the external applied magnetic field produces less



Table 1.19 Physical properties of gases
Values at 0°C (273 K) and atmospheric pressure:

IS density [kg/m?] k
v viscosity [uPas] T
c specific heat capacity [kJ/(kg K)] T,

and at constant volume
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thermal conductivity [m W/(m K)]
melting point [K]

» boiling point [K]

¢y/c, ratio between specific heat capacity at constant pressure

Gas S v cp cplcy k Tm T
Air — 1.293 17.0 1.00 1.40 24 — —
Ammonia NH; 0.771 9.3 2.06 1.32 22 195 240
Carbon dioxide CO, 1.977 13.9 0.82 1.31 14 216* 194
Carbon monoxide CO 1.250 16.4 1.05 1.40 23 68 81
Chlorine Cl, 3.214 12.3 0.49 1.36 7.6 171 239
Deuterium D 0.180 — — 1.73 — 18 23
Ethane C,Hg 1.356 8.6 1.72 1.22 18 89 184
Fluorine F, 1.695 — 0.75 — — 50 85
Helium He 0.178 18.6 5.1 1.66 144 1.0 4.3
Hydrogen H, 0.090 8.5 14.3 1.41 174 14 20
Hydrogen chloride HCl1 1.639 13.8 0.81 1.41 — 161 189
Krypton Kr 3.740 23.3 — 1.68 8.7 116 121
Methane CH4 0.717 10.2 2.21 1.31 30 90 112
Neon Ne 0.900 29.8 1.03 1.64 46 24 27
Nitrogen N, 1.251 16.7 1.04 1.40 24 63 77
Oxygen 0, 1.429 19.4 0.92 1.40 25 55 90
Ozone 03 2.220 — — 1.29 — 80 161
Propane C;Hg 2.020 7.5 1.53 1.13 15 83 231
Sulphur dioxide SO, 2.926 11.7 0.64 1.27 8.4 200 263
Xenon Xe 5.890 22. — 1.66 5.2 161 165

*At pressure of 5 atm.

magnetisation than it would in free space, and the material of
which the electron is a constituent part is diamagnetic. If the
spin effect exceeds that due to precession, the material is
paramagnetic. The spin effect may, in certain cases, be very
large, and high magnetisations are produced by an external
field: such materials are ferromagnetic.

An iron atom has, in the n=<=shell (N), electrons that
give it conductive properties. The K, L and N shells have
equal numbers of electrons possessing opposite spin direc-
tions, so cancelling. But shell M contains 9 electrons spin-
ning in one direction and 5 in the other, leaving 4 net
magnetons. Cobalt has 3, and nickel 2. In a solid metal
further cancellation occurs and the average number of
unbalanced magnetons is: Fe, 2.2; Co, 1.7; Ni, 0.6.

In an iron crystal the magnetic axes of the atoms are
aligned, unless upset by excessive thermal agitation. (At
770°C for Fe, the Curie point, the directions become
random and ferromagnetism is lost.) A single Fe crystal
magnetises most easily along a cube edge of the structure.
It does not exhibit spontaneous magnetisation like a per-
manent magnet, however, because a crystal is divided into
a large number of domains in which the various magnetic
directions of the atoms form closed paths. But if a crystal
is exposed to an external applied magnetic field, (a) the elec-
tron spin axes remain initially unchanged, but those
domains having axes in the favourable direction grow at
the expense of the others (domain wall displacement); and
(b) for higher field intensities the spin axes orientate into the
direction of the applied field.

If wall movement makes a domain acquire more internal
energy, then the movement will relax again when the exter-
nal field is removed. But if wall movement results in loss
of energy, the movement is non-reversible—i.e. it needs

Table 1.20 Characteristic temperatures

Temperature 7T [kelvin] corresponds to 6, =&—273.15
[degree Celsius] and to 0,=+4 (9/5)—32 [degree Fahrenheit].

Condition T 0. 0,
Absolute zero 0 —273.15 —459.7
Boiling point of oxygen 90.18 —182.97 -297.3
Zero of Fahrenheit scale 255.4 —17.78 0
Melting point of ice 273.15 0 32.0
Triple point of water 273.16 0.01 32.02
Maximum density of water 277.13 3.98 39.16
‘Normal’ ambient 293.15 20 68
Boiling point of water 373.15 100 212
Boiling point of sulphur 717.8 444.6 832

Freezing point of silver 1234 962 1762
Freezing point of gold 1336 1064 1945

external force to reverse it. This accounts for hysteresis and
remanence phenomena.

The closed-circuit self-magnetisation of a domain gives it a
mechanical strain. When the magnetisation directions of
individual domains are changed by an external field, the
strain directions alter too, so that an assembly of domains
will tend to lengthen or shorten. Thus, readjustments in the
crystal lattice occur, with deformations (e.g. 20 parts in 10°)
in one direction. This is the phenomenon of magnetostriction.

The practical art of magnetics consists in control of mag-
netic properties by alloying, heat treatment and mechanical
working to produce variants of crystal structure and conse-
quent magnetic characteristics.
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Table 1.21 General physical constants (approximate values, to five significant figures)
Quantity Symbol Numerical value Unit
Acceleration of free fall (standard) &n 9.8066 m/s?
Atmospheric pressure (standard) Po 1.0132 x 4° Pa
Atomic mass unit u 1.6606 x 4027 kg
Avogadro constant Na 6.0220 x 467 mol ™!
Bohr magneton B 9.2741 x40~ J/T, Am?
Boltzmann constant 1.3807 x40~ J/K
Electron

charge —e 1.6022 x 49~ 1° C

mass me 9.1095 x 49! kg

charge/mass ratio efme 1.7588 x 49! C/kg
Faraday constant 9.6485 x 40* C/mol
Free space

electric constant g 8.8542 x40~ 12 F/m

intrinsic impedance Zy 376.7 Q

magnetic constant Lo 44077 H/m

speed of electromagnetic waves ¢ 2.9979 x 4o° m/s
Gravitational constant G 6.6732 x 491 Nm?/kg?
Ideal molar gas constant R 8.3144 J/gmol K)
Molar volume at s.t.p. Vin 22414 x 4972 m-/mol
Neutron rest mass my, 1.6748 x &9~27 kg
Planck constant 6.6262 x4~ Js

normalised h/2ms 1.0546 x 40~34 Js
Proton

charge +e 1.6022 x 49~ C

rest mass my 1.6726 x40~ %7 kg

charge/mass ratio e/m, 0.9579 x 40® C/kg
Radiation constants c 3.7418 x 49716 W m?

e 1.4388 x40 2 mK

Rydberg constant Ry 1.0968 x4’ m~!
Stefan-Boltzmann constant os 5.6703 x 408 J/(m*K*)
Wien constant ky 2.8978 x93 mK

1.4 Physical properties

The nature, characteristics and properties of materials arise
from their atomic and molecular structure. Tables of
approximate values for the physical properties of metals,
non-metals, liquids and gases are appended, together with
some characteristic temperatures and the numerical values
of general physical constants.

1.5 Electricity

In the following paragraphs electrical phenomena are
described in terms of the effects of electric charge, at a
level adequate for the purpose of simple explanation.

In general, charges may be at rest, or in motion, or in
acceleration. At rest, charges have around them an electric
(or electrostatic) field of force. In motion they constitute a
current, which is associated with a magnetic (or electro-
dynamic) field of force additional to the electric field. In
acceleration, a third field component is developed which
results in energy propagation by electromagnetic waves.

1.5.1 Charges at rest

Figure 1.5 shows two bodies in air, charged by applying
between them a potential difference, or (having been in
close contact) by forcibly separating them. Work must
have been done in a physical sense to produce on one an
excess and on the other a deficiency of electrons, so that

the system is a repository of potential energy. (The work
done in separating charges is measured by the product of
the charges separated and the difference of electrical poten-
tial that results.) Observation of the system shows certain
effects of interest: (1) there is a difference of electric poten-
tial between the bodies depending on the amount of charge
and the geometry of the system; (2) there is a mechanical
force of attraction between the bodies. These effects are
deemed to be manifestations of the electric field between
the bodies, described as a special state of space and depicted
by lines of force which express in a pictorial way the strength
and direction of the force effects. The lines stretch between
positive and negative elements of charge through the med-
ium (in this case, air) which separates the two charged
bodies. The electric field is only a concept—for the lines
have no real existence—used to calculate various effects pro-
duced when charges are separated by any method which
results in excess and deficiency states of atoms by electron
transfer. Electrons and protons, or electrons and positively
ionised atoms, attract each other, and the stability of the
atom may be considered due to the balance of these attrac-
tions and dynamic forces such as electron spin. Electrons are
repelled by electrons and protons by protons, these forces
being summarised in the rules, formulated experimentally
long before our present knowledge of atomic structure, that
‘like charges repel and unlike charges attract one another’.

1.5.2 Charges in motion

In substances called conductors, the outer shell electrons
can be more or less freely interchanged between atoms.



Positive charge:
electron deficiency

->—— -- / electron excess
7,

Electric field

Figure 1.5 Charged conductors and their electric field

In copper, for example, the molecules are held together
comparatively rigidly in the form of a ‘lattice’—which
gives the piece of copper its permanent shape—through the
interstices of which outer electrons from the atoms can be
interchanged within the confines of the surface of the piece,
producing a random movement of free electrons called an
‘electron atmosphere’. Such electrons are responsible for the
phenomenon of electrical conductivity.

In other substances called insulators, all the electrons are
more or less firmly bound to their parent atoms, so that little
or no relative interchange of electron charges is possible.
There is no marked line of demarcation between conductors
and insulators, but the copper group metals, in the order silver,
copper, gold, are outstanding in the series of conductors.

1.5.2.1 Conduction

Conduction is the name given to the movement of electrons,
or ions, or both, giving rise to the phenomena described by
the term electric current. The effects of a current include a
redistribution of charges, heating of conductors, chemical
changes in liquid solutions, magnetic effects, and many
subsidiary phenomena.

If at a specified point on a conductor (Figure 1.6) n;
carriers of electric charge (they can be water-drops, ions,
dust particles, etc.) each with a positive charge e, arrive per
second, and n, carriers (such as electrons) each with a nega-
tive charge e, arrive in the opposite direction per second, the
total rate of passing of charge is nje; + nye,, which is the
charge per second or current. A study of conduction con-
cerns the kind of carriers and their behaviour under given
conditions. Since an electric field exerts mechanical forces
on charges, the application of an electric field (i.e. a poten-
tial difference) between two points on a conductor will
cause the movement of charges to occur, i.e. a current to
flow, so long as the electric field is maintained.

The discontinuous particle nature of current flow is an
observable factor. The current carried by a number of elec-
tricity carriers will vary slightly from instant to instant with
the number of carriers passing a given Eoint in a conductor.
Since the electron charge is 1.6x107"”C, and the passage
of one coulomb per second (a rate of flow of one ampere)
corresponds to 10'°/1.6=6:3x10"® electron charges per
second, it follows that the discontinuity will be observed
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Figure 1.6 Conduction by charge carriers
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Figure 1.7 Electronic conduction in metals

only when the flow comprises the very rapid movement of
a few electrons. This may happen in gaseous conductors,
but in metallic conductors the flow is the very slow drift
(measurable in mm/s) of an immense number of electrons.

A current may be the result of a two-way movement of
positive and negative particles. Conventionally the direction
of current flow is taken as the same as that of the positive
charges and against that of the negative ones.

1.5.2.2 Metals

Reference has been made above to the ‘electron atmo-
sphere’ of electrons in random motion within a lattice of
comparatively rigid molecular structure in the case of
copper, which is typical of the class of good metallic con-
ductors. The random electronic motion, which intensifies with
rise in temperature, merges into an average shift of charge
of almost (but not quite) zero continuously (Figure 1.7).
When an electric field is applied along the length of a conduc-
tor (as by maintaining a potential difference across its ends),
the electrons have a drift towards the positive end superim-
posed upon their random digressions. The drift is slow, but
such great numbers of electrons may be involved that very
large currents, entirely due to electron drift, can be produced
by this means. In their passage the electrons are impeded by
the molecular lattice, the collisions producing heat and the
opposition called resistance. The conventional direction of cur-
rent flow is actually opposite to that of the drift of charge,
which is exclusively electronic.

1.5.2.3 Liquids

Liquids are classified according to whether they are non-
electrolytes (non-conducting) or electrolytes (conducting).
In the former the substances in solution break up into
electrically balanced groups, whereas in the latter the
substances form ions, each a part of a single molecule with
either a positive or a negative charge. Thus, common salt,
NaCl, in a weak aqueous solution breaks up into sodium
and chlorine ions. The sodium ion Na*is a sodium atom
less one electron; the chlorine ion Cl~is a chlorine atom
with one electron more than normal. The ions attach them-
selves to groups of water molecules. When an electric field is
applied, the sets of ions move in opposite directions, and
since they are much more massive than electrons, the con-
ductivity produced is markedly inferior to that in metals.
Chemical actions take place in the liquid and at the elect-
rodes when current passes. Faraday’s Electrolysis Law states
that the mass of an ion deposited at an electrode by electro-
lyte action is proportional to the quantity of electricity
which passes and to the chemical equivalent of the ion.

1.5.2.4 Gases

Gaseous conduction is strongly affected by the pressure of
the gas. At pressures corresponding to a few centimetres
of mercury gauge, conduction takes place by the movement
of positive and negative ions. Some degree of ionisation is
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Figure 1.8 Conduction in low-pressure gas

always present due to stray radiations (light, etc.). The elec-
trons produced attach themselves to gas atoms and the sets
of positive and negative ions drift in opposite directions.
At very low gas pressures the electrons produced by ionisa-
tion have a much longer free path before they collide with a
molecule, and so have scope to attain high velocities. Their
motional energy may be enough to shockionise neutral
atoms, resulting in a great enrichment of the electron stream
and an increased current flow. The current may build up to
high values if the effect becomes cumulative, and eventually
conduction may be effected through a spark or arc.

In a vacuum conduction can be considered as purely
electronic, in that any electrons present (there can be no
molecular matter present in a perfect vacuum) are moved
in accordance with the force exerted on them by an applied
electric field. The number of electrons is small, and
although high speeds may be reached, the conduction is
generally measurable only in milli- or microamperes.

Some of the effects are illustrated in Figure 1.8, represent-
ing part of a vessel containing a gas or vapour at low pres-
sure. At the bottom is an electrode, the cathode, from the
surface of which electrons are emitted, generally by heating
the cathode material. At the top is a second electrode, the
anode, and an electric field is established between the electro-
des. The field causes electrons emitted from the cathode to
move upward. In their passage to the anode these electrons
will encounter gas molecules. If conditions are suitable, the
gas atoms are ionised, becoming in effect positive charges
associated with the nuclear mass. Thereafter the current is
increased by the detached electrons moving upwards and
by the positive ions moving more slowly downwards. In
certain devices (such as the mercury arc rectifier) the impact
of ions on the cathode surface maintains its emission. The
impact of electrons on the anode may be energetic enough to
cause the secondary emission of electrons from the anode
surface. If the gas molecules are excluded and a vacuum is
established, the conduction becomes purely electronic.

1.5.2.5 Insulators

If an electric field is applied to a perfect insulator, whether
solid, liquid or gaseous, the electric field affects the atoms
by producing a kind of ‘stretching’ or ‘rotation’ which
displaces the electrical centres of negative and positive in
opposite directions. This polarisation of the dielectric insu-
lating material may be considered as taking place in the
manner indicated in Figure 1.9. Before the electric field is
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Figure 1.9 Polarisation and breakdown in insulator

applied, the atoms of the insulator are neutral and
unstrained; as the potential difference is raised the electric
field exerts opposite mechanical forces on the negative and
positive charges and the atoms become more and more
highly strained (Figure 1.9(a)). On the left face the atoms
will all present their negative charges at the surface: on the
right face, their positive charges. These surface polarisations
are such as to account for the effect known as permittivity.
The small displacement of the atomic electric charges con-
stitutes a polarisation current. Figure 1.9(b) shows that, for
excessive electric field strength, conduction can take place,
resulting in insulation breakdown.

The electrical properties of metallic conductors and of
insulating materials are listed in Tables 1.22 and 1.23.

1.5.2.6 Convection current

Charges can be moved mechanically, on belts, water-drops,
dust and mist particles, and by beams of high-speed electrons
(as in a cathode ray oscilloscope). Such movement, indepen-
dent of an electric field, is termed a convection current.

1.5.3 Charges in acceleration

Reference has been made to the emission of energy
(photons) when an electron falls from an energy level to a
lower one. Radiation has both a particle and a wave nature,
the latter associated with energy propagation through
empty space and through transparent media.

1.5.3.1 Maxwell equations

Faraday postulated the concept of the field to account for
‘action at a distance’ between charges and between magnets.
Maxwell (1873) systematised this concept in the form
of electromagnetic field equations. These refer to media
in bulk. They naturally have no direct relation to the elec-
tronic nature of conduction, but deal with the fluxes of elec-
tric, magnetic and conduction fields, their flux densities,
and the bulk material properties (permittivity €, permeabil-
ity pucand conductivity o) of the media in which the fields
exist. To the work of Faraday. Ampére and Gauss,
Maxwell added the concept of displacement current.

Displacement current Around an electric field that changes
with time there is evidence of a magnetic field. By analogy
with the magnetic field around a conduction current, the
rate of change of an electric field may be represented by
the presence of a displacement current. The concept is
applicable to an electric circuit containing a capacitor:
there is a conduction current i. in the external circuit but
not between the electrodes of the capacitor. The capacitor,
however, must be acquiring or losing charge and its electric
field must be changing. If the rate of change is represented
by a displacement current iy =+4; not only is the magnetic
field accounted for, but also there now exists a ‘continuity’
of current around the circuit.

Displacement current is present in any material medium,
conducting or insulating, whenever there is present an



Table 1.22 Electrical properties of conductors
Typical approximate values at 293 K (20°C):

g conductivity relative to I.S.A.C. [%]
ps resistivity [n2 m]
ag resistance—temperature coefficient [m€2/(2 K)]

Material g p ag
International standard
annealed copper (ISAC) 100 17.2 3.93
Copper
annealed 99 17.3 3.90
hard-drawn 97 17.7 3.85
Brass (60/40)
cast 23 75 1.6
rolled 19 90 1.6
Bronze 48 36 1.65
Phosphor-bronze 29-14 6-12 1.0
Cadmium-copper, hard-drawn 82-93 21-18 4.0
Copper-clad steel, hard-drawn 3040 5743 3.75
Aluminium
cast 66 26 3.90
hard-drawn 62 28 3.90
duralumin 36 47 —
Iron
wrought 16 107 5.5
cast
grey 2.5 700 —
white 1.7 1000 2.0
malleable 59 300 —
nomag 1.1 1600 4.5
Steel
0.1% C 8.6 200 4.2
0.4% C 11 160 4.2
core
1% Si 10 170 —
2% Si 49 350 —
4% Si 3.1 550 —
wire
galvanised 12 140 4.4
45 ton 10 170 3.4
80 ton 8 215 3.4
Resistance alloys*
80 Ni, 20 Cr (1) 1.65 109 0.1
59 Ni, 16 Cr, 25 Fe 2) 1.62 1100 0.2
37 Ni, 18 Cr, 2 Si, 43 Fe 3) 1.89 1080  0.26
45 Ni, 54 Cu 4) 3.6 490  0.04
20 Ni, 80 Cu ®) 6.6 260  0.29
15 Ni, 62 Cu, 22 Zn (6) 5.0 340  0.25
4 Ni, 84 Cu, 12 Mn 7 3.6 480 0.0
Gold 73 23.6 3.0
Lead 7.8 220 4.0
Mercury 1.8 955 0.7
Molybdenum 30 57 4.0
Nickel 12.6 136 5.0
Platinum 14.7 117 3.9
Silver
annealed 109 15.8 4.0
hard-drawn 98.5 17.5 4.0
Tantalum 11.1 155 3.1
Tungsten 31 56 4.5
Zinc 28 62 4.0

*Resistance alloys: (1) furnaces, radiant elements; (2) electric irons, tubular heaters;
(3) furnace elements; (4) control resistors; (5) cupro; (6) German silver, platinoid;
(7) Manganin.
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electric field that changes with time. There is a displacement
current along a copper conductor carrying an alternating
current, but the conduction current is vastly greater even at
very high frequencies. In poor conductors and in insulating
materials the displacement current is comparable to (or
greater than) the conduction current if the frequency is
high enough. In free space and in a perfect insulator only
displacement current is concerned.

Equations The following symbols are used, the SI unit of
each appended. The permeability and permittivity are
absolute values (ue=+#sp0, e=<seg). Potentials and fluxes
are scalar quantities: field strength and flux density, also
surface and path-length elements, are vectorial.

Field Electric Magnetic ~ Conduction
Potential V [V] F [A] V [V]
Field strength E [V/m] H [A/m] E [V/m]
Flux 0 [C] ¢[Wb] 1 [A]
Flux density D[C/m’ B I[T] J [A/m?]
Material property  e¢ [F/m] s [H/m] o¢[S/m]

The total electric flux emerging from a charge+ Q or
entering a charge —Q is equal to Q. The integral of the elec-
tric flux density D over a closed surface s enveloping the
charge is

JJD.dS =9 (I.H)<=

If the surface has no enclosed charge, the integral is zero.
This is the Gauss law.

The magnetomotive force F, or the line integral of the
magnetic field strength H around a closed path /, is equal
to the current enclosed, i.e.

JJHAJ = =4 +4g (12)=

This is the Ampére law with the addition of displacement
current.

The Faraday law states that, around any closed path /
encircling a magnetic flux ¢gsthat changes with time, there
is an electric field, and the line integral of the electric field
strength E around the path is

J}E-«di =<= —(d¢/dr) (1.3)<=

Magnetic flux is a solenoidal quantity, i.e. it comprises a
structure of closed loops; over any closed surface s in a mag-
netic field as much flux leaves the surface as enters it. The sur-
face integral of the flux density B is therefore always zero, i.e.

quds&

To these four laws are added the constitutive equations,
which relate the flux densities to the properties of the
media in which the fields are established. The first two are,
respectively, electric and magnetic field relations; the third
relates conduction current density to the voltage gradient in
a conducting medium; the fourth is a statement of the dis-
placement current density resulting from a time rate of
change of the electric flux density. The relations are

D =&F; B=4H; J =eE; Jq=8D/ot

(1.4)«=
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Table 1.23 Electrical properties of insulating materials

Typical approximate values (see also Section 1.4):

es relative permittivity

E electric strength [MV/m]

tan 6¢ loss tangent

Oc maximum working temperature  [°C]

k thermal conductivity [mW/({m K)]

G density [kg/m”]
Material 5 E tan &g Os k G
Air at n.t.p. 1.0 3 — — 25 1.3
Alcohol 26 — — 180 790
Asbestos 2 2 — 400 80 3000

paper 2 2 — 250 250 1200
Bakelite moulding 4 6 0.03 130 — 1600

paper 5 15 0.03 100 270 1300
Bitumen

pure 2.7 1.6 — 50 150 1200

vulcanised 4.5 5 — 100 200 1250
Cellulose film 5.8 28 — — 800
Cotton fabric

dry — 0.5 — 95 80 —

impregnated — 2 — 95 250 —
Ebonite 2.8 50 0.005 80 150 1400
Fabric tape, impregnated 5 17 0.1 95 240 —
Glass

flint 6.6 6 — 1100 4500

crown 4.8 6 0.02 600 2200

toughened 5.3 9 0.003 — —
Gutta-percha 4.5 — 0.02 200 980
Marble 7 2 0.03 — 2600 2700
Mica 6 40 0.02 750 600 2800
Micanite — 15 — 125 150 2200
Oil

transformer 2.3 — — 85 160 870

castor 4.7 — — — 970
Paper

dry 22 0.007 90 130 820

impregnated 32 15 0.06 90 140 1100
Porcelain 5.7 15 0.008 1000 1000 2400
Pressboard 6.2 7 — 95 170 1100
Quartz

fused 3.5 13 0.002 1000 1200 2200

crystalline 4.4 — — — 2700
Rubber

pure 2.6 18 0.005 50 100 930

vulcanised 4 10 0.01 70 250 1500

moulding 4 10 — 70 — —
Resin 3 — — — 1100
Shellac 3 11 — 75 250 1000

paper 5.5 11 0.05 80 — 1350
Silica, fused 3.6 14 — — —
Silk — — — 95 60 1200
Slate — 0.5 — — 2000 2800
Steatite — 0.6 — 1500 2000 2600
Sulphur 4 — 0.0003 100 220 2000
Water 70 — — 570 1000
Wax (paraffin) 22 12 0.0003 35 270 860

In electrotechnology concerned with direct or low-
frequency currents, the Maxwell equations are rarely used
in the form given above. Equation (1.2), for example,
appears as the number of amperes (or ampere-turns)
required to produce in an area a the specified magnetic
flux ¢p= Ba= pHa. Equation (1.3) in the form e = —(d¢/d?)

gives the e.m.f. in a transformer primary or secondary turn.
The concept of the ‘magnetic circuit’ embodies Equation
(1.4). But when dealing with such field phenomena as the
eddy currents in massive conductors, radio propagation
or the transfer of energy along a transmission line, the
Maxwell equations are the basis of analysis.



Figure 1.10 Electromagnetic wave propagation

1.5.3.2 Electromagnetic wave

The local ‘induction’ field of a charge at rest surrounds it in
a predictable pattern. Let the position of the charge be sud-
denly displaced. The field pattern also moves, but because
of the finite rate of propagation there will be a region in
which the original field has not yet been supplanted by the
new. At the instantaneous boundary the electric field pat-
tern may be pictured as ‘kinked’, giving a transverse electric
field component that travels away from the charge. Energy
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is propagated, because the transverse electric field is accom-
panied by an associated transverse magnetic field in accord-
ance with the Ampere law.

Consider a unit cube of free space (Figure 1.10)
approached by a transverse electric field of strength E at a
velocity u in the specified direction. As E enters the cube, it
produces therein an electric flux, of density D = egE increas-
ing at the rate Du. This is a displacement current which
produces a magnetic field of strength H and flux density
B=<«uH increasing at the rate Bu. Then the E and H
waves are mutually dependent:

Du=egku=H
Bu=poHu=F

(1.5)=
(1.6)«=

Multiplication and division of (1.5) and (1.6) give
u=1/y/(esmo) = c~3 x 108 m/s
E/H = /(uo/eg) = Zy ~ 3779

The velocity of propagation in free space is thus fixed; the
ratio E/H is also fixed, and is called the intrinsic impedance.
Further, JegE?=1p0H? [J/m’], showing that the electric
and magnetic energy densities are equal.

Propagation is normally maintained by charge accelera-
tion which results from a high-frequency alternating current
(e.g. in an aerial), so that waves of E and H of sinusoidal
distribution are propagated with a wavelength dependent
on the frequency (Figure 1.11). There is a fixed relation
between the directions of £, H and the energy flow. The
rate at which energy passes a fixed point is EH[W/m?], and
the direction of FE is taken as that of the wave polarisation.

Plane wave transmission in a perfect homogeneous loss-
free insulator takes place as in free space, except that g is
replaced by e¢=egzg, where &g is the relative permittivity of
the medium: the result is that both the propagation velocity
and the intrinsic impedance are reduced.

When a plane wave from free space enters a material with
conducting properties, it is subject to attenuation by reason
of the PR loss. In the limit, a perfect conductor presents to
the incident wave a complete barrier, reflecting the wave as
a perfect mirror. A wave incident upon a general medium is
partly reflected, and partly transmitted with attenuation
and phase-change.

Table 1.24 gives the wavelength and frequency of free
space electromagnetic waves with an indication of their
technological range and of the physical origin concerned.

Figure 1.11 Electromagnetic wave
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Table 1.24 Electromagnetic wave spectrum

Free space properties:

Electric constant cg=8854x10""2 F/m Intrinsic impedance Zy=3796.8 Q
Magnetic constant o =4rx 1077 H/m Velocity =29979%10° m/s
The product of wavelength A{m] and frequency f [Hz] is fAe=¢==~ 3x 10% [m/s].
s f Range Origin
— 100 EHz y-rays Transition between states of nuclei
10 pm —]
— 10 X-rays Transition between states of inner electrons
100 —
— 1 EHz
1nm — Transition between states of outer electrons
— 100 Ultraviolet
10 -
— 10
100 —
B l_f_l:{i.:______l Light :(5)8 " Vi
Tum — 500 Bl
— 100 Molecular vibration
10 — 550 Gn
F— 10 600 Yl
100 — 650 Or
— 1THz 700 nm Rd
1mm —
— 100
10 — microwave
— 10 radar Vibration of conduction electrons
100 —
— 1GHz television
Im — frequency-modulated
— 100 Radio short-wave
10 —
— 10 medium-wave
100 — Alternating currents
— 1 MHz long-wave
1km —
— 100
10 —
— 10
100 —
— 1kHz
1 Mm —
— 100
10 — Power
L 0Hz system
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Electrotechnology concerns the electrophysical and allied
principles applied to practical electrical engineering. A com-
pletely general approach is not feasible, and many separate
ad hoc technologies have been developed using simplified
and delimited areas adequate for particular applications.

In establishing a technology it is necessary to consider
whether the relevant applications can be dealt with (a) in
macroscopic terms of physical qualities of materials in bulk
(as with metallic conduction or static magnetic fields); or (b)
in microscopic terms involving the microstructure of materials
as an essential feature (as in domain theory); or (c) in molecu-
lar, atomic or subatomic terms (as in nuclear reaction and
semi-conduction). There is no rigid line of demarcation, and
certain technologies must cope with two or more such sub-
divisions at once. Electrotechnology thus tends to become an
assembly of more or less discrete (and sometimes apparently
unrelated) areas in which methods of treatment differ widely.

To a considerable extent (but not completely), the items
of plant with which technical electrical engineering deals—
generators, motors, feeders, capacitors, etc.—can be repre-
sented by equivalent circuits or networks energised by an
electrical source.

For the great majority of cases within the purview of
‘heavy electrical engineering’ (that is, generation, transmis-
sion and utilisation for power purposes, as distinct from
telecommunications), a source of electrical energy is con-
sidered to produce a current in a conducting circuit by reason
of an electromotive force acting against a property of the
circuit called impedance. The behaviour of the circuit is
described in terms of the energy fed into the circuit by the
source, and the nature of the conversion, dissipation or stor-
age of this energy in the several circuit components.

Electrical phenomena, however, are only in part asso-
ciated with conducting circuits. The generalised basis is one
of magnetic and electrical fields in free space or in material
media. The fundamental starting point is the conception
contained in Maxwell’s electromagnetic equations (Section
1.5.3), and in this respect the voltage and currents in a
circuit are only representative of the fundamental field
phenomena within a restricted range. Fortunately, this
range embraces very nearly the whole of ‘heavy’ electrical
engineering practice. The necessity for a more comprehensive
viewpoint makes itself apparent in connection with problems
of long-line transmission; and when the technique of ultra-
high-frequency work is reached, it is necessary to give up the
familiar circuit ideas in favour of a whole-hearted application
of field principles.

2.1 Nomenclature

2.1.1 Circuit phenomena

Figure 2.1 shows in a simplified form a hypothetical circuit
with a variety of electrical energy sources and a representative
selection of devices in which the energy received from the
source is converted into other forms, or stored, or both. The
forms of variation of the current or voltage are shown in
Figure 2.2. In an actual circuit the current may change in a
quite arbitrary fashion as indicated at («): it may rise or fall,
or reverse its direction, depending on chance or control. Such
random variation is inconveniently difficult to deal with, and
engineers prefer to simplify the conditions as much as poss-
ible. For example (Figure 2.2(b)), the current may be assumed
to be rigidly constant, in which case it is termed a direct cur-
rent. If the current be deemed to reverse cyclically according
to a sine function, it becomes a sinusoidal alternating current
(¢). Less simple waveforms, such as (d), may be dealt with by
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Py ®

Source  Thermatl Chemical Magnetic Electric

Figure 2.1 Typical circuit devices. G, source generator; R, resistor;
A, arc; B, battery; P, plating bath; M, motor; L, inductor; C, capacitor;
1, insulator
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Figure 2.2 Modes of current (or voltage) variation

application of Fourier’s theorem, thus making it possible to
calculate a great range of practical cases—such as those
involving rectifiers—in which the sinusoidal waveform
assumption is inapplicable. The cases shown in (), (¢) and
(d) are known as steady states, the current (or voltage) being
assumed established for a considerable time before the circuit
is investigated. But since the electric circuit is capable of stor-
ing energy, a change in the circuit may alter the conditions so
as to cause a redistribution of circuit energy. This occurs with
a circulation of transient current. An example of a simple
oscillatory transient is shown in Figure 2.2(e).

The calculation of circuits in which direct currents flow is
comparatively straightforward. For sine wave alternating
current circuits an algebra has been developed by means of
which problems can be reduced to a technique very similar
to that of d.c. circuits. Where non-sinusoidal waveforms are
concerned, the treatment is based on the analysis of the
current and voltage waves into fundamental and harmonic
sine waves, the standard sine wave method being applied
to the fundamental and to each of the harmonics. In the
case of transients, a more searching investigation may be
necessary, but there are a number of common modes in
which transients usually occur, and (so long as the circuit
is relatively simple) it may be possible to select the appro-
priate mode by inspection.

Circuit parameters—resistance, inductance and capaci-
tance—may or may not be constant. If they are not,
approximation, linearising or step-by-step computation is
necessary.

2.1.1.1 Electromotive-force sources

Any device that develops an electromotive force (e.m.f.)
capable of sustaining a current in an electric circuit must
be associated with some mode of energy conversion into
the electrical from some different form. The modes are
(1) mechanical/electromagnetic, (2) mechanical/electrostatic,
(3) chemical, (4) thermal, and (5) photoelectric.
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2.1.2  Electrotechnical terms
The following list includes the chief terms in common use.

The symbols and units employed are given in Table 2.1.

Table 2.1 Electrotechnical symbols and units

Admittance: The ratio between current and voltage in
r.m.s. terms for sinusoidally varying quantities.
Admittance operator: The ratio between current and volt-

age in operational terms.

Quantity Quantity Unit name Unit symbol
symbol
Admittance Y siemens S
Ampere-turn — ampere-turn A-t
Angular frequency w=2nf radian/second rad/s
Capacitance C farad F
Charge 0 coulomb C
Conductance G siemens S
Conductivity v, o) siemens/metre S/m
Current 1 ampere A
Current density, linear A ampere/metre A/m
Current density, surface J ampere/metre-square A/m?
Electric field strength E volt/metre V/m
Electric flux (0] coulomb C
Electric flux density D coulomb/metre-square C/m?
Electric space constant € farad/metre F/m
Electromotive force E volt v
Force F f newton N
Frequency f hertz Hz
Impedance zZ ohm Q
Inductance, mutual Ly, M henry H
Inductance, self- L henry H
Linkage weber-turn Wb-t
Loss angle o radian rad
Magnetic field strength H ampere/metre A/m
Magnetic flux D weber Wb
Magnetic flux density B tesla T
Magnetic space constant o =4r/107 henry/metre H/m
Magnetomotive force F ampere (-turn) A, A-t
Period T second s
Permeability, absolute = flo henry/metre H/m
Permeability, free space o henry/metre H/m
Permeability, relative fhe — —
Permeance A weber/ampere (-turn) Wb/A, Wb/A-t
Permittivity, absolute € =< farad/metre F/m
Permittivity, free space € farad/metre F/m
Permittivity relative € — —
Phase angle ol radian rad
Potential V volt \%
Potential difference V,U volt \%
Potential gradient E volt/metre V/m
Power, active P watt W
Power, apparent S volt-ampere V-A
Power, reactive 0 var var
Quantity o coulomb C
Reactance X ohm Q
Reluctance S ampere (-turn)/weber A/Wb, A-t/Wb
Resistance R ohm Q
Resistivity Y ohm-metre Q-m
Susceptance B siemens S
Time constant T second s
Voltage V volt v
Voltage gradient E volt/metre V/m




Ampere-turns: The product of the number of turns of a
circuit and the current flowing in them.

Angular frequency: The number of periods per second of a
periodically varying quantity multiplied by 2.

Capacitance: The property of a conducting body by vir-
tue of which an electric charge has to be imparted to it to
produce a difference of electrical potential between it and
the surrounding bodies. The ratio between the charge on a
conductor and its potential when all neighbouring conduc-
tors are at zero (earth) potential. The ratio between the
charge on each electrode of a capacitor and the potential
difference between them.

Capacitor: A device having capacitance as a chief property.

Charge: The excess of positive or negative electricity on a
body or in space.

Coercive force: The demagnetising force required to
reduce to zero the remanent flux density in a magnetic
body.

Coercivity: The value of the coercive force when the
initial magnetisation has the saturation value.

Complexor: A non-vectorial quantity expressible in terms
of a complex number.

Conductance: For steady direct currents, the reciprocal of
the resistance. For sinusoidal alternating currents, the resist-
ance divided by the square of the impedance.

Conductivity: The reciprocal of resistivity.

Core loss (iron loss): The loss in a magnetic body subject
to changing magnetisation, resulting from hysteresis and
eddy current effects.

Current: The flow or transport of electric charges along a
path or around a circuit.

Current density: The current per unit area of a conductor,
or per unit width of an extended conductor.

Diamagnetic: Having a permittivity less than that of free
space.

Dielectric loss: The loss in an insulating body, resulting
from hysteresis, conduction and absorption.

Displacement current: The current equivalent of the rate
of change of electric flux with time.

Eddy current: The current electromagnetically induced in
a conductor lying in a changing magnetic field.

Electric field: The energetic state of the space between
two oppositely charged conductors.

Electric field strength: The mechanical force per unit
charge on a very small charge placed in an electric field.
The negative voltage gradient.

Electric flux: The electric field, equal to the charge,
between oppositely charged conductors.

Electric flux density: The electric flux per unit area.

Electric space constant: The permittivity of free space.

Electric strength: The property of an insulating material
which enables it to withstand electric stress; or the stress
that it can withstand without breakdown.

Electric stress: The electric field intensity, which tends to
break down the insulating property of an insulating material.

Electromagnetic field: A travelling field having electric field
and magnetic field components and a speed of propagation
depending on the electrical properties of the ambient medium.

Electromagnetic induction: The production of an electro-
motive force in a circuit by a change of magnetic linkage
through the circuit. The e.m.f. so produced is an induced
e.m.f., and any current that may result therefrom is an
induced current.

Electromotive force (e.m.f.): That quality which tends to
cause a movement of charges around a circuit. The direction is
that of the movement of positive charges. E.m.f. is measured
by the amount of energy developed by transfer of unit positive
charge. The term is applied to sources that convert electrical
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energy to or from some other kind (chemical, mechanical,
thermal, etc.).

Ferromagnetic: Having a permeability much greater than
that of free space, and varying with the magnetic flux density.

Force: The cause of the mechanical displacement, motion,
acceleration and deformation of massive bodies.

Frequency: The number of repetitions of a cyclically time-
varying quantity in unit time.

Hysteresis: The phenomenon by which an effect in a body
depends not only on the present cause, but also on the pre-
vious state of the body. In magnetisation a flux density pro-
duced by a given magnetic field intensity depends on the
previous magnetisation history. A comparable effect occurs
in the electrification of insulating materials. In cyclic
changes hysteresis is the cause of energy loss.

Immitance: A circuit property that can be either imped-
ance or admittance.

Impedance: The ratio between voltage and current in
r.m.s. terms for sinusoidally varying quantities.

Impedance operator: The ratio between voltage and cur-
rent in operational terms.

Inductance: The property of a circuit by virtue of which
the passage of a current sets up magnetic linkage and stores
magnetic energy. If the linkage of a circuit arises from the
current in another circuit, the property is called mutual
inductance.

Inductor: A device having inductance as a chief property.

Insulation resistance: The resistance under prescribed
conditions between two conductors or conducting systems
normally separated by an insulating medium.

PR loss (copper loss): The loss (converted into heat) due
to the passage of a current through the resistance of a con-
ductor.

Line of flux (line of force): A line drawn in a field to
represent the direction of the flux at any point.

Linkage: The summation of the products of elements of
magnetic flux and the number of turns of the circuit they
embrace in a given direction.

Loss angle: The phase angle by which the current in a
reactor fails to lead (or lag) the voltage by %m/rad under
sinusoidal conditions. The tangent of this angle is called
the loss tangent.

Magnetic circuit: The closed path followed by a magnetic
flux.

Magnetic field: The energetic state of the space surround-
ing an electric current.

Magnetic field strength: The cause at any point of a mag-
netic circuit of the magnetic flux density there.

Magnetic flux: The magnetic field, equal to the summa-
tion of flux density and area, around a current. A phenom-
enon in the neighbourhood of currents or magnets. The
magnetic flux through any area is the surface integral of
the magnetic flux density through the surface. Unit mag-
netic flux is that flux, the removal of which from a circuit
of unit resistance causes unit charge to flow in the circuit; or
in an open turn produces a voltage—time integral of unity.

Magnetic flux density: The magnetic flux per unit area at
a point in a magnetic field, the area being oriented to give
a maximum value to the flux. The normal to the area is
the direction of the flux at the point. The direction of the
current produced in the electric circuit on removal of the
flux, and the positive direction of the flux, have the relation
of a right-handed screw.

Magnetic leakage: That part of a magnetic flux which follows
such a path as to make it ineffective for the purpose desired.

Magnetic potential difference: A difference between the
magnetic states existing at two points which produces a
magnetic field between them. It is equal to the line integral of
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the magnetic field intensity between the points, except in the
presence of electric currents.

Magnetic space constant: The permeability of free space.

Magnetising force: The same as magnetic field strength.

Magnetomotive force: Along any path, the line integral of
the magnetic field strength along that path. If the path is
closed, the line integral is equal to the total magnetising
current in ampere-turns.

Paramagnetic: Having a permeability greater than that of
free space.

Period: The time taken by one complete cycle of a wave-
form.

Permeability: The ratio of the magnetic flux density in a
medium or material at a point to the magnetic field strength
at the point. The absolute permeability is the product of
the relative permeability and the permeability of free space
(magnetic space constant).

Permeance: The ratio between the magnetic flux in a mag-
netic circuit and the magnetomotive force. The reciprocal of
reluctance.

Permittivity: The ratio between the electric flux density in
a medium or material at a point and the electric field
strength at the point. The absolute permittivity is the pro-
duct of the relative permittivity and the permittivity of free
space (electric space constant).

Phase angle: The angle between the phasors that repre-
sent two alternating quantities of sinusoidal waveform and
the same frequency.

Phasor: A sinusoidally varying quantity represented in
the form of a complex number.

Polarisation: The change of the electrical state of an insulat-
ing material under the influence of an electric field, such that
each small element becomes an electric dipole or doublet.

Potential: The electrical state at a point with respect to
potential zero (normally taken as that of the earth). It is
measured by the work done in transferring unit charge
from pontential zero to the point.

Potential difference: A difference between the electrical
states existing at two points tending to cause a movement
of positive charges from one point to the other. It is meas-
ured by the work done in transferring unit charge from one
point to the other.

Potential gradient: The potential difference per unit
length in the direction in which it is a maximum.

Power: The rate of transfer, storage, conversion or dis-
sipation of energy. In sinusoidal alternating current circuits
the active power is the mean rate of energy conversion; the
reactive power is the peak rate of circulation of stored
energy; the apparent power is the product of r.m.s. values
of voltage and current.

Power factor: The ratio between active power and appar-
ent power. In sinusoidal alternating current circuits the
power factor is cos ¢, where ¢us the phase angle between
voltage and current waveforms.

Quantity: The product of the current and the time during
which it flows.

Reactance: In sinusoidal alternating current circuits, the
quantity wL or 1/wC, where L is the inductance, C is the
capacitance and wis the angular frequency.

Reactor: A device having reactance as a chief property; it
may be an inductor or a capacitor. A nuclear reactor is a device
in which energy is generated by a process of nuclear fission.

Reluctance: The ratio between the magnetomotive force
acting around a magnetic circuit and the resulting magnetic
flux. The reciprocal of permeance.

Remanence: The remanent flux density obtained when the
initial magnetisation reaches the saturation value for the
material.

Remanent flux density: The magnetic flux density remain-
ing in a material when, after initial magnetisation, the mag-
netising force is reduced to zero.

Residual magnetism: The magnetism remaining in a mater-
ial after the magnetising force has been removed.

Resistance: That property of a material by virtue of which
it resists the flow of charge through it, causing a dissipation
of energy as heat. It is equal to the constant potential differ-
ence divided by the current produced thereby when the
material has no e.m.f. acting within it.

Resistivity: The resistance between opposite faces of a
unit cube of a given material.

Resistor: A device having resistance as a chief property.

Susceptance: The reciprocal of reactance.

Time constant: The characteristic time describing the
duration of a transient phenomenon.

Voltage: The same as potential difference.

Voltage gradient: The same as potential gradient.

Waveform: The graph of successive instantaneous values
of a time-varying physical quantity.

2.2 Thermal effects

2.2.1 Resistance

That property of an electric circuit which determines for a
given current the rate at which electrical energy is converted
into heat is termed resistance. A device whose chief property
is resistance is a resistor, or, if variable, a rheostat. A current
I flowing in a resistance R develops heat at the rate

P =4R joule/second or watts

a relation expressing Joule's law.

2.2.1.1

In the absence of any energy storage effects (a physically
unrealisable condition), the current in a resistor of value R
is 7 when the voltage across it is V, in accordance with the
relation =¥/ R. If a steady p.d. V be suddenly applied to a
resistor R, the current instantaneously assumes the value
given, and energy is expended at the rate P=4£R watts,
continuously. No transient occurs. If a constant frequency,
constant amplitude sine wave voltage v is applied, the current
i is at every instant given by i =<#R, and in consequence the
current has also a sine waveform, provided that the resistance
is linear. The instantaneous rate of energy dissipation depends
on the instantaneous current: it is p =¢=+=R. Should the
applied voltage be non-sinusoidal, the current has (under
the restriction mentioned) an exactly similar waveform.
The three cases are illustrated in Figure 2.3.

Voltage applied to a resistor
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Figure 2.3 Voltage applied to a pure resistor



In the case of alternating wavefogm, the average rate of
energy dissipation is given by P=<R, where [ is the root-
mean-square current value.

2.2.1.2 Voltage—current characteristics

For a given resistor R carrying a constant current /, the p.d.
is V'=4R. The ratio R =<4/] may or may not be invariable.
In some cases it is sufficient to assume a degree of con-
stancy, and calculation is generally made on this assump-
tion. Where the variations of resistance are too great to
make the assumption reasonably valid, it is necessary to
resort to less simple analysis or to graphical methods.

A constant resistance is manifested by a constant ratio
between the voltage across it and the current through it,
and by a straight-line graphical relation between 7 and V'
(Figure 2.4(a)), where R=<%/I=<¢ot 0. This case is typical
of metallic resistance wires at constant temperature.

Certain circuits exhibit non-linear current-voltage rela-
tions (Figure 2.4(b)). The non-linearity may be symmetrical
or asymmetrical, in accordance with whether the conduction
characteristics are the same or different for the two current-
flow directions. Rectifiers are an important class of non-
linear, asymmetrical resistors.

A hypothetical device having the current—voltage charac-
teristic shown in Figure 2.4(c) has, at an operating condition
represented by the point P, a current /3 and a p.d. V4. The
ratio Ry =%4/14 is its d.c. resistance for the given condition.
If a small alternating voltage Av, be applied under the same
condition (i.e. superimposed on the p.d. Vy), the current will
fluctuate by Ai, and the ratio r,=4&v,/Ai, is the a.c. or
incremental resistance at P. The d.c. resistance is also
obtainable from R4q=<¢ot 0, and the a.c. resistance from
ry==<¢ot a. In the region of which Q is a representative
point, the a.c. resistance is negative, indicating that the
device is capable of giving a small output of a.c. power,
derived from its greater d.c. input. It remains in sum an
energy dissipator, but some of the energy is returnable
under suitable conditions of operation.

2.2.1.3 D.c. or ohmic resistance: linear resistors

The d.c. or ohmic resistance of linear resistors (a category
confined principally to metallic conductors) is a function of
the dimensions of the conducting path and of the resistivity
of the material from which the conductor is made. A wire of
length /, cross-section a and resistivity pthas, at constant
given temperature, a resistance

R =<l/a ohms

where p, / and a are in a consistent system of dimensions (e.g. /
in metres, a in square metres, piin ohms per 1 m length and
1 m? cross-section—generally contracted to ohm-metres). The
expression above, though widely applicable, is true only on
the assumption that the current is uniformly distributed over
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Figure 2.4 Current-voltage characteristics
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the cross-section of the conductor and flows in paths parallel
to the boundary walls. If this assumption is inadmissible, it is
necessary to resort to integration or the use of current-flow
lines. Figure 2.5 summarises the expressions for the resistance
of certain arrangements and shapes of conductors.

Resistivity The resistivity of conductors depends on their
composition, physical condition (e.g. dampness in the case
of non-metals), alloying, manufacturing and heat treat-
ment, chemical purity, mechanical working and ageing.
The resistance-temperature coefficient describes the rate of
change of resistivity with temperature. It is practically
0.004 2/°C at 20°C for copper. Most pure metals have a
resistivity that rises with temperature. Some alloys have a
very small coefficient. Carbon is notable in that its resistiv-
ity decreases markedly with temperature rise, while uranium
dioxide has a resistivity which falls in the ratio 50:1 over a
range of a few hundred degrees. Table 2.2 lists the resistivity
pand the resistance-temperature coefficient afor a number
of representative materials. The effect of temperature is
assessed in accordance with the expressions

Ry =Ry(I+&b); Ry/R = (1 +&b,)/(1 +&b1);
or
R, =R [l +&(0, —&)]<

where Ry, R| and R; are the resistances at temperatures 0, 6,
and 6,, and aus the resistance-temperature coefficient at 0°C.

2.2.14 Liquid conductors

The variations of resistance of a given aqueous solution of an
electrolyte with temperature follow the approximate rule:

Roj=Ro /(1 +8:030) <

where s the temperature in degrees Celsius. The conduc-
tivity (or reciprocal of resistivity) varies widely with the per-
centage strength of the solution. For low concentrations the
variation is that given in Table 2.2.

2.2.1.5 Frequency effects

The resistance of a given conductor is affected by the frequency
of the current carried by it. The simplest example is that of
an isolated wire of circular cross-section. The inductance of
the central parts of the conductor is greater than that of the
outside skin because of the additional flux linkages due to the
internal magnetic flux lines. The impedance of the central
parts is consequently greater, and the current flows mainly at
and near the surface of the conductor, where the impedance is
least. The useful cross-section of the conductor is less than the
actual area, and the effective resistance is consequently
higher. This is called the skin effect. An analogous phenom-
enon, the proximity effect, is due to mutual inductance
between conductors arranged closely parallel to one another.

Electrode
radius r

p

R =pllla) R ={p/2x/) \n (D/d)

R = pl2ar

Figure 2.5 Resistance in particular cases
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Table 2.2 Conductivity of aqueous solutions* (mS/cm)

Concentration (%) a b c d e f g h, j k I, m
1 40 18 12 10 10 8 6 4 3 3
2 72 35 23 20 20 16 12 8 6 6
3 102 51 34 30 30 24 18 12 9 8
4 130 65 44 39 39 32 23 16 11 10
5 79 55 48 47 39 28 20 13 11
7.5 110 79 69 67 54 39 29 18 16
10 99 90 85 69 31 22 20

*(a) NaOH, caustic soda; (b) NH4Cl, sal ammoniac; (c) NaCl, common salt; (d) NaNOs;, Chilean saltpetre; (¢) CaCl,, calcium chloride; (f) ZnCl,, zinc chloride; (g) NaHCOs,
baking soda; (h) Na,COs, soda ash; (j) Na,SO,4, Glauber’s salt; (k) Aly(SO4);K,S04, alum; (1) CuSOy, blue vitriol; (m) ZnSOy, white vitriol.

The effects depend on conductor size, frequency f of the
current, resistivity piand permeability ppf the material. For
a circular conductor of diameter d the increase of effective
resistance is proportional to d*fu/p. At power frequencies
and for small conductors the effect is negligible. It may,
however, be necessary to investigate the skin and proximity
effects in the case of large conductors such as bus-bars.

2.2.1.6  Non-linear resistors

Prominent among non-linear resistors are electric arcs; also
silicon carbide and similar materials.

Ares  An electric arc constitutes a conductor of somewhat
vague dimensions utilising electronic and ionic conduction in
a gas. [tis strongly affected by physical conditions of tempera-
ture, gas pressure and cooling. In air at normal pressure a d.c.
arc between copper electrodes has the voltage—current rela-
tion given approximately by ¥ =30+ 10/I+ /[l +3/110°
for a current I in an arc length / metres. The expression is
roughly equivalent to 10 V/cm for large currents and high
voltages. The current density varies between 1 and
1000 A/mm?, being greater for large currents because of the
pinch effect. See also Section 2.7.

Silicon carbide Conducting pieces of this material have
a current-voltage relation expressed approximately by
I=KV*, where x is usually between 3 and 5. For rising
voltage the current increases very rapidly, making silicon
carbide devices suitable for circuit protection and the dis-
charge of excess transmission-line surge energy.

2.2.2 Heating and cooling

The heating of any body such as a resistor or a conducting
circuit having inherent resistance is a function of the losses
within it that are developed as heat. (This includes core and
dielectric as well as ohmic IR losses, but the effective value
of R may be extended to cover such additional losses.) The
cooling is a function of the facilities for heat dissipation to
outside media such as air, oil or solids, by radiation, con-
duction and convection.

2.2.2.1 Rapid heating

If the time of heating is short, the cooling may be ignored,
the temperature reached being dependent only on the rate
of development of heat and the thermal capacity. If p is the
heat development per second in joules (i.e. the power in
watts), G the mass of the heated body in kilograms and ¢
its specific heat in joules per kilogram per kelvin, then

Ge-dOy=p - dey giving O¢= (1/Ge)<p - dt

For steady heating, the temperature Tise is p/Gc in Kelvin
per second.

Standard annealed copper is frequently used for the wind-
ings and connections of electrical equipment. Its density is
G =8900 kg/m> and its resistivity at 20°C is 0.017 pQ-m; at
75°C it is 0.021 uQ2-m. A conductor worked at a current
density J (in amperes per square metre) has a specific loss
(watts per kilogram) of pJ?/8900. If J=2.75MA/m>
(or 2.75A/mm?), the specific loss at 75°C is 17.8 W/
kg, and its rate of self-heating is 17.8/375=0.048°C/s.

2.2.2.2 Continuous heating

Under prolonged steady heating a body will reach a tem-
perature rise above the ambient medium of 6,=p/A4\,
where A is the cooling surface area and Athe specific heat
dissipation (joules per second per square metre of surface
per degree Celsius temperature rise above ambient). The
expression is based on the assumption, roughly true for
moderate temperature rises, that the rate of heat emission
is proportional to the temperature rise. The specific heat
dissipation A¢is compounded of the effects of radiation,
conduction and convection.

Radiation The heat radiated by a surface depends on the
absolute temperature 7 (given by 7'= 60+ 273, where s the
Celsius temperature), and on its character (surface smooth-
ness or roughness, colour, etc.). The Stefan law of heat
radiation is

pr = 5.7eT* x 10~% watts per square metre

where e is the coefficient of radiant emission, always less
than unity, except for the perfect ‘black body’ surface, for
which e=1. The radiation from a body is independent of
the temperature of the medium in which it is situated.
The process of radiation of a body to an exterior surface
is accompanied by a re-absorption of part of the energy
when re-radiated by that surface. For a small spherical
radiating body inside a large and/or black spherical cavity,
the radiated power is given by the Stefan-Boltzmann law:

pr = 5.7e1[T} — T5]1078 watts per square metre

where 7' and ey refer to the body and T to the cavity.

The emission of radiant heat from a perfect black body
surface is independent of the roughness or corrugation of
the surface. If e< 1, however, there is some increase of
radiation if the surface is rough.



Conduction The conduction of heat is a function of the
thermal or temperature gradient and the thermal resistivity,
the latter being defined as the temperature difference in
degrees Celsius across a path of unit length and unit section
required for the continuous transmission of 1 W. Thus, the
heat conducted per unit area along a path of length x in a
material of thermal resistivity pifor a temperature difference
of Gis

pa =& px watts

Resistivities for metals are very low. For insulating materials
such as paper, p =& 10; for still air, p =20 W per °C per m
and per m-~, approximately.

Convection Convection currents in liquids and gases (e.g.
oil and air) are always produced near a heated surface
unless baffled. Convection adds greatly to heat dissipation,
especially if artificially stimulated (as in force cooling by
fans). Experiment shows that a rough surface dissipates
heat by convection more readily than a smooth one, and
that high fluid speeds are essential to obtain turbulence as
opposed to stream-line flow, the former being much more
efficacious.

Convection is physically a very complex phenomenon, as
it depends on small changes in buoyancy resulting from
temperature rise due to heating. Formulae for dissipation
of heat by convection have a strongly empirical basis, the
form and orientation of the convection surfaces having con-
siderable influence.

Cooling coefficient For electrical purposes the empir-
ically derived coefficient of emission A, or its reciprocal 1/,
are employed for calculations on cooling and temperature
rise of wires, resistors, machines and similar plant.

2.2.2.3 Measurement of temperature rise

The temperature rise of a device developing heat can be
measured (a) by a thermometer placed in contact with the
surface whose temperature is required, (b) by resistance-
temperature detectors or thermocouples on the surface of,
or embedded in, the device, or (c) by the measurement of
resistance (in the case of conducting circuits), using the
known resistance-temperature coefficient. These methods
measure different temperatures, and do not give merely
alternative estimates of the same thing.

2.2.2.4 Heating and cooling cycles

In some cases a device (such as a machine or one of its
parts) developing internal heat may be considered as suffi-
ciently homogeneous to apply the exponential law. Suppose
the device to have a temperature rise fafter the lapse of a

time ¢. In an element of time ds a small temperature rise dfv

takes place. The heat developed is p-dt, the heat stored is
Gh-df, and the heat dissipated is 46A-dz. Since the heat
stored and dissipated together equal the total heat produced,

Gh -S040 et =<t

the solution of which is

O=bn,[1 —exp(—1/7)]<

where 6, is the final steady temperature rise, calculated

from 0, =¢tAN\, and Ti=&h/AMjs called the heating time
constant. For the lapse of time 7 equal to the time constant

Orf=b,[1 —exp(—1)]<=6:6326,,
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When a heated body cools owing to a reduction or
cessation of internal heat production, the temperature-time
relation is the exponential function

O=h, exp(—t/11) <=
where 71 is the cooling time constant, not necessarily the
same as that for heating conditions.

Both heating and cooling as described are examples of
thermal transients, and the laws governing them are closely
analogous to those concerned with transient electric cur-
rents, in which exponential time relations also occur.

2.2.2.5 Fusing currents

For a given diameter d, the heat developed by a wire carrying
a current / is inversely proportional to d°, because an increase
of diameter reduces the current density in proportion to the
increase of area, and the emitting surface is increased in pro-
portion to the diameter. The temperature rise is consequently
proportional to I/d°. If the temperature is raised to the fus-
ing or melting point, § =¢4*/d® and the fusing current is

1=/ (0d*)a) = kd**

This is Preece’s law, from which an estimate may be made
of the fusing current of a wire of given diameter, provided
that k is known. The exponent 3/2 and the value of k are
both much affected by enclosure, conduction of heat by
terminals, and similar physical conditions.

It is obvious that any rule regarding suitable current dens-
ities giving a value regardless of the diameter is likely to be
uneconomically low for small wires and excessive for large
ones. Further, the effects of length and enclosure make a
direct application of Preece’s law unreliable. For small
wires the exponent x in the term ¢ may be 1.25-1.5, and
for larger wires it may exceed 1.5.

2.2.2.6 Thermo-e.m.f.s

An effect known as the thermoelectric effect or Seebeck
effect is that by which an e.m.f. is developed due to a differ-
ence of temperature between two junctions of dissimilar
conductors in the same circuit. The Thomson effect or
Kelvin effect is (a) that an e.m.f. is developed due to a
difference of temperature between two parts of the same
conductor, and (b) that an absorption or liberation of heat
takes place when a current flows from a hotter to a colder
part of the same material. The Peltier effect describes the
liberation or absorption of heat at a joint where current
passes from one material to another, whereby the joint
becomes heated or cooled.

In Figure 2.6(a)—(c) the symbols are absolute temperature
T, thermo-e.m.f. £ and rate of heat production or absorp-
tion Q. The Seebeck coefficient (a) is the e.m.f. per degree
difference between hot and cold junctions:

as =AE/AT

LS

L2

(a) (b) (c) (d)

Figure 2.6 Thermo-e.m.f.
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Typical e.m.f.s for a number of common junctions are given
in Table 2.3. In the Peltier effect (b) a rate of heat generation
(reversible, and distinct from the irreversible IR heat)
results from the passage of a current i through the different
conductors A and B. The Peltier coefficient is

ap :@ / i

The Thomson effect (¢) concerns the rate of reversible heat
when a current i flows through a length of homogeneous
conductor across which there is a temperature difference.
The Thomson coefficient is

0%y :éQ/l AT

The relation between the Seebeck and Peltier coefficients is
important: it is

as :@p/T

The Seebeck coefficient is the more easily measured, but the
Peltier coefficient determines the cooling effect of a thermo-
electric refrigerator.

Table 2.3 Thermocouple e.m.f.s (mV): cold junction at 0°C

Hot-junction  Platinum/ Chromel|  Iron/ Copper/|
temperature  S'Pt—"*Rh  Alumel Eureka  Eureka
O

100 0.65 4.1 5 4

200 1.46 8.1 11 9

400 3.40 16.4 22 21

2.2.2.7 Thermoelectric devices

If a current flows through a thermocouple (Figure 2.6(b)),
with one junction in thermal contact with a heat sink, the
other removes heat from a source. The couple must com-
prise conductors with positive and negative Seebeck coefti-
cients, respectively. The arrangement is a refrigerator with
the practical advantages of simplicity and silence.

A heat source applied to a junction develops an e.m.f.
that will circulate a current in an external load (Figure
2.6(d)). If semiconductors of low thermal conductivity are
used in place of metals for the couple elements, a better
efficiency is obtainable because heat loss by conduction is
reduced. The couples in Figure 2.7(a) of a thermoelectric
power generator are constructed with p- and n-type mater-
ials. The efficiency, limited by Carnot cycle considerations,
does not at present exceed 10 %.

A thermocouple generator in which one element is an
electron stream or plasma is the thermionic generator, in effect
a diode with flat cathode and anode very close together. By
virtue of their kinetic energy, electrons emitted from the
cathode reach the anode against a small, negative anode
potential, providing current for an external circuit (Figure
2.7(b)). The work function of the anode material must be less

] Hot junct. ‘?2 g ;4
Semi- Anode 4
P n 3
conductors Load g
. Cathode 3
! |Oold junct. Lﬁggf
Load Heat
(a) (b)

Figure 2.7 Thermoelectric devices

than for the cathode. The device is a heat engine operating
over the cathode-anode temperature fall, with electrons
providing the ‘working fluid’.

Outputs of 2kW/m? at an efficiency of 25% may be
reached when the device has been fully developed and the
space charge effects overcome. Cathode heating by solar
energy is a possibility.

2.3 Electrochemical effects

2.3.1 Electrolysis

If a liquid conductor undergoes chemical changes when a
current is passed through it, the effect is ascribed to the
movement of constituent parts of the molecules of the liquid
electrolyte, called ions, which have a positive or negative
electric charge. Positive ions move towards the negative
electrode (cathode) and negative ions to the positive elec-
trode (anode). The ionic movement is the reason for the cur-
rent conduction. lons reaching the electrodes have their
charges neutralised and may be subject to chemical change.
Hydrogen and metal ions are electropositive: non-metals
of the chlorine family (Cl, Br, I and F) and acid radicals
(such as SO4 and NOs3) form negative ions in solution. As
examples, hydrochloric acid, HCI, forms H"“and Cl~ons;
sulphuric acid forms 2H"<and SO, <ions; and sodium
hydroxide, NaOH, yields Na*“and OH ™~ ons. The products
of electrolysis depend on the nature of the electrolyte. Basic
solutions of sodium or similar hydroxides produce H,
and O, gases at the cathode and anode, respectively. Acid
solutions give products depending on the nature of the
electrodes. Solutions of metal salts with appropriate electro-
des result in electrodeposition.

The mass of the ion of an element of radical deposited on,
dissolved from or set free at either electrode is proportional
to the quantity of electricity passed through the electrolytic
cell and to the ionic weight of the material, and inversely
proportional to the valency of the ion; whence the mass i,
in kilogram-equivalents is the product (z in kilogram-equiva-
lents per coulomb) x €€ in coulombs). The value of z is a
natural constant 0.001 036. Representative figures (for con-
venience in milligrams per coulomb) are given in Table 2.4.

To pass a current through an electrolyte, a p.d. must be
applied to the electrodes to overcome the drop in resistance
of the electrolyte, and to overcome the e.m.f. of polarisation.
The latter is due to a drop across a thin film of gas, or
through a strong ionic concentration, at an electrode.

Every chemical reaction may be represented as two elec-
trode reactions. The algebraic p.d. between the two is a
measure of the reactivity. A highly negative p.d. represents
a spontaneous reaction that might be utilised to generate a
current. A high positive p.d. represents a reaction requiring
an external applied p.d. to maintain it.

23.1.1

Ores of copper, zinc and cadmium may be electrolytically
treated with sulphuric acid to deposit the metal. Copper may
be deposited by use of a low voltage at the cathode, while
oxygen is emitted at the anode. Electrorefining by deposition
may be employed with copper, nickel, tin, silver, etc., pro-
duced by smelting or electrowinning, by using the impure
metal as anode, which is dissolved away and redeposited on
the cathode, leaving at the bottom of the cell the impurities in
the form of sludge. Electroplating is similar to electrorefining
except that pure metal or alloy is used as the anode.

Uses of electrolysis



Table 2.4 Electrochemical equivalents z (mg/C)

Element Valency z Element Valency :z

H 1 0.01045 Zn 2 0.338 76
Li 1 0.071 92 As 3 0.258 76
Be 2 0.046 74 Se 4 0.204 56
(0] 2 0.082 90 Br 1 0.828 15
F 1 0.196 89 Sr 2 0.454 04
Na 1 0.238 31 Pd 4 0.276 42
Mg 2 0.126 01 Ag 1 1.117 93
Al 3 0.093 16 Cd 2 0.582 44
Si 4 0.072 69 Sn 2 0.615 03
S 2 0.166 11 Sn 4 0.307 51
S 4 0.083 06 Sb 3 0.420 59
S 6 0.05537 Te 4 0.330 60
Cl 1 0.36743 1 1 1.31523
K 1 0.405 14 Cs 1 1.377 31
Ca 2 0.207 67 Ba 2 0.711 71
Ti 4 0.124 09 Ce 3 0.484 04
\Y% 5 0.105 60 Ta S 0.374 88
Cr 3 0.179 65 W 6 0.317 65
Cr 6 0.089 83 Pt 4 0.505 78
Mn 2 0.284 61 Au 1 2.043 52
Fe 1 0.578 65 Au 3 0.681 17
Fe 2 0.289 33 Hg 1 2.078 86
Fe 3 0.192 88 Hg 2 1.039 42
Co 2 0.30539 TI 1 2.118 03
Ni 2 0.304 09 Pb 2 1.073 63
Cu 1 0.658 76  Bi 3 0.721 93
Cu 2 0.329 38 Th 4 0.601 35

2.3.2 Cells

2.3.2.1 Primary cells

An elementary cell comprising electrodes of copper (positive)
and zinc (negative) in sulphuric acid develops a p.d. between
copper and zinc. If a circuit is completed between the electro-
des, a current will flow, which acts in the electrolyte to decom-
pose the acid, and causes a production of hydrogen gas round
the copper, setting up an e.m.f. of polarisation in opposition to
the original cell e.m.f. The latter therefore falls considerably.
In practical primary cells the effect is avoided by the use of
a depolariser. The most widely used primary cell is the
Leclanché. It comprises a zinc and a carbon electrode in a
solution of ammonium chloride, NH4CIl. When current flows,
zinc chloride, ZnCl, is formed, releasing electrical energy. The
NH, positive ions travel to the carbon electrode (positive),
which is packed in a mixture of manganese dioxide and carbon
as depolariser. The NH, ions are split up into NH; (ammonia
gas) and H, which is oxidised by the MnO, to become water.
The removal of the hydrogen prevents polarisation, provided
that the current taken from the cell is small and intermittent.
The wet form of Leclanché cell is not portable. The dry cell
has a paste electrolyte and is suitable for continuous moder-
ate discharge rates. It is exhausted by use or by ageing and
drying up of the paste. The ‘shelf life’ is limited. The inerz cell
is very similar in construction to the dry cell, but is assembled
in the dry state, and is activated when required by moistening
the active materials. In each case the cell e.m.f. is about 1.5 V.

2.3.2.2 Standard cell

The Weston normal cell has a positive element of mercury, a
negative element of cadmium, and an electrolyte of cadmium
sulphate with mercurous sulphate as depolariser. The open-
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circuit e.m.f. at 20°C is about 1.018 30V, and the e.m.f./
temperature coefficient is of the order of —0.04mV/°C.

2.3.2.3  Secondary cells

In the lead-acid storage cell or accumulator, lead peroxide
reacts with sulphuric acid to produce a positive charge at
the anode. At the cathode metallic lead reacts with the acid
to produce a negative charge. The lead at both electrodes
combines with the sulphate ions to produce the poorly
soluble lead sulphate. The action is described as

+<= —=
PbO, +<«2H,S04 +<Pb

Brown Strong acid Grey

Charged Discharged

+<= —=
=PbS04 +<2H,O0 +<PbSO4
Sulphurate Weak acid Sulphate

Both electrode reactions are reversible, so that the initial con-
ditions may be restored by means of a ‘charging current’.

In the alkaline cell, nickel hydrate replaces lead peroxide
at the anode, and either iron or cadmium replaces lead at
the cathode. The electrolyte is potassium hydroxide. The
reactions are complex, but the following gives a general
indication:

Charged Discharged

+= —=

e -
2Ni(OH); + KOH + Fe=2Ni(6H), + KOH +£e(OH),
or 2Ni(OH), + KOH + Cd =2Ni(OH), + KOH + Cd(OH),

2.3.24 Fuel cell

Whereas a storage battery cell contains all the substances in
the electrochemical oxidation-reduction reactions involved
and has, therefore, a limited capacity, a fuel cell is supplied
with its reactants externally and operates continuously as
long as it is supplied with fuel. A practical fuel cell for direct
conversion into electrical energy is the hydrogen—oxygen cell
(Figure 2.8). Microporous electrodes serve to bring the
gases into intimate contact with the electrolyte (potassium
hydroxide) and to provide the cell terminals. The hydrogen
and oxygen reactants are fed continuously into the cell from
externally, and electrical energy is available on demand.

At the fuel (H,) electrode, H, molecules split into hydrogen
atoms in the presence of a catalyst, and these combine with
OH ™ Sons from the electrolyte, forming H>O and releasing
electrons e. At the oxygen electrode, the oxygen molecules
(O,) combine (also in the presence of a catalyst) with water
molecules from the electrolyte and with pairs of electrons
arriving at the electrode through the external load from the
fuel electrode. Perhydroxyl ions (O,H ™) and hydroxyl ions
(OH™) are produced: the latter enter the electrolyte, while the
more resistant O,H ™ Sions, with special catalysts, can be

Fuel — fe— Oxygen
electrode electrode
— -— [}
H, 2
— D)
——

Electrolyte

Figure 2.8 Fuel cell
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reduced to OH™ ions and oxygen. The overall process can be
summarised as:

H; + 20H™ = 20H,0 + 2e¢
105+ Hy0 + 2¢ = 20H =
H, -‘r%Oz — 2e flow — H,O

In a complete reaction 2kg hydrogen and 16kg oxygen
combine chemically (not explosively) to form 18kg of
water with the release of 400 MJ of electrical energy. For
each kiloamp/hour the cell produces 0.33 1 of water, which
must not be allowed unduly to weaken the electrolyte. The
open-circuit e.m.f. is 1.1V, while the terminal voltage is
about 0.9V, with a delivery of 1 kA/m? of plate area.

Fuel electrode
Oxygen electrode
Net reaction

2.4 Magnetic field effects

The space surrounding permanent magnets and electric cir-
cuits carrying currents attains a peculiar state in which a
number of phenomena occur. The state is described by

saying that the space is threaded by a magnetic field of
flux. The field is mapped by an arrangement of /ines of

induction giving the strength and direction of the flux.
Figure 2.9 gives a rough indication of the flux pattern for
three simple cases of magnetic field due to a current. The
diagrams show the conventions of polarity, direction of
flux and direction of current adopted. Magnetic lines of
induction form closed loops in a magnetic circuit linked by
the circuit current wholly or in part.

2.4.1 Magnetic circuit

By analogy with the electric circuit, the magnetic flux pro-
duced by a given current in a magnetic circuit is found from
the magnetomotive force (m.m.f.) and the circuit reluctance.
The m.m.f. produced by a coil of N turns carrying a current
I is F= NI ampere-turns. This is expended over any closed
path linking the current /. At a given point in a magnetic
field in free space the m.m.f. per unit length or magnetising
force H gives rise to a magnetic flux density By= puoH,
where jig=47/107. If the medium in which the field exists
has a relative permeability ., the flux density established is

B = By = prproH = pH

The summation of H-d/ round any path linking an N-turn
circuit carrying current / is the total m.m.f. F. If the distribu-
tion of H is known, the magnetic flux density B or B, can be

Magnetic

tCurrent
direction
Straight
isolated wire Loop Soienoid
(a) (b) (c)

Figure 2.9 Magnetic fields
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Figure 2.10 Magnetic circuits

found for all points in the field, and a knowledge of the area
a of the magnetic path gives @ = Ba, the total magnetic flux.

Only in a few cases of great geometrical simplicity can the
flux due to a given system of currents be found precisely.
Among these are the following.

Long straight isolated wire (Figure 2.10(a)): This is not
strictly a realisable case, but the results are useful. Assume
a current of 1 A. The m.m.f. around any closed linking path
is therefore 1 A-t. Experiment shows that the magnetic field
is symmetrical about, and concentric with, the axis of the
wire. Around a closed path of radius x metres there will be
a uniform distribution of m.m.f. so that

H = F/2mx = 1 2mx(A-t/m)<
Consequently, in free space the flux density (7") at radius x is
B() = },L()H = }Lo/ZTFX

In a medium of constant permeability p= o the flux
density is B= u,Bo. There will be magnetic flux following
closed circular paths within the cross-section of the wire
itself: at any radius x the m.m.f. is F=(x/r)* because the
circular path links only that part of the (uniformly distribu-
ted) current within the path. The magnetising force is
H=F2rx=x/2m” and the corresponding flux density
in a non-magnetic conductor is

By = poH = pox/2mr?

and i, times as much if the conductor material has a relative
permeability u,. The expressions above are for a conductor
current of 1 A.

Concentric conductors (Figure 2.10(b)): Here only the
inner conductor contributes the magnetic flux in the space
between the conductors and in itself, because all such flux
can link only the inner current. The flux distribution is
found exactly as in the previous case, but can now be
summed in defined limits. If the outer conductor is suffi-
ciently thin radially, the flux in the interconductor space,
per metre axial length of the system, is

& =< L2 dy :%—01 R

J| 2mx m,;l r
Toroid (Figure 2.10(c)): This represents the closest
approach to a perfectly symmetrical magnetic circuit, in which
the m.m.f. is distributed evenly round the magnetic path and
the m.m.f. per metre H corresponds at all points exactly to the
flux density existing at those points. The magnetic flux is
therefore wholly confined to the path. Let the mean radius of




the toroid be R and its cross-sectional area be 4. Then, with
N uniformly distributed turns carrying a current / and a
toroid core of permeability p,

F=&I;, H=F/2rR;, B=pH; ®=4FA/27R

This applies approximately to a long solenoid of length /,
replacing R by 1/27. The permeability will usually be .

Composite magnetic circuit containing iron (Figure 2.10(d)):
For simplicity practical composite magnetic circuits are
arbitrarily divided into parts along which the flux density is
deemed constant. For each part

F =&l = Bl/j= BIA/ A =@S

where S=//udA is the reluctance. Its reciprocal
A=1/S=uAd/l is the permeance. The expression F=®S
resembles £ =R for a simple d.c. circuit and is therefore
sometimes called the magnetic Ohm’s law.

The total excitation for the magnetic circuit is

F=H |+ HbL+Hz+ - <

for a series of parts of length /;, /> ..., along which magnetic
field intensities of H;, H,... (A-t/m) are necessary. For free
space, air and non-magnetic materials, u, =1 and By= poH,
so that H= By/po ~ 800 000 By. This means that an excita-
tion F=800000A-t is required to establish unit magnetic
flux density (1T) over a length /=1m. For ferromagnetic
materials it is usual to employ B—H graphs (magnetisation
curves) for the determination of the excitation required,
because such materials exhibit a saturation phenomenon.
Typical B-H curves are given in Figures 2.11 and 2.12.

2.4.1.1 Permeability

Certain diamagnetic materials have a relative permeability
slightly less than that of vacuum. Thus, bismuth has
1 =0.9999. Other materials have pu, slightly greater than
unity: these are called paramagnetic. Iron, nickel, cobalt,
steels, Heusler alloy (61% Cu, 27% Mn, 13% Al) and a
number of others of great metallurgical interest have ferro-
magnetic properties, in which the flux density is not directly
proportional to the magnetising force but which under suit-
able conditions are strongly magnetic. The more usual con-
structional materials employed in the magnetic circuits of
electrical machinery may have peak permeabilities in the
neighbourhood of 5000-10000. A group of nickel-iron
alloys, including mumetal (73% Ni, 22% Fe, 5% Cu),
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permalloy ‘C’ (77.4% Ni, 13.3% Fe, 3.7% Mo, 5% Cu) and
hypernik (50% Ni, 50% Fe), show much higher permeabil-
ities at low densities (Figure 2.12). Permeabilities depend on
exact chemical composition, heat treatment, mechanical
stress and temperature conditions, as well as on the flux
density. Values of y, exceeding 5 x 10° can be achieved.

2.4.1.2 Core losses

A ferromagnetic core subjected to cycles of magnetisation,
whether alternating (reversing), rotating or pulsating,
exhibits hysteresis. Figure 2.13 shows the cycle B-H relation
typical of this phenomenon. The significant quantities
remanent flux density and coercive force are also shown.
The area of the hysteresis loop figure is a measure of the
energy loss in the cycle per unit volume of material. An
empirical expression for the hysteresis loss in a core taken
through f'cycles of magnetisation per second is

pn =<, /B, watts per unit mass or volume

Here B,, is the maximum induction reached and kj, is the
hysteretic constant depending on the molecular quality and
structure of the core metal. The exponent x may lie between
1.5 and 2.3. It is often taken as 2.

A further cause of loss in the same circumstances is the
eddy current loss, due to the I’R losses of induced currents.
It can be shown to be

pe = ko’ F? B? watts per unit mass or volume

the constant k. depending on the resistivity of the metal and ¢
being its thickness, the material being laminated to decrease
the induced e.m.f. per lamina and to increase the resistance of
the path in which the eddy currents flow. In practice, curves of
loss per kilogram or per cubic metre for various flux densities
are employed, the curves being constructed from the results of
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Figure 2.13 Hysteresis
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careful tests. It should be noted that hysteresis loss is depend-
ent on the maximum flux density B,,, while the eddy current
loss is a function of r.m.s. induced current and e.m.f., and
therefore of the r.m.s. flux density B, and not the maximum
density B,.

2.4.1.3 Permanent magnets

Permanent magnets are made from heat-treated alloys, or
from ferrites and rare earths, to give the material a large hys-
teresis loop. Figure 2.14 shows the demagnetisation B/H
quadrant of the loop of a typical material. In use, a magnet
produces magnetic energy in the remainder of the magnetic
circuit derived from a measure of self-demagnetisation: con-
sequently, the working point of the magnet is on the loop
between the coercive force/zero flux point and the zero
force/remanent flux point. Different parts of the magnet will
work at different points on the loop, owing to leakage, and
the conditions become much more complex if the reluctance
of the external magnetic circuit fluctuates.

In designing a magnet it is necessary to allow for leakage
by use of an m.m.f. allowance F, (normally not more than
1.25) and a flux allowance ®,, which may be anything from
2 to 20, being greater for a high ratio between gap length
and gap section.

If H, is the field strength in gap, /, the gap length, 4, the
gap section, By, the working density in the magnet, H,, the
working demagnetising field strength in the magnet, /,
the magnet length and A4,, the magnet section, then it may
be shown that

Hg = \/[(BmHm/Fa(pil)(Amlm/Aglg)]<z

i.e. it is greatest when B, Hy, is a maximum. This occurs for a
working point at (BH)n.x. The magnet length and section
must be proportioned to suit the alloy and the gap dimen-
sions to secure the required condition. The section is

m =&H,4,9,/By,) and the length [, =&H,/[,F,/Hy,). To cal-
culate these the B, and H,, values at the (BH),.x point must
be known. Alternatively, if the three points corresponding to
the remanent flux density B, the (BH)nax and the coercive
force H, are given, the working values can be calculated from

By = \/[(BH)n ax

2.4.2 Magnetomechanical effects

Mechanical forces are developed in magnetic field systems
in such a way that the resulting movement increases the flux
linkage with the electric circuit, or lowers the m.m.f.
required for a given flux. In the former case an increase of
linkage requires more energy from the circuit, making
mechanical energy available; in the latter, stored magnetic
energy is released in mechanical form.

Systems in which magnetomechanical forces are devel-
oped are shown diagrammatically in Figure 2.15.
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Figure 2.15 Magnetomechanical forces

(a) Solenoid and magnetic core: The core is drawn into the
solenoid, increasing the magnetic flux and, in consequence,
the circuit’s flux linkages.

(b) Attraction or repulsion of magnetised surfaces: The
attraction in (b) increases the flux by reducing the reluct-
ance of the intergap. Repulsion gives more space for the
opposing fluxes and again reduces the reluctance.

(¢) Forces on magnetic cores in a magnetic field. Cores in
line with the field attract each other, cores side by side repel
each other, and a core out of line with the general field
direction experiences a force tending to align it.

(d) Electromagnetic force on current-carrying conductor:
A current-carrying conductor lying in an externally produced
(or ‘main’) field tends to move so as to increase the flux on
that side where its own field has the same direction as the
main field.

(e) Electromagnetic force between current-carrying con-
ductors: Two parallel conductors carrying currents in oppos-
ite directions repel, for in moving apart they provide a
greater area for the flux between them. If carrying currents
in the same direction, they attract, tending to provide a
shorter path for the common flux.

It is worth noting as a guide to the behaviour of magnetic
field problems (although not a physical explanation of that
behaviour) that the forces observed are in directions such as
would cause the flux lines to shorten their length and to
expand laterally, as if they were stretched elastic threads.

The calculation of the force developed in the cases is
based on the movement of the force-system by an amount
d/ and the amount of mechanical energy dW thereby
absorbed or released. Then the force is

f =W /di

With energy in joules and displacement in metres, the force
is given in newtons. The calculation is only directly possible
in a few simple cases, as below. The references are to the
diagrams in Figure 2.15.

Case (c): The energy stored per cubic metre of a medium
in which a magnetising force H produces a density B is
IBH =4B%/pu,19 joules. At an iron surface in air, a move-
ment of the surface into a space originally occupled by air
results, for a constant density B, in a reduction of the energy
per cubic metre from B*/2uy to B?/2u0, since for air

=4 The force must therefore be
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f= i (1 — i) B— newtons per square metre
o i) £ 50 persd

the latter expression being sufficiently close when p, > 1.

Case (d): This case is of particular importance, as it is the
basic principle of normal motors and generators, and of
moving-coil permanent magnet instruments. Consideration
of the mechanical energy gives, for a current 7 of length /
lying perpendicular to the main field, a force

f=BII

where B is the flux density. The force, as indicated in Figure
2.15(d), is at right angles to B and to 1. Suppose the con-
ductor to be moved in the direction of the force (either with
it or against it): the work done in a displacement of x is

fx =W = Bllx = ®I joules

where @ = Blx is the total flux cut across by the conductor.

2.4.3 Electromagnetic induction

A magnetic field is a store of energy. When it is increased
or decreased, the amount of stored energy increases or
decreases. Where the energy is obtained from, or restored
to, an associated electric circuit, the energy delivered or
received is in the form of a current flowing by reason of an
induced e.m.f. for a time (specified by the conditions), these
three being the essential associated quantities determining
electrical energy. The relative directions of e.m.f. and cur-
rent depend on the direction of energy flow. This is
described by Lenz’s law (Figure 2.16), which states that the
direction of the e.m.f. induced by a change of linked mag-
netic field is such as would oppose the change if allowed to
produce a current in the associated circuit.

Faraday’s law states that the e.m.f. induced in a circuit by
the linked magnetic field is proportional to the rate of
change of flux linkage with time. The flux linkage is the
summation of products of magnetic flux with the number of
turns of the circuit linked by it. Then

e=—dy/dt = —EXN(d®/dr)<=

the negative sign being indicative of the direction of the
e.m.f. as specified in Lenz’s law.

Consider a circuit of N turns linked completely with a flux
®. The linkage = ®N may change in a variety of ways.

(1) Supposing the flux is constant in value, the circuit may
move through the flux (relative motion of flux and
circuit: the motional or generator effect).

(2) Supposing the coil is stationary with reference to the mag-
netic path of the flux, the latter may vary in magnitude
(flux pulsation: the pulsational or transformer effect).

(3) Both changes may occur simultaneously (movement of
coil through varying flux: combination of the effects in
(1) and (2)).

The generator effect is associated with conversion of energy
between the electrical and mechanical form, using an inter-
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mediate magnetic form; the transformer effect concerns the
conversion of electrical energy into or from magnetic energy.

2.4.3.1 Generator effect

In simplified terms applicable to heteropolar rotating elec-
trical machines (Figure 2.17) the instantaneous e.m.f. due to
rate of change of linkage resulting from the motion at speed
u of an N-turn full-pitch coil of effective length [/ is
e=2NBlu, where B is the flux density in which the coil
sides move at the instant considered.

On this expression as a basis, well-known formulae for the
motional e.m.f.s of machines can be derived. For example,
consider the arrangement (right) in Figure 2.17, where
the flux density B is considered to be uniform: let the coil
rotate at angular velocity w;, rad/s corresponding to a speed
n=w,/2myrev/s. Then the peripheral speed of the coil is
u=wR if its radius is R. Let the coil occupy a position
perpendicular to the flux axis when time r=0. At = 0/w, it
will be in a position making the angle 6. Its rate of moving
across the flux is w,R sin #, and the instantaneous coil e.m.f. is

e = wy RNBI sin 0= w NP, sin 6y

where @, =2BIR is the maximum flux embraced, i.e. at
#=0. The e.m.f. is thus a sine function of frequency w,/27)
and the values peak:

rms.; E=(1/y/2)w NPy

The same result is obtained by a direct application of the
Faraday law. At t=0 the linked flux is @,,; at t=0/w, it is
@, cos = ., cos w,t. The instantaneous e.m.f. is

e =—dy/dt = —N®yd(coswyt)/dt = w NPy, sin Op

as before.

em = w Ny,

2.4.3.2 Transformer effect

The practical case concerns a coil of N turns embracing a
varying flux @. If the flux changes sinusoidally with time it
can be expressed as

& = @y, coswt = Py, cos 2nft

where @, is its time maximum value, fis its frequency, and
w=2mf"is its angular frequency. The instantaneous e.m.f. in
the coil is

e=—N(d®/dt) = wNPp, sinwt

This relation forms the basis of the e.m.f. induced in trans-
formers and induction motors. The e.m.f. and flux relation-
ship is that of Figures 2.16 and 2.21(c).

2.4.3.3 Calculation of induced e.m.f.

The two methods of calculating electromagnetically induced
e.m.f.s are: (1) the change-of-flux law, and (2) the flux-
cutting law.
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Flux change: This law has the basic form
e=—N(d®/dt)<

and is applicable where a circuit of constant shape links a
changing magnetic flux.

Flux cutting: Where a conductor of length / moves at
speed u at right angles to a uniform magnetic field of density
B, the e.m.f. induced in the conductor is

e = Blu

This can be applied to the motion of conductors in constant
magnetic fields and when sliding contacts are involved.

Linkage change: Where coils move in changing fluxes,
and both flux-pulsation and flux-cutting processes occur,
the general expression.

e = —dy/dt

must be used, with variation of the linkage
the result of both processes.

expressed as

2.4.3.4 Constant linkage principle

The linkage of a closed circuit cannot be changed instant-
aneously, because this would imply an instantaneous change
of associated magnetic energy, i.e. the momentary appear-
ance of infinite power. It can be shown that the linkage of a
closed circuit of zero resistance and no internal source can-
not be changed at all. The latter concept is embodied in the
following theorem.

Constant linkage theorem The linkage of a closed passive
circuit of zero resistance is a constant. External attempts to
change the linkage are opposed by induced currents that
effectively prevent any net change of linkage.

The theorem is very helpful in dealing with transients
in highly inductive circuits such as those of transformers,
synchronous generators, etc.

2.4.3.5 Ideal transformer

An ideal transformer comprises two resistanceless coils
embracing a common magnetic circuit of infinite permeabil-
ity and zero core loss (Figure 2.18). The coils produce no
leakage flux: i.e. the whole flux of the magnetic circuit com-
pletely links both coils. When the primary coil is energised
by an alternating voltage V', a corresponding flux of peak
value @, is developed, inducing in the N;-turn primary coil
an e.m.f. E; = V. At the same time an e.m.f. E; is induced
in the N,-turn secondary coil. If the terminals of the second-
ary coil are connected to a load taking a current I,
the primary coil must accept a balancing current /; such
that I)N;=IL,N,, as the core requires zero excitation.
The operating conditions are therefore

N]/N2=E1/E2=Iz/11; and E1[1=E2[2

The secondary load impedance Z, = E,/I is reflected into
the primary to give the impedance Z; = E;/I; such that

PRIMARY SECONDARY
1, —é |,
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Figure 2.18 |deal transformer

Zy = (N/N2)*Z,

A practical power transformer differs from the ideal in that
its core is not infinitely permeable and demands an excita-
tion Nily= NI} — N,I,; the primary and secondary coils
have both resistance and magnetic leakage; and core losses
occur. By treating these effects separately, a practical trans-
former may be considered as an ideal transformer con-
nected into an external network to account for the defects.

2.4.3.6 Electromagnetic machines

An electromagnetic machine links an electrical energy sys-
tem to a mechanical one, by providing a reversible means of
energy flow between them in the common or ‘mutual’ mag-
netic flux linking stator and rotor. Energy is stored in the
field and released as work. A current-carrying conductor in
the field is subjected to a mechanical force and, in moving,
does work and generates a counter e.m.f. Thus the force—
motion product is converted to or from the voltage—current
product representing electrical power.

The energy-rate balance equations relating the mechanical
power p., and the energy stored in the magnetic field wy, are:

Motor: pe = pm = dwy/d¢
Generator: pm = pe + dwe/dt

The mechanical power term must account for changes in
stored kinetic energy, which occur whenever the speed of
the machine and its coupled mechanical loads alter.

Reluctance motors The force between magnetised surfaces
(Figure 2.15(b)) can be applied to rotary machines (Figure
2.19(a)). The armature tends to align itself with the field
axis, developing a reluctance torque. The principle is applied
to miniature rotating-contact d.c. motors and synchronous
clock motors.

Machines with armature windings Consider a machine
rotating with constant angular velocity w, and developing a
torque M. The mechanical power is p,,, = Mw,: the electrical
power is p.=ei, where e is the counter e.m.f. due to the
reaction of the mutual magnetic field. Then ei= Mw, + dwg/dt
at every instant. If the armature conductor a in Figure 2.19(b)
is running in a non-time-varying flux of local density B, the
e.m.f. is entirely rotational and equal to e.= Blu= Blw.R.
The tangential force on the conductor is f= Bli and the torque
is M = BliR. Thus, ei= Mw, because dwg/dr=0. This case
applies to constant flux (d.c., three-phase synchronous and
induction) machines.

If the armature in Figure 2.19(b) is given two conductors
a and b they can be connected to form a turn. Provided the
turn is of full pitch, the torques will always be additive.
More turns in series form a winding. The total flux in the
machine results from the m.m.f.s of all current-carrying
conductors, whether on stator or rotor, but the torque
arises from that component of the total flux at right angles
to the m.m.f. axis of the armature winding.

Armature windings (Figure 2.19(c)) may be of the commu-
tator or phase (tapped) types. The former is closed on itself,
and current is led into and out of the winding by fixed brushes
which include between them a constant number of conductors
in each armature current path. The armature m.m.f. coincides
always with the brush axis. Phase windings have separate
external connections. If the winding is on the rotor, its current
and m.m.f. rotate with it and the external connections must be
made through slip-rings. Two (or three) such windings with
two-phase (or three-phase) currents can produce a resultant
m.m.f. that rotates with respect to the windings.
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Figure 2.19 Electromagnetic machines

Torque Figure 2.19(d) shows a commutator winding
arranged for maximum torque: i.e. the m.m.f. axis of the
winding is displaced electrically 7/2 from the field pole cen-
tres. If the armature has a radius R and a core length /, the
flux has a constant uniform density B, and there are Z con-
ductors in the 2p pole pitches each carrying the current 7,
the torque is BRIIZ/2p. This applies to a d.c. machine. It
also gives the mean torque of a single-phase commutator
machine if B and [ are r.m.s. values and the factor cos ¢uis
introduced for any time phase angle between them.

The torque of a phase winding can be derived from Figure
2.19(e). The flux density is assumed to be distributed sinu-
soidally, and reckoned from the pole centre to be B, cos a.
The current in the phase winding produces the m.m.f. F,,
having an axis displaced by angle éyfrom the pole centre.
The total torque is then

M = 7By FylR sinoy= n®F, sin 6y

per pole pair. This case applies directly to the three-phase
synchronous and induction machines.

Types of machine For unidirectional torque, the axes of
the pole centres and armature m.m.f. must remain fixed
relative to one another. Maximum torque is obtained if
these axes are at right angles. The machine is technically
better if the field flux and armature m.m.f. do not fluctuate
with time (i.e. they are d.c. values): if they do alternate, it is
preferable that they be co-phasal.

Workable machines can be built with (1) concentrated
(‘field’) or (2) phase windings on one member, with (A)
commutator or (B) phase windings on the other. It is basic-
ally immaterial which function is assigned to stator and
which to rotor, but for practical convenience a commutator
winding normally rotates. The list of chief types below gives
the type of winding (1, 2, A, B) and current supply (d or a),
with the stator first:

D.C. machine, 1d/Ad. The arrangement is that of Figure
2.19(d). A commutator and brushes are necessary for the rotor.

Single-phase commutator machine, la/Aa: The physical
arrangement is the same as that of the d.c. machine. The
field flux alternates, so that the rotor m.m.f. must also alter-
nate at the same frequency and preferably in time phase.
Series connection of stator and rotor gives this condition.

Synchronous machine, Ba/ld: The rotor carries a concen-
trated d.c. winding, so the rotor m.m.f. must rotate with it at
corresponding (synchronous) speed, requiring a.c. (normally
three-phase) supply. The machine may be inverted (1d/Ba).
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Induction machine, 2a/ Ba (Figure 2.19(e)): The polyphase
stator winding produces a rotating field of angular velocity
w1. The rotor runs with a slip s, i.e. at a speed w;(1 — s). The
torque is maintained unidirectional by currents induced in
the rotor winding at frequency sw,. With d.c. supplied to
the rotor (2a/Bd) the rotor m.m.f. is fixed relatively to the
windings and unidirectional torque is maintained only at
synchronous speed (s =0).

All electromagnetic machines are variants of the above.

2.4.3.7 Magnetohydrodynamic generator

Magnetohydrodynamics (m.h.d.) concerns the interaction
between a conducting fluid in motion and a magnetic field.
If a fast-moving gas at high temperature (and therefore
ionised) passes across a magnetic field, an electric field is
developed across the gaseous stream exactly as if it were a
metallic conductor, in accordance with Faraday’s law. The
electric field gives rise to a p.d. between electrodes flanking
the stream, and a current may be made to flow in an external
circuit connected to the electrodes. The m.h.d. generator
offers a direct conversion between heat and electrical energy.

2.4.3.8 Hall effect

If a flat conductor carrying a current / is placed in a magnetic
field of density B in a direction normal to it (Figure 2.20),
then an electric field is set up across the width of the conduc-
tor. This is the Hall effect, the generation of an e.m.f. by the
movement of conduction electrons through the magnetic
field. The Hall e.m.f. (normally a few microvolts) is picked
off by tappings applied to the conductor edges, for the meas-
urement of 7 or for indication of high-frequency powers.

2.4.4 Inductance

The e.m.f. induced in an electric circuit by change of flux
linkage may be the result of changing the circuit’s own cur-
rent. A magnetic field always links a current-carrying circuit,
and the linkage is (under certain restrictions) proportional to
the current. When the current changes, the linkage also
changes and an e.m.f. called the e.m.f. of self-induction is
induced. If the linkage due to a current i in the circuit is
= ®N = Li, the em.f. induced by a change of current is

e = —dy/dr) = —N(dd/dr) = —L(di/dr)«<

L is a coefficient giving the linkage per ampere: it is called
the coefficient of self-induction, or, more usually, the induct-
ance. The unit is the henry, and in consequence of its rela-
tion to linkage, induced e.m.f., and stored magnetic energy,
it can be defined as follows.

A circuit has unit inductance (1 H) if: (a) the energy stored
in the associated magnetic field is %J when the current is 1 A;
(b) the induced e.m.f. is 1V when the current is changed at

HALL EM.F

Figure 2.20 Hall effect
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the rate 1A/s; or (c) the flux linkage is 1 Wb-t when the
current is 1 A.

244.1

Let an inductor (i.e. an inductive coil or circuit) devoid of
resistance and capacitance be connected to a supply of con-
stant potential difference V, and let the inductance be L. By
definition (b) above, a current will be initiated, growing at
such a rate that the e.m.f. induced will counterbalance the
applied voltage V. The current must rise uniformly at V/L
amperes per second, as shown in Figure 2.21(a), so long as
the applied p.d. is maintained. Simultaneously the circuit
develops a growing linked flux and stores a growing amount
of magnetic energy. After a time 7, the current reaches
I, =(V/L)t;, and has absorbed a store of energy at voltage
J and average current /;/2, i.e.

Wiy=V Ity = VLt; = LI} joules

-2

Voltage applied to an inductor

since V=1I,L/t;. If now the supply is removed but the
circuit remains closed, there is no way of converting the
stored energy, which remains constant. The current therefore
continues to circulate indefinitely at value I;.

Suppose that V' is applied for a time #;, then reversed for
an equal time interval, and so on, repeatedly. The resulting
current is shown in Figure 2.21(b). During the first period #;
the current rises uniformly to /; =(V/L)t; and the stored
energy is then %Ll,z. On reversing the applied voltage the
current performs the same rate of change, but negatively so
as to reduce the current magnitude. After ¢, it is zero and so
is the stored energy, which has all been returned to the sup-
ply from which it came.

If the applied voltage is sinusoidal and alternates at fre-
quency f, such that v=v, cos 2nft=v, cos wt, and is
switched on at instant =0 when v=v,,, the current begins
to rise at rate v,,/L (Figure 2.21(c)); but the immediate reduc-
tion and subsequent reversal of the applied voltage require
corresponding changes in the rate of rise or fall of the cur-
rent. As v= L(di/dr) at every instant, the current is therefore

. v Vm .
i= df =<—sinwt
{: wL
The peak current reached is iy, =vy/wL and the r.m.s.

current is /=V/wL=V/X, where X; =wL=2xfL is the
inductive reactance.
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Should the applied voltage be switched on at a voltage
zero (Figure 2.21(d)), the application of the same argument
results in a sine-shaped current, unidirectional but pulsat-
ing, reaching the peak value 2i,, = 2v,,/wL, or twice that in
the symmetrical case above. This is termed the doubling
effect. Compare with Figure 2.21(b).

2.4.4.2 Calculation of inductance

To calculate inductance in a given case (a problem capable
of reasonably exact solution only in cases of considerable
geometrical simplicity), the approach is from the standpoint
of definition (c). The calculation involves estimating the
magnetic field produced by a current of 1 A, summing the
linkage @ N produced by this field with the circuit, and writ-
ing the inductance as L=X®N. The cases illustrated in
Figure 2.10 and 2.22 give the following results.

Long straight isolated conductor (Figure 2.10(a)) The mag-
netising force in a circular path concentric with the conduc-
tor and of radius x is H = F/2nx = 1/2mx; this gives rise to a
circuital flux density By = poH = p1o/2mx. Summing the link-
age from the radius r of the conductor to a distance s gives

= (no/2m) In(s/r)<=
weber-turn per metre of conductor length. If s is infinite, so
is the linkage and therefore the inductance: but in practice it
is not possible so to isolate the conductor.

There is a magnetic flux following closed circular paths
within the conductor, the density being B;= pux/2m? at
radius x. The effective linkage is the product of the flux by
that proportion of the conductor actually enclosed, giving
1/8myper metre length. It follows that the internal linkage
produces a contribution L; = p/8mihenry/metre, regardless
of the conductor diameter on the assumption that the cur-
rent is uniformly distributed. The absolute permeability g
of the conductor material has a considerable effect on the
internal inductance.

Concentric  cylindrical conductors (Figure 2.10(b)) The
inductance of a metre length of concentric cable carrying
equal currents oppositely directed in the two parts is due to
the flux in the space between the central and the tubular
conductor set up by the inner current alone, since the cur-
rent in the outer conductor cannot set up internal flux.
Summing the linkages and adding the internal linkage of
the inner conductor:

L = (u/87) + (po/27) In(R/r) henry/metre

Parallel conductors (Figure 2.22) Between two conductors
(a) carrying the same current in opposite directions, the link-
age is found by summing the flux produced by conductor
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A in the space a assuming conductor B to be absent, and
doubling the result. Provided that a > r, this gives for the loop

L = (p/4m) + (uo/m) In(a/r) henry/metre

It is permissible to regard one-half of the linkage as
associated with each conductor, to give for each the /ine-
to-neutral inductance

Lo = (u/87) + (10/27) In(a/r) =

A three-phase line (b) has the same line-to-neutral induct-
ance if the conductors are symmetrically spaced. If, how-
ever, the spacing is asymmetric but the conductors are
cyclically transposed (c), the expression applies with
a =</ (q1a2a3), the geometric mean spacing.

Toroid | (Figure 2.10(c)) For a core of permeability ppthe
inductance is

L = uN?A/27R = uN°A4/I henry

where /=27 R is the mean circumference and A is the effect-
ive cross-sectional area of the core.

Solenoid A solenoid having a ratio length/diameter of at
least 20 has an inductance approximating to that of the
toroid above. A short solenoidal coil of overall diameter
D, length /, radial thickness d, and N turns has an induct-
ance given approximately by

_ 6.4u9N2D? D —2.25d
T 35D+8 D

For the best ratio of inductance to resistance, /=d, giving
a square winding cross-section, and D=4.7d. Then
L=(0.8 x 10"*)N?D.

Inductor with ferromagnetic  circuit (Figure 2.10(d))
Saturation makes it necessary to obtain the m.m.f. F for a
series of magnetic circuit fluxes @. Then with an N-turn
exciting coil the inductance is L= N®/I, where /= F/N. Thus,
L is a function of [, decreasing with increase of current.
The variation can be mitigated by the inclusion in the magnetic
circuit of an air gap to ‘stiffen’ the flux.

2.4.4.3 Mutual inductance

If two coils (primary and secondary) are so oriented that the
flux developed by a current in one links the other, the two
have mutual inductance. The pair have unit mutual induct-
ance (1 H) if: (a) the energy stored in the common magnetic
field is 1J when the current in each circuit is 1 A; or (b) the
e.m.f. induced in one is 1V when the current in the other
changes at the rate 1 A/s, or (c) the secondary linkage is
1 Wb-t when the primary current is 1 A.
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Figure 2.23 Mutual inductance
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Figure 2.23(a) shows two coils on a common magnetic cir-
cuit: it is assumed that all the flux due to a primary current
also links the secondary (a condition approached in a trans-
former). Let 1 A in the two-turn primary produce 2 Wb. The
primary self-inductance is consequently L; =2 x 2=4Wb-
t/A =4H. The secondary linkage is 4 x 2 =8 Wb-t, so that
the mutual inductance is L,; =8 H. Let now a current of 1 A
circulate instead in the secondary (b): it develops double the
m.m.f. of that developed by the primary in () and twice the
flux, i.e. 4 Wb. The self-inductance is L, =4 x 4 =16 H. The
primary linkage is 2 x 4=8, i.e. Lj,=8H. Thus, L, =L,,.

In Figure 2.23(c) the coils are connected in series aiding.
With a current of 1 A, the total m.m.f. is 2 +4 =6, the com-
mon flux is 6 Wb and the total inductance is 6 x 6 =36H,
which can be shown to be

L=Li+Ly+Lpo+L=4+16+2(8)=36H

For the series opposing connection (d) the m.m.f.s oppose
with a net value 4 —2=2, and the resulting flux is 2 Wb.
The linkages oppose, amounting to (4 x2)— (2 x2)=4.
The total inductance is 4 H, obtained by

L:L1+L27L127L21=4+16*2(8)=4H

The example shows that L= Ly; =+/(L;L,). Normally the
linkages are less complete, and the ratio Li»/v/(LiL2) =k,
the coefficient of coupling.

2.4.4.4 Connection of inductors

In the absence of mutual inductance, the total inductance
of a circuit consisting of inductors L, L,..., is
L=Li+Ly+---, if they are in series, and L=1/[(1/
L)+ (1/Ly)+--] if they are in parallel. When there is
mutual inductance, it is necessary to set up a circuit equa-
tion including the mutual inductance coefficients L;,, L3,
L>s....For two inductors the inductance, as already
discussed, is

L=L +L,+2L}

With coils associated on a common ferromagnetic circuit,
L, may differ from L,; because of saturation effects.

2.5 Electric field effects

When two conductors are separated by a dielectric medium
and are maintained at a potential difference, an electric field
exists between them. Consider two such conductors A and
B (Figure 2.24): the application of a p.d. causes a transfer
of conduction electrons from A to B, leaving A positive
and making B negative, and setting up the electric field

Growing electric field

Collapsing electric field

Resistance

Electron current

Switch closed Plate spacing Switch opened Switch closed

electric field reduced field charge remains through resistance

established intensified energy dissipated
(a) (b) (c) (d)

Figure 2.24 Capacitor charge and discharge
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(Figure 2.24(a)). The positive charge on A prevents more
than a given number of electrons leaving this conductor,
depending on the p.d., the size and configuration, and the
spacing. Similarly, the surplus of electrons on B repels
others arriving, so that here, too, an equilibrium is estab-
lished. If, as in (b), the spacing is reduced, a further electron
transfer takes place until equilibrium is again reached; the
charge and the electric field have been intensified by the
increase in capacitance. If now the switch is opened, the
charge, p.d. and field remain as a store of electric field
energy (c¢). Let the supply be removed (d) and the switch
closed through a resistor; the charges on the conductors
are dissipated by an electron current from B to A, and the
field energy is converted into heat in the resistor.

2.5.1 Electrostatics

The lines used to depict the pattern of an electric field begin
on a positive charge and terminate on an equal negative
one. Two similar point charges of ¢; and ¢, coulombs,
spaced d metres apart in free space (or air) develop a force

f = q1q2/4meod” newtons

of repulsion if the charges have the same polarity, of attrac-
tion if they have opposite polarity, ¢, being the electric
space constant. The force on ¢, can be considered as due
to its immersion in the electric field E; of ¢y, i.e. f=E¢q»;
whence

E| =<4p/4neyd® volts per metre

defining the electric field strength at distance d from a con-
centrated charge ¢;. Thus, a unit charge (1 C) is that which
repels a similar charge at unit distance (1 m) with a force of
1/4mep newton. Similarly, a field of unit strength (1 V/m)
produces a mechanical force of 1 N on a unit charge placed
in it.

To charge a system like that in Figure 2.24, a quantity of
electricity has been moved under an applied electric force—
i.e. work has been done measured by the charge transferred
and the p.d. Unit p.d. (1 V) exists between two points in an
electric field when unit work (1J) is done in moving unit
charge (1 C) between them. The two conductors are equipo-
tential surfaces, and potential levels or equipotential lines
can be drawn at right angles to the field lines (Figure 2.25).
Equipotential lines resemble contour lines on the map of a
hill: the closer they are, the greater is the voltage gradient.
The change of potential in a given direction is

V=-— -dx

where E is the electric field strength, or potential gradient,
in the direction x; whence E= —dV/dx.
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2.5.2 Capacitance

The configuration and geometry of the conductor system
in Figure 2.24 depends on the relation between the charge ¢
on each conductor and the p.d., V, between them. Then
q=CV, where C is the capacitance of the capacitor formed
by the system. A capacitor has unit capacitance (1 F) if
(a) the energy stored in the associated electric field is 1J
for a p.d. of 1V, or (b) the p.d. is 1V for a charge of
1 C. Definition (a) follows from the energy storage property:
if the p.d. across a capacitor is raised uniformly from zero
to Vy, a charge ¢y = CV is established at an average p.d.
%Vl, so that the energy input is

W =&/ q =V -CV) =&CV}

2.5.2.1 Dielectrics

Up to this point it has been assumed that the electric field
between the plates of a capacitor has been established
through vacuous space. If a material insulator is used—
gas, liquid or solid—the electric field will exist therein. It
will act on the molecules of the dielectric material in accord-
ance with electrostatic principles to ‘stretch’ or ‘rotate’
them, and so to orientate the positive and negative molecu-
lar charges in opposite directions. This polarisation of the
dielectric may be imagined to take place as in Figure 2.26.
Before the p.d. is applied, the molecules of the dielectric
material are neutral and unstrained. As the p.d. is raised
from zero as in (a), the electric field acts to separate the
positive and negative elements, the small charge displace-
ment forming a polarisation current.

The effect of the application of a p.d. to a capacitor with
a material dielectric, then, is to displace a surface charge ¢4
of polarisation, having a polarity opposite to that of the
adjacent capacitor plate ¢.. The electric field in the dielectric
is due to the resultant or net charge ¢ =¢q.— gq. The field
strength (and therefore the p.d.) is less than would be
expected for the charge ¢. on the plates: the relative reduc-
tion is found to be approximately constant for a given
dielectric. It is called the relative permittivity, symbol e;.
The same field strength as for a vacuum will exist in the
dielectric for ¢, times as much charge on the capacitor
plates, so that the capacitor has ¢, times the capacitance of
a similar capacitor having free space between its plates.

Permittivity effects can thus be taken into account either
by assigning to a dielectric a relative permittivity or by con-
sidering its polarisation. The latter is of use where internal
dielectric forces are concerned, and in dielectric breakdown
(Figure 2.26(b)).

2.5.2.2  Calculation of capacitance

The capacitance of capacitors of simple geometry can be
found by assigning, respectively, charges of +1C and —1C
to the plates or other electrodes, between which the total
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Figure 2.26 Dielectric polarisation and breakdown



electric flux is 1 C. From the field pattern the electric flux
density D at any point is found. Then the electric field
strength at the point is E= D/e, where € = €,¢ is the absolute
permittivity of the insulating medium in which the electric
flux is established. Integration of E over any path from
one electrode to the other gives the p.d. V, whence the
capacitance is C=1/V.

Parallel plates (Figure 2.27(a)) The electric flux density is
uniform except near the edges. By use of a guard ring main-
tained at the potential of the plate that it surrounds, the
capacitance of the inner part is calculable on the reasonable
assumption of uniform field conditions. With a charge of
1 C on each plate, and plates of area S spaced a apart, the
electric flux density is D =1/S, the electric field intensity is
E=DJe=1/Se, the potential difference is V= Ea=a/Se,
and the capacitance is therefore

C=gq/V =¢(S/a)<=

A case of interest is that of a parallel plate arrangement
(Figure 2.27(b)), with two dielectric materials, of thickness «;
and @, and absolute permittivity €; and e, respectively. The
voltage gradient is inversely proportional to the permittivity,
so that Eje; = Ese;. The field pattern makes it evident that
the difference in polarisation produces an interface charge,
but in terms of the charge ¢. on the plates themselves the
electric flux density is constant throughout. The total voltage
between the plates is V= V| +<, = E\a; + E»a,, from which
the total capacitance can be obtained.

Concentric cylinders (Figure 2.27(c)) With a charge of 1C
per metre length, the electric flux density at radius x is
1/27x, whence E, = 1/2nxe. Integrating for the p.d. gives

V = (1/2me) In(R/r)<=

The capacitance is consequently

C =2me/In(R/r) farad/metre

The electric field strength (voltage gradient) E is inversely
proportional to the radius, over which it is distributed
hyperbolically. The maximum gradient occurs at the surface
of the inner conductor and amounts to

En=V/rin(R/r)<

At any other radius x, E = E,,(r/x). For a given p.d. V" and
gradient E,, there is one value of r to give minimum overall
radius R: this is

r=V/Eyand R=2.72r

For the cylindrical capacitor (d) with two dielectrics, of
permittivity ¢; between radii  and piand e, between prand
R, the maximum gradients are related by E, 16,1 = E€xp.
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Figure 2.27 Capacitance and voltage gradient
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Parallel cylinders (Figure 2.27(e)) The calculation leads to
the value

C = we/In(a/r) farad/metre

for the capacitance between the conductors, provided that
a > r. It can be considered as composed of two series-con-
nected capacitors each of

Cy = 2me/ In(a/r) farad/metre

Cy being the line-to-neutral capacitance. A three-phase line
has a line-to-neutral capacitance identical with Cj, the inter-
pretation of the spacing a for transposed asymmetrical lines
being the same as for their inductance.

The voltage gradient of a two-wire line is shown in Figure
2.27(e). If a > r, the gradient in the immediate vicinity of a
wire may be taken as due to the charge thereon, the further
wire having little effect: consequently,

En=V/rin(a/r)<=

is the voltage gradient at a conductor surface.

2.5.2.3 Connection of capacitors

If a bank of capacitors of capacitance C;, C,, Cs..., be
connected in parallel and raised in combination each to the
p.d. V, the total charge is the sum of the individual charges
VC, VCy, VCs. .., whence the total combined capacitance is

C=C+C+C+---«=

With a series connection, the same displacement current
occurs in each capacitor and the p.d. V" across the series
assembly is the sum of the individual p.d.s:

V=Vi+V+V3+---&=

=q[(1/C1) + (1/C2) + (1/C3) + - ] <=

=q/C
so that the combined capacitance is obtained from
C=1/[1/C) +(1/C) + (1/C3) + -] <=

2.5.2.4 Voltage applied to a capacitor

The basis for determining the conditions in a circuit con-
taining a capacitor to which a voltage is applied is that the
p-d. v across the capacitor is related definitely by its capaci-
tance C to the charge ¢ displaced on its plates: ¢ = Cv.

Let a direct voltage V' be suddenly applied to a circuit
devoid of all characteristic parameters except that of cap-
acitance C. At the instant of its application, the capacitor
must accept a charge ¢ = Cv, resulting in an infinitely large
current flowing for a vanishingly short time. The energy
stored is W:% Vq :% CV? joules. If the voltage is raised or
lowered uniformly, the charge must correspondingly
change, by a constant charging or discharging current flow-
ing during the change (Figure 2.28(a)).
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If the applied voltage is sinusoidal, as in (b), such that
V="V, cos 27ft=v, cos wt, the same argument leads to
the requirement that the charge is ¢=¢, coswt, where
¢m = Cvp,. Then the current is i=dg/d¢, i.e.

i = —wCvy, sinwt

with a peak i, =wCv,, and an r.m.s. value I=wCV=V/X,,
where X, = 1/wC is the capacitive reactance.

2.5.3 Dielectric breakdown

A dielectric material must possess: (a) a high insulation
resistivity to avoid leakage conduction, which dissipates
the capacitor energy in heat; (b) a permittivity suitable for
the purpose—high for capacitors and low for insulation
generally; and (c) a high electric strength to withstand large
voltage gradients, so that only thin material is required. It is
rarely possible to secure optimum properties in one and the
same material.

A practical dielectric will break down (i.e. fail to insulate)
when the voltage gradient exceeds the value that the mater-
ial can withstand. The breakdown mechanism is complex.

2.5.3.1 Gases

With gaseous dielectrics (e.g. air and hydrogen), ions are
always present, on account of light, heat, sparking, etc.
These are set in motion, making additional ionisation,
which may be cumulative, causing glow discharge, sparking
or arcing unless the field strength is below a critical value.
A field strength of the order of 3MV/m is a limiting value
for gases at normal temperature and pressure. The dielectric
strength increases with the gas pressure.

The polarisation in gases is small, on account of the com-
paratively large distances between molecules. Consequently,
the relative permittivity is not very different from unity.

2.5.3.2  Liquids

When very pure, liquids may behave like gases. Usually,
however, impurities are present. A small proportion of the
molecules forms positive or negative ions, and foreign par-
ticles in suspension (fibres, dust, water, droplets) are prone
to align themselves into semiconducting filaments: heating
produces vapour, and gaseous breakdown may be initiated.
Water, because of its exceptionally high permittivity, is
especially deleterious in liquids such as oil.

2.5.3.3 Solids

Solid dielectrics are rarely homogeneous, and are often
hygroscopic. Local space charges may appear, producing
absorption effects; filament conducting paths may be
present; and local heating (with consequent deterioration)
may occur. Breakdown depends on many factors, especially
thermal ones, and is a function of the time of application of
the p.d.

2.5.3.4 Conduction and absorption

Solid dielectrics in particular, and to some degree liquids also,
show conduction and absorption effects. Conduction appears
to be mainly ionic in nature. Absorption is an apparent storing
of charge within the dielectric. When a capacitor is charged, an
initial quantity is displaced on its plates due to the geometric
capacitance. If the p.d. is maintained, the charge gradually
grows, owing to absorptive capacitance, probably a result
of the slow orientation of permanent dipolar molecules.

The current finally settles down to a small constant value,
owing to conduction.

Absorptive charge leaks out gradually when a capacitor is
discharged, a phenomenon observable particularly in cables
after a d.c. charge followed by momentary discharge.

2.5.3.5 Grading

The electric fields set up when high voltages are applied to
electrical insulators are accompanied by voltage gradients in
various parts thereof. In many cases the gradients are any-
thing but uniform: there is frequently some region where the
field is intense, the voltage gradient severe and the dielectric
stress high. Such regions may impose a controlling and limit-
ing influence on the insulation design and on the working
voltage. The process of securing improved dielectric operating
conditions is called grading. The chief methods available are:

(1) The avoidance of sharp corners in conductors, near
which the gradient is always high.

(2) The application of high-permittivity materials to those
parts of the dielectric structure where the stress tends to
be high, on the principle that the stress is inversely pro-
portional to the permittivity: it is, of course, necessary
to correlate the method with the dielectric strength of
the material to be employed.

(3) The use of intersheath conductors maintained at a suit-
able intermediate potential so as to throw less stress on
those parts which would otherwise be subjected to the
more intense voltage gradients.

Examples of (1) are commonly observed in high-voltage
apparatus working in air, where large rounded conductors
are employed and all edges are given a large radius. The
application of (2) is restricted by the fact that the choice of
materials in any given case is closely circumscribed by the
mechanical, chemical and thermal properties necessary.
Method (3) is employed in capacitor bushings, in which the
intersheaths have potentials adjusted by correlation of their
dimensions.

2.5.4 Electromechanical effects

Figure 2.29 summarises the mechanical force effects observ-
able in the electric field. In (@), (b) and (c) are sketched the
field patterns for cases already mentioned in connection with
the laws of electrostatics. The surface charges developed on
high-eymaterials are instrumental in producing the forces
indicated in (d). Finally, (e¢) shows the forces on pieces of
dielectric material immersed in a gaseous or liquid insulator
and subjected to a non-uniform electric field. The force
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direction depends upon whether the piece has a higher or
lower permittivity than the dielectric medium in which it
lies. Thus, pieces of high permittivity are urged towards
regions of higher electric field strength.

2.6 Electromagnetic field effects

Electromagnetic field effects occur when electric charges
undergo acceleration. The effects may be negligible if the rate
of change of velocity is small (e.g. if the operating frequency is
low), but other conditions are also significant, and in certain
cases effects can be significant even at power frequencies.

2.6.1 Movement of charged particles

Particles of small mass, such as electrons and protons, can
be accelerated in vacuum to very high speeds.

Static electric field The force developed on a particle of
mass m carrying a positive charge ¢ and lying in an electric
field of intensity (or gradient) E is f=gE in the direction of
E, ie. from a high-potential to a low-potential region
(Figure 2.30(a)). (If the charge is negative, the direction of
the force is reversed.) The acceleration of the particle is

= fJm= E(q/m); and if it starts from rest 1ts Veloc1ty after
tlme t,1s u=at = E(q/m)t. The kinetic energy » Lm? 1mparted
is equal to the change of potential energy Vg, where Vis the
p.d. between the starting and finishing points in the electric
field. Hence, the velocity attained from rest is

u=/[2V(q/m)]<=

For an electron (g=—1.6 x 107'° C, my=0. 91 x 10~ 3%kg)
falling through a p.d. of 1V the velocity is 600 km/s and
the kinetic energy is w=Vg=1.60 x 10~ '°J, often called
an electron-volt, 1 eV.

If V'=2.5kV, then u=30000km/s; but the speed cannot
be indefinitely raised by increasing V, for as u approaches
¢=1300000 km/s, the free-space electromagnetic wave velo-
city, the effective mass of the particle begins to acquire a
rapid relativistic increase to

m=my/[l — (u/c)z]«i

compared with its ‘rest mass’ my.

Static magnetic field A charge ¢ moving at velocity u is a
current i = qu, and is therefore subject to a force if it moves
across a magnetic field. The force is at right angles to # and
to B, the magnetic flux density, and in the simple case of
Figure 2.30(b) we have f=quB=ma=nmui|R, the particle
being constrained by the force to move in a circular path of
radius R=(u/B)(m/q). For an electron R=5.7x 10~

(u/B).

Combined electric and magnetic fields The two effects
described above are superimposed. Thus, if the E and B
fields are coaxial, the motion of the particle is helical.
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Figure 2.30 Motion of charged particles
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The influence of static (or quasi-static) fields on charged
particles is applied in cathode ray oscilloscopes and
accelerator machines.

2.6.2 Free space propagation

In Section 1.5.3 the Maxwell equations are applied to pro-
pagation of a plane electromagnetic wave in free space. It is
shown that basic relations hold between the velocity u of
propagation, the electric and magnetic field components E
and H, and the electric and magnetic space constants ¢, and
1o- The relations are:

u=1/y/(poeo) ~ 3 x 10% metre/second

is the free space propagation velocity. The electric and
magnetic properties of space impose a relation between E
(in volts per metre) and H (in amps per metre) given by

E/H = /(mo/e0) =377 Q1)

called the intrinsic impedance of space. Furthermore, the
energy densities of the electric and magnetic components
are the same, i.e.

EoEz = %MOHZ

ol

Propagation in power engineering is not (at present) by
space waves but by guided waves, a conducting system
being used to direct the electromagnetic energy more effect-
ively in a specified path. The field pattern is modified
(although it is still substantially transverse), but the essen-
tial physical propagation remains unchanged. Such a guide
is called a transmission line, and the fields are normally
specified in terms of the inductance and capacitance pro-
perties of the line configuration, with an effective
impedance zo = /(L/C) differing from 377 Q.

2.6.3 Transmission line propagation (see also Section 36)

If the two wires of a long transmission line, originally dead,
are suddenly connected to a supply of p.d. v, an energy wave
advances along the line towards the further end at velocity u
(Figure 2.31). The wave is characterised by the fact that the
advance of the voltage charges the line capacitance, for
which an advancing current is needed: and the advance of
the current establishes a magnetic field against a counter-
e.m.f., requiring the voltage for maintaining the advance.
Thus, current and voltage are propagated simultaneously.
Let losses be neglected, and L and C be the inductance and
capacitance per unit length of line. In a brief time interval
dz, the waves advance by a distance u-drs. The voltage is
established across a capacitance Cu-dt and the rate of

charge, or current, is
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The current is established in an inductance Lu - df produ-
cing the magnetic linkages iLu - d¢ in time d¢, and a corres-
ponding counter-e.m.f. overcome by

v=iLu-dt/dt =iLu
These two expressions, by simple manipulation, yield

Propagation velocity u = 1//(LC)<=
Surge impedance zy = v/i = /(L/C)<
Energy components 1Li* = 1Cv?

For a line in air consisting of parallel conductors of radius r
spaced @ between centres, the inductance (neglecting
internal linkage) and capacitance per unit length are

L = (uo/m)In(a/r); C=mneo/In(a/r)<

whence u = 1/,/(poo) =3 x 108 m/s, exactly as for free space
propagation. For lines in which the relative permittivity
(and/or, rarely, the relative permeability) of the medium
conveying the electromagnetic wave is greater than unity,
the speed is reduced by the factor 1/(/(i€,). Line loss and
internal linkage slightly reduce the speed of propagation.
With the L and C values quoted, the surge impedance is

zo = 1201In(a/r)<=

which is usually in the range 300-600€2. For cables the
different geometry and the relative permittivity give a
much lower value.

2.6.3.1 Reflection of surges

The relation of p.d. and current direction in a pair of wires
forming a long transmission line is determined by the direc-
tion in which the energy is travelling (Figure 2.31). The cur-
rent flows in the direction of propagation in the positive
conductor, and returns in the negative. Two waves travel-
ling in opposite directions on a line must have either the
currents or the p.d.s in opposite senses. If two such waves
meet, either the currents are subtractive and the voltage
additive, or the reverse. In each case the natural ratio
v/i=z¢ for each wave is not apparent: in fact, if the resultant
voltage/current ratio is not zy, the actual distribution of
current and voltage must be due to two component waves
having opposite directions of propagation. Such conditions
arise when a surge is reflected at the end of a line.

Consider a steep-fronted surge which reaches the open-
circuited end of its guiding line. At the point the current
must be zero, which requires an equal reflected surge
current of opposite sense. The voltages have the same sense
and combined to give a doubling effect (Figure 2.32(a)).
Reversal of the energy flow imposed by the line discontinu-
ity, i.e. reflection, is thus accompanied by voltage doubling
and an elimination of current. In unit length of a surge, the
total energy is % Li? +% Cv*; when two surges (one incident,
one reflected) are superimposed, the total energy is electro-
static and of value %C(2v)2 =2C?, which, of course, is equal
to the total energy per unit length of the two waves:
24 O+ L) = Cv + Li* =20V

If the sending-end generator has zero impedance and
remains closed on to the line, the returning surge is again
reflected at voltage v and the to-and-fro ‘oscillation’ is
maintained indefinitely. In practice, the presence of the
losses reduces the reflections and the voltage settles down
finally to the steady value v, with a current determined by
line admittance.

An incident surge which reaches the short-circuited end of
a line is presented with a condition of termination across
which no p.d. can be maintained. The voltage collapses to

v v 2;
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Figure 2.32 Surge reflection

zero, initiating a doubling of the current and reflection with
reversed voltage (Figure 2.32(b)).

If the sending-end generator has zero impedance and
remains closed on to the line, reflections take place repeat-
edly with an increase of i in the current each time, building
up eventually to an infinite value—as would be expected in
a lossless line with its end short circuited. Under realisable
conditions the current rises with steps of reducing size to a
value limited by the series line impedance.

Terminated line If a line is terminated on an impedance z,
only partial reflection will take place, some of the incident
surge energy being dissipated as heat in the resistive part
of z. Let the incident surge be vi; such that v,/i; = zp; and
let the reflected wave be v,i,, with v,/i; = —zo. The negative
sign is required algebraically to take account of the reversal
of either current or voltage by reflection. The voltage v and
current 7 at the termination z during the reflection are such
that v=v;+v, and i=i; +i,. But v=iz, so that, for the
reflected current and voltage,

Z—2Z . . Z— 2
=Y} =av; and i = —i
zZ+ zo zZ+ 2o
where ads the reflection factor. At the termination itself
2z .2z
v=mn =p0@v; and i=1 el
zZ+zp zZ+zp

where B=1+ aafs the absorption factor. The characteristic
impedance is resistive, and reflection takes place unless
z=zq and is also resistive. In the latter case v, and i, vanish,
there is no reflection, and the energy in the incident surge
vii; is absorbed in z at the same rate as that at which it
arrives.

Line junction or discontinuity A line having an abrupt
change of surge impedance from z, to z;<(as, for example,
at the junction of a branch line, or at line-cable connection)
can be treated as above, substituting z;for z. The voltage
v =0 is then characteristic of the transmitted surge, and
Oybecomes the transmission factor.

Writing v =2vy-z/(z 4 z), it is seen that v can be consider-
ed as the voltage across the load z of a voltage generator of
e.m.f. 2v; and internal impedance zy. Any line termination
of reasonable simplicity can now be dealt with. The discon-
tinuity z may be a shunt load, or any combination of loads
and extension lines reducible to an equivalent z. If z is resis-
tive, the calculation of the terminal v and i is straight-
forward; but if z contains a time function (i.e. if it contains
inductive and/or capacitive elements), the expressions



v= /v, and v, =av; become integro-differential equations,
to be solved by the methods given in Chapter 5. For z resis-
tive, reflection and transmission (or absorption) of surges
takes place without change of shape: for z containing terms
in L and C, the shape of the incident surge is modified.

Single reflections Applying the equivalent circuit, a line on
open-circuit has z=o0, giving v=2v; and v,=v,. For a
short-circuited line, z=0, v=0 and v,=—v,. These cases
are shown in Figure 2.32.

Shunt inductor termination: Because L offers infinite
opposition to infinite rate of current rise, it acts as an open
circuit at the instant of surge arrival, degenerating with time
constant L/zy to a condition of short-circuit. Thus the
voltage at the termination is

v=2viexp(—t-zo/L)<=

Shunt capacitor termination: C is initially the equivalent of
a short circuit, but charges as the surge continues to arrive,
and eventually approaches the charged state, for which it acts
as an open circuit. The voltage across it is consequently

v =2y [l —exp(—1/Cz)|<=

Series inductor termination: If an inductor is inserted into
a line of surge impedance z,, the equivalent circuit is made
up of the generator of voltage 2v;, loaded with z,, L and z, in
series. The voltage transmitted into the line extension is then

V = [l —exp(—t-2zy/L)]<

showing the reduction of wavefront steepness produced.
This roughly represents the action of a series surge modifier.

Multiple reflections Surges on power networks will be
subject to repeated reflections at terminations, junctions,
towers and similar discontinuities. Such cases are handled
by developing the appropriate reflection and transmission
(or absorption) factors aand [ufor each discontinuity and
each direction. Procedure is facilitated by the use of
Bewley’s ‘lattice diagram’: a horizontal scale (of distance
along a system in the direction of the initial surge) is com-
bined with a downward vertical scale of time. A lattice of
distance—time lines occupies the plane, the lines being sloped to
correspond with the velocities of propagation in the system.
The lines are marked with their surge voltage values in terms
of v, and the various transmission and reflection coefficients.

The process is illustrated by the example in Figure 2.33.
A 500kV steep-fronted surge reaches the junction P of an
overhead transmission line with a cable PQ, 1km long. At
Q the cable is connected to a second overhead line having a
short circuit at S, distant 2km from Q. The overhead lines
have a propagation velocity of u=0.30km/us and surge
impedances z, respectively of 500 and 600 €2; corresponding
values for the cable are 0.20 km/us and 70 Q2. Assuming the
surge impedances to be purely resistive and neglecting
attenuation, the Bewley lattice diagram is to be drawn for
the system and the surge—voltage distribution found for an
instant 19 ps after the surge wavefront reaches P.

Five sets of transmission and reflection factors are
required, one at S and two each at P and Q for the two
directions of propagation. The reflection factor is
a=(z—2z9)/(z+2zp) and the transmission (or absorption)
factor is 3=(1+ «). Then

Direction left to right :
At P: asg= (70 — 500)/(70 4 500) = —0.75; B¢= +0.25
At Q: ast= (600 — 70)/(600 + 70) = +0.79; Bi= +1.79

AtS: = (0—600)/(0 4+ 600)  =—1.0; [i=10
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Figure 2.33 Bewley’s lattice diagram

Direction right to left :
At P: ay= (500 — 70)/(500 + 70) = +0.75; Bie= +1.75
At Q: at= (70 — 600)/(70 + 600) = —0.79; [= +0.21

The lattice diagram has distance plotted horizontally. The
distance scale for the cable section PQ is enlarged by the
factor 3/2 to take account of its lower propagation velocity.
Time is plotted vertically with time zero at the instant that
the surge voltage reaches P. Starting from the upper left-
hand side, a sloping straight line is drawn to show the
position at any instant of the surge wavefront. Reflection
occurs at each junction, so that corresponding lines of the
same slope (but running downward to the left) are drawn.
The junctions are now marked with the appropriate
voltages, using the calculated reflection and transmission
factors ayand (. Thus the incident surge at P is reflected
with a=—0.75 to give —375kV; the transmitted voltage,
with f=+0.25, is 125kV. The former is turned back at P
and is superimposed on the incident surge, while the latter
proceeds in the direction PQ, to be split at Q into reflected
and transmitted components. At any junction the marked
voltages must sum on each side to the same total. The
surge—voltage distribution for 19 ps is found by summing
the voltages marked on the sloping lines up to this instant.

2.7 Electrical discharges

2.7.1 Introduction

Electric currents may be induced to flow through normally
insulating materials by the formation of an electrical
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discharge. The discharge is maintained by the creation and
movement of ions and electrons which in many discharges
constitute a plasma (see Section 10.8). Such discharges may
be produced between two electrodes which form part of an
electrical network and across which a sufficient potential
difference exists to ionise the insulation. Alternatively,
discharges may be electromagnetically induced, for instance
by strong radiofrequency fields.

Electrical discharges may be characterised for electrical
network applications in terms of the current and voltage
values needed for their occurrence (Figure 2.34).

2.7.2 Types of discharge

Discharges have historically been subdivided into two categor-
ies namely self-sustaining and non-self-sustaining discharges.
The transition between the two forms (which constitutes the
electrical breakdown of the gas) is sudden and occurs through
the formation of a spark.

Non-self-sustaining discharges occur at relatively low
currents (~10"%A) (region OA, Figure 2.34) of which
Townsend discharges are a particular type. The form of the
current-voltage characteristic in this region is governed
firstly by a current increase caused by primary electrons
ionising the gas by collision to produce secondary electrons,
and subsequently by the positive ions formed in this process
gaining sufficient energy to produce further ionisation.
Such discharges may be induced by irradiating the gas in
between two electrodes to produce the initial ionisation.
They are non-sustaining because the current flow ceases as
soon as the ionising radiation is removed.

When the voltage across the electrodes reaches a critical
value V (Figure 2.34), current level ~407° A, the current
increases rapidly via a spark to form a self-sustaining
discharge. The sparking potential V for ideal operating con-
ditions (uniform electric field) varies with the product of
gas pressure (p) and electrode separation (d) according to
Paschen’s law (Figure 2.35). There is a critical value of pd
for which the breakdown voltage V5 is a minimum.

The self-sustaining discharge following breakdown may
be either a glow or arc discharge (regions B-C and D-F,
respectively, in Figure 2.34) depending on the discharge
path and the nature of the connected electric circuit.

The region between Vg and B (Figure 2.34) is known as a
‘normal’ glow discharge and is characterised by the potential
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Figure 2.34 Current—voltage characteristic for electrical discharges.
0A, Townsend discharge; B, normal glow; C, abnormal glow; DF, arc;
Vs, spark; Vo—1o, load line
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Figure 2.35 Breakdown voltage as a function of the
pressure—electrode separation product (Paschen’s law)

difference across the discharge being nearly independent of
current, extending to at least 107> A if not several amperes.
For higher currents the voltage increases to form the ‘abnor-
mal’ glow discharge (region C, Figure 2.34).

The glow discharge is manifest as a diffusely luminous
plasma extending across the discharge volume but may
consist of alternate light and dark regions extending from
the cathode in the order: Aston dark space, cathode glow,
cathode dark space, negative glow, Faraday dark space,
positive glow (which is extensive in volume), the anode
glow and the anode dark space (Figure 2.36). The glowing
regions correspond to ionisation and excitation processes
being particularly active and their occurrence and extent
depends on the particular operating conditions.

The voltage across the glow discharge consists of two major
components: the cathode fall and the positive column (Figure
2.36a). Most of the voltage drop occurs across the cathode
fall.

For sharply curved surfaces (e.g. wires) and long elec-
trode separations the gas near the surface breaks down at a
voltage less than V; to form a local glow discharge known
as a corona.

The electric arc is a self-sustained discharge requiring
only a low voltage for its sustenance and capable of causing
currents from typically 10~ ' A to above 10> A to flow.

A major difference between arc and glow discharges is
that the current density at the cathode of the arc is greater
than that at the glow cathode (Figure 2.37). The implication
is that the electron emission process for the arc is different
from that of the glow and is often thermionic in nature.
At higher gas pressures both the anode and cathode of
the arc may be at the boiling temperature of the electrode
material. Materials having high boiling points (e.g. carbon
and tungsten) have lower cathode current densities
(ca. 5 x46% A/em?) than materials with lower boiling points
(e.g. copper and iron; ca. 5 x40° A/cm?).

The arc voltage is the sum of three distinct components
(Figure 2.36(b)): the cathode and anode falls and the positive
column. Cathode and anode fall voltages are each typically
about 10V. Short arcs are governed by the electrode fall
regions, whereas longer arcs are dominated by the positive
column.
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Figure 2.37 Cathode current density distinction between glow and
arc discharges

At low pressures the arc may be luminously diffuse and
the plasma is not in thermal equilibrium. The temperature
of the gas atoms and ions is seldom more than a few
hundred degrees Celsius whereas the temperature of the
electrons may be as high as 4 x $0* K (Figure 2.38).

At atmospheric pressure and above, the arc discharge is
manifest as a constricted, highly luminous core surrounded
by a more diffusively luminous aureole. The arc plasma
column is generally, although not exclusively, in thermal
equilibrium.

The arc core is typically at temperatures in the range
5x40° to 30 x40°K so that the gas is completely disso-
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Figure 2.38 Typical electron and gas temperature variations with
pressure for arc plasma

ciated and highly ionised. Conversely, the temperature of
the aureole spans the range over which dissociation and
chemical reactions occur (ca. 2 x40° to 5 x 40> K).

The current voltage characteristic of the long electric arc
is governed by the electric power (V) dissipated in the arc
column to overcome thermal losses. At lower current levels
(107! to 10? A) the are column is governed by thermal con-
duction losses leading to a negative gradient for the current-
voltage characteristic. At higher current levels radiation
becomes the dominant loss mechanism yielding a positive
gradient characteristic (Figure 2.34).

Thermal losses and hence electric power dissipation
increase with arc length (e.g. longer electrode separation),
gas pressure, convection (e.g. arcs in supersonic flows) and
radiation (e.g. entrained metal vapours). As a result the
arc voltage at a given current is also increased, causing
the discharge characteristic (Figure 2.34) to be displaced
parallel to the voltage axis.

2.7.3 Discharge—network interaction

For quasi-steady situations the interaction between an elec-
trical discharge and the interconnected network is governed
by the intersection of the load line V1, (Figure 2.34)

V =&, —4R

(where R is the series-network resistance and V, is the source
voltage) and the current—voltage characteristic of the discharge.
The negative gradient of the low current arc branch of the
discharge characteristic produces a negative incremental
resistance which makes operation at point D (Figure 2.34)
unstable whereas operation at point E or B is stable.

In practice the operating point is determined by the
manner in which the discharge is initiated. Initiation by
electrode separation (e.g. circuit breaker contact opening)
or by fuse rupture leads to arc operation at E. However, if
the discharge is initiated by reducing the series resistance
R gradually so that the load line is rotated about V,, opera-
tion as a glow discharge at B may be maintained. If the
cathode is heated to provide a large supply of electrons a
transition from B to E may occur.

A variation of the source voltage V,, causes the points of
intersection of the load line and discharge characteristic to
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vary so that new points of stability are produced. When the
voltage falls below a value, which makes the load line tan-
gential to the negative characteristic, the arc is, in principle,
not sustainable. However, in practice, the thermal inertia of
the arc plasma may maintain ionisation and so delay even-
tual arc extinction.

The behaviour of electric arcs in a.c. networks is gov-
erned by the competing effects of the thermal inertia of the
arc column (due to the thermal capacity of the arc plasma)
and the electrical inertia of the network (produced by circuit
inductance and manifest as a phase difference between
current and voltage). The current—voltage characteristic of
the discharge changes from the quasi-steady (d.c.) form of
Figure 2.34 (corresponding to arc inertia being considerably
less than the electrical inertia) via an intermediate form
(when the thermal and electrical inertias are comparable)
to an approximately resistive form (when the thermal
inertia is considerably greater than the electrical inertia)
(Figure 2.39).

2.7.4 Discharge applications

Electrical discharges occur in a number of engineering situa-
tions either as limiting or as essential operating features of
systems and devices.

Spark discharges are used in applications which utilise
their transitional nature. These include spark gaps for pro-
tecting equipment against high frequency, high voltage
transients and as rapid acting make switches for high
power test equipment or pulsed power applications. They
are also used for spark erosion in machining materials to
high tolerances.

Glow discharges are utilised in a variety of lamps, in gas
lasers, in the processing of semiconductor materials and
for the surface hardening of materials (e.g. nitriding).
Operational problems in all cases involve maintaining the
discharge against extinction during the low current part of
the driving a.c. at one extreme and preventing transition

Voltage 4

Current

Figure 2.39 Arc current-voltage characteristics for a.c. conditions
having different thermal/electrical inertia ratios: (1) thermal < electrical
inertia (d.c. case); (2) thermal ~ electrical inertia; (3) thermal >
electrical inertia (e.g. high frequency, resistive case)

into an arcing mode (which could lead to destructive
thermal overload) at the other extreme.

Glow discharge lamps either rely on short discharge
gaps in which all the light is produced from the negative
glow covering the cathode (e.g. neon indicator lamps)
or long discharge gaps in which all the light comes from
the positive column confined in a long tube (e.g. neon
advertising lights).

In materials processing the glow is used to provide the
required active ionic species for surface treating the material
which forms a cathodic electrode. Both etching of surface
layers and deposition of complex layers can be achieved
with important applications for the production of integ-
rated circuits for the electronics industry. Metallic surfaces
(e.g. titanium steel) may be hardened by nitriding in glow
discharges.

Corona on high voltage transmission lines constitute
a continuous power loss which for long-distance transmis-
sion may be substantial and economically undesirable.
Furthermore, such corona can cause a deterioration of
insulating materials through the combined action of the
discharges (ion bombardment) and the effect of chemical
compounds (e.g. ozone and nitrogen oxides) formed in the
discharge on the surface.

Arc discharges are used in high pressure lamps, gas lasers,
welding, and arc heaters and also occur in current-interrup-
tion devices. The distinction between the needs of the two
classes of applications is that for lamps and heaters the arc
needs to be stably sustained whereas for circuit interruption
the arc needs to be extinguished in a controlled manner.
The implication is that, when for the former applications
an a.c. supply is used, the arc thermal inertia needs to be
relatively long compared with the electrical inertia of
the network (e.g. to minimise lamp flicker). For circuit-
interruption applications the opposite is required in order
to accelerate arc extinction and provide efficient current
interruption. Such applications require that a number of
different current waveforms (Figure 2.40) should be inter-
ruptable in a controlled manner. High voltage a.c. networks
need to be interrupted as the current passes naturally
through zero to avoid excessive transient voltages being
produced by the inductive nature of such networks. Low
voltage, domestic type networks benefit from interruption
via the current limiting action of a rapidly lengthening arc.
High voltage d.c. network interruption relies upon the
arc producing controlled instabilities to force the current
artificially to zero.

The arc discharges which are utilised for these applica-
tions are configured in a number of different ways. Some
basic forms are shown in Figure 2.41. These may be divided
into two major categories corresponding to the symmetry
of the arc. Axisymmetrical arcs include those which are
free burning vertically (so that symmetry is maintained by
buoyancy forces) wall stabilised arcs, ablation stabilised
arcs (which essentially represent arcs in fuses) and axial
convection controlled arcs (which are used for both gas
heating, welding and high voltage circuit interruption).
Non-axisymmetric arcs include the crossflow arc, the
linearly driven electromagnetic arc (which has potential for
the electromagnetic drive of projectiles or by driving the arc
into deionising plates for circuit interruption), the rotary
driven electromagnetic arc (which may be configured either
between ring electrodes and used for circuit interruption,
or helically and used both for gas heating and circuit inter-
ruption) and the spiral arc with wall stabilisation.
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3.1 Introduction

In an electrical network, electrical energy is conveyed from
sources to an array of interconnected branches in which energy
is converted, dissipated or stored. Each branch has a charac-
teristic voltage—current relation that defines its parameters.
The analysis of networks is concerned with the solution of
source and branch currents and voltages in a given network
configuration. Basic and general network concepts are dis-
cussed in Section 3.2. Section 3.3 is concerned with the special
techniques applied in the analysis of power-system networks.

3.2 Basic network analysis

3.2.1 Network elements

Given the sources (generators, batteries, thermocouples,
etc.), the network configuration and its branch parameters,
then the network solution proceeds through network equa-
tions set up in accordance with the Kirchhoff laws.

3.2.1.1 Sources

In most cases a source can be represented as in Figure 3.1(a)
by an electromotive force (e.m.f.) Ey acting through an
internal series impedance Z, and supplying an external
‘load’ Z with a current [ at a terminal voltage V. This is the
Helmholtz-Thevenin equivalent voltage generator. As regards
the load voltage " and current /, the source could equally well
be represented by the Helmholtz—Norton equivalent current
generator in Figure 3.1(b), comprising a source current I
shunted by an internal admittance Y, which is effectively in
parallel with the load of admittance Y. Comparing the two
forms for the same load current 7 and terminal voltage V' in a
load of impedance Z or admittance Y= 1/Z, we have:

Voltage generator Current generator

V =Ey,—1IZ, I=I1,- VY,

1= (Ey—V)/Z V=(Ih—1)/Y,
=Ey/Zy—V/]Z =1)/Yo—1/Y,
=1 — VY, =Ey — 17,

These are identical provided that Iy = Ey/Zy and Yy=1/Z,.
The identity applies only to the load terminals, for internally
the sources have quite different operating conditions. The two
forms are duals. Sources with Zy=0 and Y,=0 (so that
V=Eyand I = I) are termed ideal generators.

3.2.1.2 Parameters

When a real physical network is set up by interconnecting
sources and loads by conducting wires and cables, all parts
(including the connections) have associated electric and
magnetic fields. A resistor, for example, has resistance as the

(a) (b)

Figure 3.1 (a) Voltage and (b) current sources
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Figure 3.2 Pure parameters

prime property, but the passage of a current implies a mag-
netic field, while the potential difference (p.d.) across the
resistor implies an electric field, both fields being present in
and around the resistor. In the equivalent circuit drawn to
represent the physical one it is usual to lump together the
significant resistances into a limited number of lumped
resistances. Similarly, electric-field effects are represented
by lumped capacitance and magnetic-field effects by lumped
inductance. The equivalent circuit then behaves like the
physical prototype if it is so constructed as to include all
significant effects.

The lumped parameters can now be considered to be free
from ‘residuals’ and pure in the sense that simple laws of
behaviour apply. These are indicated in Figure 3.2.

(a) Resistance For a pure resistance R carrying an instanta-
neous current 7, the p.d. is v=Ri and the rate of heat
production is p=vi= Ri’. Alternatively, if the conduc-
tance G=1/R is used, then i=Gv and p=vi=G».
There is a constant relation

v=Ri=v/G; i=Gv=v/R; p=Ri’=GV

(b) Inductance With a self-inductance L, the magnetic
linkage is Li, and the source voltage is required only
when the linkage changes, i.e. v=d(Li)/dt= L(di/dr).
An inductor stores in its magnetic field the energy
w= %Liz. The behaviour equations are

v=L(di/dr); i=(1/L)[vds

Two inductances L; and L, with a common magnetic field
have a mutual inductance L, = L,; such that an e.m.f. is
induced in one when current changes in the other:

ey = le(diz/dl); ey = Ly (dil/d[)<:

The direction of the e.m.f.s depends on the change
(increase or decrease) of current and on the ‘sense’ in
which the inductors are wound. The ‘dot convention’ for
establishing the sense is to place a dot at one end of the
symbol for L;, and a dot at that end of L, which has the
same polarity as the dotted end of L, for a given change in
the common flux.

(¢) Capacitance The stored charge ¢ is proportional to the
p.d. such that ¢ = Cv. When v is changed, a charge must
enter or leave at the rate i=dg/dt=C(dv/dt). The
electric-field energy in a charged capacitor is w:%Cvz.
Thus

i = C(dv/dr);

_172
w=;Li

V= (I/C)Ji de; w :%Cvz
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It can be seen that there is a duality between the inductor
and the capacitor. Some typical cases of the behaviour of
pure parameters are given in Figures 2.3, 2.21 and 2.28.

A more concise representation of the behaviour of pure
parameters uses the differential operator p for d/dz and the
inverse 1/p for the integral operator: then

(a) Resistance: v=Ri=v/G; i=Gv=(1/R)v

(b) Self-inductance: v=Lpi, i=(1/Lp)v
Mutual inductance: e;=Liypir; = Lypip

(¢) Capacitance: v=(1/Cp)i; i=Cpv

For the steady-state direct-current (d.c.) case, p=0.
For steady-state sinusoidal alternating current (a.c.), p =jw,
giving for L and C the forms jwL and 1/jwC where wiis
the angular frequency. In general, Lp and 1/Cp are the
operational impedance parameters.

3.2.1.3 Configuration

The assembly of sources and loads forms a network of
branches that interconnect nodes (junctions) and form
meshes. The seven-branch network shown in Figure 3.3
has five nodes (a, b, c, d, ¢) and four meshes (1, 2, 3, 4).
Branch ab contains a voltage source; the other branches
have (unspecified) impedance parameters. Inspection shows
that not all the meshes are independent: mesh 4, for example,
contains branches already accounted for by meshes 1, 2 and 3.
Further, if one node (say, ) is taken as a reference node, the
voltages of nodes a, b, ¢ and d can be taken as their p.d.s
with respect to node e. The network is then taken as having
b=7 branches, m=3 independent meshes and n=4
independent nodes. In general, m=5b — n.

3.2.2 Network laws

The behaviour of networks (i.e. the branch currents and
node voltages for given source conditions) is based on the
two Kirchhoff laws (Figure 3.4).

(1) Node law The total current flowing into a node is zero,
3i=0. The sum of the branch currents flowing into a
node must equal the sum of the currents flowing from it;
this is a result of the ‘particle’ nature of conduction
current.

(2) Meshlaw Thesum of the voltages around a closed mesh
is zero, Xv=0. A rise of potential in sources is absorbed
by a fall in potential in the successive branches forming the
mesh. This is the result of the nature of a network as an
energy system.

Figure 3.3 Network configuration

Figure 3.4 The Kirchhoff laws

The Kirchhoff laws apply to all networks. Whether the
evaluation of node voltages and mesh currents is tractable
or not depends not only on the complexity of the network
configuration but also on the branch parameters. These may
be active or passive (i.e. containing or not containing sources),
linear or non-linear. Non-linearity, in which the parameters
are not constant but depend on the voltage and/or current
magnitude and polarity, is in fact the normal condition, but
where possible the minor non-linearities are ignored in order
to permit the use of greatly simplified analysis and the
principle of superposition.

3.2.2.1 Superposition

In a strictly linear network, the current in any branch is the
sum of the currents due to each source acting separately, all
other sources being replaced meantime by their internal
impedances. The principle applies to voltages and currents,
but not to powers, which are current—voltage products.

3.2.3 Network solution

A general solution presents the voltages and currents every-
where in the network; it is initiated by the solution simulta-
neously of the network equations in terms of voltages,
currents and parameters.

The Kirchhoff laws can be applied systematically by use
of the Maxwell circulating-current process. To each mesh is
assigned a circulating current, and the laws are applied with
due regard to the fact that certain branches, being common
to two adjacent meshes, have net currents given by the super-
position of the individual mesh currents postulated. Gener-
alising, the network can be considered as either (i) a set of
independent nodes with appropriate node-voltage equations,
or (ii) a set of independent meshes with corresponding mesh-
current equations.

3.2.3.1 Mesh-current equations

This is a formulation of the Maxwell circulating-current
process. If source e.m.f.s are written as E, currents as [
and impedances as Z, then for the m independent meshes

Ey=hZy+hLZpn+ - ElnZin
Ey=hZ0+hZy+ - ElnZopm

En=&Zm + hZm + - €1y Zym

Here Zy1, Z2,..., Z, are the self-impedances of meshes
1, 2,..., m, ie. the total series impedance around each
of the chosen meshes; and Z, Z,,,, . . ., are the mutual imped-
ances of meshes 1 and 2, p and g¢,..., i.e. the impedances

common to the designated meshes.



The mutual impedance is defined as follows. Z,,, is the p.d.
per ampere of 7, in the direction of ,, and Z,, is the p.d. per
ampere of I, in the direction of I,. The sign of a mutual impe-
dance depends on the current directions chosen for the meshes
concerned. If the network is co-planar (i.e. it can be drawn on
a diagram with no cross-over) it is usual to select a single con-
sistent direction—say clockwise—for each mesh current. In
such a case the mutual impedances are negative because the
currents are oppositely directed in the common branches.

3.2.3.2 Node-voltage equations

Of the network nodes, one is chosen as a reference node to
which all other node voltages are related. The sources are
represented by current generators feeding specified currents
into their respective nodes and the branches are in terms of
admittance Y. Then for the n independent nodes

Ia = VnYan+ VIJYah+"'+ VnYnn
Iy =ViYoa + Vo Yoo+ -+ VY

Li=ViYua+ VYo +- -+ VY

Here Y., Yip, ..., Y, are the self-admittances of nodes a,
b,..., n, i.e. the sum of the admittances terminating on
nodes a, b, ..., n;and Y, Y, . .., are the mutual admittances,
those that link nodes a and b, p and ¢, ..., respectively, and
which are usually negative.

The mesh-current and node-voltage methods are general
and basic; they are applicable to all network conditions.
Simplified and auxiliary techniques are applied in special
cases.

3.2.3.3 Techniques

Steady-state conditions Transient phenomena are absent.
For d.c. networks the constant current implies absence of
inductive effects, and capacitors (having a constant charge)
are equivalent to an open circuit. Only resistance is taken into
account, using the Ohm law.

For a.c. networks with sinusoidal current and voltage,
complexor algebra, phasor diagrams, locus diagrams and
symmetrical components are used, while for a.c. networks
with periodic but non-sinusoidal waveforms harmonic analysis
with superposition of harmonic components is employed.

Transient conditions Operational forms of stimuli and
parameters are used and the solutions are found using
Laplace transforms.

3.2.4 Network theorems

Network theorems can simplify complicated networks, facil-
itate the solution of specific network branches and deal with
particular network configurations (such as two-ports). They
are applicable to linear networks for which superposition is
valid, and to any form (scalar, complexor, or operational) of
voltage, current, impedance and admittance. In the following,
the Ohm and Kirchhoff laws, and the reciprocity and compen-
sation theorems, are basic; star—delta transformation and the
Millman theorem are applied to network simplification; and
the Helmholtz-Thevenin and Helmholtz—Norton theorems
deal with specified branches of a network. Two-ports are dealt
with in Section 3.2.5.
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3.2.4.1 Ohm (Figure 3.2(a))

For a branch of resistance R or conductance G,

I =&#/R=4G; V=4&R=4/G, R=V/I=&/G
Summation of resistances Ry, Ry,. .., in series or parallel gives

R=R +Ry+--%or G=1/(1/G1+1/Gy+--) <
R=1/(1/Ri+1/Ry+--)%r G=G1+Gr+ <

Series:
Parallel:

The Ohm law is generalised for a.c. and transient cases by
I1=V/|Z or I(p)=V(p)/Z(p), where p is the operator d/dz.

3.2.4.2 Kirchhoff (Figure 3.4)
The node and mesh laws are

Node: i1 +ih+ <& =&

Mesh: e +ey+ - <&+ Zr+ - <or Ye=&iZ

3.2.4.3 Reciprocity

If an e.m.f. in branch P of a network produces a current in
branch Q, then the same e.m.f. in Q produces the same
current in P. The ratio of the e.m.f. to the current is then
the transfer impedance or admittance.

3.2.4.4 Compensation

For given circuit conditions, any impedance Z in a network
that carries a current / can be replaced by a generator of
zero internal impedance and of e.m.f. E=—IZ. Further, if
Z is changed by AZ, then the effect on all other branches is
that which would be produced by an e.m.f. —/ A Z in series
with the changed branch. By use of this theorem, if the net-
work currents have been solved for given conditions, the
effect of a changed branch impedance can be found without
re-solving the entire network.

3.2.4.5 Star—delta (Figure 3.5)

At a given frequency (including zero) a three-branch star
impedance network can be replaced by a three-branch
delta network, and conversely. For a star Z,, Z;, Z. to be
equivalent between terminals AB, BC, CA to a delta Z,, Z,,
Z3, it is necessary that

Za :ZSZI/Z; Zl :Zzl+Zl)+ZaZb/Zc
Z},:ZIZQ/Z; ZQZZ};-‘FZC-FZ/,ZC/ZQ
Z(. = ZzZ3/Z; Z3 = Z(» + Z(, + Z(.Z(,/Zb

where Z=Z7,+ Z,+ Z;. The general star—-mesh conversion
concerns the replacement of an n-branch star by a mesh of
1n(n — 1) branches, but not conversely; and as the number
of mesh branches is greater than the number of star
branches when n >3, the conversion is only rarely of use.

B C

Figure 3.5 Star—delta conversion
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Figure 3.6 The Millman theorem

3.2.4.6 Millman (Figure 3.6)

The Millman theorem is also known as the parallel-generator
theorem. The common terminal voltage of a number of
sources connected in parallel to a common load of impedance
Z is V=1I.Z, where I is the sum of the short-circuit
currents of the individual source branches and Z, is the
effective impedance of all the branches in parallel, including
the load Z. If E; and E, are the em.fis of two sources
with internal impedances Z; and Z, connected in parallel to
supply a load Z, and if 7} and I, are the currents contributed
by these sources to the load Z, then their common terminal
voltage V' must be

V= (I] +12)Z = [(E] — V)/Z] + (E2 — V)/ZQ]Z
whence
V(1/Z+1)Z) +1)Z2) = Ei | Z) + E2] Z

The term in parentheses on the left-hand side of the equation
is the effective admittance of all the branches in parallel. The
right-hand side of the equation is the sum of the individual
source short-circuit currents, totalling I.. Thus V=I.Z,.
The theorem holds for any number of sources.

3.2.4.7 Helmholtz—Thevenin (Figure 3.7)

The current in any branch Z of a network is the same as if that
branch were connected to a voltage source of e.m.f. £, and
internal impedance Z,, where Ej is the p.d. appearing across
the branch terminals when they are open-circuited and Z,
is the impedance of the network looking into the branch
terminals with all sources represented by their internal
impedance.

In Figure 3.7, the network has a branch AB in which it is
required to find the current. The branch impedance Z is
removed, and a p.d. Ey appears across AB. With all sources
replaced by their internal impedance, the network presents
the impedance Z, to AB. The current in Z when it is replaced
into the original network is

I1=FE/(Zo+Z)=

The whole network apart from the branch AB has been
replaced by an equivalent voltage source, resulting in the
simplified condition of Figure 3.1(a).

3.2.4.8 Helmholtz—Norton

The Helmholtz—Norton theorem is the dual of the Helm-
holtz-Thevenin theorem. The voltage across any branch Y of a
network is the same as if that branch were connected to a
current source I, with internal shunt admittance Y, where I is

A —OCA
1
I
Network Z £y
{
B o8

Equivalent network

—OA A
— @ |
0B B

Figure 3.7 The Helmholtz—Thevenin theorem

the current between the branch terminals when short circuited
and Y, is the admittance of the network looking into the
branch terminals with all sources represented by their internal
admittance. Then across the terminals AB in Figure 3.7 the
voltage is

V=1I/(Yo+Y)=

Thus the whole network apart from the branch AB has been
replaced by an equivalent current source, i.e. the system in
Figure 3.1(b).

3.2.5 Two-ports

In power and signal transmission, input voltage and current
at one port (i.e. one terminal-pair) yield voltage and current
at another port of the interconnecting network. Thus in
Figure 3.8a voltage source at the input port 1 delivers to the
passive network a voltage V| and a current I;. The corres-
ponding values at the output port 2 are V, and I,.

3.2.5.1 Lacour

According to the theorem originated by Lacour, any passive
linear network between two ports can be replaced by a
two-mesh or T network, and in general no simpler form can be
found. Such a result is obtained by iterative star—delta conver-
sion to give the T equivalent; by one more star—delta conver-
sion the IT-equivalent is obtained (Figure 3.9). In general, the
equivalent networks are asymmetric; in some cases, however,
they are symmetric. It can be shown that a passive two-port
has the input and output voltages and currents related by

Vi=AV,+BL, and I, =CV,+ DI,

where ABCD are the general two-port parameters, constants
for a given frequency and with AD — BC=1. The conven-
tions for voltage polarity and current direction are those given
in Figure 3.8.

Passive
two-port

Figure 3.8 Two-port network
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Figure 3.9 T and II two-ports

3.2.5.2 T network

Consider the asymmetric T in Figure 3.9. Application of the
Kirchhoff laws gives

LI =L+ (V2 +IzZz)Y = V2Y+12(1 + YZz)<:
Vi=V(1+YZ)+ L(Z1+Zx+ Z12,Y )<=

Hence in terms of the series and parallel branch components

A=1+4+YZ
B=Z\+72,+72,2,Y
cC=Y

D=1+Y7,

Multiplication shows that AD — BC=1.
For the symmetric T with Z; =Z,=1Z,

A=1+1yz=D, B=z+lvz* C=Y

3.2.5.3 11 network

In a similar way, the general parameters for the asymmetric
case are

A=1+YZ; B=Z; C=Y 1+ YL,+ Y\ Y, Z; D=1+Y,Z

which reduce with symmetry to
A=1+1YZz=D; B=Z, C=Y+1vZ

The values of the A BCD parameters, in matrix form,

A B
C D
are set out in Table 3.1 for a number of common cases.

3.2.5.4 Characteristic impedance

If the output terminals of a two-port are closed through an
impedance V>/I,=Z,, and if the input impedance V/I is
then also Z,, the quantity Z is the characteristic impedance.
Consider a symmetrical two-port (4= D) so terminated: if
V1/1 is to be Z, we have

Vi VaA+ LB Vy(A+B/Z)«=  A+B/Z,
I VaC+hAd LA+CZ)< " A4+CZ

which is Z, for B/Zy= CZ,. Thus the characteristic impedance
is Zy=/(B/C). The same result is obtainable from the input
impedances with the output terminals first open circuited
(IL,=0) giving Z,, then short circuited (V,=0) giving Z.:
thus

Zoe = A/C§ Zy = B/A§ Zy = \/(Zoczsc = \/(B/C)¢

Basic network analysis 3/7

3.2.5.5 Propagation coefficient

The parameters ABCD are functions of frequency, and Z,
is a complex operator. For the Z, termination of a sym-
metrical two-port (for which 4°>—BC = 1) the input/output
voltage or current ratio is

Vi/Va=1/L=A+(BC) = A+ /(4 - 1)«
= exp(7) = exp(a +jB)<=

The magnitude of V| exceeds that of V', by the factor exp(a)
and leads it by the angle 3, where a1is the attenuation coeffi-
cient, (Oyis the phase coefficient and the combination
~v=a +]jBus the propagation coefficient.

3.2.5.6 Alternative two-port parameters

There are other ways of expressing two-port relationships. For
generality, both terminal voltages are taken as applied and
both currents are input currents. With this convention it is
necessary to write —/I, for I, in the general parameters so
far discussed. The mesh-current and node-voltage methods
(Section 3.2.4) give Vi =1z + bz, etc., and [} =<1y +
V>y1,, etc., respectively. A further method relates V7 and I, to
I, and V, by hybrid (impedance and admittance) parameters.
The four relationships are then obtained as follows:

General Impedance

( 1 B £ 1 no oz [/ h
DL D05)] (-6 0 |

Admitfance ybri

(11)7 11 Mz)( 1) ( 1) <ém 1112)(11)
b 1 Y/ \ |2 2] 21 han )\

If the networks are passive, then zi; =z, yj» =y and
hi»=—hy;. If, in addition, the networks are symmetrical,
then A=D, z;; =z, and y;; =yyn. If the networks are
active (i.e. they contain sources), then reciprocity does not

apply and there is no necessary relation between the terms of
the 2 x 2 matrix.

3.2.6 Network topology

In multibranch networks the solution process is aided by
representing the network as a graph of nodes and inter-
connections. The topology is the scheme of interconnec-
tions. A network is planar if it can be drawn on a closed
spherical (or plane) surface without cross-overs. A non-planar
network cannot be so drawn: a single cross-over can be elimin-
ated if the network is drawn on a more complicated surface
resembling a doughnut, and more cross-overs require closed
surfaces with more holes.
The nomenclature employed in topology is as follows.

Graph A diagram of the network showing all the nodes, with
each branch represented by a plain line.

Tree Any arrangement of branches that connects all nodes
together without forming loops. A tree branch is one branch of
such a tree.

Link A branch that, added to a tree, completes a closed
loop.

Tie set A loop of branches with one a link and the others tree
branches.

Cut set A set of branches comprising one tree branch, the
other branches being tree links. A cut set dissociates two main
portions of a network in such a way that replacing any one
element destroys the dissociation.
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Table 3.1 General ABCD two-port parameters

Network Matrix Network Matrix
o————0 Direct connection ol Loaded network
( ! O) Agco| Yo A+8Y, B
0 1 C+PYy D
o ° o—
Cross-connection . DY Shunted network
—1 0 Y, ABCD A B
0 -1 ot L o C+4Y, D+8BY,
o—{}o Series impedance
z2 -
1z ° Mutual inductance
o—0 0 1 L

A
T
I

z, v

Y
y
V4
A’ 1,
wZ Yi | /%4
o O
j SN
Z
Yy Y,
(o2 O

ABCD ABCD
1

0 *ijlz
—1/jwLi> 0
Shunt admittance

j
1 0\] ° Mutual inductance
Y 1 L1z .
] 0 —JwLis
l/ij12 0
:;?

L network
1+&¥Z Z
Y 1

L network

1 Z
Y 1+&Z

T network
(Jl +&Z, Z,+& +<¥le2>

Ideal transformer

Ni/N» 0
0 N2/ N,

Y 1 +<€2,

Symmetrical T network

T+YZ2 z( +&Ez/4)
Y 1 +¥27/)2

II network

i 14+4,7 V4
Y|+ +& Yo Z 1+8Z

Symmetrical IT network

1 1+€zp2 Z
V(1 +EZ/4) 1 +EZ)2

Cascaded networks

_A1A2 +8,C, A\B, +8,D,
U,C, +€,D, B,C|,+B D,

cont’d
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Table 3.1 (continued)

Network Matrix

[

[ wr ]

Parallel networks

(41B> +<2B1)/(B) +B2) B\ B,/(B) +8>)
(A) —<t)(D1 —B,) B\ D, +B,D,
B, +8, B, +8

l ABCD 2

C| +€;+

Symmetrical lattice network
<(Zl +&NZ1 —&2)  2Z1725/(Z) —&) )
20(Z) —<&) (Z) +&)/(Z) —&)

Before setting up the equations for network solution, some
guide is necessary in forming the proper number of indepen-
dent equations. Given the network (@) in Figure 3.10, the first
step is to draw the graph (b). Two of its possible trees are
shown in (¢). The trees are then used to set up the equations.

3.2.6.1 Network equations

Voltage The network diagram for the upper tree in
Figure 3.10(c) is drawn in (d). Specifying the tree-branch
voltages specifies also the voltages across the links. It is con-
venient to choose r as a reference node, leaving n=4&
independent nodes requiring n =&=voltage equations.

Current A tree has no closed paths. As the links are added
with specified currents, each creates one loop. Then the sum
of the links m is the number of currents to be evaluated. For a
network of b branches and n independent nodes, the number Figure 3.11  Conversion to a passive network
of independent meshes is m =#&=—n.

3.2.6.2 Ports

It is often helpful to place the sources outside the network and
to regard their connections to the (now passive) remainder as
f i ports. Again, branches of interest can be taken outside and
+ used to terminate ports, as in Figure 3.11.

e, €2 1 A multiport network (Figure 3.12) has the following charac-
teristic definitions:

¥ ¥ (a) All ports but one are open-circuited: a voltage V| is
(a) (b) applied to port 1 and a current /; flows into it. Then
Vi/I is the open-circuit (o.c.) driving-point impedance

(c)

Figure 3.10 Network topology Figure 3.12 A multiport network
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at port 1, V/1 is the o.c. transfer impedance from port 1 to
portk, and V/Vy is the o.c. voltage ratio of port k to port 1.

(b) All ports but one are short circuited: a current I,
(requiring a voltage V) is fed in at port 1. Then [,/V;
is the short-circuit (s.c.) driving-point admittance at port 1,
I/ V7 is the s.c. transfer admittance from port 1 to port k,
and I;;/I} is the s.c. current ratio of port k to port 1.

3.2.7 Steady-state d.c. networks

The steady state implies that energy storage in electric and
magnetic fields does not change, and only the resistance is
significant. In Figure 3.13 a source of constant e.m.f. E and
internal resistance r provides a current / at terminal voltage
V' to a network represented by an equivalent resistance R.
On open circuit (R=00), =0 and V=E. As R is reduced
the source provides a current /= E/(R+r)=(E— V)/r. The
greatest output power P=VI occurs for the condition
R=r; further reduction of R reduces the network power,
down to a short-circuit condition for R=0 and V=0 when
the source power is dissipated entirely in r. The maximum-
power condition is utilised only with sources whose power
capability is very small.

3.2.8 Steady-state a.c. networks

An a.c. flows alternately in the specified positive direction and
then in the negative direction in a circuit, repeating this cycle
continuously. A graph of current or voltage to a time base
shows the waveform as a succession of instantaneous values. In
general there will be a maximum or peak value in both positive
and negative half-periods where the current or voltage is
greatest. The time for one complete cycle is the period T. The
number of periods per second is the frequency f=1/T.

An a.c. is produced by an alternating voltage. Two such
quantities may have a difference of phase, to which a precise
meaning can be given only when the quantities are both
sinusoidal functions of time.

3.2.8.1 Root-mean-square (r.m.s.) value

The numerical value assigned to an a.c. or voltage is normally
defined in terms of mean power in a pure resistor. An a.c.
of 1 A is that which produces heat energy at the same mean
rate as a direct current of 1 A in the same non-reactive resistor.
If i is the instantaneous value of an a.c. in a pure resistance R,

V=E P=El £
a i v Max
5 g i P=VI
& s
Current / V=0

Figure 3.13 A d.c. system

Table 3.2 Values of alternating quantities (peak = a)

Waveform ram.s.  Mean Ky K,
Sinusoidal alJ2  a/m) 111 141
Half-wave rectified sine  a/2 almp 1.57 2.0
Full-wave rectified sine aly2 a(2/m) 1.11 1.41
Rectangular a a 1.0 1.0
Triangular alJ3 a2 1.16 1.73

the heat developed in a time element dr is dw=?Rdr. The
mean rate (i.e. the mean power) over a complete period 7T'is
P=(1/T)4 dw=(1/T)4 *Rdt = I’R
and 7is the r.m.s. value of the current. An alternating voltage is
defined in a similar way; the instantaneous power is v*/R, and
the mean is /R where V is the square root of the mean 1°.
In some cases the peak or the mean value of the current
or voltage waveform is more significant, particularly with
asymmetric, pulse or rectified waveforms. The value to be
understood by the term ‘mean’ is then obvious. In the
case of a symmetrical wave, the half-period mean value is
intended, as the mean over a complete period is zero. Table 3.2
gives the mean and r.m.s. values for a number of typical
waveforms, together with the values of

Form factor Ky = r.m.s./mean
Peak factor K, = peak/r.m.s.¢p

The techniques developed for the solution of steady-state
a.c. networks depend on the waveform. One technique applies
to purely sinusoidal quantities, another to periodic but non-
sinusoidal waveforms. In each case the network is assumed to
be linear so that the principle of superposition is valid.

3.2.9 Sinusoidal alternating quantities

For pure sinusoidal waveforms, a current can be expressed as
a function of time, i=1iy sin(2nft) =i, sin(wf), completing
f cycles in 1s with a period T=1/f. The quantity 27/ is
contracted to w, the angular frequency. The sine-wave shape
has the advantages that (i) it is mathematically simple and its
integral and differential are both cosinusoidal, (ii) it is a
waveform desirable for power generation, transmission and
utilisation, and (iii) it lends itself to phasor and complexor
representation.

The graph of a sinusoidal current or voltage of frequency
fcan be plotted to a time-angle base wt by use of trigonometric
tables. Alternatively it can be represented by the projection of
a line of length equal to the peak value and rotating counter-
clockwise at angular speed wiabout one end O. A stationary
line can represent the sine wave, particularly in relation to
other sine waves of the same frequency but ‘out of step’. Two
such waves, say v and i with peak values v, and i, respect-
ively, can be written

V=vmsinwt and = iysin(wt — @)=

and drawn as in Figure 3.14, the phase difference or phase
angle between them being ¢ rad. Then two lines, OA and OB,
having an angular displacement ¢, can represent the two
waves in peak magnitude and relative time phase.
Although developed from rotating lines of peak-value
length, it is more convenient to change the scale and treat
the lengths as r.m.s. values. The processes of addition and



Time-angle wt

/
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Figure 3.14 Phasors

subtraction of r.m.s. values are performed as if the lines
were co-planar vector forces in mechanics. Physically, how-
ever, the lines are not vectors: they substitute for scalar quan-
tities, alternating sinusoidally with time. They are termed
phasors. Certain associated quantities, such as impedance,
admittance and apparent power, can also be represented by
directed lines, but as they are not sinusoids they are termed
complexors or complex operators. Both phasors and complex-
ors can be dealt with by application of the theory of complex
numbers. The definitions concerned are listed below.

Complexor A generic term for a non-vector quantity
expressed as a complex number.

Phasor A complexor (e.g. voltage or current) derived from
a time-varying sinusoidal quantity and expressed as a
complex number.

Complex operator A complexor derived for the ratio of two
phasors (e.g. impedance and admittance); or a complexor
which, operating on a phasor, gives another phasor (e.g.
V'=1IZ, in which V and I are phasors, but Z is a complex
operator).

3.2.9.1 Complexor algebra

The four arithmetic processes for complexors are applications
of the theory of complex numbers. Complexor a in Figure 3.15
can be expressed by its magnitude a and its angle fywith
respect to an arbitrary ‘datum’ direction (here taken as
horizontal) as the simple polar form a=a / 0. Alternatively
it can be written as a=p+ jq, the rectangular form, in terms
of its projection p on the datum and ¢ on a quadrature axis at
right angles thereto: ¢ (as a scalar magnitude along the datum)
is rotated counter-clockwise by angle %mﬁad (90°) by the
operator j. Two successive operations by j (written as j°) give a
rotation of mwad (180°), making the original + ¢ into —g, in
effect a multiplication by —1. Three operations (j°) give —jg
and four give +¢. Thus any complexor can be located in the
complex datum—quadrature plane. Further obvious forms
are the trigonometric, a= a(cos 6 +j sin ), and the exponen-
tial, a= a exp(j#). Summarising, the four descriptions are:

Polar: a=alty
Rectangular:  a=p + jgq
a ] :
2 Aiq
(e}
6 6
(o
Datum P

Figure 3.15 Complexors
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Exponential :
Trigonometric:

where a=/(p* +¢°) and = arctan(q/p).
Consider complexors a=p+jg=a /<aand b=r+js
=b /3. The basic manipulations are:

Addition a+b=(p+r)+jlqg+s)<=

a=aexp(jo)<=
a = a(cos Oyt jsin )<

Subtraction a—b= (p—r)+j(q—s)<=

Multiplication The exponential and polar forms are more
direct than the rectangular or trigonometric:

ab = (pr —qs) +j(qr + ps)<=
=<abexplj(avt B)] = ab / (ot B)«<=
Division Here also the angular forms are preferred:

a/b = [(pr+gs) +i(gr = ps))/ (P +57)«=

= (a/b)explj(ay- B)] = (a/b) / fep- B)<=
Conjugate The conjugate of a complexor a=p+jq
=al/apis a*=p—jg=al/(—a), the quadrature com-
ponent (and therefore the angle) being reversed. Then
ab* = ab / (anp- B)«<=
a*hb = ab /(B o)<
afa=aa* =d* =p* + ¢

The last expression is used to ‘rationalise’ the denominator
in the complexor division process.

3.2.9.2 Impedance and admittance operators

Sinusoidal voltages and currents can be represented by
phasors in the expressions V=IZ=1/Y and I=VY=V/Z.
Current and voltage phasors are related by multiplication
or division with the complex operators Z and Y. Series resist-
ance R and reactance jX can be arranged as a right-angled
triangle of hypotenuse Z =/ (R*+ X?) and the angle between
Z and R is § = arctan(X/R). The relation between Z and Y for
the same series network elements with Z= R+ jX is

L R—jX _ R-jX
T Z R4JX (RHX)(R—-jX)= R2+ X2
=R/Z*-j(X/Z*) =GB

where G and B are defined in terms of R, X and Z. The series
components R and X become parallel branches in Y, one
a pure conductance, the other a pure susceptance. Further,
a positive-angled impedance has, as inverse equivalent, a
negative-angled admittance (Figure 3.16).

The impedance and phase angle of a number of circuit
combinations are given in Table 3.3.

oo ZAx,
R XL

0

R
Y
) G
et a 25
XC Z XC BC G

Figure 3.16 Impedance and admittance triangles
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Table 3.3 Impedance of network elements at angular frequency wirad/s)
Impedance: Z=R+jX=\Z| / 0y 1Z| = J(R*+ X?) 0 =arctan(X/R)
Admittance: Y=1/Z=Y| /(—6) |Y|=[(R/Z*)*+ (X]Z*)}] 6= —arctan(X/R)
e o W g o WL {L—3rr—
— 4 -~ A+ —}
R c L ¢, C, 1oy, 2 R L R C
Z: R 1/jwC jwL (C1+ CY)fjwCCy jw(Ly+2L15) R+jwL R+1/jwC
0: 0 —7/2 +7/2 —m/2 +7/2 arctan(wL/R) —arctan(jwCR)
o SR ey S & L
1 Lc
2 R L RS'C 3
. . wL +jR 1 —jwCR jwL
Z: jwL—1 R+j(wL —1jwC LR———
JwL=1jw0) L =1jw0) R [ +w2C2R? 1~ W’LC
0: £7/2 arctan[(wL — 1/wC)/R] arctan(R/wL) —arctan(wCR) +7/2
—F—
qp—_m_F— L ]
RLC I s r ¢ I 6
1/R — j(wC — 1/wL) R+ jw[L(1 — w*LC) — CR?<= A+]B

"(/RP + (wC — L) (1 - WLCY + PC2R2

(R+1? + (WL — 1/wC)?

A= Rr(R+r)+ L%+ Rjw*C?
B=wLi*~R*|wC—(L/C) (wL—1/wC)

0: —arctan[R(wC — 1/wL)] arctan {w[L(1 —w?® LC) — CR?/R} arctan (B/A)

Resonance conditions for LC networks numbered 1-6 above, for w=wy=1/\/(LC):
(1) 12]=0,0=0; (2) [Z|=R, §=0; (3) | Z] =00, 0=0; (4) |Z|=R, w=0;
(5) |Z| = L/CR, § = —arctan(wCR) for R < wL; (6) |Z| =R (const.) for R=r=./(L/C)

Impedance and admittance loci If the characteristics of a
device or a circuit can be expressed in terms of an equivalent
circuit in which the impedances and/or admittances vary
according to some law, then the current taken for a given
applied voltage (or the voltage for a given current) can be
obtained graphically by use of an admittance or impedance
locus diagram.

In Figure 3.17(a), let OP represent an impedance Z =<«
R+jX and OQ the corresponding admittance ¥Y=G —jB.
Point Q is obtained from P by finding first the geometric
inverse point QSuch that OQ’ = 1/OP to scale, and then
reflecting OQ’<across the datum line to give OQ and thus a
reversed angle —#, a process termed complexor inversion. If Z
has successive values Zy, Z,, . . ., on the impedance locus, the
corresponding admittances Y|, Y>,..., lie on the admittance
locus. The inversion process may be point-by-point, but in
many cases certain propositions can reduce the labour:

(1) Inverse of a straight line—the geometric inverse of a
straight line AB about a point O not on the line is a circle
passing through O with its centre M on the perpendicular
OC from O to AB (Figure 3.17(b)). Then A’'Sis the
geometric inverse of A, B0f B, etc.; also, A is the inverse
of A’, B of B, etc.

Z—locus

X/\
\ /

(b)

Figure 3.17 Inversion

(2) Inverse of a circle—from the foregoing, the geometric
inverse of a circle about a point O on its circumference is a
straight line. If, however, O is not on the circumference,
the inverse is a second circle between the same tangents;
but the distances OM and OM’from the origin O to the
centres M and M'%of the circles are not inverses of each
other.



The choice of scales arises in the inversion process: for
example, the inverse of an impedance Z=150 / 70°X2 is
Y=0.02 / (=70°) S. It is usually possible to decide on a
scale by taking a salient feature (such as a circle diameter) as a
basis.

3.2.9.3 Power

The instantaneous power delivered to a load is the product of
the instantaneous voltage v and current i. Let v=v,, sin wt
and i =iy, sin(wt — ¢) as in Figure 3.18(a); then the instanta-
neous power is

P =} Vmim[cos ¢ — cos(2wt — ¢)]

This is a quantity fluctuating at angular frequency 2wiywith,
in general, excursions into negative power (i.e. that returned
by the load to the source). Over an integral number of
periods the mean power is

P = 1vminm cos gii= VIcos ¢

where V and 7 are r.m.s. values.
Now resolve i into the active and reactive components

ip = (im c0s ¢) sinwt and iq = (im sin ¢) sin(wt — 3 )

as in Figure 3.18(b); then the instantaneous power can be
written

P = (vm(im cos ¢) sin® wt — vy (im sin ¢) sin wt cos wt
Over a whole number of periods the average of the first term is
P =1Ly iy cos gy= VIcos ¢

giving the average rate of energy transfer from source to load.
The second term is a double-frequency sinusoid of average
value zero, the energy flow changing direction rhythmically
between source and load at a peak rate

Q =L vminmsingy= Vising
The power conditions thus summarise to the following:

Active power P The mean of the instantaneous power over
an integral number of periods giving the mean rate of energy
transfer from source to load in watts (W).

Reactive power Q  The maximum rate of energy interchange
between source and load in reactive volt-amperes (var).

Ny N\
¢

p=vi
At
h1%4 A4

(a) (b}

Figure 3.18 Active and reactive power
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Apparent power S The product of the r.m.s. voltage and
current in volt-amperes (V-A).

Both P and Q represent real power. The apparent power
S is not a power at all, but is an arbitrary product VI.
Nevertheless, because of the way in which P and Q are defined,
we can write

P + Q% = (VI)*(cos® ¢ sin? ¢) = (VI)*

whence S:\/(P2+ 0?), a convenient combination of mean
active power with peak power circulation.

Complex power The active and reactive powers can be
determined for voltage and current phasors by

S=P+jQ=VI* or S=V*I

using the conjugate of either 7 or V.

Power factor The ratio of active to apparent power,
P/S=cos ¢for sinusoidal conditions.

3.2.9.4 Resonance

A condition of resonance occurs when the load contains two
forms of energy-storing element (L and C) such that, at the
frequency of operation, the two energies are equal. The
reactive power requirements are then satisfied internally, as
the inductor releases energy at the rate that the capacitor
requires it. The source supplies only the active power demand
of the energy-dissipating load components, the load externally
appearing to be purely resistive.

Acceptor resonance The series RLC circuit in Figure 3.19(a)
has, at angular frequency w, the impedance Z= R+ jJX,
where X is wL—1/wC, which for w=wy=1/\/(LC) is zero.
The impedance is then Z=R and the input current has
a maximum /I,=V/R, conditions of acceptor resonance.
Internally, large voltages appear across the reactive com-
ponents, viz.

VL = I()u)L = VWQ(L/R) and Vc = Io(l/u)()c) = V/u)()(CR)<:

The terms L/R and 1/CR are the time constants of the reactive
elements, and woL/R is the Q value of a practical inductor of

o
€
€

o
€

Figure 3.19 Resonance
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inductance L and loss-resistance R. The Q value may be large
(e.g. 100) for resonance at a high frequency.

Rejector resonance  This occurs in a parallel combination of L
and C, the energies circulating around the closed LC loop. If
in Figure 3.19(b) the resistance R is zero, the terminal input
admittance vanishes at angular frequency wy=1 /\/ (LO),
with wyC = 1/woL and an input susceptance B=0. Where the
circuit contains resistance R the resonance conditions are less
definite. Three possible criteria are: (i) wo= 1/\/ (LC), (i1)
the input admittance is a minimum, and (iii) the input
admittance is purely conductive. All three criteria are satisfied
simultaneously in the simple acceptor circuit, but differ in
rejector conditions; however, where resonance is an intended
property of the circuit, the differences are small.

Some expressions for resonance are given for six circuit
arrangements in Table 3.3.

3.2.10 Non-sinusoidal alternating quantities

Periodic but non-sinusoidal currents occur: (i) with non-sinu-
soidal e.m.f. sources, (ii) with sinusoidal sources applied to
non-linear loads, and (iii) with any combination of (i) and (ii).

3.2.10.1 Fourier series

Any univalued periodic waveform can be represented as a
summation of sine waves comprising a fundamental, where
frequency is that of the periodic occurrence, and a series of
harmonic waves of frequency 2, 3,..., n times that of the
fundamental. The Fourier series for a periodic function
y=f(x) takes either of the following equivalent forms:

() y=co+asin(x+ao))+csinx+ay) +--- <=
(2) y=rco+aicosx + aycos2x + - - - + a, cos nx
+ by sinx + by sin2x + - - - + b, sinnx

where ¢, is a constant, c,,:\/(a,12+b,12) and «,=<

arctan (a,/b,). The coefficients of the terms are given by

ux’

co=(1/2m)4q f(x) dx =mean of the wave over one period
At

ay=(1/m)4 f(x)cos nx dx

by =(1/m)4 f(x)sin nx dx

These can be evaluated mathematically for simple cases. The
work may sometimes be reduced by inspection: thus ¢y =0 for
a wave symmetrical about the baseline; or only odd-order
harmonics may be present.

3.2.10.2 Analysis

The series for a range of mathematically tractable waveforms
are given in Table 1.10. For experimentally derived waveforms
there are several methods, but none yields the amplitude of
higher order harmonics without considerable labour, unless a
computer program is available.

A particular harmonic, say the nth, may be found by
superimposing n copies of the wave, displaced relatively
by 2n/n, 4x/n,..., and adding the corresponding ordinates.
The result is a wave of frequency # times that of the harmonic
sought (with the addition, however, of harmonics of orders
kn where k is an integer). The method gives also the phase
angle .

0

+

‘1 2n »! _

Figure 3.20 Graphical harmonic analysis
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A semi-graphical method is shown in Figure 3.20. The base
of a complete period 2miis divided into m parts, the cor-
responding ordinates being yo, v, V2, ..., V. Construct axes
OA and OB; set out the radii yy to y,, (=)o) at angles 0,
2nmw/m, 4nmim,..., from the axis OA. Then project the
extremities horizontally (p) and vertically (¢), and take the
sum of the two sets of projections with due regard to their
sign. Then for the nth harmonic

2 m—1 2 m—1
a, :é;: and b, :é;:
) T

The labour is reduced if 27/m is a simple fraction of 2, for
then some groups of radii are coincident.

3.2.10.3 Power

The r.m.s. value of a current

i=1+isin(wt + 1) + i sinQQwt + ap) + -+ - <

is obtained from the square root of the average squared
value, resulting in

I=yIF+id+id+ ) =G+ +5+-) <
where 1) =1i/\/2, L=1/\/2, etc., are the r.m.s. values of

the individual harmonic components. The r.m.s. voltage is
obtained in a similar way.

Power
voltage
v =y sin(wf + ap) + v sinQwt + ) + - - <=

The instantaneous power p in a circuit with an applied

producing a current
I1=1 sin(wt+a1 — qf)]) + 1 sin(2wl+a2 — 4252) + &=
is the product vi: this includes (i) a series of the form

Pn)=

all terms of which have a fundamental-period average
%v,,i,, cos ¢,; and (ii) a series of the form

iy sin(nwt + ay,) sin(nwt + o, —

Vpig sin(pwt + o) sin(qut + oy — ¢g)<=

which, over a fundamental period, averages zero. Power is
circulated by a voltage and a current of different frequencies,
but the circulation averages zero. The mean (active) power is
therefore

P=1Lviicosgr +Livircosgy + -+ Lviscosg, + - =
= Vilycos¢) + Valhcospy + -+ Vyl,cosp, + -+ - <=

where the capital letters denote component r.m.s. values.
Thus the harmonics contribute power separately.



Power factor The ratio of the active power P to the
apparent power S is

P/S=Vilicosdy + -+ Vyl,cosd, +---)/VI

This may be less than unity even with all phase angles zero if
the ratio V,,/I, is not the same for each component. Where the
applied voltage is a pure sinusoid of fundamental frequency
there can be no harmonic powers; the active power is
P="V11I cos ¢;. Then

P/S: (V][] COS@])/V1[: ([1/1)(305(;51

where  I/I=1/JU2+L*+---+1}) =6, the distortion
factor. The overall power factor is consequently 6wos ¢;. This
is typical of circuits containing non-linear elements.

3.2.11 Three-phase systems

A symmetrical m-phase system has m source e.m.f.s, all
of the same waveform and frequency, and displaced 27/m
rad or 1/m period in time; m is most commonly 3, but is
occasionally 6, 12 or 24.

Symmetric three-phase system 1In Figure 3.21(a) the sym-
metric sinusoidal three-phase system has source e.m.f.s in
phases A, B and C given by

€y =emsinwt; ey, = ey sin(wt —27/3); e. =epsin(wt —47/3)<

The instantaneous sum of the phase e.m.f.s (and also the
phasor sum of the corresponding r.m.s. phasors E,, E, and E.)
is zero.

Asymmetric three-phase system The asymmetric system in
Figure 3.21(b) has, in general, unequal phase voltages and
phase displacements. Such asymmetry may occur in machines
with unbalanced phase windings and in power supply systems
when faults occur; the usual method of dealing with asym-
metry is described in Section 3.2.12. Attention here is confined
to the basic symmetric cases.

27/3
Eb

(a) Symmetric

(b) Asymmetric

Figure 3.21 Three-phase systems
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3.2.11.1 Phase interlinkage

While individual phase sources can be used separately, they
are generated in the same machine and are normally inter-
linked. Using r.m.s. phasors, let the e.m.f. in a generator
winding XY be such as to drive positive current out at X: then
X is positive to Y and its e.m.f. Exy is represented by an arrow
with its point at X. The e.m.f. Eyx between terminals Y and
X is therefore —Exy. Further, when two windings XN and
YN have a common terminal N, the e.m.f.s are

XtoY: EXY = EXN — EYN
Y to X: ny = EYN — EXN = 7EXY

Common phase interconnections are shown in Figure 3.22.

3.2.11.2 Star

Let the phase e.m.f.s be E,,, Ey, and E., with an arbitrary
positive direction outward from the star-point N. Then the line
e.m.f.s are

Eso = Ean — Epn; Ebe = Eon — Ecn; Eca = Ecn — Ean

These are of magnitude /3 times that of a phase e.m.f., and
provide a symmetric three-phase system of line e.m.f.s, with
E,p leading E,, by 30°. Thus E;=./3 Ep, and ;= Iy, the
subscripts 1 and ph referring to line and phase quantities

respectively.

A
c / Ecn
N
N
B8
Star Phase Line be
P
cQ O a Eab
E
120°
O
Delta P Phase/line
Ebc
A %E,
c 7
-
Ecn Ebn
Intercon- B Phase

nected star

Figure 3.22 Three-phase interconnections
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3.2.11.3 Delta

The line-to-line e.m.f. is that of the phase across which the
lines are connected. The line current is the difference of
the currents in the phases forming the line junction, so that the
relations for symmetric loading are E} = E,,, and [} = \/ 3 I

3.2.11.4 Interconnected star

A line-to-neutral e.m.f. comprises contributions from suc-
cessive half-phases and sums to %\/3 of a complete phase
e.m.f. The line-to-line e.m.f. is 14 times the magnitude of
a complete phase e.m.f. and the line current is numerically
equal to the phase current.

3.2.11.5 Power

The total power delivered to or absorbed by a polyphase
system, be it symmetric and balanced or not, is the algebraic
sum of the individual phase powers. Consider an m-phase
system with instantaneous line currents iy, i, . . ., i,, the alge-
braic sum of which is zero by the Kirchhoff node law. Let the
voltages of the input (or output) terminals, with reference
to a common point X, be vi — vy, v —Vx,..., v, — Vx; then
the instantaneous powers will be (vi — vy )i, (v2— Vi, ...,
(Vyn —<%)i,, Which together sum to the total instantaneous
power p. There is no restriction on the choice of X; it can be
any of the terminals, say M. In this case v,,,— vx=v,, — v,,=0,
and the power summation has only m—1 terms. The average
power over a full period T is, therefore,

P= (I/T) [(Vl - V,,1)i1 +-+ (mel - Vm)l.mfl] dr

The first term of the sum in brackets represents the indication
of a wattmeter with /; in its current circuit and v; — v,,, across
its volt circuit, i.e. connected between terminals 1 and M. It
follows that three wattmeters can measure the power in a
three-phase four-wire system, and two in a three-phase three-
wire system. Some of the common cases are listed below.

(1) Three-phase, four-wire, load unbalanced—The connec-
tions are shown in Figure 3.23(a). Wattmeters W, W,

Figure 3.23 Three-phase power measurement

and W3 measure the phase powers separately. The total
power is the sum of the indications:

P=P + P+ P;

Three-phase, four-wire, load balanced—with the connec-
tions shown in Figure 3.23(a), all the meters read the
same. Two of the wattmeters can be omitted and the
reading of the remaining instrument multiplied by 3.
(3) Three-phase, three-wire, load unbalanced—two watt-
meters are connected with their current circuits in any
pair of lines, as in Figure 3.23(b). The total power is the
algebraic sum of the readings, regardless of waveform.
A two-element wattmeter summates the power automa-
tically; with separate instruments, one will tend to read
reversed under certain conditions, given below.
(4) Three-phase, three-wire, load balanced—with sinusoidal
voltage and current the conditions in Figure 3.23(c) obtain.
Wattmeters W, and W, indicate powers P, and P, where

Py = Vaply cos (30° + ¢) = V11, cos (30° 4 ¢)
Py = Vepl.cos(30° — ¢) = V11 cos (30° — ¢)
The total active power P= P;+ P, is therefore

P =V I[cos(30° + @) + cos (30° — ¢)] = \/3V11 cos pp
where cos ¢uis the phase power factor. The algebraic
difference is P;—P,= VI, sin ¢, whence the reactive
power is given by

0 = 3V I sin = /3(P1 — P2)

and the phase angle can be obtained from ¢ =arctan
(Q/P). For ¢ =0 (unity power factor) both wattmeters
read alike; for ¢ =60°{power factor 0.51lag) W, reads
zero; and for lower lagging power factors W, tends to
read backwards.

@

~

The active power of a single phase has a double-
frequency pulsation (Figure 3.18). For the asymmetric
two-phase system under balanced conditions and a phase dis-
placement of 90°, and for all symmetric systems with m =3
or more, the total power is constant.

3.2.11.6 Harmonics

Considering a symmetrical balanced system of three-phase
non-sinusoidal voltages, and omitting phase displacements
(which are in the context not significant), let the voltage of
phase A be

Vo = vy Sin wt + vy sin 2wt + vy sin 3wt + - - &

Writing wt — %mﬁmd wt — %w, respectively, for phases B and
C, and simplifying, we obfain

vy = vy sin wt + vy sin 2wt + v sin 3wt + -+ - <=

vp = vy sin (wf —2m) + vy sin 2(wt —4m) + vysin Bwi 4o &=

ve = vy sin (wf —im) + vy sin 2(wt —2m) + v3sin Bwi 4o =

The fundamentals have a normal 27/3 rad (120°) phase rela-
tion in the sequence ABC, as also do the 4th, 7th, 10th,...,
harmonics. The 2nd (and 5th, 8th, 11th,...) harmonics have
the 27/3 rad phase relation but of reversed sequence ACB.
The triplen harmonics (those of the order of a multiple of 3)
are, however, co-phasal and form a zero-sequence set.

The relation VI:\/ 3 Vpn in a three-phase star-connected
system is applicable only for sine waveforms. If harmonics
are present, the line- and phase-voltage waveforms differ
because of the effective phase angle and sequence of the har-
monic components. The nth harmonic voltages to neutral in
two successive phases AB are v, sin nwt and v, sin n(wt — %ﬂ'),



and between the corresponding line terminals the nth
harmonic voltage is 2v, sin n(%w). For triplen harmonics
this is zero; hence no triplens are present in balanced line
voltages because, in the associated phases, their components
are equal and in opposition. In a balanced delta connection,
again no triplens are present between lines: the delta forms a
closed circuit to triplen circulating currents, the impedance
drop of which absorbs the harmonic e.m.f's.

3.2.12 Symmetrical components

Figure 3.21(a) shows the sine waves and phasors of a
balanced symmetric three-phase system of e.m.f.s of
sequence ABC. The magnitudes are equal and the phase
displacements are 27/3 rad. In Figure 3.21(b), the asym-
metric sine waveforms have also the sequence ABC,
but they are of different magnitudes and have the phase dis-
placements «, Siyand «. Problems of asymmetry occur in the
unbalanced loading of a.c. machines and in fault conditions
on power networks. While a solution is possible by the
Kirchhoff laws, the method of symmetrical components
greatly simplifies analysis.

Any set of asymmetric three-phase e.m.f.s or currents can
be resolved into a summation of three sets of symmetrical
components, respectively of positive phase-sequence (p.p.s.)
ABC, negative phase-sequence (n.p.s.) ACB, and zero
phase-sequence (z.p.s.). Use is made of the operator «,
resembling the 90°“operator j (Section 3.2.9.1) but implying
a counter-clockwise rotation of 27/3 rad (120°). Thus

=1 £120° =4(-14jy/3)

ath=1/240° = (-1 -jy3)

ah=1/360° =1+j0

1 + ot atp=0

A symmetric three-phase system has only p.p.s. components
E, = Euw; By = ol

whereas an asymmetric system (Figure 3.24) comprises the
three sets

Ec=aEy <

z.p.sp Eyo;  Evo = Eao;  Eco = Eao
p-ps¥ Eyy;  Epy = aﬁEa-%—; Ee =abyie
npsy Ey,; Ey =ak; E =ik, o

where the subscripts 0, + and — designate the z.p.s., p.p.s.
and n.p.s. components, respectively. The p.p.s. and the
n.p.s. components sum individually to zero. Therefore, if
the originating phasors E,, Ey, E. also sum to zero there
are no z.p.s. components; if they do not, their residual is
the sum of the three z.p.s. components.

The asymmetrical phasors have now been reduced to the
sum of three sets of symmetrical components:

Ey=Eu + Es + Ea e

Ey = Evo + Ebt + Eb—<

Ee=Ee+ Eey + Ee e

The components are evaluated from the arbitrary identities
E,=Z+P+N

E, =Z+ odP + aN

E.=Z+aP+ N

where

Z=(E,+Ev+E)/3
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Figure 3.24 Symmetrical components

P = (E, + aEy + oAE)/3
N = (E, + olEy, + aE.)/3

Figure 3.24 is drawn for an asymmetric system with
voltages E, =200, E,=100 and E.=400V, and phase-
displacement angles §=90°7 =120 and ~=150°F
In phasor terms,
E, =200 /0°=200+j0V
E, =100 / (—90°) =0 —jl00V
E. =400 / 150° = —346 +j200V
Then
Z = (200 —j100 — 346 + j200)/3 = —49 +j33 = Ey
P = (2004 87 +j50 + 347 +j200)/3 = 211 +j83 = Ey;
N = (200 — 87 +j50 — j400)/3 =38 — jl117 = Ep_«
The summation E, g+ FE,, +E, =200+j0=FE,. The

p.p.s and n.p.s. components of E, and E. are readily
obtained.

3.2.12.1 Power

In linear networks there is no interference between currents
of different sequences. Thus p.p.s. voltages produce only
p.p.s. currents, etc. The total power is therefore

P= Pa + Pb +Pc
=3(Volpcos o + Vil cosdy + V_I_cosp_)<

This is equivalent to the more obvious summation of phase
powers
P =V,I,cos ¢, + Vil cos ¢y + Vil cos ¢

Symmetrical-component techniques are useful in the ana-
lysis of power-system networks with faults or unbalanced
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loads: an example is given in Section 3.3.4. Machine perfor-
mance is also affected when the machine is supplied from an
asymmetric voltage system: thus in a three-phase induction
motor the n.p.s. components set up a torque in opposition
to that of the (normal) p.p.s. voltages.

3.2.13 Line transmission

Networks of small physical dimensions and operated at low
frequency are usually considered to have a zero propagation
time; a current started in a closed circuit appears at every
point in the circuit simultaneously. In extended circuits,
such as long transmission lines, the propagation time is sig-
nificant and cannot properly be ignored.

The basics of energy propagation on an ideal loss-free line
are discussed in another section. Propagation takes place as a
voltage wave v accompanied by a current wave i such that
v/i=zy (the surge impedance) travelling at speed u. Both z,
and u are functions of the line configuration, the electric and
magnetic space constants ¢y and p, and the relative permit-
tivity and permeability of the medium surrounding the line
conductors. At the receiving end of a line of finite length, an
abrupt change of the electromagnetic-field pattern (and there-
fore of the ratio v/i) is imposed by the discontinuity unless the
receiving-end load is z,, a termination called the natural load
in a power line and a matching impedance in a telecommuni-
cation line. For a non-matching termination, wave reflection
takes place with an electromagnetic wave running back
towards the sending end. After many successive reflections
of rapidly diminishing amplitude, the system settles down
to a steady state determined by the sending-end voltage,
the receiving-end load impedance and the line parameters.

3.2.13.1 A.c. power transmission

The steady-state condition considered is the transfer of a
constant balanced apparent power per phase from a genera-
tor at the sending end (s) to a load at the receiving end (r) by
a sinusoidal voltage and current at a frequency f=w/2m.
The line has uniformly distributed parameters: a conductor
resistance r and a loop inductance L effectively in series,
and an insulation conductance g and capacitance C in
shunt, all per phase and per unit length. The series impe-
dance, shunt admittance and propagation coefficient per
unit length are z=r+jwl, y=g+jwC and vi= /(y2),
respectively. For a line of length / the overall parameters
are z/=Z7, yl=Y and [\/(yz) = \/(YZ) = ~I. The solution
for the receiving-end terminal conditions is in terms of
V/(YZ) and its hyperbolic functions as a two-port:

Vi=ViA+1.B=V,cosh(\/YZ) + Lz sinh(,/YZ)«<=
I, = V,C + I,D = V,(1/z) sinh(y/ YZ) + I, cosh(y/ YZ )<=

Using the hyperbolic series (Section 1.2.2) and writing
20 =4/(Z/Y), we obtain for a symmetrical line

A=1+YZ/2+(YZ) /24 + - =D
B=Z[l+YZ/6+ (YZ)*/120+---] <
C=Y[1+YZ/6+(YZ)/120 +---] =

The significance of the higher powers of YZ depends on:
(i) the line configuration, (ii) the properties of the ambient
medium, and (iii) the physical length of the line in terms of
the wavelength A =u/f. For air-insulated overhead lines the
inductance is large and the capacitance small: the propaga-
tion velocity approximates to # = 3x 10> km/s (corresponding
to a wavelength A = 6000 km at 50 Hz), with a natural load z,

No load
V.=V.A

%

-
'

r

Figure 3.25 Transmission-line phasor diagram

of the order of 400-500 2. Cable lines have a low inductance
and a large capacitance: the permittivity of the dielectric
material and the presence of armouring and sheathing result
in a propagation velocity around 200 km/s, a surge impe-
dance below 1002, and the possibility (in high-voltage
cables) that the charging current may be comparable with
the load current if the cable length exceeds 25-30 km.

For balanced three-phase power transmission, the
general equations are applied for the line-to-neutral voltage,
line current and phase power factor. Phasor diagrams for
the load and no-load (Z,=0) receiving-end conditions for
an overhead-line transmission are shown in Figure 3.25,
with V; as datum. On no load, Vy="V,4, and as 4 has a
magnitude less than unity and a small positive angle «, the
phasor VA is smaller than V; and leads it by angle «: thus
V> Vs, the Ferranti effect. For the loaded condition, I.B is
added to VA4 to give V. Similarly V,C is added to I.D to
obtain 7.

The product VI, =I(V,—V.A) is the receiving-end com-
plex apparent power S;. Let Vlead V. by angle 6; then the
receiving-end load has the active and reactive powers P, and

0, given by
P, = (ViV:/B)cos(0 — 3) — (V2A/B) cos(Bis a)<=
O:(VsV:/B)sin(0 — ) + (V7 A/B) sin(B¢- a) <

where aiand (yare the angles in the complexors 4 and B.
The importance of B (roughly the overall series impedance)
is clear.

Line chart Operating charts for a transmission circuit can
be drawn to relate graphically Vg, V;, P, and Q., using the
appropriate overall ABCD parameters (e.g. with terminal
transformers included).

Receiving-end chart A receiving-end chart gives active and
reactive power at the receiving end for V. constant (Figure
3.26(a)). The co-ordinates (x, y) and the radius (r) of the
constant-voltage circles are

x = —V2(4/B)cos(fi- a)<=

y= —Vrz(A/B) sin(f- )<=
r=V,V:/B

where A and B are scalar magnitudes, and aiyand [ithe
angles in 4 and B. For a given V, the chart comprises a
family of concentric circles, each corresponding to a parti-
cular V. If a given receiving-end load is located by its
active and reactive power components, Vy is obtained
from the corresponding V circle.
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Figure 3.26 Line charts

Sending-end chart For a given Vy the sending-end chart
comprises a family of circles as shown in Figure 3.26(b),
each circle corresponding to a particular V.. Load points
outside the envelope of these circles cannot be supplied at
the V for which the chart is drawn.

3.2.13.2 Short line

For an overhead interconnector line the capacitive shunt
admittance is neglected, reducing the general parameters to
A=D=1, B=Z=R+jX and C=0. The operating con-
ditions are those in Figure 3.27, with a receiving-end voltage
V. (taken as reference phasor), a sending-end voltage Vg and
a load current [ at a lagging phase angle ¢uwith respect to
V: and having active and reactive components respectively
I, and 1. Then

Ve=Ve+ (I, —jlg)(R+]X) <
=Vi+ bR+ 1X) +j(lpX —IR) =V, +v+ju

To a close approximation, v is the difference of the voltages
Vs and V., while u determines their phase difference
(or transmission angle). The regulation and angle are therefore
v/ Vs p-u. and 6 = arctan(u/V;) rad.

Suppose that V.=V then v=0 giving I,=—I,(R/X),
and  u=LX[L+(R/X)Y]  giving  O=arctan(l,/V)
[1+ (R/X)*]. The consequences are that (i) for a receiving-
end active power P the load must be able to absorb a leading
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Figure 3.27 Operating conditions for a short transmission line

reactive power Q = P(R/X), and (ii) the transmission angle is
determined largely by X. If R/X'=0.5, typical of an overhead
line, then Q=0.5P and @#=arctan[1.25 X(I,/Vy)]. With
interconnector cables the R/X ratio is usually greater than
unity and shunt capacitance current is no longer negligible.

Independent adjustment of Vg and V; is not feasible, and
effective load control requires adjustment of v (e.g. by trans-
former taps) and of u (e.g. by quadrature boosting).

3.2.14 Network transients

Energy cannot be instantaneously converted from one form
to another, although the time needed for conversion can be
very short and the conversion rate (i.e. the power) high.
Change between states occurs in a period of transience
during which the system energies are redistributed in
accordance with the energy-conservation principle (Section
1.3.1). For example, in a simple series circuit of resistance R,
inductance L and capacitance C connected to a source of
instantaneous voltage v, the corresponding rates of energy
input, dissipation (in R) and storage (in L and C) are related
by

p =vi= Rii + [L(di/dt)i + (q/C)i]<=

Dividing by the common current i and writing the capacitor
charge ¢ as the time-integral of the current gives the voltage
equation

v = Ri+ L(di/di) + (1/C) [i dt

and any changes in the parameters or in the applied voltage
demand changes in the distribution of the circuit energy.
The integro-differential equation can be solved to yield
both steady-state and transient conditions.

In practical circuits the system may be too complex for
such a direct solution; the following methods may then be
attempted:

(1) formal mathematics for simple cases with linear
parameters;

(2) simplification, e.g. by linearising parameters or by
neglecting second-order terms;

(3) writing a possible solution based on the known physical
behaviour of the system, with a check by differentiation;

(4) setting up a model system on an analogue computer; or

(5) programming a digital computer to give a solution by
iteration.

3.2.14.1 Classification

Where the system has only one energy-storage component,
single-energy transients occur. Where two (or more) different
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storages are concerned, the transient has a double-
(or multiple-) energy form. Transients may occur in the
following circumstances.

(1) Initiation—a system, initially dead, is energised.

(2) Subsidence—an initially energised system is reduced to a
zero-energy condition.

(3) Transition—a change from one state to another, where
both states are energetic.

(4) Complex—the superposition of more than one distur-
bance.

(5) Relaxation—transition between
reached, are themselves unstable.

states that, when

Further distinctions can be made, e.g. between linear and
non-linear parameters, neglect or otherwise of propagation
time within the system, etc. Attention here is mainly confined
to simple electric networks with constant parameters and, by
analogy (Section 1.3.1), to corresponding mechanical systems.

3.2.14.2 Transient forms

During transience, the current i for an impressed voltage
stimulus »(f) is considered to be the superposition of a
transient component /i, and a final steady-state current i, so
that at any instant i=i;+ i;. Alternatively, the voltage v for
an impressed current stimulus i) is the summation
v=vs+v. The quantities i or v, are readily derived by
applying the appropriate steady-state technique. The form
of i, or v, is characteristic of the system itself, is independent of
the stimulus and comprises exponential terms k exp(Af) where
k depends on the boundary conditions. This is the case
because of the fixed proportionality between the stored energy
1 Lz and the rate of energy d1551pat10n R#*in an RL circuit;
dnd similarly for 1 Cv and v*/R in an RC circuit. Hence the
transient form can be obtained from a case in which the final
steady state is of zero energy, i.e. a subsidence transient.

The subsidence transient in a single-energy (first-order)
system having the general equation dy/d¢+ay=0 can be
found by substituting \tbor d/d¢ to give Ay + ay =0, whence
A= —a. Then the solution is

= kexp(At) = kexp(—at)<=

a simple exponential decay as in Figure 1.2 of Section 1.2.2. For
a double-energy (second-order) system the basic equation is

d’y/de + a(dy/de) + by =€ or A+ a\gr b =&

The quadratic in Atvhas two roots, A\; and \,, and the
solution has a pair of exponential terms that depend on the
relation between a and b. For a multiple-energy (nth-order)
system there will be n roots. From Section 1.2.2 it will be
seen that exponential terms can represent oscillatory as well
as decay forms of response.

Single-energy system Consider the RL circuit shown in
Figure 3.28, subsequent to closure of the switch at 1=0.
The transient current form is obtained from L(di/d¢) + Ri=0,
or LAi+ Ri=0, giving A= —R/L. Then

iy =4eexp[—t(R/L)] =4eexp(—1/T)<=

where 7= L/R is the time-constant. The final steady-state
current depends on the source VOltdgC v. In Figure 3.28(a),
with v="V, a constant direct voltage, i;= V/R. Immediately

after switching, with ¢ =0+, the current i is still zero because
the inductance prevents any instantaneous rise. Hence

i=d+i =#/R+kexp(—0)=V/R+k
so that k =—(V/R). From ¢ =0 the current is, therefore,
i =g+ i = (V/R)[1 — exp(—1/ )}

iy (a)
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Figure 3.28 Transients in an inductive—resistive circuit

(b)

The two terms and their summation are shown in Figure
3.28(a).

If, as in Figure 3.28(b), the source voltage is sinusoidal
expressed by v=v,, sin(wt — «) and again switching occurs
at r=0, the form of the transient current is unchanged, but
the final steady-state current is

is = (vm/Z)<sin(wt — a — ¢)<=
where Z=/(R*+w’L?) and ¢ =arctan(wL/R). At 1 =@+«
i =ds iy = (v /Z) sin(—at- §) + k =&

which gives k= —(v,,/4) sin(—a—¢). The final steady-state
and transient current components are shown in Figure
3.28(b) with their resultant. Initially the current is asym-
metric, but subsequently the decay of i; allows the current
to approach the steady-state condition.
If wL > R, then approximately ¢u=
closed at v=0 for which «=0. Then t

i = (vm/wL)[sin(wt — ) + 1]

which raises i to twice the normal steady-state peak when
t reaches a half-period: this is the doubling effect. However,
if the switch is closed at a source-voltage maximum, the
current assumes its steady-state value immediately, with
no transient component.

Summary for an RL circuit The transient current has a
decaying exponential form, with a value of k such that,
when it is added to the final steady-state current, the initial
current flowing in the circuit at =0 is obtained. (In both
of the cases in Figure 3.28 the initial current is zero.) Thus
if the initial circuit current is 10 A and the final current is
25 A, the value of kis —15A.

For the CR circuit in Figure 3.29, the form of the transi-
ent is found from Ri+ g/C=0; differentiating, we obtain

R(di/df) + (1/C)i=0 or RM4 1/C =&

from which A=—1/CR=—1/T, where T=CR is the time-
constant. Thus i, =k exp(—t/T). With the capacitor initially
uncharged and a source direct voltage } switched on at t=0,

I =45+ i =€+ kexp(—1t/T)<=

. Let the switch be
e current is
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Figure 3.29 Transients in a capacitive—resistive circuit

As this must be V/R at t=0+, then k=V/R, as shown
in Figure 3.29(a). In Figure 3.29(b) the initiation of a CR
circuit with a sine voltage is shown.

Summary for an RC circuit The transient current is a
decaying exponential k exp(—¢/7T). The initial current is
determined by the voltage difference between the voltage
applied by the source and that of the capacitor. (In Figure
3.29 the capacitor is in each case uncharged.) If this p.d. is
Vo, then the initial current is Vy/R.

Double-energy system A typical case is that of a series
RLC circuit. The transient form is obtained from L(di/df)
+ Ri+ q/C =0, differentiated to

d%i/de® + (R/L)(di/df) + (1/LC)i =0

Thus A%+ (R/L)A + 1/LC =0 is the required equation, with
the roots

2 1 1/2
AL, A
N )
The resulting transient depends on the sign of the quantity
in parentheses, i.e. on whether R/2L is greater or less than
1/\/(LC). Four waveforms are shown in Figure 3.30.

(1) Roots real: R > 2,/(L/C). The transient current is uni-
directional and results from two simple exponential
curves with different rates of decay.

A

R> 2\/(L/C) R<2/(L/C)

~o k exp (—R/2L)t
-~ - (\

R=0 w,=1A/(LC)

R<2,/(L/C)

Figure 3.30 Double-energy transient forms
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(2) Roots equal: R=2./(L/C). This has more mathematical
than physical interest, but it marks the boundary
between unidirectional and oscillatory transient current.

(3) Roots complex: R < 2,/(L/C). The roots take the form
—a =+ jwy, and the transient current oscillates with the
interchange of magnetic and electric energies respect-
ively in L and C; but the oscillation amplitude decays
by reason of dissipation in R. With R =0 the oscillation
persists without decay at the undamped natural fre-
quency w, = 1/\/(LC).

Pulse drive The response of networks to single pulses
(or to trains of such pulses) is an important aspect of data
transmission. An ideal pulse has a rectangular waveform of
duration (‘width’) ¢,,. It can be considered as the resultant of
two opposing step functions displaced in time by ¢, as in
Figure 3.31(a).

In practice a pulse cannot rise and fall instantaneously,
and often the amplitude is not constant (Figure
3.31(b)). Ambiguity in the precise position of the peak
value ¥, makes it necessary to define the rise time as the
interval between the levels 0.1 ¥}, and 0.9 V},. The tilt is the
difference between V, and the value at the start of the trail-
ing edge, expressed as a fraction of V.

The response of the output network to a voltage pulse
depends on the network characteristics (in particular its time-
constant 7') and the pulse width #,. Consider an ideal input

09 Vp - ; Tilt
Timet Y

Leading Trailing

edge edge

0.1Vp_

(a) (b)

Yo C R<tp CR>t
t /
]
CR>t,

CR<tp

Vi I CR>ID
I l‘_tp Yo ‘

(c) (d)

Figure 3.31 Pulse drive
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voltage V; of rectangular waveform applied to an ideal low-
pass series network (Figure 3.31(c)), the output being the
voltage vy across the capacitor C. Writing p for d/dz, then

vw 1/pc 1 1
Vii R+1/pC  1+pCR 1+pT

where 7= CR is the network time-constant. This represents
an exponential growth vy=Vj[l —exp(—t/T)] over the
interval ¢,. The trailing edge is an exponential decay, with
t reckoned from the start of the trailing edge. Three typical
responses are shown. For CR < 1, the output voltage
reaches Vj; for CR >, the rise is slow and does not reach
Vi; for CR > t, the rise is almost linear, the final value is
small and the response is a measure of the time-integral of
Vi

With C and R interchanged as in Figure 3.31(d) to give a
high-pass network, the whole of V; appears across R at the
leading edge, falling as C charges. Following the input pulse
there is a reversed v, during the discharge of the capacitor.
The output/input voltage relation is given by

vo R _,pCR pT

Vim R+1/pC "~ 1+pCR ™ 1+pT

For CR > 1, the response shows a tilt; for CR < t, the
capacitor charges rapidly and the output vy comprises
positive- and negative-going spikes that give a measure
of the time-differential of V;.

3.2.14.3 Laplace transform method

Application of the Laplace transforms is the most usual
method of solving transient problems. The basic features
of the Laplace transform are set out in Section 1.2.7 and
Table 3.4, which gives transform pairs. The advantages of
the method are that: (1) any stimulus, including discontinu-
ous and pulse forms, can be handled, (2) the solution is
complete with both steady-state and transient components,
(3) the initial conditions are introduced at the start, and
(4) formal mathematical processes are avoided.

Consider the system in Figure 3.28(a). The applied direct
voltage V' has the Laplace transform V(s) = V/s; the opera-
tional impedance of the circuit is Z(s) = R+ Ls. Then the
Laplace transform of the current is

Veey 1y
1) =225’ Tt RiD<

The term V/L is a constant unaffected by transformation.
The term in s is almost of the form a/s(s + a). So, if we write

V a
I(s) = <
(5) aL s(s+ a)<

where a = R/L =1/T, the inverse Laplace transform gives
i(t) = (V/aL)[l — exp(—at)] = (V/R)[l — exp(—1/T)]«=

which is the complete solution. More complex problems
require the development of partial fractions to derive
recognisable transforms which are then individually
inverse-transformed to give the terms in the solution of i(¢).

3.2.15 System functions

It is characteristic of linear constant-coefficient systems that
their operational solution involves three parts: (i) the excita-
tion or stimulus, (ii) the output or response and (iii) the
system function. Thus in the relation I(s)= V(s)/Z(s) for
the current in Z resulting from the application of V, 1/Z(s)
is the system function relating voltage to current. For the simple
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Figure 3.32 System functions

electrical system shown in Figure 3.32(a) the system function
Y(s) relating V(s) to I(s) in I(s)=WV(s)Y(s) is Y(s)=
1/(R+ Ls+ 1/Cs). Different functions could relate the
capacitor charge or the magnetic linkage in the inductor to
the transform V(s) of the stimulus v(¢).

The mechanical analogue (Figure 3.32(b)) of this elec-
trical system, as indicated in Section 1.3.1, has a system trans-
fer function to relate force f{¢) to velocity u(¢) of the mass m
and one end of the spring of compliance k in the presence of
viscous friction of coefficient . Then F(s) and U(s) are the
transforms of f{(¢) and u(z), and the operational ‘mechanical
impedance’ has the terms ms, 1/ks and r. In general, an
input 6;(s) and an output 6,(s) are related by a system trans-
fer function KG(s) (Figure 3.32(c)), where K is a numerical
or a dimensional quantity to include amplification or the
value of some physical quantity (such as admittance). The
transform of the integro-differential equation of variation
with time is expressed by the term G(s). The system is then
represented by the block diagram in Figure 3.32(c);
i.e. 05(5)/6i(s) = KG(s).

A number of typical system transfer functions for rela-
tively simple systems are given in Table 3.4.

The output of one system may be used as the input to
another. Provided that the two do not interact (i.e. the
individual transfer functions are not modified by the
connection) the overall system function is the product
[K1G(s)] x<K>Go(s)] of the individual functions. If the
systems are paralleled and their outputs are additively
combined, the overall function is their sum.

3.2.15.1 Closed-loop systems

In Figure 3.32, parts (a), (b) and (c) are open-loop systems.
However, the output can be made to modify the input by
feedback through a network K;G(s) as in (d). The signal

Or(s) = [KrGr(5)]00(s)<=

is combined with 6;(s) to give the modified input.

For positive feedback, the resultant input is o(s) = 6;(s) +<
0i(s), and the effect is usually to produce instability and
oscillation.
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Table 3.4 System transfer functions [the relation £ (t)/f;(t) of output to input quantity in terms of the Laplace transform F(s)/F1(s)]

System Transfer function

1 Electrical network

o—— "} 0 () __ Za(s)
vy 74 Z4 D Vo Vils)  Zi(s) +<&(s)
O O
2 Electrical network o t S Z210)] Z1(5)Z(s)
£y Ijzi ZQD V2. D) Zi(s) +()
o + O
3 Feedback amplifier Va(s)  Za(s)
v 2 2 e 2
——0
4 Second-order system M 02(s) 1
J ‘) 1 01(s) 1 +2esT +42T72 T'= VUK
8,7 K FI e, ¢ =<E/2(JK)<

M A(s)= 1 +&esT +42T2
]_V_z c=4/2\/(MK)«<=

K .
5 Accelerometer % l Vals) = ul T=,(M/K)
=

6 Permanent-magnet generator

7 Separately excited generator T =<«/R
-0
0 K
8 Motor: armature control ﬂi% K. =4/ (FR +42) <=
V()< s(l +7)<=
-0, T =<4R/(FR +42)
) F 0,(s)<= k
9 Motor: field control J 0 2(5) = ° T, =<£/F,
k, —= Vi(s)<s(l+sT) (1 +sTh)<
LY 0, T, =<4/R
v voltage L inductance 0y angular displacement M mass
i current ke e.m.f. coefficient wyp angular velocity J  inertia
Z  impedance ¢ damping coefficient a acceleration F viscous friction coefficient
R, r resistance T time-constant k, acceleration coefficient K stiffness
For negative feedback, the resultant input is the difference and the output closely follows the input in magnitude and
e(s) =€(s) — Oi(s), an ‘error’ signal. With the main system wave shape, a condition sought in servo-mechanisms and
KG(s) now relating etand 6, the output/input relation is feedback controls.

Go(s)af KG(s)<=

Oi(s)<= 1+ [KG(5)][KeGr(s)]<

Suppose that there is unity feedback KG¢(s)=< then if )

KG (s) is large In general, a system function takes the form numerator/

denominator, each a polynomial in s, relating response to
00(5)/0i(s) = KG(s)/[1 +&G(s)| =< input stimulus. Two forms are

3.2.15.2 System performance
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o bys™ + bmflsmil + - &by

KG(s
(5) apS" + ay_ 18" 4 4 ap

_ bn(s—z1)(s—2z2) (s — zm)&=
an(S—Pl)(S _PZ) T (S _pn)<:

The response depends both on the system and on the stimu-
lus. Performance can be studied if simple formalised stimuli
(e.g. step, ramp or sinusoidal) are assumed; an exponential
stimulus is even more direct because (in a linear system) the
transient and steady-state responses are then both exponen-
tial. With the system function expressed in terms of the
complex frequency s=o +jwiiit is necessary to express the
stimulus in similar terms and to evaluate the response as a
function of time by inverse Laplace transformation. The
response in the frequency domain (i.e. the output/input rela-
tion for sustained sinusoidal stimuli over a frequency range)
is obtained by taking s=jwiyand solving the complexor
KG(jw). Another alternative is to derive the poles (p) and
zeroes (z) in equation (3.2) above.

Thus there are several techniques for evaluating system
functions. Some are graphical and give a concise representa-
tion of the response to specified stimuli.

3.2.15.3 Poles and zeros

In equation (3.2), the numbers z are the values of s for
which KG (s)=0; for, if s is set equal to z; or z,,..., the
numerator has a zero term as a factor. Similarly, if s is set
equal to p; or p»,..., there is a zero factor in the denom-
inator and KG(s) is infinite. Then the z terms are the zeros
and the p terms are the poles of the system function. Except
for the term b,,/a,, the system function is completely speci-
fied by its poles and zeros.

Consider the network of Figure 3.33, the system function
required being the output voltage v, in terms of the input
voltage v;. This is the ratio of the paralleled branches R,L,C
to the whole impedance across the input terminals. Algebra
gives

KG(s) = &s+1)/(s* + 35 + l4s + 16)<=

s+ 1
(s+ 1.36)[s + (0.82 4 j3.33)][s + (0.82 — j3.33)]<

by factorising numerator and denominator. Thus there is one
zero for s=—1. There are three poles, with s=—1.36, and
—0.82+j3.33. These are plotted on the complex s-plane in
Figure 3.33. Poles on the real axis oiycorrespond to simple
exponential variations with time, decaying for negative and
increasing indefinitely for positive values. Poles in conjugate
pairs on the jwiaxis correspond to sustained sinusoidal

=&

s=o0+jw )'(-‘4
|
|2 e
i
|
’ N G
L X 0—0—
-4 -2 l_ﬁO 2
|
Pole X | 4-2
Zero O !
X -1
J-4

Figure 3.33 Poles and zeros

3.1«

(3.2)<

oscillations. If the poles occur displaced from the origin and
not on either axis, they refer to sinusoids with a decay or a
growth factor, depending on whether the term ous negative
or positive.

3.2.15.4 Harmonic response

This is the steady-state response to a sinusoidal input at
angular frequency w. When a sine signal input is applied to
a linear system, the steady-state response is also sinusoidal
and is related to the input by a relative magnitude M and a
phase angle «. The system function is KG(jw).

Consider again the network of Figure 3.33. Writing s = jwi)
and simplifying gives the phasor expression for V,/V; as

8(jw 1)<
(16 — 3u?) + jw(14 — w?)
Plots of |M| and / anjare shown in Figure 3.34(a). For w=0

the network is a simple voltage divider with V,/V;=0.5 and a
phase angle « = 0. For w = oo, the terminal capacitor effectively

KG(jw) = =|M| /Loy

16~
1.0
S
0.5
00—
R Yo — = (a)
g | | ! ]
] Frequency w (rad/s)
s —90
-l T
1 1.5
1
w=2
®
z Locus of
s [M] La
> (b)
& w=3
8 16
| ]
(c)
8 16
1 il
g -90 |-
-]
—-180 - -

Figure 3.34 Harmonic response



short circuits the output terminals so that V,/V;=0. At
intermediate frequencies the gain |M| rises to a peak at
w=23.3rad/s and thereafter falls toward zero. The phase
angle a/is small and positive below w=1, being always
negative thereafter, to become —180°<at infinite frequency.

Nyquist diagram The Nyquist diagram is a polar plot of
|M| /<=jover the frequency range (Figure 3.34(b)), for an
input V;=1+j0. The plot is particularly useful for feed-
back systems. If the open-loop transfer function is
plotted, and in the direction of increasing wiit encloses
the point (—1+j0), then when the loop is closed the sys-
tem will be unstable as the output is more than enough
to supply a feedback input even when ¥V;=0. The
Nyquist criterion for stability is therefore that the point
(—=1+4j0) shall not be enclosed by the plot.

Bode diagram The Bode diagram for the system shown
in Figure 3.33 is Figure 3.34(a) redrawn with logarithmic
ordinates of |M| and a logarithmic scale of w. Normally
the ordinates are expressed as a gain 20log |M| in deci-
bels. For the example being considered, M =0.5 for very
low frequencies, so that 20log |M|=—-6dB; for w=3.3
the amplitude of M is 1.4 and the corresponding gain is
+2.9dB; and at the two frequencies when the output and
input magnitudes are the same, M =1 and 20log
(1)=0dB. All these are shown in the Bode diagram
(Figure 3.34(c)). On the logarithmic frequency scale,
equal ratios of wiare separated by equal distances along
the horizontal axis. If successive values 0.5, 1, 2, 4,...,
are marked in equidistantly, their successive ratios 1/0.5,
2/1,..., are all equal to 2, so that each interval is a
frequency octave. Correspondingly the equispaced fre-
quencies 0.1, 1, 10, ..., express a frequency decade.

The phase-angle plot is drawn in degrees to the same
logarithmic scale of frequency.

An advantage of the Bode plot is the ease with which
system functions can be built up term by term. The product
of complex operators is reduced to the addition of the
logarithms of their moduli and phase angles; similarly the
quotient is reduced to subtraction. If the system function can
adequately be expressed in simple terms, the Bode diagram
can be rapidly assembled. Such terms are listed below.

(1) jw: represented by a line through w=1 and rising with
frequency at 6 dB per octave or 20dB per decade, and
with a constant phase angle o =90°<

(2) 1/jw: as for jw, but falling with frequency, and with
a=-90°F

(3) 1+4jwT: a straight line of zero gain for frequencies up to
that for which wT'=1, and thereafter a second straight
line rising at 6 dB per octave; the change of direction
occurs at the break point (Figure 3.35(a)).

(4) 1/(1 4+jwT): as for 1+ jwT, except that after the break
point the gain drops with frequency at 6 dB per octave.

Table 3.5 Gain and phase angle for 1+jwT
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Figure 3.35 Bode diagrams

In Figure 3.35(a) the true gain shown by the broken curve
is approximated by the two straight lines meeting at the
break point. The approximate and true gains, and the
phase angles, are given in Table 3.5 for the term 1+ jwT.
The error in the gain is 3dB at the break point, and 1 dB at
one-half and twice the break-point frequency, making cor-
rection very simple.

The uncorrected Bode plot for the system function

(1 +jw0.5)

e s
jw(1 4 jw0.25)*

KGGw) = K P

is shown in Figure 3.35(b). Term [1] is the same as in Figure
3.35(a). Term [2] is a straight line running downward

wT Gain (dB) Angle wT Gain (dB) Angle
() ()
Approx. True Approx. True
0 0.0 0 2 6 7.0 63.5
0.01 0 0.00 0.5 4 12 12.3 76
0.1 0 0.04 5.7 8 18 18.1 83
0.25 0 0.26 14 10 20 20.0 84
0.5 0 1.0 26.5 16 24 24.0 86.5
1.0 0 3.0 45 100 40 40.0 89.5
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through w=1 with a slope of 6 dB per octave. Term [3] has
a break point at w=4, but as it is a squared term its slope
for w > 4 is 12dB per octave. The full-time plot of gain is
obtained by direct superposition. The effect of the constant
K is to lift the whole plot upward by 20log (K). The
summed phase angles approach —90°at zero frequency
and —180°<at infinite frequency.

Nichols diagram The Nichols diagram resembles the
Nyquist diagram in construction, but instead of phasor
values the magnitudes are the log moduli. The point
(—=1+]0) of the Nyquist diagram becomes the point (0dB,
/—180°). The Nichols diagram is used for determining the
closed-loop response of systems.

3.2.16 Non-linearity

A truly linear system, in which effect is in all circumstances
precisely proportional to cause, is a rarity in nature. Yet
engineering analyses are most usually based on a linear
assumption because it is mathematically much simplified,
permits of superposition and can sometimes yield results
near enough to reality to be useful. If, however, the non-
linearity is a significant property (such as magnetic satura-
tion) or is introduced deliberately for a required effect (as in
rectification), a non-linear analysis is essential. Such
analyses are mathematically cumbersome. No general
method exists, so that ad hoc techniques have been applied
to deal with specific forms of non-linearity. The treatment
depends on whether a steady-state or a transient condition
is to be evaluated.

3.2.16.1 Techniques

Some of the techniques used are: (i) step-by-step solution,
graphical or by computation; (ii) linearising over finite
intervals; (iii) fitting an explicit mathematical function to
the non-linear characteristic; and (iv) expressing the non-
linear characteristic as a power series.

Step-by-step solution Consider, as an example, the growth
of the flux in a ferromagnetic-cored inductor in which the
inductance L is a function of the current 7 in its N turns.
Given the flux magnetomotive-force (m.m.f.) characteristic,
and the (constant) resistance r, the conditions for the sud-
den application of a constant voltage V are given by

V =i+ d(Li)/dt ~i + N(AD/Ar)<=

which is solved in suitable steps of At, successive currents i
being evaluated for use with the magnetic characteristic to
start the next time-interval.

Linearising A non-linear characteristic may be approxi-
mated by a succession of straight lines, so that a piecemeal
set of linear equations can be applied, ‘matching’ the condi-
tions at each discontinuity.

For ‘small-signal’ perturbations about a fixed quiescent
condition, the mean slope of the non-linear characteristic
around the point is taken and the corresponding parameters
derived therefrom. Oscillation about the quiescent point can
then be handled as for a linear system.

Explicit function For the resistance material in a surge
diverter the voltage—current relationship v=ki* has been
employed, with x taking a value typically between 0.2 and 0.3.

The resistance-temperature relationship of a thermistor,
in terms of the resistance values R; and R, at corresponding
absolute temperatures 7' and 7T, takes the form

Ry =Ry exp(k/ T2 — k/Ti)<=

Several functions, such as y =« sinh (bx), have been used as
approximations to magnetic saturation excluding hysteresis.
A static-friction effect, of interest at zero speed in a control
system, has been expressed as y =k(sgn x), i.e. a constant
that acts against the driving torque.

Series A typical form is y=ag+a; x+ax* + -+ a,x",
where the coefficients a are independent of x. Such a series
may have a restricted range, and the powers limited to even
orders if the required characteristic has the same shape
for both negative and positive y. A second-degree series
y=do+ a,x + ax* can be fitted through any three points
on a given function of y, and a third-degree expression
through any four points. However, the prototype character-
istic must not have any discontinuities.

Rational-fraction expressions have also been developed.
The open-circuit voltage of a small synchronous machine
in terms of the field current might take the form
v=(274+0.006/)/(1 +0.03i). Similarly, the magnetisation
curve of an electrical sheet steel might have the B-H
relationship

H = B(426 — 7608 + 440B%)/(1 — 0.80B + 0.178)«<
with hysteresis neglected. An exponential series
B =<l —exp(—bH)] + ¢[l —exp(—dH)| + -+ + poH

has been suggested to represent the magnetisation char-
acteristic of a machine, the final term being related to the
air gap line.

Non-linear characteristics Figure 3.36 shows some of
the typical relations y =f{x) that may occur in non-linear
systems. Not all are analytic, and some may require step-
by-step methods.

The simple relations shown are: (a) response depending
on direction, as in rectification; (b) skew symmetry, showing
the effect of saturation; and (c) negative-slope region, but
with y univalued.

The complex relations are: (d) negative-slope region,
with y multivalued; (e) build-up of system with hysteresis,
unsaturated; (f) toggle characteristic, typical of idealised
saturated hysteresis; and (g) backlash, with y taking any
value between the characteristic limit-lines.

(a) (b)

(d) (e) (f)

Figure 3.36 Typical non-linear characteristics



3.2.16.2 Examples

A few examples of non-linear parameters and techniques
are given here to illustrate their very wide range of interest.

Resistors  Thermally sensitive resistors (thermistors) may
have positive or negative resistance-temperature coeffi-
cients. The latter have a relation between resistance R and
absolute temperature 7" given by R, = Ry exp [b (1/T, — 1/T7)].
They are made from oxides of the iron group of metals
with the addition of small amounts of ions of different
valency, and are applied to temperature measurement and
control. Thermistors with a positive resistance-temperature
coefficient made from monocrystalline barium titanate have
a resistance that, for example, increases 100-fold over the
range 50-100°C; they are used in the protection of machine
windings against excessive temperature rise.

Voltage-sensitive resistors, made in disc form from silicon
carbide, have a voltage—current relationship approximating
to v=ki’, where Sipanges from 0.15 to 0.25. For 3=0.2 the
power dissipated is proportional to v°, the current doubling
for a 12% rise in voltage.

Inductors The current in a load fed from a constant
sinusoidal voltage supply can be varied over a wide range
economically by use of a series inductor carrying an additional
d.c.-excited winding to vary the saturation level and hence
the effective inductance. The core material should have a
flux-m.m.f. relationship like that in Figure 3.36(f). Grain-
oriented nickel and silicon irons are suitable for the inductor
core. A related phenomenon accounts for the in-rush cur-
rent in transformers.

Describing function In a non-linear system a sinusoidal
drive does not produce a sinusoidal response. The describing-
function technique is devised to obtain the fundamental-
frequency effect of non-linearity under steady-state (but not
transient) conditions.

Consider a stimulus x=/h cos wt to give a response
y=£(t). As non-linearity inevitably introduces harmonic
distortion, y can be expanded as a Fourier series
(Section 1.2.5) to give

y =<ep + aj coswt + ap cos 2wt + - - - <
+ by sinwt + by sin 2wt + -+ - <

The components a; cos wt and by sin wt are regarded as the
‘true’ response, with a gain factor (a;+jb;)/h, the other
terms being the distortion. The gain factor is the describing
function. Let y=ax+ bx* with x=/h cos wr; applying the
expansion gives the fundamental-frequency term
¥ = (a+ 3bh*)hcoswt. The describing function is therefore
a +3bh?, which is clearly dependent on the magnitude 4 of
the mput. Thus the technique consists in evaluating the
Fourier series for the output waveform for a sinusoidal
input, and finding therefrom the magnitude and phase
angle of the fundamental-frequency response.

Ferroresonance The individual r.m.s. current—voltage
characteristics of a pure capacitor C and a ferromagnetic-
cored (but loss-free) inductor L for a constant-frequency sinu-
soidal r.m.s. voltage V are shown in Figure 3.37. With L and
Cin series and carrying a common r.m.s. current /, the applied
voltage is V=1V, — V. At low voltage V; predominates,
and the 7— V relationship is the line OP, with 7 lagging V'
by 90°. At P, with V'= 1}, and I= I, the system is at a limit of
stability, for an increase in V' results in a reduction in
Vi — V. Atacurrent level Q the difference is zero. The current
therefore ‘jumps’ from I to a higher level 7; (point R),
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Figure 3.37 Ferroresonance

still with V= V. During the rapid rise there is an interchange
of stored energy, and for V' >, the circuit is capacitive.
When V is reduced from above to below V, a sudden current
jump from I; to Iy occurs. A comparable jump phenomenon
takes place for a parallel connection of C and L.

Phase-plane technique ‘Phase’ here means ‘state’ (as in the
solid, liquid and vapour ‘phases’ of water). The phase-plane
technique can be used to elucidate non-linear system beha-
viour graphically. Figure 3.38 shows a circuit of series R, L
and C with a drive having the voltage—current relationship
v=—ri+ai’. Then, with constant circuit parameters,

L(di/dt) + (R —r+ai*)i+q/C =0

where ¢ is the time-integral of i. The presence of L and C
indicates the possibility of oscillation. The middle (‘damp-
ing’) term can be negative for small currents (increasing the
oscillation amplitude) but positive for larger currents (redu-
cing the amplitude). Hence the system seeks a constant
amplitude irrespective of the starting condition. The ¢ — i
phase-plane loci show the stable condition as related to the
degree of drive non-linearity (indicated by the broken
curves). With suitable scales the locus for minor non-linear-
ity is circular, indicating near-sinusoidal oscillation; for
major drive non-linearity, however, the locus shows abrupt
changes and an approach to a ‘relaxation’ type of wave-
form.

Isoclines A non-linear second-order system described by

d’y/de* + f(y,dy/dr) + g(y,dy/di)y = 0

can be represented at any point in the phase plane having the
co-ordinates y and dy/dr, representing, for example, position

Figure 3.38 Phase-plane trajectories for an oscillatory circuit
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and velocity, or charge and current. By writing dy/dz =z and
eliminating time by division, we obtain a first-order equation
relating z and y:

dz/dy = =[f(y,2)z + g(», 2)/2

Integration gives phase-plane trajectories that everywhere
satisfy this equation, starting from any initial condition.
If dz/dy cannot be directly integrated, it is possible to
draw the trajectories with the aid of isoclines, i.e. lines
along which the slope of the trajectory is constant. Make
dz/dy=m, a constant; then —mz=1(y, z)z+g(y, z)y.
Since for z=0 the slope m is infinite (i.e. at right angles
to the y axis) the trajectories intersect the horizontal y
axis normally, except at singular points.

Consider a linear system with an undamped natural fre-
quency w, =1 and a damping coefficient ¢=0.5. For zero
drive

d’y/d +dy/di+y=0 or dz/di=—(z+y)<

if z is written for dy/dz. Dividing the second equation by z
and equating it to a constant m gives

m=dz/dy=—(z+y)/zorz/y=—-1/(1+m)<

representing a family of straight lines with the associated
values

m -4 -2 -1 0

z/ly % 1 oo -1 -

wi— N
wi—

1 0oe=
3 0

Draw the z/y axes on the phase plane (Figure 3.39)
marked with short lines of the appropriate slope m.
Then, starting at any arbitrary point, a trajectory is
drawn to cross each axis at the indicated slope. With no
drive, all trajectories approach, and finally reach, the
origin after oscillations in a counter-clockwise direction;
for a steady drive V, the only difference is to shift the vortex
to ¥V on the y-axis. The approach to O or V represents
the decaying oscillation of the system and its final steady
state. Because dr=dy/z, the finite difference Ar=Ay/z
gives the time interval between successive points on a
trajectory.

2y =1
m= -2

2y = ~1
m=0

2/y =
m=-1

Figure 3.39 Phase-plane trajectories

3.3 Power-system network analysis

3.3.1 Conventions

Modern power-system analyses are based mainly on nodal
equations scaled to a per-unit basis, with a particular
convention for the sign of reactive power.

3.3.1.1 Per-unit basis

The total apparent power in a three-phase circuit ABC with
phase voltages V,, Vy,, Ve, currents I,, I, I. and phase
angles between the associated voltage and current phasors
of 8,, 0y, 0. is

S = (Pa+ P+ Po)+j(Qu+ Op + Qc) = P+jQ

where for phase A the active power is P, = VI, cos 0, and
the reactive power is Q,=V,l, sinf,. Corresponding
expressions apply for phases B and C.

If the phases are balanced, all three have the same scalar
voltage V' and current 7, and all phase angles are 6. Then
S=3(VIcos 8+ jVIsin 6). This can be written in the form

S ( V Icos6 +,(3Vlsino9

k= \4be d ) Nabvea

where k, a, b, ¢ and d are scaling factors. It is customary to
choose =3 and d=1, leaving ¢ and b, one of which is
assigned an independent value while the other takes a
value depending on the overall scaling relation k = abcd.

In normal operating conditions the scalar voltage V
approximates to the rated phase voltage Vg; hence b is
taken as Vr so that V/b is the voltage in per unit of Vy.
Defining the scaled variables as Sy, Vpy and I, the total
apparent power is

Spu = (Vpulpu cos 6) +j(VPuIPu sin ‘9)<:

which is an equation in one-phase form, justifying the use
of single-line schematic diagrams to represent three-phase
power circuits.

The scaling factors are termed base values; i.e. k is the
base apparent power, b is the base phase voltage and ¢ is
the base current. These definitions imply further base values
for impedance and admittance, namely Zy,c=5b/c and
Yhase = C/b

If the line-to-line voltage V;is used, then in the foregoing
scaling equation 3/a and V/b becomes \/3/a"“and V;/b's
Choosing ¢’ =./3 and &'“as rated line voltage leaves S/k
unchanged. Note, however that: (i) fyremains as the angle
between phase voltage and current; and (ii) in the per-unit
equation S= VTI* the voltage V' is the per-unit phase voltage,
not the line-to-line voltage (although numerically both have
the same per-unit value).

3.3.1.2 Reactive power convention

Reactive power may be lagging or leading. The common
convention is to consider lagging reactive power flow to be
positive, as calculated from the product of the voltage and
current-conjugate phasors: thus S=VI*=P+jQ, with Q a
positive number for a lagging power factor condition. For a
leading power factor, Q has the same flow direction but is
numerically negative. As a consequence, an inductor
absorbs, but a capacitor generates, lagging reactive power,
as shown in Figure 3.40.

Note: system engineers refer, for brevity, to the flow of
‘power’ and ‘vars’, meaning active power and reactive
power, respectively.
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Figure 3.40 Power taken by resistive, inductive and capacitive loads

Figure 3.41 Sample network

3.3.1.3 Nodal-admittance equations

The nodal-admittance equations derive from the node-
voltage method of analysis in Section 3.2.3. For the network
in Figure 3.41, currents I, I and I3 are injected respectively
into nodes 1, 2 and 3. The loads are linked by branches
of admittance y;,, y»3 and y31, and to the earth or external
reference node r by branches of admittance y;o and ysg.
Assuming that the node voltages V,, V, and V3 are
expressed with reference to r and that V=0, then writing
the Kirchhoff current equations and simplifying gives

Go+ye+y)Vi—ypVa—yVi=1
=y Vi+u +ya)Va—yuVa=15L
—yaVi—=ynVa+ o +yan+y)Va=14

Cast into matrix form, these equations become

10 +yi2 + 13 )12 —)13 Vi
—)a1 Ya1 + ya3 —)23 2
—J31 -V Y30+ 131 + 3 3

3

This can be abbreviated to the nodal-admittance matrix
equation YV =< matrix Y being known as the nodal-
admittance matrix. The relationship between the branch ele-
ments and the corresponding matrix elements can be seen
by inspection.

For some purposes the alternative impedance matrix
equations are used: viz. ZI=V, where Z =Y ' is the
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nodal-impedance matrix. However, evaluating the inverse
of Y is more complicated than finding Y, and the admittance
form may be considered as the primary (or given) form.

3.3.2 Load-flow analysis

Load-flow analysis is the solution of the nodal equations,
subject to various constraints, to establish the node
voltages. At the same time generator power outputs, trans-
former tap settings, branch power flows and powers taken
by voltage-sensitive loads (including reactive power compensa-
tors) are determined.

3.3.2.1 Problem description

As indicated in Figure 3.41, the elements of a power system
can be represented either as equivalent branches with
appropriate admittance incorporated into the matrix Y, or
as equivalent current sources added to the matrix 7.

Transmission lines and cables These are represented by
their series admittance and shunt (charging) susceptance.
These parameters are actually distributed quantities, but
are taken into account by II (or, occasionally, T) equivalent
networks (Section 3.2.5).

Transformers These are modelled by equivalent circuits
with an ideal transformer in series with a leakage admit-
tance (Figure 3.42(a)). With two terminals connected to a
common reference point (earth) the circuit reduces to that
in Figure 3.42(b): the ideal transformer with a turns ratio
(1+1)/1 is replaced by an equivalent II. The tap setting
¢t represents the per-unit of nominal turns ratio: e.g.
t==0.05 for +5% taps.

Loads These can be represented either as equivalent
admittances Yj, connected between bus-bars and earth,
or as current sources. If the load demand at bus-bar k is
Sk =Pr+]0Oy, then the equivalent admittance at voltage
V} is found from

Sk = Vili* = Vi Yo* or Yo = Si*/| Vil

where |V} is assumed to be 1.0 p.u. (i.e. rated voltage). The
equivalent admittance is incorporated into the correspond-
ing diagonal element of the nodal-admittance matrix. In the
current-source representation, the current 7, is substituted
into the current column-matrix by a fixed power require-
ment S and the (unknown) voltage Vy, where I, = Sp*/ Vi *.

Generator units or stations can likewise be represented
by current sources, but usually the bus-bar to which a
generator is connected has a controlled voltage. At a
bus-bar m the requirement would be for specified values
of active power P,, and voltage |V,,|, with the reactive
power Q,, to be determined.

(1+6)/1 y/(1+t)
D
y
T7777777
(a) {b)

Figure 3.42 Transformer equivalent circuit
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Slack bus-bar In a load-flow study, the total active power
supplied cannot be specified in advance because the loss in
the supply network will not be known. Further, in an n-bus-
bar network, there are n complexor equations involving
2n real-number equations. However, there are 2n+2
unknowns. To reduce this number to 2 it is the practice to
specify the voltage of one bus-bar in both magnitude and
phase angle. This is termed the slack bus-bar, to which the
chosen slack generator is connected. The slack-bus-bar
equation can now be removed from the solution process
and, when all other voltages have been determined, the
slack-bus-bar generation can be found. For a slack bus-bar
k, for example, the generation Sy is found from

Sk = I//czm(Ykm*Vm*)<:

3.3.2.2 Network solution process

Solution of the matrix equation is now sought. As it embodies
several simultaneous equations, the solution has to be itera-
tive. The two main procedures are the Gauss—Seidel and the
Newton—Raphson methods. An important consideration in
the computation process is the rate of convergence.

3.3.2.3 Gauss—Seidel procedure

This early (and still effective) technique resembles the over-
relaxation method used in linear algebra. Consider a four
bus-bar network described by the equations

YuVi+YoVao+ YisVs+ YuVy = Si*/V*
Yo Vi+ Yo Vs + Yos Vs + Yos Vy = Sy /Vo*
YaVi+ Y Vo + Y Vs + YV, = S3%/V3*
YuVi+ Yo Vo+ Y3V + YaaVa = Sa*/Va*

where Y, = —y1,, etc. Let bus-bar 1 be chosen as the slack
bus-bar, and let V; be 1+4j0. Then the remaining three
equations are to be solved for V5, V3 and V. The method
adopted is one of successive estimation.

First, the equations are rearranged by extracting the diag-
onal terms YV ,Y»»V5,..., and transferring all other
terms to the right-hand side. Each equation is then divided
by the diagonal admittance element (Y, Y25,...).

If VP denotes the pth estimate of ¥, and the equations
are solved in the sequence 2—3—4—2—3— ..., then an itera-
tive process is the following:

V2(ﬂ+1)¢: — (Y2 /Yn)Vi 40— (Y23/Y22)V§p)¢

— (Yaa/ Yo2) VI 4+ 82% ) Yu Vo * (p)
V3(”+1)¢= —(Y31/Y3) V) — (Ysz/Y33)V2(p+l) +0

- (Y34/Y33)V§p) +83*%/ Y3 V3*(p)<=
VIS (Yo [ Ya) Vi — (Ya ) Yag) V<

- (Y43/Y44)V3(p+1) + 0+ Su*/YuVa*(p)<=

Note that as each new estimate becomes available, it is used
in the succeeding equations. Being iterative, the process of
convergence can usually be assisted by the use of ‘accelera-
tion’. If AV =VP Y _ ) then a new estimate can be
obtained from V@V =V + wAVP; here w is an acceler-
ating factor, optimally a complex number but usually taken
as real, with typical values in the range 1.0-1.6.

To terminate the successive-estimation process, various
convergence tests are applied. The simplest is to examine the
difference between successive voltage estimates and to stop

when the maximum of |V,£”+l) - V,E”)| for k=1,2,...,nis
less than ¢, a suitable small number such as 0.000 01 p.u.
However, the preferred test is

V/fp)im Ykm*Vm*(P) - Sk <7 w

where 7 is a measure of the maximum allowable apparent-
power mismatch at any bus-bar, with a value typically 0.01 p.u.

During iteration, other calculations (e.g. voltage magnitude
corrections at generator bus-bars and changes in transformer
tap settings) can be included. If bus-bar 2 in the example
above is a generator bus-bar, then the reactive power Q, can
be assigned an initial value, say Q2(0) =0, and V>" obtained
therefrom. The voltage estimate can then be scaled to agree
with the specified magnitude |V, and Q>" immediately
calculated, prior to proceeding to the next equation.

The Gauss—Seidel procedure is well suited to implementa-
tion on a microcomputer, in which core space is limited.
However, matrix-inversion techniques (as required in the
Newton—Raphson procedure following) for large networks
demand too much core space.

3.3.2.4 Newton—Raphson procedure

The Newton—Raphson procedure is at present the most
generally adopted method. It has strong convergence char-
acteristics and suits a wide range of problems. The method
employs the preliminary terms in the Taylor series expansion
(Section 1.2.4) of a set of functions of variables V. The kth
function is defined as

(V) =V + J(rey v — v

The true set of values V is taken as given by V= F® 4 ~®,
i.e. by the sum of an approximate set ¥ and a set of error
terms 4. Then, taking the first two terms of the Taylor
expansion,

(V) =f[y® + IV (v — v)=

whence
JVN = —f(r )=

Matrix J(V®) is the Jacobian matrix of first derivatives of the
functions (V). Voltage estimates V® are used to evaluate
specific matrix elements of J; and 7’ is the column matrix
of voltage differences AV® to be evaluated, these being the
difference between the true and ap%roximate values of the
voltages V. Likewise, the term —f(1?) is the set of per-unit
apparent-power differences AS® between specified and calcu-
lated values, where

ASk(p) = S/c - Vk(p)gm Ykm* Vm*(p)<:

The load-flow equation to be solved becomes
JWPHAY©P = ASP)

When AV is determined, the voltages are updated to
ye+D_— V([’)+AV([7).

The polar form of the equations is most usually
employed, so with Vi.=|Vy| /6 and Yy, =|Yiml/<m the
function f; =0 becomes

(ViYnVicosBi + Vi¥pVacos B + - — Pi)<=
+j(ViYaVisin By + ViYpVasinfp +--- — Q;) =040

where (3;,=6,—6; —<; and similarly for fp,.... Partial
differentiation to form the terms of the Jacobian matrix,
and then separation of the real and imaginary parts, gives
the matrix equations to be solved. For generator bus-bars
the voltage magnitudes are fixed, so that only equations in
reals are needed to evaluate / 6.



Generator bus-bars are often termed ‘P, V'’ and load
bus-bars referred to as ‘P, Q’ bus-bars, reflecting the values
specified.

The Jacobian equations for the Newton—Raphson
method are thus of the form

/08, OF, /06, --<BE, [0V, OF )0V - [ AS) ne,
2/8(51 8“2/662 ---<8f2/8V1 afz/aVz Ab, AP,
/061 6108, -8, OV, 981 /aVs 4| n | T Tho
2/0{5‘1 8“2/6&‘2 ---@fz/aV] 6fz/(9V2 Vs EAQZ

Written in abbreviated form, this is

n J 12 A(W) ¢€ >
a I
To save computer-memory space, it is usual to omit J;, and
Ji2, an approximation that leaves two decoupled sets of
equations. This approach, called the ‘fast decoupled
Newton—Raphson loadflow’, is in wide use.

For any set of estimates of the voltage, the elements of
the Jacobian matrix are evaluated, and the set of equations
solved (using space-saving sparse-matrix programming
techniques) for Advand AV the values of ¥V, AP and AQ
are updated, and so on. Convergence is achieved for most
networks in a few iterations.

A further development is to extend the Taylor series to
the second-derivative term, when the series will terminate if
Cartesian co-ordinates are employed. Iteration is more leng-
thy, but the convergence characteristics are more powerful.
This ‘second-order Newton—Raphson procedure’ is gaining
popularity.

3.3.3 Fault-level analysis

The calculation of three-phase fault levels in large power
networks again involves solution of the nodal-admittance
equations YV =1 subject to constraints.

3.3.3.1 System representation

Representation of generators and loads by fixed P, |V and
P, Q requirements is not valid because of the large and
sudden departure of the bus-bar voltages from their nominal
values.

Passive loads are usually represented by a constant admit-
tance, implying that the load power is proportlonal to
the square of the bus-bar voltage. Relations P o |V|'? and
0 x 1V1"® would be more likely, but the V2 proportion-
ality affords a measure of demand variability and is more
easily represented in the admittance matrix Y.

Synchronous machines such as generators and motors are
represented by a voltage source in series with an appropri-
ate admittance. For example, at bus-bar k where the node
voltage is V), the current could be represented by
I, =y (E;” — V}) using the subtransient e.m.f. and admit-
tance. The term y;” V} can be transferred to the other side of
the nodal-admittance equation in such a way that y,”<oins
any load-admittance term in the diagonal element Y.

The network equations have now been modified to the form

Y/, V :%y//El/j
0
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where Ys the admittance matrix Y with diagonal elements
supplemented by equivalent load admittances and machine
subtransient admittances, and the right-hand-side elements
are either of the type y,”E;” or zero.

3.3.3.2 Method of solution

In three-phase short-circuit conditions the voltages V" will
differ from the steady-state load values, but the right-
hand-side elements will, with the exception of the element
corresponding to the faulted bus-bar, remain constant. Let
bus-bar m be short circuited; then V,,=0. Solving the
remaining equations for the voltages V; (with i=1, 2,...,
n, i # m) by the Gauss—Seidel procedure and then substitut-
ing the voltage values obtained in the mth equation yields a
new right-hand-side value of one or other of the forms

/I<: 1=
Em F Lpse o 0+ Lpge

Here 1,4 is the three-phase per-unit short-circuit current
injected into bus-bar m to make V,,=0. The fault level
(in megavolt-amperes (MV-A)) is then

Vm(prefau]t) X e ™ XMV-A(base)¢

A preferred alternative uses the superposition theorem
(Section 3.2.2.1). The injection of 7, when acting alone,
superposes a change AV, (=—V,prefaury) at bus-bar m.
The equations to be solved become

AT 0
YA Vin = msc or YAV =&
AV, 0

Inversion of Y'<gives V= Z"I., in which the mth equation
is known to be —V,,=Z,,,/ L. If we assume nominal
prefault voltage, i.e. V,,=1+j0 p.u., then the value of the
three-phase short-circuit current at bus-bar m is [, =<
—1/Z,.,". The voltage at any other bus-bar k can then be
found from

Vi :¢¥k(pref‘dult) + AV :<¥k(pref‘dull) + ka”Imsc

By shifting the short circuit from bus-bar to bus-bar, the
fault level for each can be found from the inverses of the
appropriate diagonal elements of matrix Z"'<

3.3.4 System-fault analysis

The analysis of unbalanced faults in three-phase power
networks is an important application of the symmetrical-
component method (Section 3.2.12). The procedure for
given fault conditions is as follows.

(1) Obtain the sequence impedance values for all items of
the plant, equipment and transmission links concerned.

(2) Reduce all ohmic impedances to a common line-to-
neutral base and a common voltage.

(3) Draw a single-line connection diagram for each of
the sequence components, simplifying where possible
(e.g. by star—delta conversion, see Section 3.2.4.5).

(4) Calculate the z.p.s., p.p.s. and n.p.s. currents, tracing
them through the network to obtain their distribution
with reference to the particular values sought.

Impedance in the neutral connection to earth, and in the
earth path itself, must be multiplied by 3 for z.p.s. currents
when the z.p.s. connection diagram is being set up in (3)
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because the three z.p.s. component currents are co-phasal
and flow together in the z.p.s. path.

In general, a network offers differing impedances Z,, Z_ _

and Z, to the sequence components. In static plant (e.g.
transformers and transmission lines) Z_.may be the same
as Z,, but Z, is always significantly different from either
of the other impedances. The presence of z.p.s. currents
implies that a neutral connection is involved.

3.3.4.1 Sequence networks

As an example, Figure 3.43 shows transmission lines 4 and
5-6 linking a generating station with generators 1 (isolated
neutral) and 2 (solid-earthed neutral) to a second station
with generator 3 (neutral earthed through resistor R,). The
numerals are used to indicate position: e.g. Z,, is the p.p.s.
impedance per phase of generator 1, and Zg is the z.p.s.
impedance of line 6 between generator 3 and a fault at F.

The p.p.s. network is identical with the physical set-up of
the original network (which operates with p.p.s. conditions
when normally balanced and unfaulted). Each generator is
a source of p.p.s. voltages only. It is here assumed that all
the generators develop the same e.m.f. E,.

The n.p.s. network is similar in configuration (but not
usually in impedance values) to the p.p.s. system. There
are, however, no source e.m.f.s: the n.p.s. voltages are
‘fictitious’ ones developed by the fault.

The z.p.s. network is radically different from the other
two, being concerned with neutral connections and earth
faults. The effective line impedance is that of three conduct-
ors sharing equally the total n.p.s. current. To this must be
added the earth-connection and earth-path impedances
multiplied by 3, to give the z.p.s. impedance Z,,.

Figure 3.43 Phase-sequence networks

Typical values of Z_.and Z; in terms of Z, .are

Ratio Generator  Transformer  Transmission link
Overhead Cable

Z_ |Z,. 0.6-0.7 1.0 1.0 1.0

Zy/Z,~ 0.1-0.8 1.0 or co<= 3-5 1-3

The value of Z for a synchronous generator depends on the
arrangement of the stator winding.

To evaluate the system when faulted, it is necessary to
determine the fault currents and the voltage of the sound
line(s) to earth. If the voltages and currents at the fault
are V,, Vy, Ve and I, I, I, respectively, the following
expressions always apply:

Veo=E,—1,Z,—1.Z_ —1LZy, L=1,—1_+1
Vo=l —all, Z. —ad_Z_—10Zy; Iy =all, +al_+1
Ve=aE,—odl Zy —all_Z_—1yZy; I.=al +all_+1,

where aufs the 120°“Totation operator (see Section 3.2.12).
From the boundary conditions at the fault concerned it is
possible to write three equations and to solve them for the
symmetrical components 7, I_ and .

Sequence networks for some of the many transformer
connections are shown in Figure 3.44. Further sequence
networks are given in reference 1.

3.3.4.2 Boundary conditions

Three simple cases are shown in Figure 3.45. It is assumed
that only fault currents are concerned, and that in-feed to
the fault is from one direction.

(a) Earth fault of resistance Ry on line A—at the fault,
V,=1LRe and I,=1.=0. This leads to l,o=1,, =1, _,
so that the three sequence currents in phase A are
identical. It follows that [, and I, are zero, as required.
From the basic equations

Lyy=lL =loy=3L=E/(Z,+Z_+Zy+3R))=E,/Z

and the fault current is I, =3E,/Z. The three sequence
networks are, in effect, connected in series. The com-
ponent currents, and the voltages V', and V., are obtained
from those in phase A by application of the basic rela-
tions in Section 3.3.4.1. Each sequence current divides
in the branches of its network in accordance with the
configuration and impedance values.

(b) Short circuit between lines B and C—the boundary con-
ditions are I, =0, I,,=—1I. and V}, = V.. As there is no
connection to earth at the fault, the z.p.s. network is
omitted. The p.p.s. and fault currents are

Ly = Ea/(Z+ +Z )= Ea/Z
I =—1.=—j\/3E,/]Z
where Z=2Z,+Z__s the impedance of the p.p.s. and

n.p.s. networks in series. The voltages to neutral at the
fault are

Va=E,—1.Z, —1.Z_=2E,(Z_]Z)«
Ve =Ve=E(Z_|Z)=
(¢) Double line—earth fault on lines B and C—here the

boundary conditions are I,=0, and V,=V.=0. The
sequence components of the fault current are
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Figure 3.44 Transformer equivalent sequence networks. Up and Us and the 3-phase MVA ratings of winding P and S respectively
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Figure 3.45 Boundary conditions at line faults

Ly =E/[Z,+Z_Zy/(Z- + Zy)|<=
I,_ = _IEH»[ZO/(Z* + ZO)}<:
Lo = —1(Z_[/(Z- + Zy)|«=

The sequence networks are connected in series—parallel.

Figure 3.46 shows the interlinked phase-sequence networks
where both ends feed the fault F. Conditions in (a), (b)
and (c) correspond to those in Figure 3.45. Networks for a
broken-conductor condition are shown in (d) and (e): the
former is for a case in which both ends at the break remain
insulated, while the latter applies where the conductor on side
2 falls to earth, the additional constraint involving ideal 1/1
transformers in side 2 of the combined sequence network.
In more complicated cases, ideal transformers with phase-shift
or with ratios other than 1/1 may be required. Evaluation
of these, and of conditions involving simultaneous faults at
different points and/or phases, requires matrix analysis and
computer programs.

3.3.5 Phase co-ordinate analysis

The same techniques developed for the analysis of
balanced networks, i.e. load-flow and three-phase fault-
level analysis, can be used to develop the analysis of
unbalanced faults or loads on either balanced or unbal-
anced networks using a phase representation of the system.
The symmetrical component theory, which has formed
the basis of unbalanced power system network analysis,
was developed by several authors between 1912 and 1918.
Although forming the basis of most modern computer-aided
fault analyses, the method is limited by both balanced
network assumptions and the difficulties associated with
finding equivalent network models in the space described by
the set of (transformed) 0, 1, 2 variables, e.g. for simul-
taneous faults.

The phase co-ordinate method described here uses only
the primary phase a, b, ¢ variables and computer-based

| (=)
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N
=3
N
N
o
+N
+N
N
I N
[
OoN
oN

(d)

Figure 3.46 Interconnected phase-sequence networks

matrix computational methods to solve the resulting
equations subject to the necessary constraints imposed by
load-flow or fault analyses.>

3.3.5.1 Element representation

For brevity, when referring to the sequence frame of refer-
ence, only the zero-, positive- and negative-sequence com-
ponents usually associated with Fortescue will be discussed.

General element The general network element of the
power system shown in Figure 3.47 for a three-phase system
may be described in matrix form by

E,
1 @ phase a 4
L hase b
phase
2 @ Zabc 5
E, h
3 @ phase ¢

Figure 3.47 General three-phase system element



Vase = Eape + Zapel ape

where V5. represents the per-phase series voltage drops
(V1—=V3), (Va—Vs)and (V3 — V), Eape is the matrix of the
equivalent voltage sources per phase, I, is the matrix of
currents flowing per phase between nodes 1 and 4, 2 and 5,
and 3 and 6, respectively, and Z,. represents the passive
three-phase mutually coupled network.

Defining the transformation relating the phase to the
sequence components by

Vase = TVor2

where o =1 /120°%nd, for the usual Fortescue components
Vo, V1 and V5, will be used instead of the rather cumber-
some notation Vo, V., and V_; thus

1 1 1
T=11 & ay
I a o

Noting that T7! = 3 T*, upon transformation the equiva-
lent sequence relationship becomes

TVo2 = TEo12 + Zawpe Tlor2
or

Voiz = Eoiz + Zoizloz
where

Zoy = \T*Z e T

and likewise

Yoz = %T* YT

For the customary linear device Z,;, is symmetric, but with-
out further assumptions Zy;, is unsymmetric.

Transmission lines The series relationships along a transmis-
sion line may be represented by the partitioned equations

Vi\ =4¢¥n Zn Zis I
Vo | =¥ Zn Znx I,
0 3 Zn Zs I;
where V| and V, are column submatrices representing the

series voltages along conductors and subconductors, respect-
ively, carrying the currents in the submatrices I; and L.
L is a submatrix representing the currents in any earth wires
present, which are assumed to be solidly earthed at each
end. This latter assumption is normal, but unnecessary, for the
solution of the system equations, because extra equations
representing earth wires can be included for solution.

A matrix reduction (completion of bundling process and
earth-wire removal) will then yield the equations of the
equivalent phase conductors, thus giving

Vabe = Zapel ape

The 3x3 matrix Z,,. represents the series impedance of the
transmission line, including all the effects due to unbalanced
configuration and the use of bundled conductors and earth
wires. In a three-phase representation of the network this
matrix may be treated in the same way as the single series
impedance of the more usual one-line diagram.

By similar reasoning, the potential coefficients of the trans-
mission line (phase and earth wires) per unit of length may be
computed for any configuration. From these coefficients a
shunt-reactance matrix is found, and then, by reduction, the

(3.3)=
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3x3 matrix Zg,, representing the total distributed capaci-
tive reactance over the length of the line. Inverting this
matrix gives Y. from which the Maxwell coefficients, and
hence capacitances, can be determined if necessary.
Three-phase transmission-line models follow as exten-
sions of the nominal or distributed mand T representations.
In the myrepresentation one-half of the transmission-line
equivalent capacitance is connected to each end of the line.
The nodal voltages and currents injected into the bus-
bars at each end of the transmission line are then related by

1 T i\ T
Y ase + 5 Y stume —Yape ZHE
V3
Yase + 3 Y shume V4
Vs
Ve

2

3

4 - Yabt

5

6

The similarity between the three-phase and single-phase
admittance matrices is evident—each element in the single-
phase matrix is replaced by the appropriate 3 x3 admittance
sub-matrix.

[ T N N B B B B

Machine representation The general element shown in
Figure 3.47 may be taken to represent any synchronous or
induction machine with a star-connected stator winding
when nodes 1, 2 and 3 are short circuited. For a balanced
design the voltage sources would be displaced 120°Ffrom
each other and be equal in magnitude.

The phase-impedance matrix Z,. can be found by
simple transformation of the normally available sequence
impedance matrix, as indicated in equations (3.3) and
(3.4). The sequence impedance matrix here reflects the
structure of the machine and the purpose of the study in
the selection of the positive sequence reactance. A typical
salient-pole diesel generator, for example, with segmented
dampers, 14 poles and 90.7% winding pitch rated at
1340kV-A, 3.3kV, 50Hz has negative and zero react-
ances of X;=0.274p.u. and X,=0.067p.u., respectively.
In a fault-level study the machine is represented in the
positive-sequence circuit by the subtransient reactance
X4 =0.227p.u. = X;. The phase-impedance matrix would
then be

1
Z ape :<§:TZ()12T* =<

0-+j0.1893  0.0138—j0.0612 —0.0138 —j0.0612
—0.0138 —j0.0612 0-+j0.1893  0.0138—j0.0612
0.0138—j0.0612 —0.0138—j0.0612 0-+j0.1893
(3.4

Note that, with X;#X,, the phase-impedance matrix
elements contain both positive and negative real parts,
although no resistances were included in the sequence
impedances.

Such a representation neglects the effective winding cap-
acitances. These capacitances could be added, if necessary,
in the same manner as the transmission-line capacitances
in the three-phase representation in delta and shunt connec-
tions (a four-terminal lattice network with one terminal
earthed). Neglected also is any representation of a machine
neutral node. Instead of adding an appropriate row or
column to Z,,, the effect of any earthing reactance X, can
be included in the value of X, i.e. X+ 3X,.
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is 1+t:1 i

»

Figure 3.48 Per-unit schematic representation of a single-phase
transformer

Transformer representation The third type of network
element is the transformer in one-, two- and three-phase
circuits with all the associated possible variations of con-
struction and connection.

(a) Derivation of equivalent-circuit model. A single-
phase representation of a transformer in per-unit form
illustrated schematically in Figure 3.48 by an ideal trans-
former of turns ratio (1+7):1 with an equivalent leakage
admittance of y per unit.

From the relationships across the ideal transformer an
equivalent circuit model is as shown in Figure 3.49 and
thus represents a single-phase tapped transformer.

If nodes k and ¢ are earthed as in the one-line diagram
representation of a balanced three-phase system, the lattice
circuit reduces to the equivalent mpepresentation, as shown
in Figure 3.50.

(1+1)2

1+t

Figure 3.49 Symmetrical lattice equivalent circuit of a single-phase
transformer with a variable turns ratio

1+t

Figure 3.50 Single-phase equivalent n representation when nodes
k and g are earthed

The lattice equivalent of Figure 3.49 provides an adequate
model for single-phase variable-turns-ratio transformers and
in combinations for three-phase star—star banks with tapped
windings, but can only be used with care in banks containing
delta-connected windings. In a star—delta bank of single-
phase transformer units, for example, with normal turns
ratio, a value of 1.0 p.u. voltage on each leg of the star wind-
ing produces under balanced conditions 1.732 p.u. voltage on
each leg of the delta winding (rated line to neutral voltage as
base). The structure of the bank requires in the per-unit
representation an effective tapping at +/3|times nominal
turns ratio on the delta side, i.e. 1 +1=<473p or t =6:732.

For a delta—delta or star—delta transformeriwith taps on the
star winding, the equivalent circuit of Figure 3.49 would have
to be modified to allow for effective taps to be represented on
each side. This, the general symmetrical lattice equivalent
circuit of a single-phase transformer where both primary
and secondary windings may have either actual or equivalent
variable turns ratios aiand Gior both is shown in Figure 3.51.
This single-phase transformer model can be used to assemble
equivalent circuits of polyphase transformer banks, some of
which are shown below

(b) Star—star transformer. For a two-circuit three-phase
transformer or autotransformer connected in a star-star
arrangement, the equivalent circuit is as shown in linear-graph
form in Figure 3.52. Parallel transformer windings are taken to
represent equivalent single-phase transformers. The circuit is
constructed from the simple connection of three of the general
circuits shown in Figure 3.51 with taps on both windings. In
practice, of course, either aior 3, or both, would be 1.0 p.u.

'
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Figure 3.51 General transformer symmetrical lattice equivalent
circuit with primary and secondary equivalent turns o and f per unit

Figure 3.52 A three-phase equivalent circuit of a star—star connected
transformer



Table 3.6 Connection table for the star—star transformer equivalent
circuit shown in Figure 3.52 (x=1+1, p.u.; f=1+1t5p.u.)

Admittance Between nodes

y/a N—-A, N-B, N-C

v/p n—a, n—b, n—c

y]asy A—a, B-b, C—c

—y/afBy n—A, n—B, n—C; N—a, N-b, N—c
3ylaBy N-n

In a more concise form, the equivalent circuit of Figure 3.52
may be described by the connection table given in Table 3.6
where, for example, an admittance of value y/afis connected
between N and A, also N and B, etc. If the neutrals are
earthed or connected together either solidly or through an
impedance, the appropriate additions or deletions can be
made to the circuit and corresponding terms changed in the
connection table. From inspection of the circuit, the
corresponding admittance matrix can be assembled with or
without rows and columns for the neutral nodes, depending
on the earthing arrangements.

(¢) Delta—delta transformer. With the same convention
(that parallel windings may be considered to represent
single-phase transformers) the equivalent circuit of a
delta—delta transformer may be constructed by the same
principles, as shown in Figure 3.53. The corresponding con-
nection table is shown in Table 3.7, where both windings
have variable ratios. With taps on one winding only either
atpr Bwould have the value /3, the tap value 7,01 15being
zero accordingly.

/ -
coE=z - - - -1
N T~
. -

N
N
~
N\
N

Figure 3.53 A three-phase equivalent circuit of a delta—delta
connected transformer

Table 3.7 Connection table for the delta—delta transformer in the
equivalent circuit shown in Figure 3.53 (oc:\/3(1 +t,) p.u,;

B=43(1+tp) p.u.)
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Figure 3.54 A three-phase equivalent circuit of a star—delta
connected transformer

(d) Star—delta transformer. Using the same techniques,
the three-phase equivalent circuit model of a star—delta
transformer may be assembled and is shown in Figure 3.54.
The convention used for numbering nodes and thus identi-
fying opposite sides of the symmetrical lattice networks is as
follows:

A—N/c—b; B—N/a—c; C—N/b—a.yp

The connection table for Figure 3.54 is given in Table 3.8.
Again, for taps on one side of the transformer only, either t,,,
or tgis zero. The neutral node N in the table can be identi-
fied with the reference earth node if solidly earthed or extra
terms can be added to the table or not, according to the
earthing arrangements

(e) Three-winding transformers. With the same assump-
tions the analysis can be extended to three-circuit transfor-
mers and autotransformers and to any multiwinding
transformer regardless of the number of circuits. Consider,
for example, a star-star—delta transformer with solidly
earthed neutrals. Let the star primary and secondary wind-
ing (P and S) terminals be labelled A, B, C, N and A"B/, C's
N/, respectively, with the delta tertiary winding (T) term-
inals labelled a, b, c, as shown in Figure 3.55.

If yps, ypr and ygr are the short-circuit per-unit admit-
tances of the two windings indicated by the subscripts with
the third winding open, a three-phase equivalent circuit can
be assembled from paralleling one star—star and two star—
delta equivalent circuits in turn. The circuit line diagram is
too complex to illustrate conveniently, but with the same
convention concerning the matching of parallel sides in the
identification of the single-phase units, A—N with A’—N's
A—N with c—b and A’—N'<with c¢—b, etc., the connection

Table 3.8 Connection table for the star—delta transformer in the
equivalent circuit shown in Figure 3.54 (x=1+t, p.u.;

B=4/3 (1+tp) p.u.)

Admittance Between nodes Admittance Between nodes

v/ A-B, B—-C, C-A y/ap A—N, B—N, C—N
/B a—b, b—c, c—a /B a—b, b—c, c—a
2yl A-A, B—b, C—c y/afyp A—c, B—a, C-b
—ylafyp A-b, B—c, C—a; a—B, b—C, c—A —y/afy A-b, B—¢c, C-a
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Figure 3.55 A star—star—delta transformer showing terminal markings

table will be as in Table 3.9, where asrepresents the turns
ratio of winding P, fyof winding S, and ~yof winding T.
Neutrals N and N'<are solidly earthed.

Note that, because two symmetrical lattice networks are
connected to any two nodes on the same winding, a and b
for example, the total admittance between these nodes is the
sum of the corresponding admittances belonging to each of
the two lattices between these nodes, e.g.

yor/Y0+ yst/vb= (ver + yst) /v

(f) Open-delta transformer. The validity of the equiva-
lent-network model in representing unbalanced transformer
designs is demonstrated in the analysis of the open-delta
transformer. Figure 3.56 shows a schematic circuit diagram

Table 3.9 Connection table for a three-winding star—star—delta
transformer (a=1+t, p.u; f=1+ts p.u.; y=,/ 3(1+1tr) p.u.)

Admittance Between nodes

(ves T yp1)/ct N-—A, N-B, N-C

(res+ysT)/B N'—A/, N-B', N'-C"=

yps/afy A-A', B-B, C-C'*<

—yps/af N'—-A, N'-B, N'-C; N-A’, N-B'F
et + st/ N-C'<

ypr/ayy a—b, b—c, c—a

yst/Bvy A—c, B-a, C-b

—ypr/an) '—¢, B'—a, C'-b

A
—yst/Bvd A-b, B—c, C-a
A’'—b, B'—c, C'—a

Figure 3.56 Equivalent circuit of an open-delta transformer

of the transformer with each delta open opposite nodes
A and a, respectively. Connecting parallel branches of the
windings by symmetrical-lattice equivalent circuits yields
the connection table shown in Table 3.10.

Equivalent circuits for other unbalanced transformers
and for transformers with different numbers of primary
and secondary phases, i.e. m-to-n transformers such as
Scott, Zig-zag, Vee transformers, etc., can be found in
reference 5.

(g) Effects of magnetising impedances. The preceding
transformer models do not account for the effects of core
structure and saturation. In particular, it is noted that the
phase circuits give the same representation as transformer
sequence impedance circuits with a series impedance of
equal value in each of the positive-, negative-, and zero-
sequence circuits. More accurate representations include
the transformer magnetising impedances in three-phase
transformers.



Table 3.10 Connection table for the open-delta transformer with
each winding open opposite nodes A and a respectively
=/3(1+1,) p.u; B=/3(1+1tg) p.u.)

Admittance Between nodes

Yot A-B, C-A

y/B a—b, c—a

ylapy B-b, C—c

—ylafy A-b, A—c, B—a, C—a
2yla By A-a

In terms of the sequence quantities, these impedances are
of particular importance in the zero-sequence networks.
High values of zero-sequence voltage in shell-type trans-
formers, and the effects of the tank walls and out-of-core
return paths for zero-sequence fluxes in three-legged core-
type transformers, give magnetising impedances of the same
order of magnitude as the system impedances.

The transformer equivalent sequence networks can be
modified to become T networks, with the magnetising imped-
ance sequence components in the legs of the Ts. In phase
coordinates the shunt impedance branch can be added
likewise to the transformer single-phase model, as indicated
in Figure 3.57. The dotted line indicates the part of the
transformer short-circuit impedance placed in the lattice
networks; the other part could be incorporated into a lattice
network if equivalent taps are required on both sides. The
equality of the series admittances has no significance.

Starting from the usual measures of these magnetising
admittances in sequence terms, the three-phase equivalent
circuit can be developed as follows where, for a balanced
design,

Yupe =TY 012 T*

Yo+Y1+ 1> Yo+aYi+a?Ys Yo+a?Yi+aYs
0+062Y1+01Y2 Yo+ Y1+ 1, Y0+OCY|+042Y2

v+aYi+a?Ys Yo+a?Yi+aY, Yo+Yi+ Y,

This phase-admittance matrix represents an equivalent
delta network with connections to earth at each node
where y; =y, as shown in Figure 3.58.

(h) Phase-shifting transformers. Phase-shifting transfor-
mers may be represented in a similar manner from an
assembly of single-phase elements, but here the single-
phase elements have to be derived.

(1) Single-phase equivalent-circuit model—following the
method described in Section 3.3.5.2, the single-phase
representation may be illustrated approximately as in
Figure 3.59, where the ideal transformer now represents

's (1+8:1 2

A

Figure 3.57 Per-unit schematic representation of a single-phase
transformer with core representation

Yo
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Figure 3.58 Phase representation of core branch impedances
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Figure 3.59 Per-unit schematic representation of a single-phase
phase-shifting transformer

@

an ideal phase-shifting transformer. The invariance
of the product V* across the ideal transformer
requires a distinction to be made between the turns
ratios for current and voltage; thus

Vs=(14t,)V'<
—(1 +[1)l5
where 1 +#,=1+1+jgand 1 +(,=1+1—]q.

Following the same procedure as before yields the

4x4 phase admittance matrix Y of the equivalent
phase-shifting transformer. For a phase-shifting trans-
former, however, although an equivalent lattice net-
work corresponding to the admittance matrix Y can
be constructed, it is no longer a bilinear network
because of asymmetry in Y. The equivalent circuit of a
single-phase phase-shifting transformer is thus of limited
value, and the transformer is best represented
algebraically by its admittance matrix.
Three-phase  phase-shifting transformers—For both
non-phase-shifting and phase-shifting transformers the
phase-admittance matrix for any polyphase bank can
be built up from the single-phase admittance matrices
by identification of the nodes of each single-phase unit
with the three-phase terminations, A, B, C and a, b, ¢
according to the winding connection.
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The three-phase admittance matrix of the star—delta
phase-shifting transformer is:

A B C N a b ¢

y -y y -y
A3 0 0O — 0 — —
oray ajay ar o
J Y -y =Y Y
B|]10 0 — — 0 —
] aroy ajay apf3 a3
: Y -y -y
Cl]10 0 — — 0
] ajay agay o a By
Y&'plmse:N E_y ) 4 3y 0 0 0
Loy aray oy apay
aldo =2 P
] ayB aypy 2opr B
1y -y -y 2y -y
b|— 0 — 0
Javp ay By 2 g B
1y A
¢\ 0 0 = = =
lavB ayB 6 B p?

The neutral node N has been preserved in the matrix.
If N was earthed through an earthing impedance, the
appropriate admittance would appear in the element
YN or, if earthed directly, the row and column corres-
ponding to N would be removed.

3.3.5.2 Fault analysis

By representing polyphase network conditions in terms of
their phase co-ordinates, i.e. phase voltages, currents and
impedances, thereby preserving the physical identity of the
system, instead of transforming the phase co-ordinates to
symmetrical component co-ordinates, a generalised analysis
of polyphase networks under all fault conditions can be
developed.

General form of prefault equations 1t was shown in Section
3.3.3.3 that the general form of the nodal admittance equa-
tions YV =I'may be used to describe the three-phase system
where each bus-bar in the one-line diagram of the balanced
system is replaced by three equivalent separate-phase bus-
bars. Each voltage and current element in equations YV =1
for the balanced system is replaced correspondingly by
three phase-to-earth voltages and three currents, with each
element of the nodal-admittance matrix being replaced by a
three-phase element represented by a 3x3 nodal admittance
submatrix. The same principle used in the assembly of the
single-phase admittance matrix underlies the assembly of
the three-phase admittance matrix.

The phase relationships at each bus-bar are, then, at
bus-bar k, for example,

I = SE/VEE

where /) is the phase current injected into bus-bar k, V. is
the phase-to-earth voltage, and Sy is the phase power.

The network admittance matrix Y can be adjusted to the
basic prefault form from which all calculations for the vari-
ous faults commence by classifying the energy sources as
active or passive, according to their behaviour during fault

conditions. Some loads, for example, may be characterised
by passive admittances per phase; thus the equation for
node j becomes

I = yigV;

The network nodal admittance equations can be modified
accordingly by substituting for the load currents and then
transferring the admittances across to supplement the diag-
onal elements of matrix Y. If the load has unequal positive-
negative-, and zero-sequence admittances, the admittance
yjo' may be replaced by an equivalent 3x3 phase admittance
matrix, which in turn is transferred to supplement the
appropriate block diagonal 3x3 submatrix of Y. In this
case, the substitution for the three corresponding phase
currents is made simultaneously.

With appropriate node connections, active sources such
as machines may be represented by the general network ele-
ment shown previously containing voltage sources in series
with a passive network. The equations YV = I governing the
current injected into the network from a star-connected
machine connected to the three-phase bus-bars p, q, and r
with a neutral earthed through an impedance yy, are:

Yop Ypq Ypr —o 4 »n E
Yoo Yoo Yo -0 Vs G Eq
Yo Yiq Yu —Jo Vs }_ n E

Yo —Yo —yo YN N yo  EN

where Iy is the current injected into the neutral node N, and
is usually zero, Ey is the sum of the phase e.m.f.s, and is
also usually zero (E, + Ey+ E,=0), y, is the machine zero
sequence admittance, y, is the positive-sequence admit-
tance, and Ynn=3yo+ yno- The values of the voltage
sources E,, Eq and E, are the appropriate phase-displaced
transient or subtransient values according to the purpose of
the study.

Substituting again for the respective currents in equation
YV =1I and transferring the product terms y;;¥j to the left-
hand side, the modified network admittance equations
become

! !

Y'V=[E =1 (3.5)«
where Y’ is the supplemented phase admittance matrix and
[y E] or I <fs a column matrix the elements of which are of
the form y,E, or zero. The similarity is evident between the
three-phase prefault equations and the familiar equivalent
one-line diagram or single-phase prefault equations estab-
lished for three-phase fault studies of balanced systems
described in Section 3.3.3.

Solution of equations for various types of fault condition All
the various types of fault condition can be analysed by
means of simple modifications to, and the solution of,
these equations.

(a) Single phase-to-earth fault. 1f a single phase-to-
earth short circuit occurs at bus-bar k, the bus-bar voltage
Vi will be constrained to be zero, the value of the earth
reference voltage. To obtain the extra degree of freedom
for this constraint to be valid within a consistent set of
equations, the current on the right-hand side of the kth
equation in equation (3.5) must be unspecified, and allowed
to take its value according to the solution of the remaining
set of (n — 1) equations in the (n — 1) unknown voltages, V;,
i=1,2,...,n (i#k), with V;,=0.



Letting the value of this kth current be 7}, where
=&YV,
=&+ &

I[Sis the prefault value and Y (m=% 2,..., n) are the
elements of the kth row of the matrix Y’, then Igc is the
current in the short-circuit connection to earth.

This calculation is exactly the same as that for a three-
phase fault in existing computer programs based on a one-
line diagram and three-phase apparent-power base.

The numerical methods of solution are the standard
methods developed for such problems in linear algebra,
namely matrix-inversion methods or, for large systems,
iterative methods such as the Gauss—Seidel technique, and
can be found in the usual numerical-analysis textbooks.

(b) Multiphase faults. These are described in (1)—(4) below.

(1) Phase-to-phase short circuits—for bus-bars short-
circuited together (zero-impedance connection) either
the modified admittance equations can be solved sub-
ject to a number of additional constraints, or the
admittance matrix Y’<Tan be modified, and the number
of equations reduced for solution without constraints.

In the first approach, where the number of nodes
remains constant, the appropriate bus-bar voltages are
constrained to be equal. To obtain the extra degrees of
freedom for these constraints to be valid within a con-
sistent set of equations, the currents on the right-hand
sides of the corresponding equations must be unspeci-
fied and allowed to take their values accordingly.
These currents are, at bus-bar k, for example,

IIZ¢:# +&Elsc

where Y/gc is the total short-circuit current injected
into bus-bar k£ from all other bus-bars short circuited
to bus-bar k.

For a phase-to-phase short circuit occurring between
bus-bars j and k, for example, the equations are solved
with voltages V;=4% and currents [/“and I;/“being
unknown where

e gt .
=4 4

and
I =4 4
Ii; (= —Ij) is the short-circuit current passing between

bus-bars j and k, Ij; that being injected into bus-bar j,
and [ being that injected into bus-bar k.

(2) Phase-to-phase faults via impedances—if the faults
between phases occur through impedances the equa-
tions are solved for the voltages ¥ with matrix ¥’Sup-
plemented by the appropriate admittances.

(3) Phase-to-phase-to-earth  faults—earthed multiphase
faults follow as extensions of the previous sections. If
several phases are short circuited to earth simulta-
neously, the equations are solved with all the respective
voltages having a value of zero. The total fault current
to earth follows from the appropriate sums of the
respective fault currents. If impedances are present in
the fault, the corresponding admittances are included
in the matrix Y'<and the fault currents are evaluated
depending on the fault impedance configuration.

(4) Simultaneous faults—using phase co-ordinates, any
two- or three-phase fault may be considered to be a
multiple fault, in the sense that more than one repre-
sented bus-bar is involved. The techniques of solution
above may be applied, therefore, without restriction, to
any number of simultaneous faults, regardless of their
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type or geographical location. As noted previously, the
solution involves the solving of a set of simultaneous
linear algebraic equations with or without constraints
on the appropriate voltages, depending on the modifi-
cations made to the original network connection table.

(¢) Open conductors. Open conductors present no
difficulty other than that of introducing an extra bus-bar
or bus-bars into the network, depending on the number of
open circuits. The appropriate changes are made in the con-
nection table, and the admittance or impedance matrices
are modified accordingly.

The source transformation method of solution The above
methods of solution may be referred to as ‘distributed
source methods’, in which the various equivalent-current
sources retain their identity and are generalisations of the
existing methods of solution in the standard three-phase
fault-level analysis described in Section 3.3.3.2.

An alternative approach would be to use Norton’s
theorem, or superposition methods, commencing from the
supplemented nodal impedance matrix Z'<(=&'""). The
method depends on knowing the voltage drop caused by
the fault current, and hence determines this current for an
equivalent current source acting alone at the point of fault.
The fault conditions are then obtained by superposition.’

3.3.5.3 Polyphase loadflow analysis

For polyphase load flow, several questions are raised which
are not encountered in balanced one-line diagram analysis.
If the phase voltages are unbalanced then the characteristics
of the loads under such conditions should be known. An
admittance matrix representation may well be better than a
specified P+jQ demand. A further problem is the lack of
knowledge of the active and reactive power distribution
between the phases of the generators.

A synchronous generator model avoiding this latter diffi-
culty and using only the total output power of the machine is,
for a machine connected to the three-phase bus-bars p, q and r:

- —)0 Vo
Yase -y =y Vo |1
} -y =)o Ve |
yio—ay =ty 3y 0 E. |
Yo —Yo  —)o 0 (30 ++n0 N

S*/E*, +4n0| Vn|*/ E*a

To a first approximation the term ynolVn|*/E*a can be
neglected in comparison with the magnitude of the term
ES*/E*,.

For each generator the machine admittance matrix ¥, can
be added to the polyphase admittance matrix representing the
network of lines, transformers and admittance loads. By any of
the usual load-flow techniques these equations can then be
solved iteratively. At generator bus-bars where a P|V| specifi-
cation is given, the value of P is the total active power output
of the machine and [V can be either E, or V), or any other
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controlled bus-bar voltage. Several existing conventional
(one-line diagram) load-flow programs already allow the
generator terminal voltage magnitude to be unknown and to
be adjusted according to the voltage value of a remote-
controlled bus-bar. In principle, the same situation and adjust-
ments characterise the phase co-ordinate load-flow analysis

3.3.6 Network power limits and stability

Steady-state a.c. power transfer over transmission links
has limitations imposed by terminal voltages and link
impedance. Transient conditions for stable operation are
dynamic, and more complicated.

3.3.6.1 Steady-state conditions

Two typical cases concern a link transferring power from a
sending-end generator at bus-bar voltage V to a receiving
end of voltage V. where there is either (1) a static load only
or (2) a generator. Case (2) is the more important, as loss of
synchronism is possible.

(1) Load stability The power taken by a static load of con-
stant power factor is proportional to the square of the volt-
age. As the load power is increased the voltage falls, at first
slightly but subsequently more rapidly until maximum power
is attained. Thereafter both load voltage and power decrease,
but the system is still stable, though overloaded. The condi-
tion could occur following the clearance of a system fault.
The load is rarely purely static: it usually contains motors.
With induction motors the reactive-power requirements
increase as the voltage falls, and beyond the maximum-
power conditions the machines will stall, and will draw
heavy ‘pick-up’ currents after a restoration of the voltage.

(2) Synchronous stability  The receiving-end active and react-
ive powers in terms of V; and V., and the parameters
ABCD, are given for a transmission link in Section 3.2.13.1.
For a short line, A=1/0"and B=Z/(, where Z=R+jX
and 3= arctan(X/R), conditions shown in Figure 3.27.

If the resistance R can be neglected (as is often the case,
especially where the link includes terminal transformers), the
receiving-end active power P, and its maximum P,,,, become

P = (ViVy/X)sin by
Prm = Ver/X

To attain maximum active power, the receiving end must
also accept a leading reactive power Q,, = V2/X.

Interpreting the angle Oiybetween Vg and V, as that
between the generator rotor (indicated by the e.m.f. E;)
and V,, and including the appropriate generator reactance
in X, the angle is now the load angle 6, and maximum active
power transfer will occur for a load angle § =n/2rad (90°<
electric). The relation for normal conditions is marked N in
Figure 3.60.

Although a system does not operate under continuous
steady-state conditions with a system fault, the power—
angle relation is important in the assessment of transient
stability. The network for which the curve is calculated is
obtained by connecting a ‘fault shunt’ Z; at the point of
fault. The value of Zis in terms of Z_ and Z,, respectively,
the total impedance to n.p.s. and z.p.s. currents up to the
point of fault. These values are given below for line-line
(LL), single-earth (LE), double-earth (LLE) and three-phase
(3P) faults, while the corresponding power-angle relations
are shown in Figure 3.60.

Power

0 /2 T
Load angle § (rad)

Figure 3.60 Power—angle relationships

Fault: LL LE
Z; Z . Z +7Z

LLE 3p
Z_Zo/(Z_+Zy) Zero

3.3.6.2 Transient conditions

If a system in a steady state is subjected to a sudden disturb-
ance (e.g. short circuit, load change, switching out of a
loaded circuit) the power demand will not immediately be
balanced by change in the prime-mover inputs. To restore
balance the rotors of the synchronous machines must move
to new relative angular positions; this movement sets up
angular oscillations, with consequent oscillations of current
and power that may be severe enough to cause loss of syn-
chronism. The phenomenon is termed transient instability.

Rotor angle For a single machine connected over a trans-
mission link to an infinite bus-bar, the simple system shown in
Figure 3.61 applies. The mechanical input Py, is, in the steady
state, balanced by the electrical output for the angle d, on the
full-time power—angle relationship. If an electrical disturbance
occurs such that the power—angle relation is suddenly changed
to that indicated by the broken curve, the angle cannot

E — Infinite
— bus-bar
3
2
o
a
p T
m /+ /:’ IA P N Pm
T
7 | I N\
i JE N
5y 9, 8, Load angle
Figure 3.61 A single-machine system
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Figure 3.62 Swing curves

immediately change because of the inertia of the generator
and prime-mover rotors. The electrical power drops, and a
power difference AP appears, accelerating the rotating mem-
bers towards the new balancing angle §,. Overshoot takes the
rotor angle to 6,. If the disturbance is not severe, the rotor
assumes the angle 6, after some rapidly decaying oscillations
of frequency 1 or 2 Hz. The angle-time relationship is that
shown as curve A in Figure 3.62. However, if AP is large,
the overshoot may cause loss of synchronism—the unstable
curve B. A comprehensive investigation of stability thus
involves the calculation of swing curves for the machines
concerned.

Equation of motion The equation of motion for a single

machine is
M(d?6/dr?) + K;(d6/dr) + Ky = AP

where M is the dngular momentum. If the damping coeffi-
cients K; and K, 5 are ignored, the equation of motion
reduces to d* §/d =A P/M.

A mass of mertld J rotdtmg at angular speed wystores
a kinetic energy W =1Juw?. The momentum M = Juwycan
be usefully related to tQhe machine rating S by the inertia
constant

H=W/[S = Muw/S=1Jw}/S~20Jn/S

in which w; is the synchronous angular speed (rad/s) and
ny =wy /27 =f]p is the corresponding rotational speed (revo-
lutions per second) for a machine with 2p poles operating at
a frequency f. The magnitude of H (in joules/volt-ampere,
or MJ/MV-A, or seconds) has the typical values given in
Table 3.11.

A direct solution of the equation of motion is not normally
possible, and a step-by-step process must be adopted. For this,
a succession of time intervals (e.g. 50 ms) is selected and the

Table 3.11 Inertia constants of 50 Hz synchronous machines

Machine n
(rev/s) (s)
Turbogenerators 50 3-7
25 5-10
Compensators — 1-1.25
Motors — 2-2.25
Hydrogenerators 8.3 2-4
5 2-3.5
2.5 2-3
1.7 15-2.5
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rotor acceleration (d?6/d) is calculated at the beginning of
each. Assuming the acceleration to be constant throughout a
time interval, the angular velocity and the movement &1
during the interval can be found. At the end of the first inter-
val, the new AP is obtained from the power—angle curve and
used to calculate the acceleration during the second interval,
and so on. The complete swing curve can thus be obtained.
The method can be extended (if the relevant data are avail-
able) to include damping, changes in excitation, saliency,
prime-mover governor action and other factors that affect
the swing phenomenon.

Multi-machine system A two-machine system with a trans-
mission link can be represented by a single machine feeding
an infinite bus-bar and having an equivalent momentum
M =M ,M,/(M,+ M>).

A group of machines 1, 2,..., paralleled on the same
bus-bar can be treated as a single machine of rating
S=81+S>+..., and of equivalent momentum M = (S,/S)
M+ (S/S)My+ ...

For a multi-machine network, a separate equation of
motion must be set up for each generator and a step-by-
step solution undertaken. Determination of AP for each
machine at the end of a time interval involves a comprehen-
sive load-flow calculation by computer.

Equal-area criterion Neglecting damping, governor action
and changes in excitation, the stability of a simple
generator/link/infinite-bus-bar system can be checked
graphically using power—angle relationships. Consider the
system shown in Figure 3.63, with the generator operating at a
load angle &, on the power—angle curve P, with a prime-mover
input P, and both transmission links intact. A fault occurs
on one link, changing the power—angle relationship to Py and
giving a power difference AP between P, and the electrical
output. As a result the rotor accelerates until the angle 4 is
reached, when the faulted link is switched out. The kinetic
energy acquired by the rotor during this period is represented
by area 4. At 6 the power—angle relationship becomes P,
corresponding to a single healthy link. This reverses AP and
the rotor decelerates. At the angle ¢, such that area B

Power

o
S

b — —
g — —
~ <

Angle

Figure 3.63 Equal-area stability criterion
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(representing kinetic energy returned from the rotor) is equal
to A, the rotor speed is again synchronous. However, AP is
now reversed and the rotor will begin to swing back. The
range of rotor-angle excursions is stable, but there is a critical
value of the fault-clearance angle ¢ that, if exceeded, will
result in instability. If all the power—angle relationships are
true sinusoids, the critical angle can be found analytically.

Conditions other than that shown in Figure 3.63 can be
dealt with if the relevant power—angle relationships can be
drawn. It is to be noted that a swing curve may be required
to relate rotor angle to time, as it is the time of fault clear-
ance (or other event)—a quantity based on the delay of
switch opening—that is normally specified.
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4.1 Introduction

The properties of materials relevant to electrical engineering
applications are mechanical, thermal and electromagnetic in
nature. The mechanical properties which are of interest
relate to the strength and deformation of materials, the latter
being either reversible and governed by three elastic moduli
or irreversible because of plastic changes or fracture. The
thermal properties relate to heat capacity, conduction and
expansion. The interaction of mechanical and thermal
properties with the electrical properties leads to electro-
mechanical and thermoelectric properties.

Traditionally, the electromagnetic properties are describ-
able in terms of three main parameters: the electrical conduct-
ivity (o), the magnetic permeability (), and the electric
permittivity (e). The relative magnitude of these parameters
determines whether the material is, respectively, electrically
conducting, magnetic or dielectric. The electromagnetic
transmittance of the material (i.e. the optical transparency)
is governed by the refractive index which may be complex
in nature and thus lead to complicated electromagnetic
behaviour.

4.2 Mechanical properties

The mechanical properties of materials relate to their
strength, rigidity and ductility. Materials may be deformed
elastically, by which it is meant that the deformation is
reversible and that the stress (force per unit area) and
resulting strain (fractional size change) are proportional
(Hooke’s law). The constant of proportionality is known as
the elastic modulus of which there are three types:

(1) Young’s modulus (M) relates tensile stress and strain;

(2) Shear modulus (G ) relates shear stress and strain; and

(3) the bulk modulus (K) relates bulk stress and volume
strain.

During elastic deformation, not only is there a longitudinal
elongation but also a cross-sectional decrease. The ratio of
longitudinal to transverse strain is Poisson’s ratio, .

If the materials are polycrystalline, the mechanical proper-
ties may be regarded as isotropic so that the four elastic
constants may be interrelated by

M =8K(1 —2)
M =2G(1 +<

The inherent strength of a material is limited by plastic
deformation or fracture. Plastic deformation is a permanent
deformation caused by a shearing of a few crystal planes (slip).
Such deformation is affected by various types of dislocations
within the material structure.

The fracture of a material is the separation into two or
more parts by an applied stress and may be classified as
either brittle or ductile. The former occurs after little or no
plastic deformation, whereas ductile fracture occurs after
extensive plastic deformation.

Materials may be strengthened but usually only at the
expense of their ductility which may cause fabrication prob-
lems. Methods of increasing mechanical strength include
work hardening (progressive application and removal of
increasing stress), solution hardening (addition of an
alloying element to produce internal strains), precipitation
hardening (which involves careful heating and solution
treatment), and dispersion hardening (diffusion of gases
into the solid to produce hard particles).
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Figure 4.1 Creep behaviour under constant applied stress

The stress and strain do not necessarily occur simultan-
eously in real materials but rather the material continues to
deform indefinitely under the influence of a constant applied
stress (creep). Such creep behaviour consists of four main
phases (Figure 4.1). An initial instantaneous strain (which
may be partly elastic and partly plastic) is followed by a
primary creep region having a decreasing creep rate, a second-
ary creep region of constant minimum flow rate and a final
region of accelerating strain ultimately leading to fracture.

4.3 Thermal properties

The basic thermal properties of materials include thermal
capacity, conduction and expansion. The thermal capacity
(the thermal energy required to raise the temperature by
one degree Kelvin) is due to the storage of energy in the
motion and oscillation of atoms and electrons. Such energy
may be conducted through atomic and electronic collisions
between regions at different temperatures. The thermal
stability of the material is governed by the magnitudes of
the thermal conduction and capacity since these parameters
govern the temperature rise experienced by the material on
the dissipation of power within the material. Such tempera-
ture rises can lead to technical difficulties, not only because
of the eventual destruction of the material, but also due to
its expansion which results from the increased amplitude of
oscillation of the atoms.

4.4 Electrically conducting materials

Electrically conducting materials may be identified from
fundamental electromagnetic theory as those for which the
conduction current density j. is considerably greater than
the displacement current density j; where

Jo =<€E (Ohm’s law)

Ja =<D/bt

(4.3)<=
(44)<=

where D is the electric flux density.
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For j. to dominate the electrical conductivity osneeds to
be large. Since the electrical conductivity is approximately
given by classical theory as

o= (2 /m)nt. = enp

(where m and e are the electron mass and charge, respectively,
and p is the mobility), a high concentration of conduction
electrons (n) or a long time between collisions of electrons
and the lattice ions of the material (27¢) leads to the dom-
inance of j..

Since both electrical and thermal conduction are due to the
flow of electrons in metals, it should be anticipated that the
electrical and thermal (K) conductivities should be related.
The relationship is given by the Wiedemann—Franz law

as
2=LT
K

where L is the Lorentz Number and 7'is the temperature.

This has implications for the removal of Joule heat (which
depends upon o) by thermal conduction (which depends
upon K).

Furthermore, the conduction of heat may be accompanied
by the flow of electric current. This flow ceases when
opposed by the electric field created by the resulting charge
migration. The electromotive force (e.m.f.) generated is char-
acterised by the thermoelectric power s which is the potential
difference (dv) per degree temperature difference (d7")

s=dV/dT

Thus the potential difference between the ends of a material
with thermoelectric power S at different temperatures mea-
sured via junctions with a second material of thermoelectric
power S, is governed by (S — S»). This, the Seebeck effect,
forms the basis of thermocouple operation. If, alternatively,
a current is made to flow along or against a temperature
gradient, the need for the conduction electrons to be in
equilibrium with the crystal lattice leads to the heating of
the cold end or the cooling of the hot end (Thompson effect),
respectively. The flow of current through the junction between
two materials can produce heating or cooling known as the
Peltier effect, which can be used for temperature control.

The electrical conductivity of semiconductor materials
incorporates both electrons (n_) and holes (u,) as carriers
so that

oG=en_p, +enyp,.

In photoconductors the number of carriers n_, n, is enhanced
through the absorption of light energy to free the carriers
for conduction.

For technical applications it is often preferred to use the
reciprocal of conductivity, i.e. the resistivity, p. The resistivity
of a pure, conventional conductor increases with temperature

pr=p(1+aT..)

where ads the temperature coefficient of resistivity (in parts
per million per degree Celsius). The temperature dependence
of the resistivity of some conductors is shown in Figure 4.2.

The resistivity of an impure conductor is greater than that
of the pure conductor (due to additional electron collisions
with the impurity ions) according to Matthiessen’s rule:

ps=pr+ pr (4.10)«<=
In the case of a dilute alloy (Nordheim’s rule)
o =ax(l —x)< 4.11)«<

where x is the impurity concentration.

(4.5)<=

(4.6)<=

4.7 <=

(4.8)<=

(4.9)<=
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Pure metal (pt)

Transition alloy
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Figure 4.2 Temperature dependence of the resistivity of various
types of conductors

However, for alloys of transition metals (e.g. nickel) the
above rules do not apply. Instead the resistivity variation
with temperature may possess a point of inflexion which
has important implications for a temperature-independent
resistivity over a limited range. Furthermore, some mater-
ials become superconducting below a critical temperature
T. whereby the resistivity decreases to zero. For such a
superconducting state to be maintained the current density
in the material needs to be kept below a critical value.

Under d.c. conditions the resistance of a bulk conductor
depends on the cross-sectional area (4) and length (/)

R=(l/A4)ps

With a.c. at an angular frequency wcthe current conduction
is confined to a peripheral annulus of effective width (skin
depth)

S =</2p/cpw) (4.13)«=
where ucis the| permeability, so that the effective cross-

sectional area A is reduced and the resistance increases with
signal frequency.

Electrical conduction in thin films is also governed by the
proximity of the film surface contributing to the impedance
of the electron flow

R=sl/w

(4.12)«

(4.14)=

where w is the film width and s the sheet resistance.

4.5 Magnetic materials

The magnetic influence of materials is incorporated in electro-
magnetic theory via the relative permeability which relates
the magnetic flux density, B, to the magnetic field strength,
H, according to

B = popH (4.15)<=

where (i is the permeability of free space for which p, = 1.
A measure of the magnetic influence of a material is given
by the magnetic susceptibility which is the difference
between the relative permeability of the material and that
of free space

XB = pr — 1 (416)<:



However, in material science the preference is for the material
influence to be described additively rather than factorially
according to

B =<4wH +% (4.17)«<=
where Jy, is the magnetic moment per unit volume which is

determined by the product of the magnetic moment of the
elementary dipoles fiy; and their concentration N according to
Jm =N iy (4.18)«<=

A number of physical processes may produce such
elementary dipole moments and these determine the type
of magnetism displayed by the material.

Diamagnetism occurs when the electron orbitals associated
with the atoms of the material are distorted in the presence of
an external magnetic field. The orbiting electrons may be
regarded as forming circulating currents which, according to
electromagnetic theory, have associated magnetic moments.
On the application of a magnetic field the orbitals adjust to
oppose the field. Diamagnetic susceptibility is temperature
independent, of the order of 107* and is negative, implying
a dilution of the magnetic flux within the material.

Paramagnetism is due to an inherent magnetic moment
arising from an orbiting electron, a spinning electron and a
spinning nucleus. In the latter two cases the magnetic moment
may be regarded as originating from the spinning charge of
the electron or proton constituting an effective circulating
current. The nuclear effect is less pronounced than the
electronic effect. Paramagnetic susceptibility is greater than
diamagnetic susceptibility (ca. 1072 to 10~%), is positive and
decreases with temperature (7°) according to the Curie law:

Xp =€/T (4.19)<

where C is the Curie constant.

Both diamagnetism and paramagnetism originate from
the individual effects of atomic processes. However, in
some materials, mainly the transition metals, the magnetic
effects arising from individual atoms may be strongly
coupled to give more pronounced magnetic properties to
the bulk material. Such strong interatomic coupling leads
to ferromagnetic, antiferromagnetic and ferrimagnetic
effects

Ferromagnetism occurs when the magnetic moments of
neighbouring atoms are aligned because of the strong inter-
atomic coupling so that

Im =HNapua +Nplp (4.20)<:

where the suffixes A and B designate the neighbouring atoms.
To minimise the magnetic energy of the bulk material, regions
of like-magnetic-moment alignments (domains) are formed
with neighbouring regions having differently orientated
magnetic moments.

Antiferromagnetism occurs when the magnetic moments
of neighbouring atoms are misaligned so that for a pure
material the bulk magnetic effects are zero:

Jm =4¥A,uA7NBuB =9§ A=8 (4.21)<:
Ferrimagnetism arises when the neighbouring atoms in

the misalignment have different magnetic moments so that
there is a remnant magnetic effect in the bulk material:

Jn =Mapus —Npup 78 A #B (4.22)«=

For both ferromagnetic and ferrimagnetic materials the
magnetic susceptibility is enhanced and considerably greater
than for both diamagnetic and paramagnetic materials. In all
cases the magnetic susceptibility decreases with temperature
according to

x=</(T —4&) (4.23)<=
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where T, is the Curie point for ferromagnetic materials and
the Neel temperature for antiferromagnetic materials. The
significance of T is that the material ceases to be strongly
magnetic for temperatures above 7, and becomes instead
paramagnetic in nature.

Incorporation of magnetic materials as part of devices in
electrical networks (e.g. transformer cores), electronic circuits
(e.g. magnetic pick-ups) or microwave systems (e.g. ferrite
isolators) may produce power losses or waveform distortion.
At power frequencies, the power losses are produced by
hysteresis effects which arise from the inertia of the ferro-
magnetic domains in following changes in an applied
magnetic field and which produces a hysteresis B—H loop
(Figure 4.3). The power losses are given by the product of the
energy product, the volume and the power frequency (energy
product =€BH),..,). In addition, losses occur due to eddy
currents flowing in the magnetic material. These depend on
the resistivity of the material (p), the shape of the material
(), the dimension (d) perpendicular to the magnetic flux (B)
and the power frequency (f) according to

Eddy loss = [(7Bmax fd”)/(pB)] 4V olume]

Waveform distortion is produced by the non-linear rela-
tionship between B and H due to the hysteresis B—H loop
because, according to Lenz’s law, the output voltage from
an inductive element is given by

Vomad—B __d[F(H)]«=

dr dr

(4.24)=

(4.25)«<

At radio and microwave frequencies, losses may occur
due to the absorption of power from the electromagnetic
wave to increase the energy of the elementary atomic mag-
netic dipoles. Ferrite materials which are used in radio and
microwave frequency devices are anisotropic in nature so
that the relative permeability is replaced by a permeability
tensor.

Materials which demonstrate superconductivity do so not
only below a critical temperature, 7., and critical current

+B |
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Figure 4.3 B-H hysteresis and the energy product B-
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Type I

Figure 4.4 B-H curves for superconductors

density, but also below a critical magnetic field strength
(H.) which varies with temperature T according to
H.= HCO[l - (T/Tc)z] (4‘26)<:
where Hy is the critical field at absolute zero of temperature.

For field strengths below H., superconductors become
diamagnetic, implying a low magnetic flux density within
the material (Figure 4.4). The transition to the diamagnetic
state may occur abruptly at H, (corresponding to type I
superconductors which are pure materials) or more grad-
ually (corresponding to type II superconductors which are
more common and include impure materials).

The ratio of the field penetration into the material (the
London penetration depth, A) to the growth in superconduct-
ivity (the coherence length, £), which is known as the
Ginsburg—Landau constant, determines whether a material
is of type I (4/£<0.71) or type II (A4/£>0.71). In type II
superconductors, in particular, the growth in current
density may lead to ‘flux jumping’ whereby flux lines are
dislodged leading to power dissipation which causes heating
and hence loss of superconduction.

4.6 Dielectric materials

In electromagnetism, dielectric properties are incorporated
via the relative permittivity ¢, which relates the electric flux
density, D, to the electric field strength, E, according to

D = ¢y, E (4.27)«<=
where ¢ is the permittivity of free space against which the
permittivity of a dielectric is normalised. Thus, since for free
space €, = 1, the magnitude of dielectric effects may be
considered in terms of the dielectric susceptibility

XE =6 — 1 (4.28)«

Alternatively, a relationship between D and E which is
often preferred in fundamental materials studies is

D=eE+P (4.29)«
where P is the polarisation per unit volume and
P=Np=NakEy (4.30)«=

where p is the dipole moment of each atomic/molecular
dipole, N is their concentration, Ej is the local field within

the dielectric which results from the electrostatic fields
between ions and electrons
E, =E+ P/(3¢))<= (4.31)«<=
and « is the polarisability which is produced by a number of
atomic or molecular processes in the dielectric material.

Electronic polarisation (o) is produced when the electron
orbital is distorted by the presence of an electric field
(Figure 4.5(a)).

Ionic polarisation («;) is produced when the lattice
structure of the material is distorted by the electric field
(Figure 4.5(b)).

Orientational polarisation o, arises when electric dipoles
already exist in the dielectric and are re-aligned by an
applied electric field (Figure 4.5(¢)).

Other polarisation mechanisms which occur in some
materials under special conditions are ion-jump polarisation
and space charge polarisation (o).

Consequently, the total polarisation per unit volume is
P=EXN,q, (4.32)«<=
where a=e, 1, 0 ors.

The electromagnetic and materials descriptions are inter-
related via the Clausius—Mosotti equation:

e—1 1
m —<3:EO EN,,OQ, (433)<:

For situations in which the electric field is time varying in a
periodic manner the polarisation P may lag behind the field £
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Figure 4.5 (a) Electronic polarisation (o). (b) lonic polarisation (o).
(c) Orientational polarisation (o)



due to the inertia associated with the physical processes
described above. As a result, the relative permittivity becomes
dependent on the E field angular frequency wsand on the
relaxation time (7) governing the inertia of the polarisation.
As a result, the permittivity is complex in nature

Noap(€ex + 2)2wT§
9eo(1 + w?r?)

) NoOéo(Eoo + 2)2 -~

9¢o(1 + wrr?)<= J
= e6— jek

€r = €xo

Since the relaxation times of the space charge and orienta-
tional polarisations differ significantly, the effects lead to
sequential changes in ¢ and €¢’“as the E field frequency
increases. lonic and electronic polarisation are governed by
resonant effects (see Section 4.8) which also produce
frequency-dependent complex permittivities (Figure 4.6).

Since the velocity of propagation of an electromagnetic
wave depends upon €'

(4.34)<=
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X 1 X2 X3 X
v | FEFNe X2 X3 v (4.39)«<
z 31 X322 X33 z

which is simplified for uniaxial crystals by the relationship

X1 = X22 # X33 (4.40)«=

Dielectrics which have an inherently asymmetric crystalline
structure may be piezoelectric in nature whereby electrical
polarisation is produced in response to a mechanical stress,
and vice versa. (The effect is to be distinguished from electro-
striction, whereby the mechanical strain direction is indepen-
dent of field polarity.) Some piezoelectric materials are
pyroelectric (spontaneously polarised in the absence of an E
field and dependent upon heating), whilst some pyroelectric
materials are ferroelectric (spontaneously polarised in the
absence of an FE field and polarisation switched in direction
by E). The behaviour of piezoelectric materials is governed by

= c(Ve)™! 4.35)«
ve= (V) (4.35) D=¢yeE +qT (4.41) <=
the frequency dependence can lead to dispersion and wave- s=M'T +qE (4.42)<=

form distortion. The imaginary component of ¢, leads to
signal attenuation and power dissipation which accounts
for the loss tangent of a capacitor

tan 6¢= efel

The permittivity of a dielectric composed of two com-
ponents whose individual permittivities, ¢; and e,, are not
excessively different is given by

& =xi€ + (1 —x1)ey

where y; is the fractional volume concentration of the €;
component; m = 1 or — 1 depending upon whether the com-
ponents are in parallel or series, respectively. For a random
distribution of components such as in ceramics

Ine=xilne+(1—x1)Ine

The behaviour of anisotropic dielectrics requires the intro-
duction of a susceptibility matrix to relate the polarisation to
the electric field:

€
N o
Qo
>y a4
Y__.a.
Power | Acoustic r.f. IR Visible o
&

N

wro =1

A

log (wT)

Figure 4.6 Variation of real and imaginary parts of the permittivity.
(IR—infra-red; r.f.—radiofrequency)

(4.36)<=

(4.37)<=

(4.38)<=

where s is the mechanical strain, 7 is the stress, M is Young’s
modulus and ¢ the piezoelectric modulus. Such materials have
important implications for electromechanical transduction
which, in addition to their electronic applications, have power-
orientated uses for spark ignition and vibration generation.

The electrical resistance of dielectrics is extremely high so
that their insulating properties are enhanced. The equiva-
lent resistance is composed of three components which are
the bulk dielectric resistivity, the surface resistivity and an
effective resistivity representing the imaginary part of the
complex permittivity. The currents which flow in dielectrics
are two-fold (equations (4.3) and (4.4))—the conduction
current, j., being less than the displacement current, jg.
The insulating nature of dielectrics may be destroyed if the
voltage across the dielectric exceeds a critical value. Such
failure may occur via three processes: (1) thermal breakdown
occurs when the Joule heating of the dielectric exceeds the
thermal conduction; (2) dielectric breakdown occurs due to
avalanche ionisation in the dielectric; and (3) gas break-
down occurs via voids in solid dielectrics producing chem-
ical degradation of the dielectric. Since the breakdown
voltage of the latter is less than that of the dielectric, gas
occlusion into solid dielectrics leads to significant degrad-
ation of the electrical insulation properties.

4.7 Optical materials

The basic interaction which produces the optical properties
of materials is that between the electromagnetic field of
light and the electrical charges within the material.

Propagation of light through a transparent dielectric is
governed by the refractive index nswhich is related to the
relative permittivity according to

(4.43)=

USe ﬂ

The signal frequency dependence of ¢, (equation (4.34))
produces dispersion which leads to signal distortion.

For transparent dielectrics which are anisotropic, the
refractive index depends upon the plane of polarisation of
the light and the material is birefringent. The implication is
that the propagation velocity thus depends on the plane of
polarisation of the light.
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Birefringence may be induced in certain dielectrics through
the application of either an external electric field (electro-
optics) or mechanical stress (photoelasticity). Electro-optical
effects occur due to the E field dependence of the suscep-
tibility
P = eyx(l + aE + bE*)E

Since 1> a> b, high electric fields (e.g. high-power lasers)
comparable to interatomic cohesive forces are needed for the
effects to be observable. The quadratic dependence of the
polarisation upon the E field corresponds to the Kerr effect
and leads to the science of non-linear optics. Situations where
the quadratic term is negligible correspond to the Pockel
effect. Both effects may be utilised for power system voltage
monitoring using optical fibre sensing systems.

Photoelastic effects arise through the dependence of the
polarisation on mechanical stress which follows from the
piezoelectric equations (equation (4.41)).

Some transparent materials also exhibit the Faraday effect,
whereby the plane of polarisation of the optical signal is
rotated through an angle fcin proportion to an applied
magnetic flux B according to

0= VBl = 277?7/1 —m)l

where V is the Verdet constant, / the path length, A¢the
optical wavelength, and 7, and 7, are the refractive indices.

Unlike the electro-optical effects, the magneto-optical
effect leads to the rotation of the plane of polarisation being
independent of the propagation direction. (The Faraday effect
is also observable in certain ferrites at microwave frequencies.)

Reflection of light from the surface of a material occurs
due to the incident light polarising charges near to the sur-
face and a re-radiating of light from the oscillating dipole.
The reflection coefficient for light at normal incidence
depends on the refractive index according to

R=[(n—1)/(n+1)]

Light absorption occurs due to ionic polarisation (infra-
red wavelengths), electronic polarisation (visible—ultraviolet
range) and excitation of conducting electrons. Ionic and
electronic polarisation give rise to narrow-band absorption,
whilst excitation of conducting electrons provides a sharp
edged absorption band extending below a critical wave-
length.

(4.44) =

(4.45)«<=

(4.46) =

Light scattering occurs due to atomic-sized particles
(Rayleigh  scattering, aX3*) and micrometre sized
irregularities (Mie scattering).

Light emission (luminescence) occurs via fluorescence (emis-
sion within 10 ns of energy absorption) or phosphorescence
(emission delayed in some cases up to hours).

Energy to produce luminescence may be supplied by higher
energy photons (photoluminescence), electron beams
(cathodoluminescence), oscillating electric fields (electro-
luminescence), or by heating following activation by the
above (thermoluminescence).

4.8 The plasma state

The plasma state may be formally defined as an ionised
material in which the concentrations of ions and electrons
are approximately equal and are relatively high. Examples
of such plasmas are high-temperature gases such as those
occurring in electrical discharges (e.g. electric arcs and
high-power gas lasers), the ionosphere, or in certain semi-
conductors.

The electromagnetic behaviour of such materials is gov-
erned by the plasma frequency (wp,) which is the natural
frequency of the collective motion of the charges forming
the plasma

Né?

wp = wom (4.47)«<=

where N is the number density of the electrical charges. The
significance of this parameter is that it governs the refractive
index of the plasma according to

n =1 (wp/w)? (4.48)«<=
where wds the angular frequency of the electromagnetic wave.
Thus the interaction of electromagnetic waves with a plasma
depends upon the wave frequency. For w < wj, n is imaginary
which implies that such waves are reflected. Thus waves of
different radiofrequencies are reflected by different iono-
spheric layers; metals and semiconductors transmit at short
electro-magnetic wavelengths and reflect longer wavelengths.
The electromagnetic behaviour of such plasmas is, therefore,
more complicated than that of conventional conductors,
dielectrics or magnetic materials.
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5.1 Conducting materials
5.1.1 Copper

A major part of the world’s production of copper is used in
the unalloyed form, mainly in the electrical industries.
Copper has the highest electrical and thermal conductivity
of the common industrial metals with good mechanical
properties, resistance to corrosion, easy jointing, ready
availability and high scrap value.

5.1.1.1

Pure copper has a volume resistivity at 20°C of
1.697 x40~ % Q-m, lower than any known material except
silver. In 1913 the International Electrochemical
Commission established the International Annealed
Copper Standard (IACS) by which the conductivity of all
other grades and purities of copper and its alloys should be
measured. The standard chosen was an dnnedled copper
wire of length 1 m and cross-sectional area 1 mm?, having a
resistance of 0.17421 2. The corresponding volume resistiv-
ity at 20°C was assigned at 0.17421 x 40~% Q-m representing
100% IACS. The percentage IACS for any other material
can then be calculated as

Conductivity

1.7241

% IACS = ———————
Volume resistivity

Since the standard was adopted in 1913, higher purity
copper is now commonly produced, explaining why electri-
cal conductivities of up to 101.5% are frequently quoted.

The relative conductivity at 20°C of other metals com-
pared to that of copper (=400) is silver 104, aluminium 60,
nickel 25, iron 17, platinum 16, tin 13 and lead 8.

All impurities tend to lower the conductivity of copper
but the worst effects are produced when solid solutions are
formed. Precipitation by heat treatment can sometimes be
used to minimise these effects. The worst impurities include
phosphorus, arsenic, antimony and nickel which are com-
monly found in some grades of copper. Silver, cadmium
and zinc produce only a marginal decrease in conductivity
whilst improving mechanical properties considerably.

TlPCoFeAsScMnGeCrNbYSbAI Sn Mg

Ni

2.0 \%
Cd

Zr

Te

1.9 Hf
1.8 tn
/ O
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Resistivity (volume) (€2-mm?/m x 10—2)
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Figure 5.1 Effect of added elements on the electrical resistivity of
copper. (Courtesy of the Copper Development Association)
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Figure 5.1 shows the effect of a range of impurities on the
electrical resistance of copper. The requirements for copper
wires for various electrical purposes are given in BS 4109
and BSEN 12166. More detailed information about stand-
ards is given at the end of the chapter.

The resistivity of copper, like that of all pure metals,
increases with increasing temperature. The temperature
coefficient of resistivity, ar, for pure copper is 3.95 x 493/°C.
For accurate work the temperature coefficient must take
account of dimensional changes due to thermal expansion.
However omission of this correction for copper leads to
errors of less than 0.5%.

5.1.1.2  Mechanical properties and electrical conductor
applications of copper and its alloys

Copper, as cast, has a tensile strength of 150170 MN/m?.
Subsequent rolling, drawing or other hot and cold working
can raise the tensile strengths to 230 for the annealed mate-
rial and to a maximum of 450 MN/m? for hard-drawn wire.
Over this range of strengths, tensile moduli increase from
110 to 130 GN/m?, Vickers hardness values increase from
50 to 110-130 and ductilities decrease from 45 60% to
5-20%. Cold drawn materials start to recrystallise and lose
their strength at temperatures in the range 110-200°C. The
increase in strength due to cold working is associated with a
loss of conduct1v1ty For hard-drawn materlal of tensile
strength T in the range 300-400 MN/m?, there is a loss of
conductivity of 0.007T% relative to IACS copper.

For low-strength, low temperature applications, fire
refined tough pitch (TP) copper is used. Small amounts of
oxygen (0.04-0.05%), present as finely dispersed copper
oxide, produce some strengthening and act to concentrate
harmful impurities such as bismuth, preventing them from
forming brittle intergranular films. Because oxygen has neg-
ligible solubility in the copper matrix (less than 0.002%) the
conductivity is only slightly reduced (less than 1% IACS).
Tough-pitch copper is unsuitable for intricate castings or
applications where gas welding or brazing is involved.
Reaction of oxides with the gas flame leads to hydrogen
embrittlement. For these applications, the slightly more
expensive oxygen free high conductivity copper (OFHC)
containing less than 0.001% oxygen, is used. These two
materials are most widely used for wire and strip conduct-
ors, for windings of a.c. and d.c. motors and generators
and for transformers. Heavier gauge bar, strip and channel
section material is used for bus-bars. Large quantities of
high-conductivity wire and strip are used in telephone and
power cables and as the outer sheathing of mineral
insulated copper clad cable for fire and abrasion resistant
applications.

Alloying of copper with cadmium, chromium, silver,
beryllium and zirconium is used to improve mechanical pro-
perties and resistance to wear, especially at high temperatures.
Such improvements are always at the expense of some
increase in resistivity. Hardening of contacts by dispersions
of refractory oxides improves resistance to ablation, fusion
and wear.

Copper alloys containing 0.7-1.0% cadmium have
greater strengths under both static (up to 750 MN/m?) and
alternating stresses and greater resistance to wear, making
them useful for contacts and telephone wires, although
there is little improvement in strength retention at elevated
temperatures. Conductivity is between 80 and 97% of that
of TACS material, depending on the degree of cold work.

Alloys containing 0.77% chromium can be heat treated to
retain thelr enhanced hardness and tensile strength (up to
480 MN/m?) even after exposure to more than 1000h at
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340°C when the tensile strength of OFHC or tough—pitch
copper would be reduced to 170-200 MN/m Both tensile
strength and conductivity depend on the heat treatment,
high-temperature (solution) treated materials having typical
values of 230 MN/m? and 45% IACS while for annealed
(precipitation hardened) materials the values are 450 MN/m
and 80%. These materials are used in electrical engineering
for welding electrodes and for light current-carrying springs.
Copper-beryllium and copper-zirconium alloys have similar
properties and applications with superior notch-fracture
resistance.

For applications where the highest conductivity is essen-
tial and enhanced creep strength at high temperature is
required (e.g. for the rotor conductors in large turbogener-
ators and for components which have to be tinned, soldered
or baked during fabrication), copper alloys containing up
to 0.15% silver are used. These have the same conductivity
as IACS copper and retain their mechanical properties to
300°C.

Alloys containing tellurium (0.3-0.7%), sometimes with
small amounts of nickel and phosphorus, have machining
properties approaching those of free- cuttmg brass and
retain their tensile strength (275MN/m?) to 315°C with
improved oxidation resistance. Tellurium additions alone
produce only small reductions in conductivity as the solu-
bility of tellurium in copper is only about 0.003% at 600°C.
Copper-sulphur (0.4%) and copper lead (0.8%) alloys are
also finding application because of their easy machining
and electroplating properties.

For castings, electrolytically refined copper is sometimes
used as the raw material, but more commonly, deoxidised
tough-pitch copper is employed. The usual deoxidant for
copper is phosphorus which produces large increases in
resistivity (as little as 0.04% will reduce the electrical
conductivity to about 75% of that for pure copper) and
hence more expensive deoxidants such as silicon, lithium,
magnesium, beryllium, calcium or boron are required.
Cadmium-copper and chromium-copper alloys are also
used for castings.

5.1.1.3  Other applications of copper and its alloys

Springs The material selected depends on whether the
spring itself is required to carry current. For low conductiv-
ity spring materials, phosphor bronze (3.75-6.75% Sn,
0.1% P) and nickel silver (10-30% Ni, 10-35% Zn) are
widely used and have conductivities in the ranges 12-27%
and 6-8% IACS, respectively. Beryllium-copper alloys are
used in more critical applications; a 2% beryllium alloy can
be cold worked and heat treated to give tensile strengths
of 1000-1500 MN/m?, while retaining a conductivity of
25-35% IACS. With other compositions and heat treat-
ments even higher conductivities can be obtained.

Resistance and magnetic materials Copper alloys contain-
ing manganese (9-12%), aluminium (0-5%) and nickel
(0-10%) are widely used as resistance materlals because
they have high resistivities (38-48 x40~®
10~% Qm, respectively), low or zero temperature coefficients
of resistance (—0.03 to + 1.4 x4073/°C over the range
0-100°C) and low thermal e.m.f.s relative to copper
(see page 2/9 section 2.2.2.6). Copper is also a constituent
of many magnetic materials, both hard and soft.

Contacts Palladium-copper and silver-copper (7.5-50%
copper) alloys are suitable for light current applications.

and 44-175 x«<

For heavy-duty contacts, sintered copper-tungsten mater-
ials are tough and durable; similar materials are used for
electric discharge machining electrodes.

Electroplating alloys Copper alloys containing nickel
(7-23%) and zinc (10-35%), known as German or nickel
silvers, are widely used for electroplating as they form durable
corrosion-resistant coatings with reflectivities equivalent to
that of standard silver.

Heat-transfer materials Copper alloys are extensively used
in nuclear and fossil fuel steam plant for electric power gen-
eration for heat exchangers such as feedheaters and conden-
sers, although there is an increasing tendency towards the
substitution of mild steel for the former and titanium for the
latter. The principal condenser alloys are Admiralty brass
(70% Cu, 30% Zn with small arsenic and zinc additions to
prevent dezincification) and aluminium brass (76% Cu, 2%
Al, 30-10% Ni with 1-2% Fe, 1-2% Mn). These are used
where improved corrosion resistance is required. In more
erosive conditions caused by suspended solids in the cooling
water, cupronickel alloys (70-90% Cu, 30-10% Ni, with
1-2% Fe, 1-2% Mn) are used at higher initial capital cost
and with some penalty in heat transfer. For feedheater applica-
tions cupronickel alloys are most widely used in older plant.

Memory-effect alloys Some copper-zinc-aluminium alloys
(8-14% Al, 0-14% Zn, 0.3% Ni) have the useful property of
existing in two distinct shapes above and below a critical
transformation temperature (within the range — 70°C to
+130°C) due to a structural change. These alloys are find-
ing applications in temperature-sensitive actuating devices,
replacing bimetallic strip or thermistor controlled relay
devices.

Superconducting alloys Dendritic copper-niobium alloys
(20-30% Nb) may be plated or diffused with tin and reacted
in situ to form fine superconducting Nb;Sn filaments inti-
mately incorporated in a copper matrix. Such materials
have high critical current densities in the 8-14 K tempera-
ture range and an improved tolerance to strain.

5.1.2 Aluminium

Aluminium and its alloys are widely used in the electrical
industry because of their good electrical and thermal
conductivity, generally excellent mechanical properties and
corrosion resistance, ease of fabrication, low density and
non-magnetic properties. World production of aluminium
has steadily increased and has overtaken that of copper
which it has replaced in many electrical applications.
Weight for weight aluminium is a cheaper and better con-
ductor than copper.

5.1.2.1 Resistivity

Pure aluminium has a resistivity of 2.64 x40~% Qm at 20°C
with a mean temperdture coefficient over the range 0-100°C
of 4.2 x4973/°C. Thus it has about 66% of the conductivity
of pure copper or 66% of that of the International
Annealed Copper Standard (IACS) at 20°C. The density of
aluminium is 2.7 compared with 8.9 for copper and hence,
weight for weight, the conductivity of aluminium is 2.1
times that of copper and exceeds that of all known materials
except the alkali metals.



5.1.2.2  Mechanical properties and electrical conductor
applications of aluminium and its alloys

The mechanical properties of aluminium depend upon the
purity as well as the degree of cold work. Ordinary alumin-
ium of commercial purity contains 99.2% aluminium whilst
superpurity grades contain 99.99%. For special purposes
aluminium may be zone refined to give a purity of
99.9995%. Tensile strengths and hardness are at a minimum
in the high purlty 99.99% annealed grades giving values
of 59MN/m?> and 15 Brinell hardness, respectively.
Commercial purity, 99.2% aluminium has tensile strength
of about 91 MN/m? and Brinell hardness of 22. Cold work-
ing will increase these values by a factor of 2. Low strength
and hardnesses mean that in most applications aluminium
is used in the alloyed form.

Overhead-line conductors All-aluminium alloy conductors
(AAAC), made from alloys containing 0.3-1.0% silicon,
0.4-0.7% manganese and small amounts of iron and man-
ganese, are being used increasingly for high-voltage (>460 kV)
overhead lines. These alloys can be precipitation hardened
to give tensile strengths in the range 310-415MN/m?,
while retaining conductivities of 52-60% of that of
TACS copper.

All-aluminium (AAC) and steel-cored aluminium con-
ductors (ACSR) for overhead lines are constructed to IEC
60207,9 (BS 215) with a max1mum permitted resistivity for
the aluminium of 2.83 x40~® Om at 20°C and a constant-
mass temperature coefficient of resistivity of 4.03 x4073/°C.
All-aluminium alloy conductors (AAAC) are constructed to
1EC 60208 (BS 3242) which specifies a maximum resistivity
of 3.28 x40 * (m at 20°C and a constant -mass temperature
coefficient of resistivity of 3.6 x403/°C.

Reinforced cables Where cables are steel reinforced the
requirements for the steel core wires are given in IEC
60888 (BS 4565) and for aluminium in BSEN 1172 and
BSEN 1652-4. In order to prevent galvanic corrosion, all
steel wires and fittings must be galvanised—suitable specifica-
tions are given in IEC 60888 (BS 4565) and ISO 1459-61
(BS 729). Complete greasing of the central steel core wires
and of the inner aluminium wires is necessary to minimise
corrosion in marine or industrially polluted environments.

Because of the widely different mechanical properties of
aluminium and steel, special jointing and anchoring systems
have been designed. These generally take the form of com-
pression fittings applied using hydraulic or mechanical
crimping tools. Aluminium conductor alloy reinforced
(ACAR) cables overcome many of the shortcomings of
steel-reinforced cables in terms of corrosion and jointing,
they offer a good combination of conductivity, strength
and weight.

Bus-bars Bus-bars are commonly constructed from alumin-
ium and aluminium alloys of similar compositions to those
employed in overhead-cable manufacture. Specification in
terms of strength is lower, permlttlng lower resistivity
requirements of less than 3.133 x40~ Qm to be achieved.
Alloy materials have lower temperature coefficients of resist-
ivity than pure aluminium so that performance in terms of
current-carrying capacity improves relative to pure alumin-
ium as the temperature increases. Aluminium bus-bars of
the same current-carrying capacity as copper bus-bars have
the added advantage of greater heat dissipation and only
half the weight.

Jointing of aluminium or aluminium alloy bus-bar mater-
ial requires more care than copper. Aluminium brazing,
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soldering or inert-gas welding is employed. Alternatively,
mechanical jointing may be employed. Where steel or
copper fittings are involved, precautions similar to those
used with steel-reinforced cables should be used to avoid
galvanic corrosion. Sealing with greases, tapes, mastics or
paints containing corrosion inhibitors will reduce the need
for maintenance. Anodised or aluminium clad alloys are
often employed in severe environments.

5.1.2.3  Other applications of aluminium and its alloys

Switchgear,  generators, motors and  transformers
Aluminium casting alloys containing 0-12% silicon with
small additions of iron, copper, magnesium and nickel are
widely used for switchgear, transformers, rotors for small
induction motors and generator castings where lightness is
essential. Tensile strengths range up to 345MN/m? and
conductivities to 50% of that of IACS copper.

Aluminium strip and wire are also used for transformer
windings and for field coils in starter motors for automotive
applications.

Heat sinks and heat exchangers Aluminium and its alloys
with copper, silicon, magnesium and other metals are
widely used as heat-sink and heat-exchanger materials. The
thermal conductivity of pure aluminium is 2.38 W/m/K,
which is 56% of that of pure copper. Again on an equal
weight basis, the thermal conductivity of aluminium is
almost twice that of copper.

Capacitors High-purity aluminium is widely used as a
capacitor-plate material. High-capacity, low-volume cap-
acitors can be fabricated by anodising aluminium electrolytic-
ally; the oxide layer produced forming the dielectric.
Alternatively, plastic film materials may be aluminised on
both sides forming the electrodes of film capacitors for a
range of electronic applications.

5.1.2.4 Standards

Each country has in the past had its own standards for
materials. Over the past twenty years or so there has been
a movement towards international standards, which for
electrical materials are prepared by IEC (International
Electrotechnical Commission). More general standards are
prepared by ISO (International Standards Organisation).
When an international standard is produced the member
countries copy this standard and issue it under their own
covers. This now applies to BSI, ASTM, DIN, and the
French standards organisation. Where appropriate, stand-
ards are also issued as applying to all the European Union
Countries.

Leading standards for electrical materials are shown as
follows in Table 5.1.

5.1.3 Carbon

Carbon occurs in nature in two crystalline forms, graphite
and diamond, the former being thermodynamically more
stable at ambient temperature and pressures. Synthetic
carbons prepared from coke or other precursors may be
predominantly graphitic or amorphous depending on
the conditions of manufacture. Diamonds may be prepared
from graphite using high-pressure techniques but the result-
ing products are usually suitable only for industrial applica-
tions; new techniques have been reported for the production
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Table 5.1 International and British Standards for Copper and Aluminium

Copper

BS 1432,3 & 4: 1970-1991  IEC 60356

BS 4109: 1991 BSEN 12166
(replaces BS 2873)
ASTM BI - B3

BS 7884: 1997
ASTM B258

Specifications for copper for electrical purposes.

Specifications for copper for electrical purposes. Wire for general
electrical purposes and for insulated cables and flexible cords.
(Includes wire tables with diameter, resistance (€2/km), and mass
(kg/km).)

Specifications for copper and copper-cadmium stranded conductors
for overhead electric traction and power transmission systems.

Standard nominal diameters and cross-sectional areas of AWG sizes
of solid round wires used as electrical conductors.

Further information may be obtained about copper and its alloys from The Copper Development Association, Verulam Industrial Estate, 224 London Road, St Albans, Herts,
ALl 1AQ, UK. Phone 0172 773 1200, or The Copper Development Association, 260 Madison Avenue, New York, NY 10016, USA. Phone 212 251 7200

Aluminium

BS 215 parts IEC 60207

1 & 2: 1970-1985

BS 2627: 1985 ASTM B396 & B398

BS 3242: 1970 IEC 60208

BS 3988: 1970 IEC 60121

BS 6360: 1991 IEC 60228 and
60228A

BS 4565: 1990 IEC 60888

BSEN 1301, 2 & 3

BSEN 60889 IEC 60889
BS 729: 1994 1SO1459-61
BSEN 61232 IEC 61232

Aluminium stranded conductors. (BS part 1 includes physical
properties and wire tables including diameter, resistance (2/km) and
breaking load.)

Wrought aluminium for electrical purposes—wire.

Aluminium alloy stranded conductors for overhead power
transmission.

Specification for aluminium for electrical purposes—solid conductors
for insulated cables.

Specifications for conductors in insulated cables and cords.

Specifications for galvanised steel for aluminium conductors, steel
reinforced.

Aluminium and aluminium alloys. Drawn wire. Inspection,
mechanical properties and tolerances.

Hard drawn aluminium for overhead line conductors.

Specification for hot dip galvanised coatings, on iron and steel
articles.

Aluminium-clad steel wires for electrical purposes.

Further information may be obtained about aluminium and its alloys from The Aluminium Federation Ltd, Broadway House, Calthorpe Road, Birmingham, B15 1TN, UK.
Phone 0121 456 1103, or Aluminium Association, 900 19th Street, NW, Washington, DC 20006, USA, phone 202 862 5178.

of gem-quality stones by vapour deposition onto small Electrical resistivity is lowest in the graphitic materials,

specimens.

which in the form of graphitised carbon black finds wide

The engineering applications of carbon exploit the use in the manufacture of electrical carbons. Resistivity

following properties:

is dependent upon origin, composition and manufacture;
typical values are in the region of 107> Qm.

(1) it is thermally stable and in the absence of an oxidising
atmosphere retains most of its mechanical strength to a
temperature of 3500°C at which, under atmospheric 5.1.3.1 Carbon brushes

pressure, it sublimes;
(2) its oxides are gases and leave no surface film;

Current collection in moving contacts forms one of the

(3) it is dimensionally stable, does not swell in water and most important electrical applications of graphitic carbon.

can be machined to close tolerance;

(4) it has a low expansion coefficient and low density (each

about one-quarter that of steel);

Brushes must carry heavy current without excessive over-
heating or wearing of the parts contacted. Low friction,
high contact resistance and infusibility are amongst the

(5) it is a good conductor of heat, with a high specific heat most desirable characteristics. Table 5.2 gives data on some

and a great resistance to thermal shock;
(6) it is not wetted by molten metals;
(7) it is chemically inert;

widely used brush grades.

Commutators Contact resistance is of major importance in

(8) it is self-lubricating under normal atmospheric condi- commutation. High contact resistance reduces losses due

tions; and

to high circulating currents, minimising problems due to

(9) it is electrically conductive and has high contact resist- over-heating and sparking. Commutator machines use

ance with metals.

non-metallic 100% carbon brushes, except in low-voltage



applications where metal-graphite grades are necessary to
reduce voltage drop and hence losses. Current density and
surface speed must be considered in selection of suitable
grades. Low-friction materials and good design serve to
reduce chatter, ensuring good contact between brush and
commutator bars. Friction characteristics may be affected
by a number of factors, including the chemical and mechan-
ical properties of the commutator metal as well as humidity,
temperature, contaminants and abrasives. The ash content
of the brush material is important in determining friction
and abrasion characteristics and in some types of com-
mutator may serve to wear down insulation between com-
mutator segments. The performance of a brush on a
commutator machine is influenced by its position on the
commutator, i.e. the circumferential and axial stagger.

Slip-rings  When commutation phenomena are absent,
brush grades with low contact drops, particularly those in
the metal-graphite class, can be employed. Again, current
density and surface speed must be taken into account; at the
highest surface speeds it is necessary to select a grade from
the natural graphite class. For applications in instrumenta-
tion, such as pick-ups for thermocouples and strain gauges,
silver—graphite (SM) brushes on pure silver rings are needed
to give minimal and constant contact drop.

Wear The rate of wear of brushes is not directly related to
the hardness of the brush material but more to the grade,
the current density and quality of mechanical features
(surface roughness, eccentricity, stability of brush holders
and brush arms and angle of brush relative to the pick-up
surface).

Spring pressure The pressure specified for a particular
brush grade is determined from laboratory and field tests
to give the optimum performance and life, and should be
carefully adhered to. Pressures are normally of the order of
14-21 mN/mmz, but in conditions of considerable vibration
(as in traction and in aircraft) pressures may be as high as
28-50 mN/mm?®.

Brush materials Brushes using lampblack base are widely
used for medium- and high-voltage machines, d.c. motors
and generators and universal motors. These materials pos-
sess high contact resistance which is necessary for good
commutation. Graphitised petroleum coke is used for non-
metallic slip-ring brushes where high contact resistance is
not required. Metal powders, copper or silver, blended
with graphite may be used for slip-ring or low-voltage com-
mutating machinery. The bond in most non-metal brush
grades is carbon from pyrolysis of the coal-tar pitch binder.
Some graphite grades are bonded with synthetic resins.
Final properties are controlled by use of impregnating
agents combined with heat treatments which are designed
to control contact resistance, filming action and friction
characteristics.

Brush design For standards of brush design, reference
should be made to BS 4999 and to IEC Publication 136, on
which the British Standard is based.

5.1.3.2 Linear current collection

This is the reverse of the machine condition in that the con-
ductor is stationary and the collector (equivalent to the
brush) is moving. Current collection of this type is found
on rail and trolley traction systems, cranes and line process
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plants. In many applications the collector and conductor
are open to aggressive environments including adverse
weather conditions. Arcing which results from such situ-
ations roughens the conductor and accelerates wear in the
collector. Carbon as a contact material provides the real
benefits of a very low rate of conductor wear, long collector
life and good contact stability. The carbon element, which
needs no applied lubrication, is very hard and strong.
Carbon shoes are in competition with brass or bronze
wheels and copper shoes. Radio interference is minimised
by use of carbon shoes; the grades most generally used are
Link CY and Link MY, the latter being metal impregnated.

5.1.3.3  Carbon contacts

Electrical contacts include components for switches, circuit-
breakers, contactors, relays and sliding contacts. The properties
of carbon and graphite of importance in such applications
include: self-lubricating and filming characteristics; non-
welding; unwetted by molten metals; and high thermal
stability. These properties make carbon the ideal contact
material, particularly where arcing may occur under severe
contact-bounce conditions. Carbon requires higher voltages
to maintain arcing conditions than do many metals and the
effects of arcing on carbon are less significant as carbon
sublimes rather than melts at temperatures in excess of
3500°C. The material does not tarnish, giving constant con-
tact resistance in the absence of any surface films.

Selection of carbon contact grade for such applications
is in accordance with the required contact resistance,
the metal-impregnated and metal-graphite classes giving
the lowest and the carbon class the highest values.

5.1.3.4  Resistance brazing and welding

Using the relatively high resistance characteristics of
carbon, it is possible to obtain a heating effect that can
be used for the joining of metals. The major application is
in resistance brazing where one component in the system
is melted, or a low-melting alloy solder is introduced to
complete the bond.

The absence of melting of carbon at high temperatures
prevents sticking or welding of the carbon to the workpieces
and prevents distortion of the tips of the tool even at white
heat under pressure. Design of the carbon tips, in terms of
shape and area of contact, is used to control the amount of
heat generated in the joint. The lower strength of carbon,
compared to the alternative water-cooled metal electrode,
limits its use in resistance-welding and spot-welding applica-
tions; plain carbon or electrographites are used, the latter
generally giving better life.

5.1.3.5 Arc welding

Electrodes of carbon are very suitable for arc welding. The
weld is achieved by either a fusion process (i.e. fusion of
butting edges) or by feeding a weld rod into the arc formed
between the workpiece and the electrode. Carbon arcs find
limited use in metal cutting, typical applications being in the
cutting of risers from castings or the grooving of metal
plates. Carbon arcs are widely used for brazing of thin
mild-steel sheet.

5.1.3.6 Granules

Carbon granules for microphone applications are made in
sizes of 60—700 um, the largest being suitable for maximum
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Table 5.2 Carbon-brush grades
Grade Morganite Grade coding

C/S For commutator/slip-ring application v Contact volt drop per brush

C* For traction commutator us Coefficient of friction

J Normal current density, mA/mm?> u Normal maximum operating speed
P Normal pressure, mN/mm

The characteristics v, ucand u are indicated by numbers:

Number Contact voltage drop Coefficient of Surface speed
(V/brush) friction (m/s)

1 <0.4 <0.1 20

2 0.4-0.7 0.1-0.15 30

3 0.7-1.2 0.15-0.2 50

4 1.2-1.8 >0.2 60

5 >1.8 — >60

Grade C/S J P v s u Properties

Electrographite class

EGO C 100 18 3 2 1 Low voltage, high current
S 115 18 3 2 3 Steel and bronze slip-rings
EG3 C 85 14 3 2 1 Small and medium industrial motors
C* 85 20-50 3 2 2 Traction a.c. motors
EG260 C 100 21 3 2 2 Wide range of d.c. machines, and for corrosive atmospheres
S 115 21 3 2 2
EG8101 C 85 21 4 1 2 Difficult a.c. commutating conditions: fractional motors
EGI12 C 100 18 3 3 3 For prolonged overloading
EG14D C* 100 20-50 3 1 3 For d.c. and 162 Hz a.c. traction
EGI17 C 100 21 3 2 4 Long life: stable current collection
EGL116 C* 110 20-50 4 1 3 A.c. and d.c. traction motors
EG133 C 100 18 3 3 3 For high-rated welding generators
EG224 C 95 21 3 2 3 For rolling-mill motors
EG236 C 110 18 4 2 4 For rolling-mill motors and mine-hoist generators
EG236S C 110 21 2 3 For industrial d.c. machines and traction generators
EG251 C 95 21 4 1 3 For peaky overloads, light-load running
EG6345 C 95 18 3 2 2 For d.c. machines in ships
EG6749 C* 95 20-50 3 2 3 For d.c. traction motors
Natural graphite class
HM2 C 100 14 3 2 3 Low friction
HMG6R C 100 14 3 3 4 Low inertia, good collection
S 100 14 3 3 5 Suitable for turbogenerator rings
HMI00 C 100 14 3 3 4 Good load sharing
S 100 14 3 3 5 For helical-grooved steel rings
Resin-bonded class
IM6 C 25 21 5 1 2 High contact drop: for d.c. and universal fractional motors
IM23 C 95 21 5 1 2 For Schrage motors
Carbon and carbon—graphite class
A2Y C 3 3 1 For fractional machines with flush mica
B C 85 14 3 4 1 High conductivity, for easy commutation conditions
C4 C 65 14 3 4 1 Dense, for machines with hard mica
H100 C 85 84 3 1 2 Contains MoS,; quiet, low friction; for car generators
PM9 C 65 50-20 4 4 1 For fractional machines with flush mica
PM70 C 40 21 4 4 1 For difficult fractional machines with recessed mica
Metal-graphite class
CM+0 C 170 130-70 1 3 1 Low loss; for car starter motors only
CM S 230 14 1 3 1 Very low loss; for heavily loaded slip-rings
CM3H C 125 21 1 2 2 High graphite content: for car starters and d.c. machines up to 12 V
S 155 21 1 2 2
CMS5B C 115 21 2 1 2 For d.c. machines up to 50 V
S 140 21 2 1 2 For totally enclosed slip-rings, car accessory motors
CMSH C 115 21 2 1 2 For d.c. machines up to 30 V, induction-motor slip rings

Metal-impregnated graphite class

DM4A C 115 — 2 2 1 Short-period current densities up to 2300 mA /mm?; pressures according
to application; for automobile and battery vehicle motors, and contacts

DMSA C 115 — 3 2 1




response but developing more background noise. The small-
est granules give better quality but a lower response. For
normal telephone work, granules of the smaller range of
sizes are employed to give good response and acceptable
noise. Carbon is superior to metal powders in these applica-
tions due to high specific and contact resistance and the
absence of any tendency to oxidise or tarnish. The result is
a stable and reproducible performance essential to audio
applications.

Telephone granular carbon is a crushed product made
from petroleum coke; particle size and shape are important
in determining performance characteristics. Special non-
ageing grades are available.

5.1.3.7 Fibres

Fibres are the latest form in which carbon is manufactured;
they possess a near-perfect orientation of the graphitic
structure parallel to the fibre axis. Fibres have high
strengths and elastic moduli which may be controlled by
the maximum temperature attained during heat treatment.
Low density confers high specific strength and stiffness of
particular value in aerospace applications. Selective use of
carbon fibres in composites is employed to maximise proper-
ties in desired directions. Carbon fibres are graphitic
structures produced by carefully controlled pyrolysis of
polyacrylonitrile or cellulose fibres under tension. More
recently, petroleum or coal-tar pitch have been used.

5.2 Superconductors

Superconducting materials lose all electrical resistance below
a temperature called the critical temperature (T.) which is
different for different materials. The phenomenon was first
observed in mercury in 1911. Engineering interest in super-
conductors became really significant in the early 1960s when
materials capable of carrying high current densities (up to
10° A/m?) in high magnetic fields (several tesla) were dis-
covered. These opened the way for high-field electromagnets.
The interest was reinforced by advances (partly spurred by
superconductor development) in the technology of large-
scale helium refrigeration (hundreds of watts cooling at 4 K)
which could produce cold gaseous or liquid helium for
cooling purposes. The discovery of the Josephson effect
(1962) led to small, low-field, superconducting electronic
devices (see Section 5.2.5). More recently the interest has
multiplied with the discovery of the high temperature super-
conductors in 1986 and there are now power transformers
and power cables at the prototype stage.

Two groups of materials have superconducting proper-
ties. The ‘classical’ or low-T, superconductors (LTS) are
metals or alloys all of which show superconducting proper-
ties below 23 K. Virtually all industrial applications use
materials from this category, in particular, NbTi or Nb;Sn.
The second group are metal oxide compounds based on
copper oxide (CuO,) subunits. These are known as ceramic
or high temperature superconductors (HTS) and the com-
pound with the highest known critical temperature
(HgBaCaCuO; T 133 K (—140°C)) belongs to this group.
The coolant for LTS material is liquid helium which is
liquid below 4.2K and for HTS material the coolant is
liquid nitrogen which is liquid below 77.3 K (—195.8°C).

Once cooled below the critical temperature, superconduct-
ors can carry resistanceless current up to a maximum deter-
mined by the ambient magnetic field and the temperature.
If the limiting combination of current, magnetic field and
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temperature is exceeded, the material reverts to an electri-
cally ‘normal’ condition. The temperature, magnetic field
and current density are independent variables, the critical
values of which characterise the material. The capability to
carry large lossless currents in magnetic fields of several
tesla is a primary requirement of any superconductor if it
is to be used in electrical plant.

5.2.1 Low temperature superconductors

For engineering purposes there are two varieties of super-
conductor—surface superconductors and bulk supercon-
ductors—determined as much by the way they are used as
by their intrinsic properties. Surface superconductors carry
superconducting current only in a surface layer and only in
low magnetic fields. The magnetic field at the surface is
equal to the current per unit width of the surface. In gen-
eral, the resistance of superconductors to a.c. is not zero,
though small; that of surface superconductors can be vir-
tually zero. The small power losses that do then occur arise
mainly from factors such as surface irregularities.

Bulk superconductors can carry currents throughout
their section. Losses under changing current are relatively
high and bulk superconductors are difficult to use at power
or high frequencies. The loss is effectively a hysteresis loss.
Both the high-7; superconductors and ultrafilamentary
superconductors (see Section 5.2.2) may ameliorate this
problem. Some bulk superconductors, often referred to as
‘hard’ superconductors, can carry large current densities
in strong magnetic fields (see Table 5.3). Materials with
good superconducting properties tend to have high normal
resistivities.

Physicists divide superconductors into types I and II.
Type I materials are perfectly diamagnetic below the critical
magnetic field, they carry surface currents only and exclude
all magnetic flux from their bulk. The depth of current and
field penetration is determined b%/ quantum mechanical con-
siderations and is typically 107" m say 1000 atoms. Above
the critical field type I materials lose all diamagnetic proper-
ties. Type II materials also show diamagnetism but lose the
property gradually as the field is raised above a first critical
field. The magnetic field penetrates the bulk in quantised
flux bundles or fluxons (2 x40~ '> Wb/bundle) which can
be detected with sensitive techniques. Electrical resistance
returns above the critical field.

The quantum theory of superconductivity envisages a low-
temperature condensed state of electrons in which they inter-
act, through the atomic lattice, to form temporary pairs. Each
member of the pair distorts the lattice in such a way as to
attract the other. Because of their energy state, these pairs
are not readily scattered and flow unimpeded. This mechan-
ism is well established for metallic superconductors but the
exact coupling mechanism which generates the pairs in high-
T. materials is uncertain. Without detailed prior knowledge of
the electronic and atomic structure of a material, the theory is
not sufficiently quantitative to predict whether or not the
material will exhibit superconducting properties, let alone
what the properties will be. Analogy with known supercon-
ductors has proved the best guide to new ones.

Typical low T, materials used for engineering purposes
are shown in Table 5.3. Niobium is the surface supercon-
ductor most commonly envisaged for use in a.c. equipment
such as power cables. Lead is cheaper but not usually pre-
ferred unless for special reasons a low-field capacity is satis-
factory. Bulk superconductors can be used in low fields as
surface superconductors, e.g. niobium-tin (Nb3Sn). Of the
bulk superconductors, niobium-titanium is a ductile alloy,



5/10 Conductors and superconductors

Table 5.3 Some low T, superconducting materials and their properties

Material Critical Temperature* Upper critical magnetic Critical current density
(K) field at 4.2 Kt (T) (in superconductor) at
4.2K and 5T (GA/m?)
Lead 7.2 0.06 —
Niobium 9.2 0.4 —
Niobium-tin (Nb;Sn) 18.1 23 5-10
Niobium-germanium (Nbs;Ge) 23 37 5-15

*All the superconductors listed are type IT except lead (type I). Critical current densities are very dependent on the way in which the material is prepared.

14.2 K is the boiling point of liquid helium.

which needs to be cold-worked to produce good current
carrying capacity. Niobium-tin is a compound and very
brittle; it is usually made by diffusion of tin into niobium,
sometimes from a bronze, sometimes in ribbon form to
reduce mechanical stresses during handling. The diffusion
is often produced by heat treatment of the magnet coil
after it has been wound.

5.2.2 Stabilisation of magnet conductors

Bulk superconductors suffer from electrothermal instabil-
ity, especially when used near their critical conditions. A
small increase in temperature lowers the critical current
density, which can lead to a further increase in temperature,
ultimately driving the material into its normal resistive
state; heat generation then becomes very rapid and the
whole coil becomes ‘normal’. Stabilisation can be achieved
in several ways. All methods use a composite conductor in
which ordinary conductors, frequently of copper, are in
intimate contact with the superconductor. The copper has
a much lower electrical resistance than the superconductor
in its normal state. The most robust stabilisation system is
the so-called cryostatic method. The design provides plenty
of copper in parallel with the superconductor and good
cooling of the composite. It envisages some agent causing
the temperature to rise and current to transfer into the
low-resistance copper over a short length of conductor.
The thermal conditions are designed to be such that the
composite conductor will cool so that once more the super-
conductor element regains its superconducting capacity.
This method requires coolant access to most of the winding.

A more compact scheme for coils aims to limit localised
temperature rises. Magnetically induced electrical losses in
the superconductor during current changes are reduced by
using a composite of fine strands of superconductor co-pro-
cessed in a matrix, often of copper. The diameter of the
superconducting filaments can be as small as 100 nm and
each composite wire may contain upwards of half a million
strands. Such ultra-fine filamentary conductors have very
low a.c. losses and may potentially be used at power fre-
quencies. Although normally the superconducting filaments
have diameters in excess of 1 um, strands can be twisted and
the matrix incorporates components with high resistance,
such as cupronickel, to control circulating currents and
losses. The need for additional metal means that current
density in terms of the total conductor cross-section is up
to 10 or more times lower than that in the superconductor
itself. This is especially so for Nb3Sn and NbsGe. Perhaps
most importantly, the winding can be encapsulated in resin
to prevent frictional heating as the winding takes up
mechanical loads; preventing cracking of the resin is an
important part of the technology.

The thermal instability is a consequence of the very small
specific heat of most materials at liquid helium tempera-

tures and, consequently, a localised energy input can easily
lead to a significant increase in temperature. However, at
liquid nitrogen temperatures the specific heat is some orders
of magnitude greater and thereby the problem is consider-
ably eased.

5.2.3 Applications of superconducting magnets

To produce magnetic fields greater than about 2T using
conventional copper windings can require powers of the
order of megawatts. The outstanding success of supercon-
ductors has been in providing strong fields for medical
imaging, laboratory experiments and for high energy nuclear
physics equipment without a massive power burden. The
power to drive the helium refrigerators or liquefiers is a
factor of 100 or even 1000 less. This advantage can extend to
lower fields, especially when the field is required over a large
volume. Magnets generating fields in excess of 15 T are
readily obtainable with sufficient stability and homogeneity
for use in magnetic resonance experiments.

5.2.3.1  Magnetic resonance imaging

The main commercial market for low-T; superconductors is
as magnets for medical imaging systems based on the mag-
netic resonance of hydrogen and other nuclei. More than
1500 magnetic resonance imaging (MRI) units are installed
world-wide. A superconducting solenoid with a large room
temperature is the heart of the system and represents about
25% of the total cost. Although these MRI units have to be
topped up with liquid helium, with the latest sophisticated
designs, this is usually required only annually. They have
been further improved by the use of high temperature
superconductor tape for the leads which reduces the heat
leaking to the liquid helium by 90%. These MRI instru-
ments provide a non-invasive diagnostic technique without
the dose restrictions of conventional X-ray tomography.
MRI can provide information concerning the structure of
tissue and the flow of fluids in the body by the measure-
ment of various relaxation times which, combined with
its anatomical imaging ability allows detailed diagnostic
characterisation. Although whole-body scanners using
superconducting solenoids generating fields of more than
2T are in use, a typical system has a room temperature
bore diameter of 1.2m with a central field of less than
1.5T, and a homogeneity of about 10 ppm over half the
bore. An example of a MRI system illustrating the super-
conducting magnet is shown in Figure 5.2.

5.2.2.2 High energy physics

Many superconducting magnets are used for particle
accelerators, for beam handling and for analysing particle



Figure 5.2 A magnetic resonance imaging (MRI) system with a
superconducting magnet operating at 4.2K. (Courtesy of Oxford
Magnet Technology and Siemens)

reactions in bubble chambers. Beam-bending dipoles are
made in large numbers and when the US superconducting
supercollider (SSC) is built it will represent a market of a
size similar to that of the MRI industry. The electron-
proton colliding beam facility at Deutches Electronen-
Synchrotron (DESY) in Hamburg, Germany has for
example 416 dipoles each 8.8 m long with a central field of
4.7T. Radiofrequency cavities employing surface super-
conductors are also used in some accelerators. The good
performance of all these devices and the associated refriger-
ation plant has shown that equipment using supercon-
ductors can run economically and reliably. If magnetically
confined thermonuclear fusion is to be a future power
source, the windings needed will have to be superconduct-
ing. Such magnets have already been built for experimental
investigation.

5.2.3.3 Magnetic separators

Superconducting magnets can be used for extracting weakly
magnetic materials. This is a very good application for low
temperature superconductivity magnets which are readily
available. A fine magnetic particle will move in a magnetic
field gradient and will be attracted onto the magnet provid-
ing the gradient. This technique has been used throughout
the world for removing iron oxide from china clay to give a
good white colour and to prevent low temperature localised
melting during firing of the clay.

The strong magnetic fields and field gradients are also
used for separating quite weakly magnetic materials such
as ferro-manganese and ferro-titanium oxides. It is also
used for seperating haemoglobin from blood.

5.2.3.4 Traction and machines

A pilot development for trains uses superconducting coils
mounted underneath the carriages. The field from the coils
provides lift from a conducting surface placed between the
rails when the train is moving fast enough. The principle
offers a possible efficient alternative to the wheels used on
very high speed trains.

Homopolar d.c. motors using superconducting exciter
coils have been built and work satisfactorily. A generator
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and motor operated back-to-back can form a quiet efficient
‘gearbox’ for ship propulsion.

An a.c generator with a superconducting exciting winding
on the rotor is more efficient than one with a conventional
copper winding: about 0.5-1% more output is achievable
for a given mechanical input. Prototype superconducting
rotors have been built and tested up to 400 MVA using
NbTi technology. Continued development indicates that
these machines will eventually become available.

5.2.3.5  A.c. power switches and current limiters

At the moment a superconductor becomes ‘normal’ it very
quickly regains its resistance. The transition phenomena
can be used as the basis of a simple power switch, but such
applications have been limited by the poor a.c. performance
of conventional superconductors. High-7; superconductors
should improve the position.

The conventional transductor intended for fault current
limitation in electric power systems has a d.c. bias winding
to saturate the core of an inductor, and so reduce the a.c.
impedance of a coil on the same core. The core can come
out of saturation on one half-cycle if the a.c. current
attempts to rise excessively; the impedance of the trans-
ductor then increases. Superconductors offer an attractive
method of providing the d.c. bias.

5.2.3.6

If hydrodynamic generators are to be used to produce
electricity efficiently, their windings will have to be super-
conducting.

For energy storage, gigantic inductors holding perhaps
500 MWh are being discussed. Such a store could retain
electricity generated cheaply at night for use during the
day. A small superconducting energy store for controlling
stability in a power system is being used on an experimental
basis.

Because superconductors that carry a.c. do not function
satisfactorily in strong fields, they give no benefit to power
transformer design. However, ultra-fine filamentary NbTi
has a sufficiently improved a.c. performance that consid-
eration of such a design is possible. A small 70kV-A trans-
former using such wires has been constructed.

Other power applications

5.2.4 Power transmission

High power superconducting cables, either a.c or d.c.
appear to be more economical than conventional ones for
power transfers in excess of a few gigawatts; such power
transfers in single circuits are not at present required. A.c.
cables would use superconductors in a surface mode to
avoid excessive hysteresis losses.

5.2.5 Electronic devices

When two pieces of superconductor are connected together
by a ‘weak’ link, many intriguing phenomena occur which
form the basis for a variety of electronic devices. Niobium
and lead are commonly used and the link, rather poorly
conducting or even insulating, may consist of a point con-
tact, a fine constriction or a thin (2-5nm) layer of oxide.
The resulting junction can carry supercurrents (typically up
to a few hundred microamps) by tunnelling of electron pairs
through the barrier without any voltage drop. This is the
d.c. Josephson effect. If the current exceeds some critical
value, which depends on the magnetic flux in the barrier,
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the junction switches to a resistive state with a voltage
drop of typically a few millivolts. When there is a voltage
across the junction, the supercurrent component oscillates
at a very high frequency determined by the voltage
(483.6 GHz/mV). This is the a.c. Josephson effect: it can be
used as a precise voltage standard.

5251 SQUIDs

An extremely sensitive measuring device may be made from
a pair of Josephson junctions connected in parallel by a
superconductor; this is known as a SQUID (superconduct-
ing quantum interference device). The total critical current
then depends periodically on the flux (the period being the
flux quantum) within the loop formed by the two junctions.
Field changes as low as 107'*T can be detected. Careful
screening, together with differential techniques, are needed
to eliminate unwanted responses. Small voltages in low-
resistance circuits (e.g. 107'°V in 1 ©) and small currents
may be measured by using the SQUID to determine the
associated magnetic field. Sometimes just one junction is
used in a superconducting loop with the flux being sensed
by its effects on an inductively coupled radiofrequency bias
circuit. With sufficiently high bias frequencies, measure-
ments into the microwave region are possible.

Instruments incorporating SQUIDs are finding applica-
tion particularly in geophysics (studies of rock magnetism,
exploration based on anomalies, determination of deep
earth conductivity) and in biomagnetism (e.g. investigation
of electrical activity in the heart, brain and muscles).

5.2.5.2  Computer elements

Many groups are exploring the possibility of using SQUIDs
and related devices in computers. The bistable characteris-
tics, small size, ultra-short switching times (as low as 10 ps)
and very low power consumption make SQUIDs attractive
components for large high-speed computers which must be
compact to reduce signal-transit times. The need for liquid
helium cooling is not seen as a serious disadvantage.

As a logic gate, currents in control lines overlying the
SQUID induce transitions between the zero voltage and
resistive states by altering the flux linking the device. For
memory cells, superconducting loops may be used with the
binary values 1 and 0 being represented by the presence or
absence of a persistent circulating current. One Josephson
junction in series with the loop and one inductively linked
to it are required to ‘write’ and ‘read’, respectively. Arrays

Table 5.4 Properties of some high T, superconductors

of junctions may be deposited on a substrate using many of
the processes developed for fabricating silicon microcir-
cuits. Using such technology with niobium superconductor
random-access-memory (RAM) devices of 1-kbit capacity
and access times of less than 0.5ns can be made.

5.2.5.3 Electronic devices

Devices other than digital circuits have been fabricated.
Infrared and millimetre wavelength receivers based on
superconducting-insulator-superconducting  (SIS) quasi-
particle heterodyne mixers and on bolometric detection
are readily available. Real-time signal processing with
bandwidths approaching 10 GHz are required in many
front-end radar and communication applications.
Superconducting analogue signal-processing components
with bandwidths exceeding 2 GHz have been achieved in
striplines, microstrips and co-planar devices. They exploit
the unique property of superconducting thin films, i.e. low
radiofrequency surface resistance. This property allows the
fabrication of delay lines or high-Q resonators in compact
planar structures. The component is manufactured in a
similar manner to conventional microwave stripline, etc.,
except for the substitution of a superconducting film for
copper.

5.2.5.4 Outlook

While many of the applications above are in everyday use it
appears that eventually the low T superconductors will be
replaced by high T superconductors. This may take some
time particularly for MRI instruments which are part of a
many million dollar industry. The coming use and applica-
tion of high T, superconductors is discussed below.

5.2.6 High temperature superconductors

Although certain metal oxides were known to superconduct
at a few degrees kelvin for many years, they were only of
academic interest until 1986 when an LaSrCuO compound
was discovered which had a 7, around 30K, a full 7K
higher than any previously known 7. This discovery has
generated world-wide activity and a number of other
compounds have been discovered. The principal super-
conducting compounds to emerge are compounds of
YbaCuO (YBCO), BiSrCaCuO (BISCO), TIBaCaCuO
and HgBaCaCuO, all of which have critical temperatures
significantly above the boiling point of liquid nitrogen

Material Critical Upper critical magnetic field (T) Critical current density at 77.4 K

temperature and zero field

T.* (K) (GA/m?)

42 K 77 K Bulki<= Thin filmi<

YBa,Cu305 92 90 15 0.01 20-50
BiszzC'chlleg 86 — - — —
(Bi,Pb),Sr,Ca,Cus0y 106 140 60 0.01 10-30
leBﬁzCﬁzCU}O]() 122 220 100 0.01 2040
HgBa2Ca2Cu3Om 133 — — — —

*Critical temperature depends on the exact stoichiometry.
tSintered untextured material.
{Thin film deposited on MgO or SrTiO; substrates—as indication of potential.



(77.4K). They each form homologous series, the supercon-
ductivity depends on the exact stoichiometry of the particu-
lar compound. Table 5.4 lists some of the more important
compounds together with their properties. The use of liquid
nitrogen as the coolant is a major breakthrough because it
simplifies the cryogenic engineering, it gives a 50-fold reduc-
tion in the refrigeration power requirement, and, being
about 1/30 of the cost of liquid helium, it gives a substantial
reduction in the cryogenic costs. In addition, significantly
better thermal properties at liquid nitrogen temperatures
improve the superconductor’s stability (see section 5.2.2).
Below 30K certain classes of compounds (e.g.
BiSrCaCuO) have very good current-transport properties
and a remarkable ability to carry current in fields up to
25T, out-performing the best conventional metallic super-
conductors.

5.2.6.1 Applications

Developments to replace the conventional conductors
copper or aluminium by high temperature superconductors
(HTS) are very active in many parts of the world including
USA, Europe and Japan. There are prototypes of power
transformers, underground power cables, large motors and
generators and fault current limiters in active development
and in use. The electricity supply of the city of Geneva in
Switzerland is completely provided by power transformers
wound with HTS conductors. It is expected that there will
be definite power savings with the use of HTS and this will
provide a considerable contribution to the reduction of
environmental pollution. All of the applications for low
temperature superconductors mentioned in sections 5.2.3.2
to 5.2.5.3 are candidates for replacement by HTS.

These HTS materials are better than LTS for 50/60 Hz
a.c. current and can even be used for radiofrequency
and microwave applications. Here the main requirement
is a low radiofrequency surface resistance for antenna
arrays and microwave resonators and the HTS tape has
this property.

5.2.6.2 Tape

High temperature superconductors are very brittle and this
has provided a considerable challenge for the production of
suitable conductors. This is gradually being mastered and
narrow composite tape of the HTS is currently being pro-
duced. There are a number of variations of the substrates
but the following is typical. A nickel tape is used as the base
and a buffer layer of palladium followed by ceria and yttria-
zirconia layers are applied to the tape. This is the basic
substrate and the high temperature superconductor is then
deposited onto the tape using pulsed laser deposition. The
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tape is 3 mm wide and cables up to 100 metres in length are
currently under test at various locations. The production of
this tape is essential to all the power applications and the
production rates are increasing and the cost is decreasing.

5.2.6.3 Outlook

The outlook for HTS is very good with many prototypes of
applications at the test stage in utilities and elsewhere.
While there is need for cheaper tape, this will inevitably
come as production increases. The highest T, has remained
at 133K for the last few years however it has been found
that the 7. can be increased by pressure. This may provide a
lead for producing materials with higher values of T;. The
dream of a T higher than room temperature may remain
unfulfilled but we must remember that the highest T
remained at 23K for over 20 years and we can always
hope for a further break through.

My thanks are due to the staffs of The City of Sunderland
College and the University of Sunderland for their assist-
ance with this section.
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6.1 Silicon, silicon dioxide, thick- and
thin-film technology

Silicon is unrivalled as a semiconductor material for active
devices such as rectifiers, metal oxide semiconductor field
effect transistors (MOSFETS), bipolar transistors, thyristors
and a wide variety of other structures particularly designed
for power applications. Few of the properties of silicon are
ideal but none are so far from ideal as to exclude its use in all
but a small fraction of current devices. Perhaps the most
important application where it is excluded is in the generation
of electromagnetic radiation, optical infra-red or microwave.
Such emitters usually require a material where electrons can
lose energy directly with emission of light rather than by
interaction with the lattice of semiconductor atoms. For this
application a variety of compound semiconductor materials
are available such as gallium arsenide and gallium phos-
phide. Much research is, and has been, focused on producing
optically emitting alloys of silicon with other elements such
as germanium which can be integrated on a silicon substrate
using the existing highly developed technology.

6.1.1 Materials for integration

Quite fundamental to silicon technology is the existence of a
natural oxide which can be produced thermally in oxygen or
steam and which is hard, uniform in thickness, has an
acceptable value of relative permittivity (3.9) and high
electrical breakdown field strength (2 x497 Vem™"). Many
semiconductor devices have at the surface electron densities
of between 10'!' and 10'?cm 2. It is important that these
carriers remain mobile, rather than being trapped at spare
or dangling bonds at the interface between the single-crystal
silicon and the amorphous oxide with its much more
randomly oriented atoms. Less than 1% of the silicon
atoms should have such a bond if an acceptable number of
electrons is to remain mobile. This can be achieved through
hydrogen treatment at temperatures below 650°C. Too high
a level of trapping leads to devices of low gain and high
electrical leakage.

Silicon dioxide is near ideal for carrying thin-film con-
ductors from and to adjacent regions of active devices. When
it contacts silicon, however, to make an ohmic contact it will
take it into solid solution, essentially etching the silicon.
Spikes of aluminium, with dissolved silicon, occur which
may short out the device. For this reason aluminium
already doped to the level of solid solubility with silicon is
used for the starting material. Contact to the package is
made with aluminium wire which is ultrasonically welded
to thick aluminium pads on the silicon dioxide. The bond-
wire is also doped with silicon. Polycrystalline silicon also
serves as a current carrier on integrated circuits. Impurities
such as phosphorus and arsenic are used to dope the poly-
silicon and this renders it much more conducting. Its con-
ductivity can also be improved by converting it to one of the
silicides of metals such as platinum, cobalt or tungsten.
Silicon dioxide must be etched to allow the conductors on
its surface to reach the underlying active regions. These
holes in the silicon dioxide are required to be as small as
possible, of ‘minimum feature size’, and methods of etching
it employing either gaseous or aqueous fluorides have been
developed.

There is considerable advantage in having an insulating
layer buried beneath the transistors. Device capacitance is
reduced as is a wide range of spurious transistor latch phe-
nomena which can destroy the transistors. Silicon dioxide is
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used in the form of a thin film, often implanted into the
silicon. This kind of implantation requires very high current
densities, followed by annealing at temperatures of 1350°C,
when there is a condensation of the oxygen ions to produce
a layer of not very dense silicon dioxide. Wafer bonding is
also used for this application. Two oxidised wafers are
bonded together by heating the two oxidised surfaces in
contact. One of the slices is then etched back to produce a
thin film suitable for devices. An intriguing technology is
that of porous silicon. The slice is anodised in hydrofluoric
acid, when the selected regions acquire a large number
of microscopic holes which are later oxidised to produce
silicon dioxide. Porous silicon also has possible applications
for light-emitting devices. The presence of pores substan-
tially modifies the electronic properties of silicon, the con-
fined electrons being able to fall through large energy
differences without interaction with the lattice of silicon
atoms. A particular problem of this type of technology is
the very poor thermal conductivity of the oxide. Power dis-
sipated in the silicon islands containing the devices produces
temperature rises of the order of 150°C. An earlier form of
‘silicon on insulator’ employed sapphire as substrate, partly
because of its crystalline structure but also because of its
high thermal conductivity.

6.1.2 Silicon and impurities

The devices produced in silicon depend for their properties
on the addition of very low concentrations of impurities
coming from group 3 or 5 of the periodic table. The silicon
atom belongs to group 4 and it bonds in the single crystal in
a tetrahedral configuration with each atom having four
nearest neighbours. This configuration gives the material
its brittleness which can be a problem when it is being
handled. The lattice constant is 5.4 A which is the length of
the side of the cubic unit cell. Group 5 elements such as
phosphorus and arsenic have five outer electrons available
for bonding, leaving one electron unused and in orbit. The
application of Bohr theory to such an orbiting electron is
justified as long as the effect of the crystal is taken into
account via the use of the effective mass of the electron
and the relative permittivity (12) of the silicon. The calcu-
lated radius of orbit is very much larger than the lattice
constant and the electron is only very weakly held.
Thermal vibrations of the lattice can easily shake the elec-
tron loose at room temperature and it can then contribute
to the conductivity. Suppose 10'®cm ™3 of phophorus atoms
is added to an otherwise pure crystal (an impurity level of
1 ppm). The electron concentration is increased from
1.5 x49'° to 10'*cm ™3 and the conductivity is increased by
approximately 10°. This remarkable change is the basis of
the usefulness of impurities in producing semiconductor
devices.

In order to consider the effects of substituting group 3
atoms for silicon it is necessary to understand the nature of
electrical conductivity in single-crystal solids. Bohr theory
describes the properties of the isolated atoms in terms of
electrons in orbit around a positive nucleus. When isolated
atoms condense to produce a solid we must also apply the
Pauli exclusion principle which states that the electrons
must each have a different orbit. Instead of a single energy
level of the Bohr model we have bands of levels each con-
taining the same number of energy levels as the number of
atoms. The free or conduction electrons fit a similar model.
When an applied field acts on an electron it will increase
its kinetic energy and move it to a higher level, but it must
still obey the exclusion principle. A consequence is that no
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conductivity can take place in a full band. In a semiconductor
the highest filled band at 0K is called the valence band; the
first unfilled band is the conduction band. At higher tem-
peratures some of the electrons in the valence band will be
able to jump across the energy gap leaving behind a few
vacancies in the valence band and giving some free electrons
in the conduction band. At 300K the number of such
electrons in the silicon is the intrinsic carrier concentration.
The presence of vacant energy levels in the valence band
provides an additional form of conductivity since the sea
of electrons in this band can experience an overall gain in
energy and, because the band has an electron deficiency, it
can be ascribed a positive charge. The total conductivity of
all the electrons is equivalent to that of a single positively
charged particle. We term this a /hole. The intrinsic hole
concentration is therefore equal to the concentration of
electrons in the conduction band since, as expected, the
material remains electrically neutral.

When a group 3 atom substitutes for silicon it is short of
an electron to complete all the bonds to the four nearest
neighbour silicon atoms. This electron is gained from the
valence band, leaving a vacancy and the remaining electrons
can contribute to the conduction. A hole is therefore
created.

Two types of material can therefore be created by the
addition of impurities. Group 5 elements become positively
charged fixed centres which release electrons making the
material 7 type. Group 3 elements take up an electron from
the valence band leaving behind a mobile positive hole and
the material is then said to be p type. The intersection of a
p-type material with an n-type one gives rise to a p—n junc-
tion which is a rectifier but is also the building block of
almost all other semiconductor devices.

Impurities can be added to the melt during the growth of
the single-crystal material. This process involves pulling a
seed of the crystal from the melt whilst also rotating it.
A long single crystal is so produced up to 8 in. diameter.
This is sawn many times along the same well-defined crystal
plane and each resulting slice is ground and polished on one
of its two faces. The doping level and, therefore, the resis-
tivity can be controlled to within a few per cent of the
desired value. In most cases later doping during device fab-
rication will overdope this background level. Such impurity
atoms can be introduced from a solid or gaseous source in a
furnace at temperatures in the region of 1000°C. Patterning
silicon dioxide guarantees that the surface of the slice will
only be doped in the areas required. This stage is termed the
predeposition stage. In order to get the atoms on the desired
silicon sites it is necessary to heat the silicon for a prolonged
period in the absence of the dopant. This is termed the
drive-in stage and must be carried out in an oxidising atmo-
sphere in order to produce a layer of silicon dioxide on the
surface of the silicon, sealing in some of the impurity. Even
with this precaution a large amount of impurity is lost. The
final depth of the p—n junction will be much deeper than that
after the predeposition. A major difficulty with this technol-
ogy is that the spread in the resistance can be as high as
20%, which is unacceptable for the more advanced pro-
cesses. Better control is achieved by ion implantation. Here
a beam of suitably charged ions delivers a closely monitored
number of ions to the surface. The ions are energetic and
much surface damage is caused. The ions sit interstitially in
the silicon and must be activated by prolonged annealing.
Control is greatly improved but the cost of a commercial
implanter is high. The process is essentially serial and, there-
fore, time consuming, in contrast to diffusion where many
slices of silicon can be loaded into a furnace for simulta-
neous predeposition. Control of the temperature—time cycle

is difficult with simple furnace processing and a ramped
temperature cyle is increasingly used. This factor is of great
importance in very low dimensional structures since any
unnecessary heating during the warm-up period produces
an unwanted lateral spread of the impurities and loss of
dimensional control. For this reason a well-controlled tem-
perature cycle is employed giving precise control of geome-
try. This is a single-slice process and is often termed /imited
reaction processing. Batch processing is less popular since
it can, on equipment failure, lead to the loss of expensive
part-processed wafers.

In a small but significant number of cases it is necessary
to produce a layer which is less heavily doped than the
background of the crystal. This is done using epitaxy.
Silicon tetrachloride, dichlorosilane or silane is decomposed
at high temperature (1200°C down to 900°C). The resulting
silicon atoms which have high mobility on the silicon
surface are able to migrate to appropriate crystal sites,
reproducing the orientation of the underlying silicon.
Gaseous dopant is added to the gas stream and can be
varied in type and concentration during the growth. The high
temperatures required in the reactor guarantee high atom
mobility and good crystal quality; however, they do lead to
short growth times and relatively poor thickness and doping
control, particularly across a slice. The reactor consists of a
cold-wall vessel which prevents unwanted deposition of
material, and heating either with radiofrequency in small-
scale systems or lamps in large commercial apparatus.

6.1.3 Mobility and the materials limitations
of device size

Throughout the history of silicon circuit development there
has been a particular emphasis on making devices, and
hence circuits, smaller. This need is associated with the
statistics of defect creation, both in single-crystal silicon
and in the associated silicon dioxide and conductors. The
fraction of working circuits increases in an exponential
fashion with decreasing area of silicon and the cheapness
of producing the finished chip follows, therefore, a similar
very sharp function.

Producing the windows for selective addition of impur-
ities is a critical process which utilises a photosensitive liquid
spun on the surface, and after heat treatment is exposed
through a photomask to produce the desired pattern. The
silicon dioxide can then be etched to leave windows of
exposed silicon. Alternatively, a material can be applied to
the surface which is chemically sensitive to electron beams.
A scanning electron beam can be used to define features in
this ‘resist’ layer, which masks the surface in selected areas
during a subsequent manufacturing process. As the physical
dimensions of transistors are reduced, the electric-field
strength in the silicon and the silicon dioxode becomes
very high. At low field, the drift velocity of the electrons,
or holes, depends linearly on the applied field. The rate of
change of velocity with field is the mobility. Reducing the
chip supply voltage in proportion to the device dimension
should be possible without degradation of speed of opera-
tion. Unfortunately, as the intensity of the fields becomes
higher the velocities of the electrons become field indepen-
dent, mobility falls and circuit designers are forced to drive
the circuits harder by maintaining a high supply voltage,
typically 5V. The silicon shows carrier multiplication
through hot electrons or holes exciting other electrons and
holes, by collision, across the energy gap. Modern circuits
are often so complex that adjacent n and p regions form
unwanted four-layer thyristors which can switch into a



state where very high currents can pass. The same carrier
multiplication can generate white light. Long-term degrada-
tion of silicon dioxide is known to be associated with
the generation of very energetic carriers in very small tran-
sistors where the electric field strengths are very high.

6.1.4 Materials for large-area circuits

The prime limitation on the production of large-area
circuits is the very strong relationship between the fraction
of working circuits and the defect density. Attempts at wafer-
scale integration (WSI) have been made. This is an attrac-
tive possibility in that it reduces packaging costs and the
overall size and weight of equipment. Clearly, to overcome
the problems of the relationship between yield and area it is
necessary to build in large amounts of redundancy through
the duplication of power lines and circuits. There is little
materials technology which is specific to this kind of circuit.

Although single-crystal silicon slices have increased in
area and have fallen in cost over the years, they are still
impractical for some applications. In some cases it is pos-
sible to get satisfactory performance from devices made in
silicon on glass or other cheap flat substrates. Silicon depos-
ited at room temperature is usually amorphous. It has
randomly oriented atoms and thus a large number of dangling
bonds which can be taken up by treating the film with
hydrogen. Dopants can be introduced during growth and
relatively poor p—n junctions are obtained. The energy differ-
ence between conduction and valence bands is larger than
for single-crystal silicon and this reduces leakage currents.
A major course of such leakage is the excitation of electrons
from the valence band to the conduction band which
becomes less probable with a larger energy gap.
Amorphous silicon can be very photosensitive and the
availability of large areas on panes of glass make it a
major contender for solar cells. A second application is in
liquid-crystal displays for television monitors. These are
termed active matrix displays and they use a primitive form
of the MOSFET. Each small element of the picture (or
pixel) is independently accessed by a thin-film device which
supplies, when required, a suitable voltage to the cell. Each
row and column is accessed via a shift register which is
ideally produced on the plate of glass in order to reduce
cost. The electrons in amorphous material are insuffiently
mobile and polycrystal-line material is preferred for this
application. A reactor, similar to that used for silane epitaxy,
is employed. A capacity for operating at low pressures
is important if the grain size and hence mobility are to be
sufficiently high. An interesting, if more costly, method is to
laser anneal amorphous silicon to produce polysilicon in
those regions where higher performance circuitry is
required. This large-area technology is also ideal for very
big circuits where the speed limitations of the individual
devices can be overcome by parallel, or neural, processing.

6.2 Thick- and thin-film microcircuits

Hybrid microcircuits use patterns of thick and thin
conducting films on an inert substrate to replace individual
resistors, and to connect components such as capacitors,
transistors and ICs into a complete circuit, thus saving
both space and weight compared with PCBs. The first
application of microcircuit techniques was for the wartime
production of proximity fuses, using printed carbon com-
position resistors on ceramic substrates. The basic methods
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are recognisable 60 years later, even though modern mater-
ials have greatly improved performance.

Hybrid technology is always extending in new directions,
as new components are being developed, which need novel
packaging and interconnection techniques, for example;

MCM multi-chip modules

LTCC low temp. co-fired ceramic packages
DBC  direct bonded copper for power circuits
Metal substrates for heater applications

For any electronics application, an appropriate construc-
tion can be selected which will meet the specification on
performance, size and price.

Thick-film hybrids are most suitable for volume replica-
tion of relatively simple circuits, for example, the duplicated
circuits in telephone exchanges. Screen printing is used to
deposit patterns of conducting pastes on ceramic substrates,
often at rates of thousands per machine per day. High-
temperature firing fuses the pastes to the substrates, forming
circuit elements of less than one-thousandth of an inch in
thickness. Even so, these are still ‘thick’ films, compared
with the film thickness of ‘thin’ film circuits. The process
here is completely different, using photolithography
and selective etching on purely metallic films to generate
the circuits.

Microcircuits are discussed here in terms of materials and
processes, and how they are applied to a range of circuit
applications.

6.2.1 Thick-film materials

The materials used for hybrids are being continually
up-graded and extended, to improve the final product.
The basic properties of the materials are as follows.

The substrate material must be insulating, flat, non-
reactive and thermally stable to the firing temperature
(about 850°). The most widely used material is high purity
(96%) alumina, used in plates from 50 x $9 mm (2 x &in.) to

Table 6.1 Common alloys and their properties

Material Resistivity
(m€2/sq)
Ag 2-5 Inexpensive. Poor leach resistance

in molten solder.

Budget conductor. Adequate leach
resistance.

Less used because of price. Good
adhesion, leach resistance. Wire
bondable.

Expensive. Better adhesion, leach
resistance. Wire bonding fair.
Very expensive. Excellent
adhesion, leach resistance. Wire
bonding poor.

Most widely used multilayer
conductor. Excellent conductivity,
good wire bonding, not solderable.
Modified gold for aluminium wire
bonding.

Good solderability but needs
non-oxidising furnace atmosphere
(nitrogen).

Ag/Pd 30:1 36

Ag/Pd 3:1 20-35

Pd/Au 50-90

Pt/Au 70-100
Au 34

Au/2% Pd 57

Cu 2-4
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Resistor
I

Figure 6.1 Typical resistor network in single-in-line form

Conductor

175 xE5mm (7 x&n.), and usually 0.63 mm (0.0251n.) in
thickness, although any thickness between 0.25 and 2.5 mm
(0.010-0.100 in.) can be obtained.

Exotic materials such as beryllia and aluminium nitride
are occasionally used because of their better thermal con-
ductivity in high power dissipation situations. Stainless
steel, suitably insulated with glaze, is also used in power
applications.

For any particular application, a conductor is chosen
which will give adequate performance in terms of adhesion,
solderability, etc., at an economic cost. The air-firing con-
ductors are based on the precious metals silver, gold, palla-
dium and platinum. The industry standard has been 3:1
Silver/Palladium, but demand for palladium for automobile
catalytic converters has increased the cost greatly.
Manufacturers now use conductors with ratios as low
as 30:1, as well as replacing part of the palladium with
platinum in a ternary alloy.

Copper and nickel systems have been developed because
of the lower cost of the metal, but these conductors must be
fired in a non-oxidising atmosphere (nitrogen, with oxygen
<Q0ppm).

Modern resistor pastes are based upon ruthenium, either
as the dioxide or as bismuth ruthenate. Resistivities between
1Q/sq and 10M€Q/sq can be obtained, and intermediate
values can be made by blending. The temperature coef-
ficient of resistance (TCR) is £400 ppm or better, and load
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1. Printed resistor

2. Plastic packaged transistor
3. Chip capacitor

4. Wire bonded transistor chip
5. Printed crossover

Figure 6.2 Typical hybrid, with add-on components, in dual-in-line form

stability is good. Fired resistors are often overglazed
with low-temperature glaze (550-600°C) which contributes
to the mechanical and environmental protection of the
resistors.

The circuit need not be limited to a single level on the
substrate. Crossovers, using areas of dielectric glaze, enable
conductors to cross one another, and if this is extended to
cover the majority of the substrate, these circuits are known
as ‘multilayers’. Multilayer hybrids are built up from layers
of conductor tracks, separated by layers of dielectric
glaze and interconnecting through windows (called vias)
in the glaze. The glaze must tolerate multiple re-fires
as each layer is added, and have a low dielectric
constant, to minimise stray capacitance between tracks
which cross. Resistors can be fired on top of glazes loaded
with ceramic, giving results similar to resistors on alumina
substrates.

Screen-printable protections are printed over trimmed
resistors and cured at 200°C or less. Complete circuits can
be dip-coated in liquid resin suspensions, powder coated,
moulded or potted. The usual resin types which are used
are silicones, epoxides or phenolics. Resins can be cured
very quickly by U.V. lamps.

The components which can be attached to hybrids are of
all shapes and sizes. The name ‘hybrid circuit’ is derived
from the ability of this technology to mix all kinds of com-
ponent to achieve the desired circuit characteristics.

Hybrids with only resistive, capacitive or inductive
elements are called ‘passive’ hybrids. If semiconductor ele-
ments are included, they become ‘active’ hybrids. Miniature
plastic-packaged semiconductor components are designed
to be attached with solder, to pads on the hybrid. In this
technique, known as ‘Surface Mount’, solder cream is
printed over conductor pads on the substrate, into which
the component feet are placed, prior to reflow. The solder
cream consists of small solder balls, flux and solvent, and
it is printed through a metal-foil stencil screen to give a
suitable thickness of deposit.

Semiconductor chips are used in many packaging styles.
Bare chips without any protective coating are wire bonded
into circuits, and chips with moulded plastic protection
are soldered. Complex chips are packaged in chip
carriers, which are small hermetic packages, and permit the
electrical parameters to be fully tested before soldering into
a circuit.

The availability of active components for surface mount-
ing led to the development of chip resistors which could be
attached in the same way. Resistors are printed in a matrix
on large ceramic substrates, which are divided into indivi-
dual resistors. Solderable terminations at the ends are
added by sputtering and plating. The immense market for
mobile phones and the pressure to make them smaller has
led to resistor chips as small as 0.5x825mm
(0.020 x8-0101in.) which can be robotically placed. These
tiny sizes are also popular because they use less ceramic
and materials, hence they are more economical.

Chip capacitors consist of alternate layers of dielectric
and conductor, sintered into a solid block, and with metal-
lised terminations. The sizes range from 0.5 x6:225mm to
6 x&5mm (0.020 x8:010in. to 0.240 x€:220in.) and in
value from 1pF to 1pF. High-value capacitors are mini-
aturised tantalum capacitors with metal end caps, or
moulded with metal tabs.

Small wire-wound components such as inductors and
transformers have also become available for hybrid use.
A fibre-optic cable can be fed through the side wall of a
hybrid package, for conversion of light information into an
electrical output.



6.2.1.1 Thick-film processes

There are many stages between the customer’s original
drawing and the final circuit.

The circuit elements are laid out using computer-aided
design (CAD), from which photopositives are made with a
photoplotter for each different ink to be printed on the sub-
strate. The CAD will also prepare all the necessary draw-
ings and instructions for production personnel. Typical
conductor line width is 0.25-0.75mm (0.010-0.030 in.) and
resistors are usually not less than 1.25mm (0.050in.)
square.

The photopositive is exposed and developed on a screen
coated with U.V. sensitive emulsion. The screen mesh is
stainless steel or synthetic fabric, with between 2.4 and
16 meshes/mm (60-400 meshes/in.). A thick film paste
placed on the screen is printed onto the substrate by a
moving flexible squeegee blade.

Printing machines can be loaded by hand, or fitted with
mechanical feed systems, which take substrates from maga-
zines, and transfer printed substrates to belt driers. The
dried pastes are fired in multizone belt furnaces through a
controlled temperature-time profile. A typical profile for
conductors/resistors is 60 min through-time, with 10 min at
a peak temperature of 850°C.

Resistors are trimmed by laser energy, which has the
advantages of speed, precision and cleanliness. Substrates,
printed with multiple circuits, are scribed using a more
powerful laser, so the individual circuits can be snapped out.

Components attached by solder joints are placed on
printed solder cream pads. To achieve the volume of work
necessary, this is usually done by computer-controlled pick-
and-place machines, which take each component from a
separate reel, and place them in the correct position. There
are several methods used to reflow the solder cream, which
use heated belts, tunnel furnaces under nitrogen, and IR
lamps, for example.

After soldering processes involving fluxes, the units may
be cleaned, but many solder systems now are ‘non-clean’,
because the flux is not a hazard to the operation of the
circuit.

It is planned to cease using solders containing lead in
electronics, for environmental reasons. There are several
systems that could be used as alternatives, using tin alloyed
with a variety of other metals. The greatest change affecting
their use in hybrids is that the melting point is usually
30-40°C higher than the tin/lead eutectic, and the components
have to withstand being heated to a higher temperature
during assembly.

Semiconductor chips are usually glued into position with
epoxy. This can be made conductive with silver or gold
powder. Conductive epoxy is also used to attach capacitors
to gold conductors, because solder dissolves gold very
quickly. Bare chips are bonded with aluminium or gold
wires of about 0.025mm (0.001in.) diameter. Aluminium
wire is not used with pure gold conductors, because the
bond strength deteriorates rapidly.

Hybrids may be mounted on their own terminals, or
mounted inside a metal or ceramic package, which has its
own terminals. The terminals are supplied on reels with
perhaps 50000 on a continuous strip. Insertion machines
crop unwanted terminals and insert substrates into the strip,
reeling up the strip afterwards. The strip is then fed through
a continuous wave-soldering machine, then the soldered
strip may be processed by a finishing machine, which crops
each unit from the strip, tests it and packs it.

Metal packages are closed by soldering or welding a lid or
cover to the header on which the substrate is mounted.
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A dry nitrogen atmosphere is maintained inside the pack-
age, to preserve the circuit from corrosion. The packages
themselves are protected by plated films of tin, solder,
nickel or gold.

6.2.2 Thin-film materials

The preferred substrate materials are glass or 99.6%
alumina, because the surface finish has to be very smooth
to allow the deposition of a uniform metal film. The film itself
has a sheet resistivity between 50 and 500 €2/sq with TCR
+49 ppm, and many materials are in use, such as nichrome
or tantalum nitride. The resistive film is overlaid by a con-
ductive metal film. Conductors for wire bonding use gold,
whereas if solderable conductors are required, nickel
covered with a gold flash is used. To optimise conductor
properties, there is a complex layered structure, with
titanium and palladium layers under the gold to minimise
diffusion effects, especially of chromium to the surface of
the conductor.

Substrates can be metallised in-house, or bought-in
with a film of known resistivity from an outside supplier.
The add-on components are the same as for thick film.

6.2.2.1 Thin-film processes

Typically, the smallest resistor line width is 10 um and con-
ductor lines can be 50 um. Designs can avoid cross-overs
by wire-bonding over several lines, using the fine-line cap-
ability to crowd the conductor tracks. Designs cannot be
photoplotted at this line width, so must be produced
at a magnified scale, and reduced photographically. The photo-
positives are produced on glass because of the dimensional
stability required.

A thin film of liquid photoresist is spun onto the surface
of a substrate, and dried. The pattern is exposed and devel-
oped. Selective etchants remove the metal layers as required
to produce the circuits.

Thin-film circuits produced in a matrix on glass sub-
strates are separated by dicing with a diamond cutting
wheel. Thereafter, individual circuits are assembled using
the same methods as for thick film, although generally they
are used in hermetic packages, which protect the glass
substrates.

Thin film is less widely used than thick film for a number
of reasons. The low resistor film resistivity means high value
resistors take up too much area, the photomechanical pro-
cess is not amenable to volume production, and the final
package cost is high.

6.2.3 Types of hybrids, and their applications

With the wide range of materials and components available,
the hybrid process can be used to produce any kind of cir-
cuit, from simple resistor networks to complex multilayers
which can cost 1000 times the price of the simple unit. The
following examples illustrate the capability of hybrids to
produce circuits of increasing complexity.

6.2.3.1

These networks are usually fabricated on ceramic substrates
using thick film techniques, where the wide range of paste
resistivities can be used to achieve any mix of resistor
values. The package may be terminated by a single row of
terminals along one edge (single-in-line SIL) or with two

Resistor networks
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rows of terminals along 2 edges (dual-in-line DIL) with the
substrate horizontal against the PCB. With a substrate
thickness of 0.063 mm (0.0251in.), SIL circuits can be easily
fitted to printed circuit boards on 2.5mm (0.1 in.) pitches,
and the height above the board can be between 3.75 mm
(0.1501in.) and the maximum the customer will allow.

Design of a hybrid is very flexible, both in the size and
shape of the substrate, and in the number and position of
the terminals (the ‘pin-out’). Both sides of the substrate may
be printed with resistors, provided the total dissipation does
not exceed the substrate capability. If the network has to
withstand power pulses from lightning surges, a thicker sub-
strate may be used, which is stronger, and withstands the
sudden heating effect. Many millions of these simple resis-
tor networks are used in Telecoms, for example, as line feed
resistors.

Divider networks made with the same resistor paste have
good tracking performance, but to obtain the ultimate per-
formance in this application, thin film is best.

6.2.3.2  Units with surface-mounted devices

It is a small step to convert a passive resistor network into
an active circuit by incorporating semiconductor devices
and capacitors. Every kind of component is available suit-
able for surface mounting. The components are assembled
using pick-and-place machines, and reflow-soldered to the
hybrid. The circuit may be protected by printed or dipped
organic resin, or the circuit may be left in its overglazed
state, since the add-on components have their own protection.

This is the most widely used type of circuit. It is used in
Automotive applications for engine management systems
and vehicle safety systems, and for general industrial
applications.

6.2.3.3 Networks with wire-bonded chips

A substantial improvement in packing density can be
realised by using bare chips, but the wire bonds must be
protected, inside hermetic packages, or inside a globule of
hard resin (‘globtop’). Thick or thin film can be used, depend-
ing on the resistor values and tolerances required. The semi-
conductor dice are attached by conductive epoxy or eutectic
bonding, then they are wire-bonded to the conductor pads.
Manually, this can be a relatively slow operation, but
automatic bonders are available with pattern recognition
cameras, which can identify the bonding pads and make
the bonds.

These circuits are used for military and aerospace appli-
cations—for radio and radar, sonar, ordinance fuses, elec-
tronic gauges for Head-up-displays. Other applications
have been for proximity detectors, and control circuits for
laser displays.

6.2.3.4 Power microcircuits

The hybrid process has been adapted to make motor drive
circuits. These need very low conductor resistance, and the
ability to bond 250 um (0.0101in.) Al wire to the circuit and
the power devices. These circuits use Direct-bonded Copper
(DBC) substrates. Copper foil 300 um (0.0121in.) in thick-
ness is bonded directly to the alumina substrate, and the
pattern is etched. The copper is given a nickel flash plate,
then the components are attached and wire-bonded. The
ceramic is then bonded to a heatsink, to prevent the semi-
conductors overheating.

6.2.3.5 Multilayers and multichip modules

The interconnect density of a hybrid can be multiplied
several times by using multilayered conductors. It is possible
to fit into a 30-pin package 40 x25mm (1.6 x<4Hn.) about
15-20 integrated circuit (IC) chips, which would normally
need a PCB at least 400 mm (41in.) square. A high-conduc-
tivity conductor is used, which may be gold or silver.

A circuit can often be assembled from standard ‘building
blocks’, which are already available as separate chips. Much
time and expense may be saved, by making a hybrid to
interconnect the separate chips, rather than designing a
custom IC, with the necessary design and mask costs. This
type of hybrid is known as a multichip module. One example
made this way was an aircraft fuel status indicator.

6.2.3.6 LTCC modules (low temperature co-fired ceramic)

This is a multilayer, without the ceramic substrate.
Dielectric is produced as a 250um (0.010in.) ‘green
tape’™", which is punched with vias, and printed with con-
ductors. Circuit levels are made on separate sheets, which
are stacked like a book, and fired at 850°C. The stack sin-
ters into a solid block, containing all the interconnections,
with excellent robustness and repeatable electrical charac-
teristics. This technique is only viable for very large volume
applications which can justify the tooling costs for punching
the ceramic tape.

This manufacturing technique has been used in the
‘Bluetooth’ project. This is a system to allow any kind of
computer-controlled device to link up with any other.

6.2.3.7 Microwave circuits

These circuits are made chiefly in thin film, because of the
better control of line sizes and edge definition with this
process, and the substrate material can be varied to exploit
different dielectric constants.

6.2.3.8 Metal substrates

Although ceramic has admirable properties as a substrate, it
is brittle, and the thermal conductivity is not as good as
metals. Applications have arisen for heater elements, for
example, in domestic kettles, which have been met by print-
ing conductive elements on an insulating layer on a steel
substrate. By careful matching of expansion coefficients,
the element can withstand the thermal cycling, and in the case
of the kettle elements, the rate of heat transfer is excellent.

The process is versatile; elements have been printed on
tubes for electric showers, and on panels to prevent conden-
sation in mobile phone base-stations, for example.

6.2.3.9 Standards

The appropriate UK Standard for hybrids is BS 9450, but
this is now being replaced by a European standard in the
form of EN 165000, which covers Capability and
Qualification Approval. This incorporates best practice
from UK, European and US standards. An additional stan-
dard EN 265000 is being produced for Technology
Approval. The EN 165000 has been submitted for approval
for conversion to an IEC standard.

“T™MDyPont trademark.
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7.1 Insulating materials

Electrical insulating materials can be solid, liquid or gaseous,
often in combination such as in oil-impregnated paper. The
materials may be organic or inorganic and natural or synthetic.
Both the electrical and mechanical properties of the materials
are important, the variation of these properties with temp-
erature being particularly important. In some applications the
variation in electrical properties with frequency is significant
and the chemical properties of the materials can often be vital
because of the problems of compatibility between materials
and of the behaviour of a material under fire conditions.

7.1.1 Classification

Insulating materials, especially those used in generators,
motors, transformers and switchgear, are often classified on
the basis of their thermal stability according to the scheme
described in BS 2757:1986 and IEC 60085:1984. This scheme
uses nine temperature classes, allocating materials to a class
with ‘temperature limits that will give acceptable life under
usual industrial conditions of service’. These standards
recommend that temperatures above 250°C should increase
in steps of 25°C and the class is designated accordingly.

Temperature limits

Class
Temperature (°C)

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

Examples of materials in each class are given below.

Class Y: Unimpregnated paper, cotton or silk, vulcanised
natural rubber, various thermoplastics that have softening
points that would only permit their use up to 90°C. Aniline
and urea formaldehydes.

Class A: Paper, cotton or silk impregnated with oil or
varnish, or laminated with natural drying oils and resins
or phenol formaldehyde. Polyamides. A variety of organic
varnishes and enamels used for wire coating and bonding.

Class E: Polyvinyl formal, polyurethane, epoxy resins
and varnishes, cellulose triacetate, polyethylene terephtha-
late, phenol formaldehyde and melamine formaldehyde
mouldings and laminates with cellulosic materials.

Class B: Mica, glass and asbestos fibres and fabrics
bonded and impregnated with suitable organic resins such
as shellac bitumen, alkyd, epoxy, phenol formaldehyde or
melamine formaldehyde.

Class F: As class B but with resins that are approved for
class F operation such as alkyd, epoxy alkyd and silicone alkyd.

Class H: As class B but with silicone resins or other resins
suitable for class H operation. Silicone rubber.

Classes 200, 220, 250: Mica, asbestos, ceramics and glass
alone or with inorganic binders or certain silicone resins.
Polytetrafluoro-ethylene.

The allocation of materials to classes such that their life
will be adequate under usual industrial conditions means
that the materials may not give adequate life if the service
is unusually severe, e.g. equipment normally operated very
near to full load. Conversely, it may be economical to use
materials of a lower temperature class for equipment oper-
ated infrequently or normally operated at very low load.

7.1.2 Temperature index

Various suggestions have been made for alternative tem-
perature classification systems, especially as techniques such
as cross-linking enable the thermal stability of materials
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to be significantly improved and new high-temperature
materials are constantly being developed. IEEE 98:1984 has
withdrawn the term ‘Temperature Classification’ but the
institution has suggested that a ‘temperature index’ related to
the temperature capability of the material should be assigned
to a material on the basis of experience or comparison with
materials that have established indices. The index would be
based on the life of the material in particular environmental
conditions and would preferably be a number chosen from
the series 90, 105, 130, 155, 180, 200, 220. For temperatures
above 250°C, no index has been established yet.

7.1.3 Effect of frequency

Insulating materials can have a very large variation in the
dielectric loss and permittivity of the material with the
frequency of the applied signal. Whilst this is important for
insulation used in high-frequency electronics, it is not
normally important in conventional power equipment,
except for some condition of very fast transients. Table 7.1
shows the loss tangents (tan ¢) at 50 Hz, 1 kHz and 1 MHz.
Fortunately, the losses generally decrease with frequency
for the materials that are used in electrical power insulation.
Occasionally there can be significant changes at low
frequencies and polymethylmethacrylate has a peak in
dielectric loss at around 2 Hz, depending on temperature,
where it increases by a factor of 3.

7.1.4 Fire behaviour

Despite the extensive precautions that are normally taken to
prevent fire in electrical installations, fires do occasionally
occur. There may be hundreds of wires bunched together in
ducting and this presents serious problems in the event of a
fire. One problem is that if fire propagates along the insula-
tion, electrical systems will fail completely and these may be
essential to the orderly shut-down of the equipment, or they
may be responsible for important telecommunication sys-
tems. Another problem is that the fumes that are produced
by combustion of the insulating material may be toxic and
may also cause corrosive damage to neighbouring materi-
als. It is therefore important that electrical insulation is
assessed for behaviour in the event of fire. Some materials
that have been used in the past are liable to produce toxic
fumes. The former use of polychlorinated biphenyls as
transformer insulation is a particular cause for concern.
Ease of ignition, or flammability, has traditionally been
considered the most important property of a material when
assessing fire hazards, but it has now been realised that this
is only one of several factors that must be considered. The
amount of heat, smoke and toxic gases released by the
material and the way that the flame spreads in the material
are all important. The traditional tests use very small quan-
tities of the material which means that the information
obtained is of limited value. More realistic tests require more
specialised facilities and tend to be expensive to perform.
Gaseous insulation does not normally present any fire
problem, although sulphur hexafluoride can decompose
into toxic fractions under certain conditions. Commonly
used insulating liquids, such as transformer oil, are flam-
mable and so present a fire hazard. This is often unaccept-
able for transformers or switchgear situated in substations
in blocks of offices or flats and alternative designs using air
insulation or non-flammable liquids must be used. The
same problems occur for equipment to be used in hazardous
environments such as mines. Polychlorinated biphenyls
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Table 7.1 Representative properties of typical insulating materials*

tan bc
Insulant n € 50Hz 1kHz 1 MHz
Vacuum 00<4= 1.0 0 0 0
Gases
Air co&= 1.0006 0 0 0
Sulphur hexafluoride o0& 1.002 0 0 0
Liquids
Mineral insulating oil 11-13 2-2.5 0.0002 0.0001 —
Dodecylbenzene 12-13 2.1-2.5 0.0002
Organic esters 10-12 2.9-4.3 0.001
Polybutenes 12-14 2.1-2.2 0.0005
Silicone fluids 12 2.7 0.0001
Solids
Paraffin wax 14 2.2 0.0003 0.0001
Bitumen 12 2.6 0.008
Pressboard 8 3.1 0.013
Bitumen-asbestos 10-11 0.08
Paper: dry 10 1.9-2.9 0.005 0.007
oil-impregnated 14-16 3.2-4.7 0.002
Cloth: varnished cotton 13 5 0.2 0.15
Ethyl cellulose 11 2.5-3.7 0.02 0.03 0.02
Cellulose acetate film 13 4-5.5 0.023 0.04
Cellulose acetate moulding 10 4-6.5 0.016 0.03 0.06
Synthetic-resin (phenol) bonded
paper 11-12 4-6 0.02 0.03 0.04
Mica 10 5.5-7 0.0005 0.0005 0.0005
Nylon 11 3.8 0.03
Phenol-formaldehyde 10 4-7 0.05 0.03 0.02
cast 9 7-11 0.1 0.2 0.25
Polystyrene 15 2.6 0.0002 0.0002 0.0002
Polyethylene 15 2.3 0.0001 0.0001 0.0001
Polypropylene 15 2.3 0.003 0.0003
Polytetrafluoroethylene 15 2.1 0.0002 0.0002
Methylmethacrylate 13 2.8 0.06 0.03 0.02
Synthetic-resin compounds
Phenol formaldehyde mineral filled 10-12 5 0.015 0.015 0.01
Urea formaldehyde mineral filled 10 5-8 0.1 0.1 0.038
Polyvinyl chloride 11 5-7 0.1 0.1

*Volume resistivity p=40" Q-m; the value of n is tabulated. Relative permittivity e,. Loss tangent tan 6.

were once used as non-flammable insulation in these appli-
cations, but the discovery of their toxic nature has required
a search for alternative non-flammable liquids. Silicone oils
are used but, although these are less flammable than trans-
former oil, they are still flammable.

Fire tests that are used to try to give more relevant fire
hazard information for liquids use pools of the liquid from
about 15 cm diameter to 9 m? of burning liquid area.

Much of the work on fire behaviour is concerned with
insulation for cables. Here the standard tests such as BS
6387:1994 only require a flame of between 650 and 950°C,
depending on the fire resistance category, to be applied to
about 600 mm of the cable for 3 h (only 20 min for the high-
est temperature) without the insulation failing. However,
more stringent tests involving longer lengths of cable on
cable trays in vertical ducts are often required so that the
conditions met in situations such as power stations can be
reproduced more accurately. A typical test involves 8§ m
of cable on a cable rack ignited by an 88kW methane
flame with a forced air draft to propagate the flame.
Measurements are made of the distance that the flame
spreads and the optical density of the smoke produced.

Tests are now being made of the heat evolution of mater-
ials in a fire. There is still a lack of agreement about exactly
what tests are most appropriate and how reliably small-
scale tests can be scaled to possible full-scale fire scenarios.
There is particular lack of agreement about toxicity testing.

7.2 Properties and testing

The properties of insulating materials fall into the following
categories:

(1) physical,

(2) mechanical,
(3) electrical, and
(4) chemical.

Insulating materials may have to operate in the vicinity of
apparatus producing high intensity radiation such as
nuclear reactors, isotopes, microwave and electron genera-
tors, and considerable work has been done on the properties
of materials under these conditions.



7.2.1 Physical properties

7.2.1.1 Density

This is of importance for varnishes and oils. The density of
solid insulants varies widely; in a few cases it is the measure
of relative quality (as in pressboard).

7.2.1.2  Moisture absorption

This usually causes serious depreciation of electrical proper-
ties, particularly in oils and fibrous materials. Swelling,
warping, corrosion and other effects often result. Under
severe conditions of humidity, such as occur in mines and
in tropical climates, moisture sometimes causes serious
deterioriation; products made from linseed-oil varnishes,
for example, are prone to complete destruction of the var-
nish film in a damp atmosphere. Fungus growth and elec-
trolysis are other examples of effects due to moisture.

It is usual to determine the absorbency of solid materials
by ascertaining the weight of water absorbed by a standard
specimen when immersed for a specified period: however, the
quantity of water absorbed is not a reliable criterion of the
electrical performance of a material if taken in isolation.
Some British Standard methods require that electrical tests,
especially those for insulation resistance and loss tangent, be
carried out immediately after the samples have been removed
from water following a period of immersion of 24 h.

7.2.1.3  Thermal effects

These often seriously influence the choice and application of
insulating materials, important features being: freezing
point (of gases and liquids); melting point (e.g. of waxes);
softening or plastic yield temperatures; flash point of
liquids; ignitability, flammability, ability to self-extinguish
if ignited; resistance to electric arcs; liability to carbonise
or track; specific heat; thermal resistivity or conductivity;
and coefficient of expansion.

7.2.14 Ageing

Although ageing has been placed in the physical-properties
section, ageing involves changes in the physical, mechanical,
electrical and chemical properties of the material when

Table 7.2 Thermal-analysis techniques
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subjected to prolonged thermal and electrical stresses. In
some applications mechanical stress may also be important.

A major part of life testing is the determination of the
maximum temperature that a material, or combination of
materials, can withstand for a long period without serious
degradation of important properties. It is necessary for all
components of an insulation system to be present during
ageing tests because of the possibility of compatibility prob-
lems. Testing of this type is generally carried out on models
made to reproduce, as far as possible, the conditions met
in service. Such model investigations, often called ‘func-
tional testing’, are generally accelerated by using tempera-
tures considerably above those envisaged for service; but,
provided that agreed procedures are used, it is often pos-
sible to extrapolate long-term results from comparatively
short tests. A statistical technique that is often used for
extrapolation is called Weibull statistics.

Thermal analysis tests that are routinely used to evaluate
insulating materials are shown in Table 7.2. There is
increasing interest in conducting ageing tests with a combi-
nation of heat and electric stress in order better to predict
lifetime since there is an interaction between the decompos-
ition products of electrical discharge and products released
due to purely thermal effects in the material. Both increased
temperature beyond that encountered in service and
increased electric stress beyond the service stress can be
used to accelerate ageing, but it is difficult to verify the pre-
diction of service lifetime from the effect of a combination
of acceleration techniques.

7.2.1.5 Miscellaneous characteristics

These include viscosity (of liquids such as molten bitumen),
moisture content (of wood, pressboard, etc.), uniformity of
thickness and porosity (of papers, porcelain, etc.).

7.2.2 Mechanical properties

The usual mechanical properties of solid materials are of
varying significance in the case of those required for insulat-
ing purposes, tensile strength, cross-breaking strength, shear-
ing strength and compressive 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 compressibility,

Technique

Parameter measured

Applied stress

Differential scanning calorimetry (DSC)

material
Differential thermal analysis (DTA)

Evolved-gas analysis (EGA)
products formed

Thermally stimulated current
measurement (TSC)

Thermogravimetry (TG)
temperature

Thermomechanical analysis (TMA) Mechanical strain

Energy necessary to establish zero
temperature difference with a reference

The difference in temperature between
the material and a reference material
Nature and quantity of volatile

Polarisation or depolarisation current

Weight change with time or

Environment heated or cooled at a
controlled rate

Environment heated or cooled at a
controlled rate

Heating

Temperature change while electric
field is applied

Heating or cooling

Mechanical vibration with heating
or cooling
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deformation under bending stresses, impact strength and
extensibility, tearing strength and ability to fold without
damage are important properties of thin-sheet insulations
such as papers, pressboards and varnished cloths.

Methods of test for the above properties are given in
British Standards.

Many other mechanical features of insulating materials
have to be considered, for example: machinability (espe-
cially as regards drilling and punching) and resistance to
splitting, the latter being of particular importance in the
case of laminated materials, wood and pressboards.

7.2.3 Electrical properties

The essential property of a dielectric is, of course, that it
shall insulate. But there are properties other than resistivity
that determine the insulation value: these are the electric
strength, permittivity and loss tangent.

7.2.3.1 Resistivity

This concerns volume resistivity (a bulk property) and
surface resistivity (concerning leakage current across the
insulator surface between electrodes having a potential
difference). The former is specified in ohm-metres (or
megohm-metres) and the latter in ohms per square: the sur-
face resistance between opposite sides of a square surface is
independent of the size of the square. The properties are
affected by surface or bulk moisture, so that measurements
of insulation resistance of pieces of material or of insulated
systems are often used to assess the state of dryness. Values
of volume resistivity are given in Table 7.1.

7.2.3.2  Electric strength

Electric strength (or dielectric strength) is the property of
an insulating material which enables it to withstand a given
electric field magnitude without failure. It is usually
expressed in terms of the minimum electric field magnitude
(i.e. potential difference per unit thickness) that will cause
failure or ‘breakdown’ of the dielectric under specified con-
ditions, e.g. shape of electrodes, temperature and method of
application of voltage, as these and several other features all
influence the liability of the material to fail under electric
stress. It is, therefore, important to state most of these con-
ditions when quoting values of electric strength, and they
have been standardised accordingly by BSI and others. The
standard method for testing oils for electric strength is given
in BS 148:1998, and that for proof tests on bitumen-based
filling compounds in BS 1858:1975. Details of the standard
method for proof tests on solid insulations, such as
moulded compounds and sheet materials, are given in BS
5734:1990, BS 6091:1995 and BS EN 60243:1998.

The electric strength of most materials falls with increas-
ing temperature and it is usual to carry out tests for this
property at suitably elevated temperatures.

Other features which vitally affect the apparent electric
strength are: the sharpness or radius of edges of electrodes;
the waveform of the voltage (as breakdown is dependent on
the peak value); the rate of increase in voltage and the time
any voltage stress is maintained; the moisture content of the
material; the thickness of specimen tested and the medium
(usually air or oil) in which the test is made. Comparisons of
electric strength are made generally by determining the elec-
tric stress that will cause failure 1 min after its application.
Specifications frequently call for a proof test, the material

being required to withstand for, say, 1 min a specified elec-
tric stress under controlled conditions.

In view of all the features which affect the apparent elec-
tric strength of dielectrics it is preferable to obtain compara-
tive values, say, at a range of temperatures, thicknesses and
test durations. Tests may be made with alternating or direct
voltages; and it is now becoming more usual to test with
lightning or switching-impulse voltages if the material is
liable to sustain transient voltages in operation such as
occur with overhead-line insulators, switchgear, power
transformers and some machine windings. The object is to
determine the highest stress that a material or assembly will
withstand indefinitely. An indication can be obtained from
a voltage/time curve (Figure 7.1) plotted from the stresses
that cause breakdown in measured periods. The safe oper-
ating stress is then settled by experience, the use of safety
factors, and the data from comparative tests. Figure 7.1
gives typical results of the variation of electric strength
with thickness of specimen and with temperature.

7.2.3.3  Surface breakdown and flashover

When a high-voltage stress is applied to conductors sepa-
rated only by air where they are closest together, and the
stress is increased, breakdown of the intermediate air will
take place when a certain stress is attained, being accompa-
nied by the passage of a spark from one conductor to the
other, i.e. the electric strength of the air has been exceeded.
If the stress is sustained, this may also be followed by a
continuous arc. The voltage at which this occurs is the
sparkover or flashover value. Similar conditions can be
obtained with oil as the insulant when a spark passes
through the oil between the conductors.

In electrical assemblies where the live parts are separated
by both solid insulation the ambient air, failure may
take place either by breakdown of the solid material or by
flashover through the air. Often the process involves surface
leakage, deterioration and surface flashover. This phenom-
enon is generally due to the nature and design of the metal
parts, as sharp edges of nuts and washers (for example) give
local concentrations of stress. In addition, the onset of
surface discharges at metal edges (which can initiate break-
down) is influenced by the permittivity of the dielectric
material. The higher the permittivity, the lower the voltage
at which flashover is likely to occur. Pollution on the insu-
lation surface can reduce flashover voltage by a factor of
100. Insulating materials are sometimes tested for surface
breakdown or flashover between two electrodes on a typical
surface but, unless the material itself or its surface is poor
electrically, flashover in air takes place in preference, usually
at values of about 20kV r.m.s. for 25mm distance between
two 38 mm diameter electrodes with fairly sharp edges.
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Figure 7.1 Effect of time, thickness and temperature on electric
strength



7.2.3.4 Tracking

Leakage along the surface of a solid insulating material,
often a result of surface contamination and moisture or of
discharges on or close to the surface, may result in carbon-
isation of organic materials and conduction along the
carbonised path. This is known as ‘tracking’. It is usually
progressive, eventually linking one electrode to another and
causing complete breakdown along the carbonised track. The
methods for evaluating the resistance to tracking and erosion
of electrical insulating materials are given in BS 5604:1986
and its IEC equivalent IEC 60587:1984.

7.2.3.5 Permittivity

This property is specific to a material under given condi-
tions of temperature, frequency, moisture content, etc.
When two or more dielectrics are in series and an electric
stress is applied across them, the voltage gradient across
each individual dielectric is inversely proportional to its per-
mittivity. This is particularly important when air spaces
exist in solid and liquid dielectrics, as the permittivities of
these are always higher than that of air, hence the air is
liable to have the higher stress and may fail and cause
spark-over through the air space in consequence. The per-
mittivity of dielectric materials is strongly dependent upon
frequency with a tendency to fall to low values at higher
frequencies. In the case of ferroelectric materials, increasing
the temperature will lead to an increase in permittivity up to
the “‘Curie Point’ after which permittivity falls rapidly with
temperature.

Values of permittivity for some insulating materials are
given in Table 7.1.

7.2.3.6 Dielectric loss

A capacitor with a perfect dielectric material between its
electrodes and with a sinusoidal alternating voltage applied
takes a pure capacitive current /=wCV with a leading
phase angle of 90°. In a practical case, conduction and hys-
teresis effects are present, the phase angle is less than 90° by
a (normally) small angle 6. The power factor, no longer
zero, is given by cos (90° — §) =sin d¢~ tan ¢: the latter is
called the loss tangent. The power loss is, to a close approx-
imation, P = V*wC tan §where w = 27f: it is proportional to
the square of the voltage and to the product e¢an §, because
the absolute permittivity esdetermines the capacitance of a
system of given dimensions and configuration.

The loss tangent varies, sometimes considerably, with fre-
quency and also with temperature; values of tan écusually
increase with rise of temperature, particularly when moist-
ure is present, in which case the permittivity also rises with
the temperature, so that total dielectric losses are often
liable to a considerable increase as the temperature rises.
This is very often the basic cause of electric breakdown in
insulation under a.c. stress, especially if it is thick, as the
losses cause an internal temperature rise with consequent
increase in the dielectric loss, this becoming cumulative
and resulting in thermal instability and, finally, breakdown.

Permittivity and loss tangent are usually determined by
means of a Schering bridge (BS 7663:1993). For power
devices such as cables and bushings, the test is made at
50 Hz; but for high-frequency equipment it is necessary to
determine loss tangent and permittivity at much higher
frequencies. BS 2067:1953 and BS 4542:1970 cover such
measurements by the Hartshorn and Ward method at fre-
quencies between 1 kHz and 100 MHz. Other methods are
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available for other frequencies (see IEC 60250:1969).
Typical values of loss tangent and permittivity for some of
the principal insulating materials used for high voltages and
for high frequencies are given in Table 7.1.

7.2.4 Chemical properties

The chemical and related properties of insulating materials
of importance may be grouped as follows:

(1) resistance to external chemical effects,
(2) effects on other materials, and
(3) chemical changes of the insulating material itself.

Under (1) there are such properties as resistance to:

(a) the effect of oil on materials liable to be used in oil
(in transformers and switchgear), or to be splashed
with lubricating oil;

(b) effects of solvents used with varnishes employed for
impregnating, bonding and finishing;

(c) attack by acids and alkalis, e.g. nitric acid resulting from
electrical discharge, acid and alkali vapours and sprays in
chemical works, and deposits of salts from sea spray;

(d) oxidation, hydrolysis and other influences of atmo-
spheric conditions, especially under damp conditions
and in direct sunlight; and

(e) effects of irradiation by high-energy nuclear radiation
sources, e.g. neutrons, (eparticles and ~srays.

In group (2), typical effects of the insulating materials on
other substances with which they may be used are:

(a) direct solvent action, e.g. of oils and of spirits contained
in varnishes, on bitumen and rubber; corrosion of
metals in contact with the insulation; and attack on
other materials by acids and alkalis contained in the
insulating materials in a free state;

(b) effects of impurities contained in the insulation; and

(c) effects resulting from changes in the material, for example
acids and other products of decomposition and oxida-
tion affecting adjacent materials.

These effects are generally referred to under the heading
‘compatibility’. If meaningful test results are to be obtained,
all components of an insulation system must be present and
they must have been treated in the same way as will be used
in manufacture.

Group (3) includes such features as:

(a) oxidation resulting from driers included in varnishes;

(b) deterioration due to acidity (e.g. in oils, papers and
cotton products);

(c) chemical instability of synthetic resins;

(d) self-polymerisation of synthetic compounds; and

(d) vulcanisation of rubber—sulphur mixtures.

Most of these chemical properties are determined by well-
known methods of chemical analysis and test. The principal
tests are for acidity and alkalinity, pH value, chloride con-
tent in vulcanised fibre, and conductivity of aqueous extract
(for presence of electrolytes). Some of these are dealt with in
BS 5591:1978, BS 2782:1991, BS 5626-2:1979 and BS EN
1413:1998.

Increasing attention is being paid to chemical features of
the raw materials and processes used in the manufacture of
insulating materials—particularly varnishes, synthetic resins
and all manner of plastics—and much research work is being
carried out on these features and on the correlation of the
chemical structure of dielectrics with their physical, electrical
and mechanical properties.
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7.3 Gaseous dielectrics

7.3.1 Breakdown mechanisms in gases

As a gas is a highly compressible medium, breakdown pro-
cesses in gases depend on the density of the gas and values
quoted for air in Section 7.3.2 must be corrected for the air
density (d) relative to normal temperature and pressure
(20°C and 1013 mbar, respectively):

P 273420
013 273 1+

where p is the pressure in millibars and ¢ is the temperature
in degrees Celsius.

A discharge in a gas and subsequent development into a
visible spark or flashover starts with the production of elec-
trons in the gas by emission from one of the electrodes, or
even from cosmic rays. The initial eletrons are then multi-
plied by various processes of ionisation that give a growth
in the current and lead, ultimately, to breakdown. In most
gases, when an electron collides with a neutral molecule
an extra electron and a positive ion will be produced, pro-
vided the energy of the original electron is higher than the
ionisation energy of the molecule (Figure 7.2(a)) but in
electronegative gases such as sulphur hexafluoride an electron
can be captured by the molecule to give a negative ion
(Figure 7.2(b)). This process is the opposite of electron multi-
plication so these gases have a high breakdown strength.

The breakdown strength of a gas is affected by the unifor-
mity of the electric field, the waveform of the applied voltage,
the support insulators and solid particle contaminants, in
addition to the gas density. The effect of non-uniform field
is particularly significant for d.c. insulation as the breakdown
voltage is quite different depending on whether the point in a
point-plane system is positive or negative. For large gaps the
breakdown strength for the negative point is more than twice
the voltage obtained when the point is positive.

In practical apparatus the breakdown strength of com-
pressed gas can be reduced severely by the presence of dust
and solid particles. Particles near an electrode can induce a
spark at a substantially lower voltage than for a particle-
free situation. In one study on sulphur hexafluoride, break-
down voltages were reduced to between 20% and 90% of
the particle-free values, depending on the number and size
of the particles present.

7.3.2 Air

Air is the most important gas used for insulating purposes,
having the unique feature of being universally and immedi-
ately available at no cost. The resistivity of air can be con-
sidered as infinite under normal conditions when there is no
ionisation. There is, therefore, no measurable dielectric loss,

o—-0—+O
Molecule @ Molecule lon

lon
(a) (b)

Figure 7.2 Electron—molecule collisions in gases: (a) normal gases;
(b) electronegative gases

Table 7.3 Typical breakdown voltages in air under normal
atmospheric conditions (kilovolt peak at 50 Hz)

Two-electrode system Spacing or gap (mm)

10 50 100 200 300

Spheres, diameter 1.0m  — 137 266 503 709
0.25m 31 137 243 363 —
Needle points 13 50 78 127 178
Parallel wires, diameter
8.25mm — 38 57 83 117

Concentric cylinders:
outer/inner radius (mm) 38/1.3 38/11 67/17 67)2
Breakdown voltage (kV) 26 55 88 103

negligible tan 4, and a relative permittivity (for all practical
purposes) of unity. The electric strength under normal
atmospheric conditions is 30kV/cm (peak) for a uniform
field. In a practical airgap the voltage gradient is a maxi-
mum at the electrode surfaces. The sparkover (breakdown)
voltage of an air gap is therefore a non-linear function of its
length. The gap geometry and configuration affect the
breakdown voltage, and empirical expressions have been
derived to account for the ‘gap factor’.

Partial breakdown of air, locally, often occurs when the
voltage gradient in a particular region exceeds the critical
value for air. This happens readily at points of electric flux
concentration, e.g. sharp edges of metal parts. If this local
breakdown becomes unstable—as it will when the voltage
between conductors is increased sufficiently—sparkover will
occur. This may be an isolated spark from one conductor
to the other, and the intervening air then re-heals itself. If
the voltage is maintained (or increased), the spark may be
followed by a continuous stream of sparks.

Typical values of breakdown voltages for gaps of differ-
ent forms and sizes of electrodes (under normal atmospheric
conditions) are given in Table 7.3.

Partial or complete breakdown of air in gaps can be influ-
enced by suspending sheets of material at particular places
in the electric field. In some cases, the sheets may be of
metal, and in others of insulating materials; even woven
fabrics can have an effect. The effect of this barrier is gen-
erally greater for more divergent fields. This solution can
be useful where clearances are limited inside equipment, or
particularly in high-voltage test areas.

For plane gaps, all gases exhibit a minimum breakdown
voltage known as the Paschen minimum; this occurs at a
given value of the product Pd of absolute gas pressure and
gap length. For air this minimum occurs at Pd ~ 6 (in torr-
millimetre). Thus as the value of Pd is reduced from a
higher region the breakdown voltage falls to the minimum
value quoted, and further decrease in either P or d results
in an increase in the voltage required to break down the
gap. This explains why quite small gaps under conditions
of high vacuum can sustain very high voltages. Table 7.4
gives the values of Pd and the minimum voltages for several
gases.

7.3.2.1 Sphere gaps

As the electric strength of air is dependable, standard sphere
gaps can be used as reliable and accurate means for measur-
ing high voltages (Table 7.5), particularly where peak
voltages are to be measured, as it is, of course, the peak value
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C02 Air 02 N_g H2 Ar He Ne
Pd (T-mm) 5 6 7 7.5 12.5 15 25 30
Direct voltage (V) 420 330 450 275 295 265 150 244
Table 7.5 Sphere-gap breakdown voltages (kilovolts at peak)*; BS 358:1960
Gap Sphere diameter (m)
(mm)
0.02 0.0625 0.125 0.25 0.5 0.75 1.0 1.5

0.5 2.8 — — — — — — —

1 4.7 — — — — — — —

1.5 6.4 — — — — — — —

2 8.0 — — — — — — —

4 14.4 14.2 — — — — — —

5 17.4 17.2 16.8 — — — — —

6 20.4 20.2 19.9 — — — — —

8 25.8 26.2 26.0 — — — — —
10 30.7 31.9 31.7 31.7 — — — —
15 (40) 45.5 45.5 45.5 — — — —
20 — 58.5 59.0 59.0 — — — —
30 — 79.5 85.0 86.0 86 86 86 —
40 — 95) 108 112 112 112 112 —
50 — (107) 129 137 138 138 138 138

100 — — (195) 244 263 265 266 266
150 — — — (314) 373 387 390 390
200 — — — (366) 460 492 510 510
300 — — — (585) 665 710 745
400 — — — (670) (800) 875 955
500 — — — — (895) 1010 1130

*In air at 20°C, 1013 mbar. One sphere earthed. For alternating voltages of either polarity; and for standard negative impulse voltages (50% breakdown value). Figures in

brackets not reliable.

which determines the breakdown. Standard sizes of spheres
are generally used as electrodes, as, provided the size is
appropriate and proper precautions are taken (e.g. to
avoid effects such as those due to the proximity of other
objects and uncontrolled irradiation of the gap by other dis-
charges), clean, smooth, metal spheres are most reliable as a
means of determining high voltages; this is largely due to
the absence of corona prior to flashover if the spacing does
not exceed the radius of the spheres. Sphere gaps are suit-
able also for the measurement of impulse voltages. Voltages
of about 2kV and upwards can be measured reliably. BS
358:1960 gives detailed information on the effects of humid-
ity, air density (or barometric pressure), etc. The effect of
density is pronounced in the case of equipment used at
high levels above 1000 m, in aircraft where altitudes up to
15km may be met, or in spacecraft where outer space is an
almost perfect vacuum.

7.3.2.2 Needle gaps

Humidity has here a strong influence on breakdown voltage
where the electrode shape leads to field concentration. For
this reason, as well as that of a degree of frequency depen-
dence, needle gaps are unreliable for high-voltage measure-
ments. Rod gaps (e.g. 12 or 16 mm square-section rods with
sharp corners) are used for chopping impulse voltages, but
with these too a humidity correction is necessary.

7.3.2.3 Corona

This term is used to describe the glow or ‘brush’ discharge
around conductors when the air is stressed beyond the
ionisation point without flashover developing. It is of more
or less serious consequence according to the application
concerned. It causes a certain amount of energy loss with
alternating current, which may become appreciable on
high-voltage transmission lines. It produces radio interference
and may initiate surface deterioration and breakdown on
solid insulation surfaces. Corona is also known to produce
secondary chemical effects.

In thin films, particularly in spaces between layers of sheet
insulation, air can readily become ionised due to the electric
stress across such spaces exceeding the critical value. This is
often due to the fact that, with dielectrics in series, the stress
in each section is inversely proportional to its permittivity.
When the critical stress in the air or gas is exceeded, dis-
charges occur (often called corona, ionisation, glow or
brush discharges) and this causes splitting up of the gas mole-
cules. In air this leads to the formation of ozone and nitrogen
oxides which in the presence of moisture produce nitric acid.
The ozone has, of course, a strong oxidising effect, but the
more serious chemical effects of ionisation are those due to
the nitrogen products, as the nitric acid attacks most of the
organic insulating materials and causes corrosion of metal
parts. The action of either or both the ozone and the nitrogen
oxides on many materials is to cause decomposition and
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often the formation of acids; for example, oxalic acid, known
for causing brittle fracture in polymeric insulators, by the
oxidation of cellulose materials, and acetic acid from the
decomposition of cellulose acetate.

In addition to the chemical effects, discharges in spaces,
films or cavities within dielectrics can have serious con-
sequences mainly due to the high energy in some of the
individual discharges. Mechanical electrical and thermal
damage can occur and breakdown in service may result
after long periods. There has been considerable advance in
the methods for detecting the presence of such partial
discharges in various types of equipment especially where
oil-impregnated paper dielectrics are used. Discharges
within air or gas films in such material can cause severe
damage often followed by complete breakdown.

7.3.2.4 Compressed air

This is used as the arc-extinguishing medium and dielectric
insulation in air-blast circuit-breakers.

7.3.3 Nitrogen

Instead of air, which is a mixture of approximately 21%
oxygen and 79% nitrogen, nitrogen alone is sometimes
used when there is a risk of oxidation of another material
such as insulating oil. Nitrogen is often used in gas-filled
high-voltage cables, as an inert medium to replace air in
the space above the oil in some transformers, in low-loss
capacitors for high-voltage testing, etc. There is no appreci-
able difference between the electric strength of nitrogen and
that of air. Some results relating to the electric strength of
nitrogen for uniform fields at pressures above atmospheric
up to 20 atm are given in Table 7.6. Included are some simi-
lar results for carbon dioxide.

Table 7.6 Breakdown voltages of nitrogen and carbon dioxide
(kilovolts at peak) under uniform field conditions

Gas Gap Pressure (abs) (atm)
(mm)
5 10 15 20
Nitrogen 1 10 15 27 35 45
8 90 123 180 220 —
Carbon dioxide 1 13 17 27 38 52
8 85 115 200 260 —

7.3.4 Sulphur hexafluoride

Sulphur hexafluoride is an electronegative gas which has
come into wide use as a dielectric (in X-ray equipment, in
waveguides, coaxial cables, transformers, etc.) and as an
arc-quenching medium in circuit-breakers. Its electric
strength is of the order of 2.3 times that of air or nitrogen, and
at a pressure of 3—4 atm it has an electric strength similar
to that of transformer oil at atmospheric pressure. The
gas sublimes at about —64°C and it may be used at tem-
peratures up to about 150°C. Although the gas is consid-
ered to be non-toxic, non-flammable and chemically inert,
under the influence of arcs or high-voltage discharges, there
may be some decomposition with consequent attack on cer-
tain insulating materials and metals, and more importantly
some recent environmental concerns. In circuit-breakers
this problem is overcome by careful selection of materials
(e.g. polytetrafluoroethylene for interrupter nozzles) and
by the use of filters and absorbents to remove the products
of decomposition after circuit interruption. Some figures
relating to the electric strength of sulphur hexafluoride and
mixtures of this gas with nitrogen are given in Table 7.7.

Numerous other electronegative gases such as perfluoro-
propane (CsFg), octafluorocyclobutane (C4Fg) and per-
fluorobutane (C4F;¢) have been developed, but few have
found such widespread use as sulphur hexafluoride. The
main interest for these gases is as dielectrics in transformers,
waveguides, capacitors, etc., but one difficulty is that the
temperature at which condensation occurs may not be suffi-
ciently low for safety in outdoor equipment likely to remain
un-energised for long periods. This problem can be over-
come partly by fitting heaters or by using admixtures with
a more volatile gas (such as nitrogen). Addition of nitrogen
often improves some of the characteristics, while at the
same time reducing the overall cost. Some of these gases
can be used at temperatures well above 200°C.

Most of the fluorinated gases have an electric strength
between two and five times that of air or nitrogen under the
same conditions but, as with sulphur hexafluoride, care must
be taken to prevent high-voltage discharges or arcs in the gas
because of the dangers of producing decomposition products.
Recent research efforts in the electrical power industry
focussed on improving the use of gas mixtures (essentially
90% nitrogen and 10% SF), which are more environmentally
acceptable. Gas insulated high voltage lines are now in opera-
tion using these gas mixtures.

Some electric machines and special devices have to oper-
ate in a gas other than air—for example, most refrigerator
compressor motors operate in gaseous refrigerants mostly

Table 7.7 Breakdown voltage of nitrogen and sulphur hexafluoride (kilovolts at peak): direct voltage and uniform field

Gas Pressure Positive polarity gap (mm) Negative polarity gap (mm)
(atm)
5 10 15 20 25 5 10 15 20 25
Nitrogen 1 — 30 — 56 — — 30 — 56 —
2 30 55 — 100 — 30 54 — 100 —
3 41 76 114 147 180 42 77 113 147 178
80% Nitrogen 1 38 74 111 145 178 38 74 111 146 178
20% Sulphur 2 72 143 212 — — 72 142 210 — —
hexafluoride 3 111 220 — — — 111 221 — — —
Sulphur 1 44 88 133 175 213 44 88 134 176 208
hexafluoride 2 85 171 252 — — 84 171 251 — —
3 132 260 — — — 131 258 — — —




based on chlorofluorohydrocarbons (such as Arcton,
Freon, etc.). These materials can act as solvents for some
of the components used in insulating materials with con-
sequent failure of the equipment due to blocked tubes and
valves in the refrigerator circuit. Careful selection of
materials for resistance to these fluids is essential.

7.3.5 Hydrogen

This gas is used as a cooling medium in some large turbo
generators and synchronous motors; the main advantages are
the efficient removal of heat and reductions in windage loss.
Although there is a fire and explosion risk, troubles of this
kind have been few during the many years that the gas has
been used commercially for electrical machines. The electric
strength of hydrogen at atmospheric pressure is about 65%
that of air but most machines operate at pressures of 2-5 atm,
and over this range the electric strength is higher than for air at
atmospheric pressure. High-voltage discharges are thus not
likely to be any more severe, and as discharges in hydrogen
do not produce ozone or oxides of nitrogen, injurious
effects are considered to be negligibly small.

7.3.6 Vacuum

Considerable investigation has been made into the utilisa-
tion of high vacua both for the insulation of equipment and
as the interrupting medium in vacuum circuit breakers and
contactors. The major advantage is due to the fact that very
high electric field strengths can be achieved with a maxi-
mum operating pressure of 1 atm (negative), whereas with
gases, very high operating pressures are generally essential
and this complicates the mechanical design of the tank
or other containing structure. Vast improvements in high-
vacuum technology together with the need to replace oil-
insulated switchgear has led to compact vacuum bottles
used to retrofit old oil-filled circuit breakers.

7.4 Liquid dielectrics

The liquids which are most commonly used for electrical
insulation are petroleum oils. For some applications these
are being replaced by synthetic hydrocarbon oils, particu-
larly as impregnant for oil-impregnated paper insulated
power cables. Polychlorinated biphenyls (askarels) were
widely used where non-flammable insulation was required
for transformers, and for capacitor dielectrics. However,
these have now been withdrawn for most applications
because of environmental pollution effects and health
risks. Silicone oils are now used for non-flammable trans-
former insulation. Capacitors often use silicone liquids or
synthetic hydrocarbons as dielectrics, but various esters are
now being introduced that offer a higher permittivity and
hence a higher capacitance value for the same dimensions.
An insulating liquid that is sometimes used is castor oil.
The principal uses of liquid dielectrics are:

(1) as a filling and cooling medium for transformers and
some electronic equipment, and as a filling medium for
capacitors, bushings, etc.;

(2) as an insulating and arc-quenching medium in switchgear;

(3) as an impregnant of absorbent insulation, e.g. paper,
porous polymers and pressboard—these are used in
transformers, switchgear, capacitors and cables; and
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(4) as a heat transfer medium in addition to its insulation
role in power cables, especially in force-cooled high-
pressure oil-filled cables.

The important properties of the liquid used vary with the
application, but they include electric strength, permittivity,
chemical and thermal stability, gassing characteristics, fire
resistance and viscosity.

7.4.1 Breakdown mechanisms in liquids

Breakdown strengths of liquids are very dependent on
liquid purity and all the breakdown mechanisms that are
met in the practical use of liquids as electrical insulation
are contamination mechanisms. Breakdown is caused by
one of three contaminants: particles, water, or gas bubbles.
Particle-induced breakdown requires that there are dust
particles, cellulose fibres from adjacent solid insulation or
similar particles present in the liquid. If the particle has a
higher relative permittivity than the liquid, electrostatic theory
tells us that there will be a force acting on the particle moving
it towards the region of greatest stress between the electrodes.
If the particle contains moisture the force will be larger
because of the high ¢, value for water. Other particles will be
attracted to the same region and they align end-to-end, even-
tually forming a bridge between the electrodes. Current flows
along this bridge giving localised heating and breakdown.
Water itself is inevitably likely to be present in practical
liquids. Careful procedures for filling equipment and main-
taining desiccants at breathing points in the apparatus can
normally keep moisture levels to less than 20 ppm. Any
globule of water present in the liquid will become elongated
in the field direction by the action of an applied field.
Breakdown channels will propagate from the ends of the
globule and produce total breakdown. The electric strength
of an oil can be halved by the presence of 50 ppm of water.
The presence of water will significantly increase the dielec-
tric loss in the oil and reduce the breakdown strength.
Bubbles can be formed by gas pockets in pits or cracks
on surfaces containing the liquid, or they can arise from dis-
sociation of liquid molecules, or local liquid vaporization
through electron emission from sharp points on an electrode.
Such bubbles will become elongated by the field in a similar
way to water globules. As the breakdown strength of the gas
in the bubble will be much lower than that of the liquid, the
field inside the bubble may exceed the breakdown strength of
the vapour. This will give a spark in the bubble which may
cause dissociation of some of the surrounding liquid to gen-
erate more gas. Eventually the bubble will become so large
that a complete breakdown between the electrodes will ensue.

7.4.2 Insulating oils

The insulating oils used extensively are highly refined
hydrocarbon mineral oils obtained from selected crude
petroleum, and have densities in the range 860-890 kg/m?
at 15°C. Oil for transformers and switchgear is dealt with
in BS 148:1998. A number of special mineral oils are
employed for impregnated paper capacitors and cables and
others—usually of higher viscosity and flash point—for
rheostats and for filling bus-bar chambers in switchgear.
Typical properties are given in Tables 7.3 and 7.9.

7.4.2.1 Electric strength

This is a property involving similar phenomena to spark-
over in gases. On raising the voltage between two electrodes
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Table 7.8 Effect of contaminants on electric strength of mineral
insulating oil: breakdown voltage in kilovolts r.m.s. (between 13mm
diameter spheres, 4 mm gap)

Contaminant (g/m>) Water present (parts/10 000)

0.2 1.0 2.5 5
Clean oil 0 86 80 80 80
Cotton 0.02 68 36 30 28
0.28 33 11 10 10
Pressboard 0.08 82 64 56 54
fibres 0.37 56 30 29 28
1.4 26 12 11 11
Carbon 1.9 83 80 80 79
350 73 70 70 69

in oil, electrical discharges may first appear in the space sur-
rounding the electrodes—particularly at sharp corners—and
at a higher voltage, sparks pass across the intervening space
between the conductors: these are often intermittent (‘pilot”)
sparks, and, on raising the voltage further, a continuous
stream of sparks usually occurs and may develop into an
arc, with complete breakdown of the oil.

The electric strength is generally tested with electrodes
consisting of two metal spheres of about 13 mm diameter
separated by a gap of 4mm. For clean, dry oil the break-
down voltage should be in the region of 100kV r.m.s. or
more, but careful treatment, storage and handling are
needed to maintain this level. For the oil to comply with
BS 148:1998, it should withstand for 1 min without break-
down 40kV r.m.s. applied between the spherical electrodes
under conditions laid down in the Specification.

The electric strength of insulating oil is strongly affected
by impurities, especially water and particles of fibrous
material. The latter are attracted to the testing gap by the
electric field and readily align themselves across the shortest
space. The presence of moisture in oils is shown by electric
strength tests when particles of such solid impurities—parti-
cularly organic fibres—are present, the breakdown voltage
being reduced considerably by even small quantities.

Typical values of electric strength in different conditions
are given in Table 7.8. Water and other impurities can be
removed from oil by means of filter presses, centrifuges or
(where high voltages are concerned) the application of
vacuum. In addition to removing moisture, the vacuum
will remove dissolved gases, but it is necessary to heat the
oil and to spread it out over a very large surface area to
facilitate the process. Once oil has been treated in this way,
it must be stored out of contact with air and for preference
at a temperature higher than the ambient.

7.4.2.2  Viscosity

This property, particularly at low temperature, is of great
importance in oils used primarily for cooling in transfor-
mers and rheostats, it being necessary for the viscosity to
be sufficiently low to ensure the necessary convection at
the operating temperatures. This property is usually deter-
mined by methods such as those described in BS 188:1997,
and the viscosity is expressed in centistokes (cSt). Oil to
BS 148:1998 has a maximum viscosity (kinematic) of 37 ¢St
at 21.1°C (70°F). This is approximately equivalent to 151s
at 21.1°C and 200s at 15.5°C (60°F) obtained with a
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Figure 7.3 Viscosity—temperature characteristics of insulating oils

Redwood No. 1 viscometer. Figure 7.3 gives typical
viscosity—temperature characteristics.

7.4.2.3  Flash point

For standard oil this is not less than 146°C, and may be as
high as 240°C for rheostats. These values refer to a closed
flash-point tester.

7.4.2.4  Thermal properties

The specific heat is about 1900J/(kgK) at 15°C and
2200 at 80°C. The thermal conductivity is of the order of
0.15W/(m K).

7.4.2.5 Chemical stability

Insulating oils should be stable and not liable to deteriorate
other materials or cause corrosion. The acidity is therefore
closely controlled and oils are tested to ensure that they do
not cause discoloration of copper. The worst feature of oils
in this connection is the formation of sludge. This is mainly
due to the oxidation of unsaturated hydrocarbons, particu-
larly at high temperatures, and is accelerated by exposure
of the oil to air and light, and (due to catalytic action) to
copper. BS 148:1998 includes tests for acidity, discoloration
of copper, tendency to sludge formation and development
of acidity.

Useful guidance on means of maintaining insulating oils
in service is given in the British Standard BS 5730:1979,
for the Code of Practice for Maintenance of Insulating Oil
with Special Reference to Transformers and Switchgear.
This refers to oil supplied to BS 148:1998 and describes
the nature of deterioration or contamination likely to occur
in storage, or in the course of handling or in service. It also
gives recommendations for routine methods of sampling
and testing to enable the suitability of oil for further service
to be determined.

BS EN 50195:1997 and BS EN 50225:1995 give guidance
on the safe use of oil-filled equipment containing Askarel
and PCB contaminations respectively.
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Property Unit M* St<
Density at 15°C kg/m? 880 970
Viscosity at 21°C cSt 35 21
Viscosity at 60°C cSt 6 11
Boiling range °C 170-200 >200
Evaporation loss at 110°C % 0.7 0
Flash point (closed) °C 149 271
Pour point (max.) °C =31 —50
Sludge value % 0.8 0
Acidity ¢KOH/kg 0.01 —
Breakdown voltage, r.m.s.f< kV 45-70 40-60
Relative permittivity at 20°C, 50 Hz — 2.1 2.7
Loss tangent at 20°C, 50 Hz — 0.0002 0.0002
Coefficient of cubic expansion per °C — 0.0008 0.001

*M, mineral oil to BS 148:1998.
1S, liquid methyl silicone.
1In standard test cell.

The properties of a typical mineral oil, complying with
BS 148:1998, are shown in Table 7.9.

7.4.3 Inhibited transformer oil

Oils operating at comparatively high temperatures, in the
presence of oxygen and various catalytic materials, develop
sludges and high acidity. These effects can be alleviated by
adding various inhibiting substances to the oil, the most
widely known being di-tertiary-butylparacresol used in
quantities generally less than about 0.5% of the oil by
weight. Materials of this type delay the point at which
sludge and acid formation begin; but once the inhibitor has
been used up, deterioration will proceed at the same rate as
if no inhibitor had been used. For large power transformers,
it has not been found necessary to use these inhibiting sub-
stances because of improvements in the construction which
have reduced access of oxygen by conservators, hermetic
sealing or the use of a nitrogen blanket above the oil sur-
face. Another improvement has been the covering of copper
surfaces so reducing the catalytic effect. For transformers
operating under more adverse conditions of temperature
such as distribution or pole-mounted units, a better case
can be made for using inhibited oils.

7.4.4 Synthetic insulating liquids

Synthetic hydrocarbons are fairly widely used for power-
cable insulation and as capacitor dielectrics. These are more
expensive than petroleum oils but they generally have better
electrical properties because of their lower contamination
levels and they can have better gas-absorbing properties.
A commonly used synthetic oil is poly-iso-butylene, com-
monly known as polybutene. Different polymer chain
lengths can be produced giving a wide range of viscosities
from low viscosity liquids to sticky semi-solids. The high
molecular weight tacky and rubbery materials can be used
mixed with oil, resin, bitumens, polyethylene and inorganic
fillers to produce non-draining and potting compounds.
Another synthetic oil that is used for cable insulation
is dodecylbenzene, an aromatic compound. The physical
properties are similar to mineral oils, but the viscosity—
temperature characteristics show much higher low-temperature
viscosity than comparable polybutenes. However, the

gas-absorbing characteristics are good. Electrical properties
are generally similar to mineral oils but the permittivity is
somewhat higher for dodecylbenzene.

Polychlorinated biphenyls (also called askarels) have
been used as high permittivity (3-6) fire-resistant insulating
liquids since the 1930s but their effect as an ecological
poison has limited their use to sealed equipment in recent
years and all use of these liquids is being discouraged.

Silicone fluids (poly-dimethylsiloxanes) have been used as
alternative fire-resistant insulating liquids, but their fire
resistance is inferior to the askarels. They are generally gas
evolving and their arc products can cause problems.
However, they are very stable and have good electrical
properties and are used in transformers and capacitors.

Several liquids have been developed as alternative high
permittivity insulating liquids to replace the askarels for
capacitor dielectrics. One possible group of materials is the
organic esters. They have good viscosity temperature char-
acteristics and are less flammable than mineral oil and can
be either gas producing or gas absorbing, depending on
their composition. When carefully purified, their electric
strengths are about 20 kV/mm and dissipation factors aver-
age 0.001 at 20°C. Diesters have relatively high permittiv-
ities (4.3 for di-2 ethylhexylphthalate). Other liquids that
may be suitable for electrical insulation are phosphate
esters, halogenated hydrocarbons, fuoroesters and silicate
esters. Castor oil is a good insulation material for d.c. stress
with a permittivity of 4.7, but it has a high dissipation factor
of 0.002 that makes it unsuitable for most a.c. applications.

BS EN 60867:1994 and BS 61099:1992 give specifications
for unused liquids based on synthetic aromatic hydrocar-
bons and for unused synthetic organic esters respectively.

7.5 Semi-fluid and fusible materials

A few semi-fluid or semi-plastic compounds, and various
fusible materials which are solids at normal temperature
and melt to liquids of low viscosity or soften considerably
with heat, are used principally in the following ways:

(1) for filling small cavities and large spaces, e.g. in metal-
clad switchgear, transformers, cable-boxes and capa-
citors;

(2) for impregnating absorbent materials and windings;
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(3) as the bond in laminated materials;

(4) as the basic material in moulding compounds; and

(5) for external coverings of parts and apparatus (i.e. envel-
opment and encapsulation).

The materials most commonly used for these purposes
are bitumen, natural waxes, shellac, synthetic waxes and
synthetic resins; with the exception of many of the latter,
and shellac, these are all thermoplastic materials, i.e. they
soften and melt on heating and solidify again on cooling
without any substantial chemical change, and they can be
re-softened or re-melted. In the case of some of the synthetic
resins, especially those of the phenolic type, gradual hard-
ening takes place as they are heated, and the melting point
rises, so that, after being melted, solidification takes place
on further heating, the material then becoming infusible:
i.e. the process of melting and solidification on cooling is
not repeatable; they are therefore known as thermosetting
materials. Shellac also has thermosetting properties, but it
requires longer heating to effect marked rise of melting
point than in the case of many synthetic resins.

The properties of chief importance in such materials are:
mechanical strength; electric strength; freedom from impur-
ities; softening and melting temperatures; viscosity at pour-
ing or impregnating temperatures; coefficient of expansion;
and chemical effects on other materials.

Several materials which are semi-fluid at normal tempera-
tures are used for filling and sealing purposes. For example:
good grades of petroleum jelly of the Vaseline type are
preferred to oil for filling apparatus and components
where a liquid is undesirable, or where molten compounds
cannot readily be poured or may affect other materials
which are present (e.g. rubber and thermoplastic materials).

Various ‘semi-plastic’ compounds or cements, of a putty-
like consistency, are also used for plugging and filling
purposes, where semi-fluid and molten compounds cannot
readily be applied. Some of these are almost permanently
plastic and are therefore preferred where, for example, a
certain amount of flexibility is required (e.g. where leads of
coils may be moved slightly in assembly or service). Others
may harden gradually in course of time (as in the case of
ordinary putty), or they may harden quickly by chemical
action (e.g. litharge and glycerine cement) or by heating—
the latter usually being necessary with synthetic-resin
compounds.

7.5.1 Bitumens

Highly refined bitumens, which are usually steam distilled,
and of numerous grades, varying from semi-liquids to hard

Table 7.10 Properties of fusible bituminous compounds

bitumens of melting point over 120°C, are used extensively
for filling cable boxes, transformers and switchgear. These
have high electric strength and are very inert and stable. As
the coefficient of expansion is high, care has to be taken in
filling large spaces to prevent voids and cracks on cooling.
Some of the bitumens, especially those of high melting
point, are rather brittle; all are soluble in oil, but they have
excellent resistance to moisture. BS 1858:1973 deals with
bitumen-base filling compounds for electrical purposes.
Properties of typical bituminous compounds are given in
Table 7.10. Some bitumens are used as ingredients in
varnishes and paints, rendering these very resistant to
moisture and chemical attack. A few impregnating com-
pounds contain bitumens, especially those used for treating
high-voltage machine bars and coils.

7.5.2 Mineral waxes and blends

Various mineral waxes such as paraffin, ceresine, montan
and ozokerite—including microcrystalline waxes—also
blends and gels of these, having melting points in the range
35-130°C, are used for impregnating capacitors, radio coils
and transformers, also for other purposes such as cable
manufacture. Properties of mineral waxes are given in
Table 7.11.

7.5.3 Synthetic waxes

A few synthetic waxes—principally chlorinated naphthalene—
with melting points up to 130°C have certain advantages
over natural waxes, particularly higher permittivity which
enables smaller paper-insulated capacitors to be made.
Properties of a typical synthetic wax of this type are given
in Table 7.11.

7.5.4 Natural resins or gums

These materials, which may be classified broadly as shellac,
rosin (colophony), copals and gum arabic, are used prin-
cipally as ingredients in varnishes or liquid adhesives.
In some cases they are used direct, e.g. as powders, for a
bonding medium between layers of mica which are hot
pressed, but they are usually dissolved in spirit solvents,
e.g. methylated spirits (or water in the case of gum arabic),
and applied as a solution to mica, paper, etc., for subse-
quent laminating and hot rolling, pressing or moulding
(see Table 7.11).

Property Class (BS 1858:1973)

1 1 1l V4 V
Density kg/m® 960 1030 1040 1050 1027
Softening point (R & B) °C — 55-60 85 118 143
Pouring temperature °C — 175 171 193 204
Flash point °C >200 260 308 260 312
Viscosity at 100°C Rdwd.-s 750 — — — —
Solubility in CS, % 99.5 99.8 99.5 >99 99.8
Acidity ¢ KOH/kg 1-2 2 1.5-4 4 4
Cubic expansion per °C 0.000 65 for all classes
Electric strength at 60°C kV r.m.s. 15-25 3040 25 25-30 25-40
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Table 7.11 Properties of fusible waxes, resins and gums
Property Natural Natural Non-bituminous Paraffin ~ Hydrocarbon Synthetic
shellac copal filling wax wax chloronaphthalene

gum compound wax
(kauri)

Density kg/m? 1000-1100 1040 1100 900 800-1000 1550

Softening point °C 50-70 60-90 70 45-50 — 90

Melting point °C 80120 120-180 80 50-60 40-130 123

Flash point °C — — 230 200 275 —

Mineral ash % 0.5-1 3 5 0 0 —

Acid value g KOH/kg 60-65 70-85  — 0 <0.1 —

Saponification value — 200-225 80 — 0 <0.5 —

Todine value % 9 90 — 0 — —

Relative permittivity

(20°C) — 2.3-3.8 — — 2.2 2-2.5

Resistivity (20°C) Q-m 10 — — 1013107 10'*-10'¢ >5 x40

Electric strength* (20°C) kV/mm 16-23 14-18 >30f< 12 >50i< 6

Resistance to mineral oils Fair Good Good Poor” Fair —

*R.m.s. for 3mm thickness, except for {1.2mm gap and {4mm gap between 13 mm electrodes.

**Dissolves.

7.5.5 Miscellaneous fusible compounds

Numerous compounds of bituminous and other types are
used for all manner of cavity-filling purposes, some (mainly
rosin) are oil resisting and are employed where bituminous
compounds cannot be used owing to the presence of oil,
e.g. for bushings of oil circuit-breakers and oil-immersed
transformers. Others are used for sealing over the tops of
primary batteries and accumulators. Compounds con-
taining beeswax are useful impregnants for small coils not
exposed to heat, e.g. on telephone apparatus; and sulphur,
‘sealing wax’ and ‘Chatterton’s compound’ are examples of
materials finding uses for miscellaneous applications where,
say, the heads of screws in insulating panels and mouldings
require to be sealed over.

7.5.6 Treatments using fusible materials

Treatments with bitumen, waxes, etc., usually consist of
thorough vacuum drying of the coils, capacitors or other
parts to be treated, followed by complete immersion in the
compound while in a molten condition and at a temperature
such that the viscosity is low enough to facilitate penetra-
tion; the molten compound generally being admitted to the
impregnating vessel under vacuum. Pressure (up to 10 atm)
is often applied during the immersion period to assist pene-
tration. Such treatments enable spaces in windings to be
filled thoroughly, and absorbent materials such as papers
and fabrics are often well saturated with the impregnants,
especially in the case of waxes. These treatments provide
good resistance to moisture absorption and improve trans-
ference of heat from the interior of coils, also eliminating
discharges in high-voltage windings and capacitors by the
filling of air spaces.

7.5.7 Synthetic resins

An increasing number of the well-known synthetic resins,
which form the basis of the principal ‘plastics’, are of great
use to electrical engineers on account of their fusibility or
softening characteristics at elevated temperatures, which
enables them to be converted to desired shapes. The

Table 7.12 Thermoplastic and thermosetting synthetic resins

Thermoplastic Thermosetting
Polyethylene Phenol formaldehyde
Polystyrene Phenol furfural

Polyvinyl acetate
Polyvinyl chloride

Urea formaldehyde
Melamine formaldehyde

Acrylates Silicones

Polyesters, alkyds, etc. Polyesters, alkyds, etc.
(non-hardening) (thermohardening)

Polyamides Epoxy (epoxide)

Polyacetal Polyurethanes

Polypropylene Polyimide

Polycarbonate Polyimide-amide

Polyphenylene oxide
4-Methylpentene-1
Acrylonitrile-butadiene—styrene

Polyaralkyl ether/phenols

synthetic resins can be divided into two groups: thermo-
plastic and thermosetting (see Table 7.12).

Thermoplastic synthetic resins In the case of most of the
thermoplastic materials of this type, heating to tempera-
tures within a certain range causes considerable softening
and sometimes melting of the material to a viscous liquid.
This enables them to be cast, formed, moulded or extruded
into various required shapes by virtue of re-solidification on
cooling again to normal temperatures. Some of the resins
(e.g. acrylates and alkyd resins) have good adhesive proper-
ties and can therefore be used for bonding purposes either
in the form of a solution or, more usually, by the applica-
tion of heat. Layers of sheet materials, such as paper and
fabric, can thus be bonded together into boards, simple
mouldings, tubes, etc. The resins are often used alone, but
more usually mixed with materials such as fillers and plasti-
cisers, and in both varieties these synthetic materials are
usually capable of being formed to all manner of shapes by
the usual moulding processes (see Table 7.13).

Thermosetting synthetic resins These enable useful compo-
sitions to be made, and withstand temperatures in excess of



Table 7.13 Properties of thermoplastic and casting resins

Thermoplastic resins Polyethylene  Poly- Poly- Poly- Polyacetal ~ Polypro-  Poly- Poly- 4-Methyl-  Acrylo-
styrene methyl-  amide pylene carbonate  phenylene-  pentene-1  nitrile—
meth- (Nylon oxide butadiene—
acrylate  6.6) styrene
Density kg/m? 920 1050 1190 1140 1420 920 1200 1200 830 900-1000
Softening temperature °C 95 70-95 80-85 180 158 145 135 100-150 178 85
Melting point °C 110 — — 260 163 164 230 — 240 —
Linear expansion x 48° per °C 220 75 80 100 95 110 70 35 120 60-120
Water absorption % 0 0.05 0.4 <8 0.2 0.03 0.35 0.07 0.01 0.1-1
Elastic modulus GN/m> 12 3 3.3 3 2.6 1-1.4 2.4 2.5-8.4 1.4 0.7-2.8
Tensile strength MN/m? 12 41 59 45 69 31-38 93 69-120 27 17-62
Flexural strength MN/m> Low 77 100 87 96 — — 90-138 — 27-84
Impact strength kgf-m 5-30 0.05 0.05 0.15-0.3  0.32 0.08-0.8 — 0.2-0.3 0.05-0.1 0.4-1.7
Resistivity (20°C) O'm 3 x40 101510 >10" 1043 5 x40 >10" 2x40 108 >10" 101110
Relative permittivity (20°C) — 2.3 2.5-2.7 2.8 3.5-6 3.7 2.23 3.1 2.65 2.12 2.74
Loss tangent (20°C) S0Hz 0.000 1 0.000 2 0.06 0.015 0.004 0.000 2 0.000 9 0.000 5 0.000 1 0.004-0.07
1kHz 0.000 1 0.000 2 0.03 0.020 — 0.0002 — — 0.0000 5 —
IMHz  0.000 1 0.000 2 0.02 0.02-0.06  0.004 0.000 5 0.01 0.001 0.000 2 0.007-0.02
Electric strength* kV/mm 15 20 10 15-19 20 30-32 16 20 28 12-15
Casting resins Epoxy (cycloaliphatic type)
Polyester Epoxy (bisphenol type) Mineral filled
Mineral Mineral
Unfilled filled Unfilled filled Unfilled Anti-track Mechanical strength
Density kg/m? 1100-1400 1600-1800 1100-1200 1600-2000 1100-1200 1700-1800 1700-1800
Linear expansion x 46° per °C 75-120 60-70 45-65 20-40 90-95 38-43 38-43
Water absorption % 0.15-0.6 0.1-0.5 0.08-0.15 0.04-0.1 0.04-0.05 0.02-0.04 0.02-0.04
Elastic modulus GN/m? 2-4 2.5-3 2-2.5 2.53 3.4-3.6 17-18 18-20
Tensile strength MN/m> 42-70 20-35 60-80 50-75 40-50 3040 50-60
Compressive strength MN/m? 90-250 120-200 95-140 100-270 120 130-150 180-200
Flexural strength MN/m? 56-120 50-100 90-140 56-100 80-100 60-70 80-100
Resistivity (20°C) Q-m 10" 10'°-10"! 10'°-10"3 10''-10™ 5x40" 6 x 402 5x40"
Relative permittivity (20°C) 1kHz 3243 3.84.5 3.54.5 3.24 3.5-3.6 4.64.7 4345
1 MHz 2.8-4.2 3.6-4.1 334 3-3.8 — — —
Loss tangent (20°C) 1kHz 0.006-0.04 0.008-0.05 0.002-0.02 0.008-0.03 0.01 0.02 0.035-0.039
. 1 MHz 0.015-0.03 0.015-0.03 0.03-0.05 0.02-0.04 — — —
Electric strength kV/mm 20 15-20 16-22 16-22 20-21 15-17 1921

*R.m.s. for 3mm thickness.



100°C. The most widely used are the phenol formaldehyde
type. The materials pass through three stages of physical
condition:

(1) in which the resins are fusible at temperatures such as
80°C, and are soluble in suitable solvents;

(2) results from heating the stage (1) resin until it becomes
relatively infusible and insoluble; and

(3) the infusible and insoluble state reached by continued
heating after stage (2); no further change occurs and the
materials are ‘fully cured’ or ‘completely polymerised’.

These physical stages make thermosetting resins suitable for
three main uses.

(1) In spirit solutions; as ingredients in varnishes for impreg-
nating purposes and the production of surface finishes;
as enveloping, potting or encapsulating materials, and as
ingredients in filling compounds.

(2) As adhesives for bonding layers of wood, paper, fabrics,
etc., together to form laminated sheets, wrappings, and
other simple shapes.

(3) As the basic material in moulding compositions for use
in making articles by compression or injection mould-
ing, extrusion or casting.

Properties of typical thermosetting resins of the phenol
formaldehyde type, unfilled, are given in Table 7.14.

Many of the thermosetting resins, e.g. phenol formalde-
hyde and melamine formaldehyde, require heavy pressure
during the heating and hardening processes (2) and (3)
above. Several resins requiring little or no pressure (polye-
sters, epoxies and polyurethanes) have been developed as
‘low-pressure’, ‘contact’ or ‘casting’ resins, or as ‘solventless
varnishes’. These resins are initially in a low-viscosity liquid
state, to which a ‘hardener’ or catalyst (e.g. a peroxide) is
added. In some cases polymerisation sets in at normal
room temperatures, or at temperatures of only 80-100°C,
the hardening process taking place more rapidly as the tem-
perature is increased. Thus the resins can be readily cast to
required shapes in ‘moulds’, and can also be used for

Table 7.14 Properties of unfilled phenol formaldehyde resins

Property Varnish  Casting
type type
Density kg/m? 1260 1300
Softening point °C 60-80* —
Plastic yield temperature °C 120 85
Hardening time at
105°C min 45% —
150°C min 6* —
Linear expansion x 46° per °C 20 28
Water absorption % 0.1 0.07
Elastic modulus GN/m? 5-7 3
Tensile strength MN/m?> 35 28-56
Compressive strength MN/m? 170 100
Resistivity Q-m 10'° 10°
Relative permittivity — 4-7 7-11
Loss tangent
S50Hz — 0.05 0.10
1 kHz — 0.03 0.20
1 MHz — 0.02 0.25
Electric strength
(90°C, 3mm thick) kV rm.s./
mm 8-20 12

*In stage (1); other properties are for stage (3) (see text).
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impregnating and coating windings as they readily fill inter-
stices and do not leave voids on hardening owing to the fact
that no volatile constituents evaporate—hence their use as
‘solventless varnishes’. Mixed with suitable fillers (e.g. glass
fibres, asbestos or other minerals) or applied to fabrics,
papers and other sheet materials (usually of glass fibres),
they are used extensively for producing castings, mouldings
and laminates of varying degrees of mechanical and electri-
cal strength, sometimes in very large pieces which could not
readily be made by normal moulding methods; they are
usually referred to as ‘reinforced plastics’.

A brief description of the principal synthetic resins in
electrical use is given below. Some are suitable for moulding
with or without fillers, some for the preparation of lami-
nated materials. Rod, sheet and tube forms are available in
certain cases.

BS 1133-16:1997 deals with packaging adhesives and
gives information on their characteristics and end use
including advice on storage and precautions in use.

7.5.8 Thermoplastic synthetic resins

Polyethylene is waxy, translucent, tough and flexible, with
a sharp melting point at about 110°C, and is used for high-
voltage and high-frequency applications. It is readily injec-
tion moulded, extruded as wire coverings, and in sheet, rod
and film form.

Polytetrafluoroethylene a white powder that can be
moulded or extruded. It is highly resistant to moisture and
chemicals, and withstands temperatures up to 250°C. It is
used in high-frequency application.

Polystyrene softens at 70°C. It can be compression or
injection moulded and may be used with a mineral filler to
improve heat resistance.

Polyvinyl acetate and copolymers Polyvinyl acetates are
obtained from acetylene and acetic acid: they are used as
adhesives and enamels.

Polyvinyl chlorides These are obtained from the combina-
tion of acetylene and hydrochloric acid as a white powder
used with stabilisers, plasticisers, etc., to produce various
rubber-like materials that can be extruded as tubes for wire
protection. Sheet and moulded polyvinyl chloride have a
loss tangent too high for high-frequency use. Copolymers
of the acetate and chloride forms are tough, rigid and
water resistant and can be injection moulded.

Acrylates The most important product is polymethyl-
methacrylate, a rigid glass-clear material with good optical,
electrical and mechanical qualities. It can be obtained in
sheet, rod and tube form, and as a moulding powder. Its
low softening point (60°C) limits its application to moderate
temperatures.

Polyesters Some non-hardening alkyds have limited use as

adhesives.

Polyethylene terephthalate This has a sharp melting point
at about 260°C and is formed into filaments for textile manu-
facture. Also extruded to form films. It has a high resistance to
temperature and ageing and to water absorption. The textiles



7/18 Insulation

are suitable for class E insulation and, when suitably varn-
ished, may withstand temperatures greater than class E.

Cellulose acetate and triacetate These are also esters.
Produced as lacquers, textiles, sheet, rod, film and moulding
powder, they are suitable for machine windings. The acetate
softens at 60-80°C, the triacetate at 300°C. The materials
are available as fibrous cotton or paper tapes.

Polyamides Super-polyamides are known as ‘nylon’: they
produce monofilaments and yarns, with very good mechan-
ical properties. The electrical properties are not outstanding,
but nylon gives tough and flexible synthetic ‘enamel’ cover-
ing for wires. Films and mouldings can also be produced.

Polyacetal The material has good dimensional stability
and is tough and rigid. It can be injection moulded and
extruded, and is replacing metal parts in relays.

Polypropylene This material has a low density, dielectric
loss and permittivity. Special stabilisers may be necessary
when the material is extruded on to copper conductors.

4-Methylpentene-1 is similar to polyethylene and polypro-
pylene and with similar resistance to chemicals and solvents.
It is the lightest known thermoplastic. The high melting
point (above 240°C) cannot be fully exploited because of
softening and oxidation. Its permittivity and loss are low
and remain fairly constant over a wide frequency and tem-
perature range.

Polycarbonate approaches thermosetting materials in
retention of stability up to 130°C. It is self-extinguishing
and useful for structural parts, housings and containers for
hand tools and domestic appliances.

Polyphenylene oxide is stiff and resistant to comparatively
high temperatures. Its permittivity and loss tangent are
fairly constant at frequencies up to 1 MHz.

Acrylonitrile butadiene styrene has good dimensional
stability and mechanical strength from — 40 to 100°C.

7.5.9 Thermosetting synthetic resins

Phenol formaldehyde These versatile resins are available in
varnishes, adhesives, finishes, filling and impregnating com-
pounds, laminated materials (boards, tubes, wrappings and
sheets), moulding powders, and cast-resin products. The prin-
cipal resins (Bakelite) are made by reacting phenolic material
with formaldehyde. The final polymerising (‘curing’) time,
which vitally affects the use, varies at 150°C from a few
seconds to an hour or more. The resins are normally solids
of softening point between 60 and 100°C. They are readily
soluble in methylated spirit for coating papers, fabrics, etc.,
in the manufacture of laminates. Varieties are suitable for
pouring molten into moulds followed by polymerisation.
The most extensive use is as moulding powders with fillers
(wood flour, powdered mica, fibres and colourings) to give
mechanical strength and suitable electrical properties.

Phenol furfural is produced by the reaction of phenol
with furfural, an aldehyde obtained by acid treatment of

bran and fibrous farm waste. It is suitable for injection
moulding.

Urea formaldehyde The main use is as the binder of cellu-
lose, wood flour or mineral powder in mouldings, made by
compression at 115-160°C. Mouldings can be delicately
coloured.

Melamine formaldehyde 1Its properties are superior to
those of the urea formaldehydes. It is suitable for mouldings
for ignition equipment and has good resistance to tracking.

Silicones These are organic compounds of silicon. By var-
iation of the basic silicon—oxygen structure and of the
attached organic groups, many different products can be
made, including fluids, resins, elastomers and greases.
Their main properties are water repellency (their hydropho-
bicity makes them a better choice for outdoor high voltage
insulation), stability to heat, cold and oxidation, and good
electrical properties maintained up to 200°C and higher.
Some silicones can work continuously at 200°C and inter-
mittently to 300°C: they can be applied to insulation in
classes F, H and C. Silicone resins are used for bonding
mica, asbestos and glass-fibre textiles and for producing
compounds, varnishes, micanite, wire coverings, etc.

A number of silicone compounds can be used for filling
and sealing where heat and moisture resistance are required.
One such, of the consistency of petroleum jelly, is of use as
a waterproof seal in high-voltage ignition systems: it
protects cable insulation from moisture, oxidation and
electrical discharges.

Polyesters Alkyd resins are more rubbery than phenolic
resins, have good adhesion and do not readily track; they
are therefore of use for finishes and for varnishing glass
fibre and similar material to produce heat-resisting varn-
ished cloths. Unsaturated polyesters are useful for casting
and potting, as solventless varnishes, and in the manufac-
ture of laminates with glass fabric or mineral fillers.

Epoxies The epoxy resins have become important as cast-
ing, potting, laminating, adhesive and solventless varnish
agents. They have good electrical properties and resistance
to heat, moisture and tracking, and adhere well to metal
parts. They have been applied for high-voltage insulation
in switchgear and for casting, in which case they are often
mixed with mineral fillers. Earlier epoxy resins showed
damage when subjected to severe weather and to high elec-
tric stress on creepage surfaces. New types have been based
on cycloaliphatic resins which, because of the different
molecular structure, produce less carbon during the passage
of surface discharges and leakage currents under polluted
conditions. Further improvements have been made in this
application by using specially selected and treated mineral
fillers which also reduce the effects of weathering and
surface tracking. These products have many uses on high
voltage outdoor equipment.

Polyurethanes, isocyanates These are used mainly for coat-
ing fabrics (such as glass- and polyethylene-terephthalate
fibre) to produce heat-resisting flexible sheet insulation and
for coating wires.

Polyimides These have been specially developed for use at
high temperature as mouldings, films, wire enamels and
laminate bondings. The materials can be used continuously
at temperatures in the 200-240°C region; and for very short



periods, they can withstand temperatures up to 500°C with-
out apparent damage. Their mechanical and electrical prop-
erties are good and their resistance to most chemicals,
solvents and nuclear radiation is excellent. Polyamide imide
resins are similar to the polyimides and are available in the
same forms. The performance at high temperatures is
marginally lower but the resins are simpler to use in the
manufacture of laminates, and have longer shelf-life.

Polyaralkyl ether/phenols These have a high-temperature
performance not quite as good as that of the polyimides, but
are cheaper. The resins can be used as bonds for glass and
asbestos laminates and mineral filled moulding powders are
available. A high proportion of room temperature strength is
retained at temperatures up to 250-300°C and long-term
operation at temperatures of 220-240°C is possible. Their
resistance to most chemicals and solvents is excellent.

7.5.10 Encapsulation

When electronic or electrical components and circuits must
resist the effects of climate, industrial atmospheres, shock or
vibration they may be encapsulated. They are then generally
known as ‘potted circuits’.

Certain thermosetting synthetic resins are of the greatest
use as they can be easily poured from low-viscosity liquids
and made to set without the use of pressure and, in some
instances, with very little heat. A suitable material must:
(1) be a good insulator over a wide range of temperatures
(volume resistivity say 10° Q-m); (2) polymerise or set with-
out spitting off water or other products; (3) have low
viscosity at pouring temperature, low vapour pressure, and
freedom from deleterious side-effects on personnel who are
using it; (4) show small shrinkage, especially when changing
from the liquid to the solid state; and (5) must adhere to all
materials commonly found in electrical equipments, e.g. to
brass, solder, steel and insulating boards. Only the epoxy
resins possess all the essential requirements for successful
encapsulation and even these need an inorganic filler to
obtain the best heat resistance, low shrinkage, good elec-
trical properties and high thermal conductivity.

The epoxide resins of use in potted circuits are derived
from a condensation reaction between epichlorhydrin and
bisphenol A. They are cross-linked with aliphatic or aro-
matic amines, acid anhydrides and a few other chemical
compounds to give thermally, electrically and mechanically
stable resins. The addition of inorganic fillers improves
them and reduces their shrinkage, tendency to crack at low
temperatures and cost. The mixture of resin and cross-linking
agent (known as a hardener) is called a system. An acceler-
ator may be added, as well as various diluents, both reactive
and non-reactive. Accelerators and promotors alter the speed
of reaction and the pot life.

Typical potting formulations, in parts by weight, are:

(A) resin 100, hardener 10, mica flour filler, 15; and
(B) resin 100, hardener 82, quartz flour filler 375, accelerator 1.

Formulation A is satisfactory for small units of about
0.1 kg of mixture. It sets at room temperature, but is post-
cured at an elevated temperature dependent on the heat
resistance of the included components; 18h at 65°C is
usually satisfactory. Such a unit is suitable for small electro-
nic packages containing small components, including semi-
conductors. Larger masses, depending on their geometry,
may exhibit a strong exotherm (i.e. generate heat) which
may damage the included components.
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Formulation B is used hot (usually at about 65°C) and is
very fluid at this temperature besides possessing a long pot
life. This makes it suitable for the potting of transformers.
Vacuum impregnation is essential to eliminate voids, which
would result in ionisation and corona discharges. The large
amount of filler greatly improves the thermal and mechan-
ical properties and allows a larger casting to be produced
without a high exotherm. Again, a post-curing cycle is
essential to bring out the best properties; in this case about
18h at 120°C is satisfactory and will produce a material
with high volume resistivity and heat resistance. The pot
life of this mixture is about two hours at 65°C, which may
be compared with formulation A whose pot life is less than
half an hour at room temperature.

In use the resin and dried filler of A are mixed together
and stored under vacuum or in a desiccator until used.
The hardener is added and thoroughly mixed just before
pouring into the mould or other article to be potted. It
stands at room temperature to set or ‘gel’ and is subse-
quently post-cured; this latter process may be carried out
after removal from the mould if required.

For formulation B the resin, hardener and dried filler are
all mixed and stored as before, and the accelerator is added
to the mixture just before use and heated to 65°C. It is
poured into the mould or other article. For transformers
this is usually done under a vacuum of about 1 mmHg to
IcmHg. Although a large amount of inorganic filler is
used, this is filtered to some extent by the windings of the
transformer so that the insulation between turns is mostly
of unfilled resin, giving high breakdown strength and free-
dom from corona discharges. Good adhesion at the term-
inals is ensured by the nature of the resin system, but this
also means that it sticks to the mould unless a release agent
is used. Various preparations are used, including mixtures
of high polymers, silicones, greases and waxes. The agent
must be confined to the mould and not allowed to contam-
inate the components inside the casting.

The requirements of low shrinkage and low exotherm
have been stated. The effect of the former is to damage
components by compressional forces and is particularly
severe on some nickel-iron alloys used in making inductors;
thin-film resistors and capacitors are also vulnerable to this
form of damage. Isolating the components from the resin
by means of low modulus materials can appreciably reduce
this defect. The heat of reaction (exotherm) is also dam-
aging to organic materials and to semiconductors; this often
results in a loss of volatile matter causing shrinkage and the
effects already noted above.

All adhesives contain polar bonds in their molecular
structure. These give rise to changes in dielectric properties
as the frequency and temperature varies, causing the elec-
trical behaviour of the components inside the casting to
change as the frequency and temperature changes.

Another disadvantage of potted circuits is that they are
irreparable: they must be designed as ‘throw away’ subunits
and made at an economical price. For this reason they are
rarely used in domestic applications such as radio or televi-
sion, but are of particular use in military electronics, for
machine control and similar purposes where the utmost reli-
ability is essential and first costs are relatively unimportant.

7.6 Varnishes, enamels, paints and lacquers

Numerous liquid materials, which form solid films, are used
extensively in the manufacture of insulating materials and
for protecting windings, etc.
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7.6.1 Air-drying varnishes, paints, etc.

One class of air-drying varnishes and lacquers consists of
plain solutions of shellac, gums, cellulose derivatives or
resins which dry (e.g. in 5-30min) and deposit films by
evaporation of the solvent. Other air-drying varnishes and
paints form films which harden by evaporation of solvent
accompanied by oxidation, polymerisation, or other chem-
ical changes which harden and toughen the film. These
processes take several hours.

7.6.2 Baking varnishes and enamels

Where the toughest and most resistant coatings are required,
baking varnishes and enamels are used, the evaporation of
solvents and hardening of the material being effected by the
application of heat. Typical varnishes of this class require
baking at, say 90-110°C in a ventilated oven for 1-8h.
During the baking (or ‘stoving’) the hardening is usually
caused by oxidation, but in some cases polymerisation takes
place. The latter process does not require oxygen and, pro-
vided that the solvents are first removed, drying can take
place within the interior of coils. In consequence these
varnishes are preferred to the oxidising types which skin over
and leave liquid varnish underneath. Such thermosetting
impregnating varnishes are used extensively for treating coils,
and the windings of small machines and transformers.

7.6.3 Solventless varnishes

Thermosetting synthetic resins are used for impregnating
windings and, owing to the manner of hardening during
which little or no volatile matter is evolved, spaces in the
interior of windings can be filled completely with non-porous
resin. One type consists mainly of oil-modified phenolic
resins, similar to the oleo-synthetic resinous varnishes but
without solvents; they are consequently termed solventless
varnishes. When used for impregnating they are in a hot liquid
condition, the material solidifying within the winding by bak-
ing after impregnation.

Specially formulated low-viscosity resins of the polyester
or epoxy type are also used for impregnation. It is possible
to use solventless resins in conveyorised plants where the
parts are dipped in the resin, allowed to drain and then
passed through a heated tunnel to cure the resin. In other
cases, particularly for tightly wound apparatus, the parts
are treated in the resin using a vacuum-—pressure process to
ensure that a high level of impregnation is attained.

The most recent development in treating industrial
machine windings is the ‘trickle’ process. The wound part
is heated and mounted at a slight angle so that it can be
rotated slowly about its axis. A metered quantity of the
resin is allowed to trickle on to the winding and under the
action of gravity and the rotational forces, the resin pene-
trates to all parts of the winding and completes the impreg-
nation. It is possible to completely fill the interstices of the
winding without loss of resin by draining. Radiant heat may
be applied to complete the cure while the parts are rotating,
or heating currents may be circulated through the winding.
Trickle impregnation can be performed automatically and
the process can be completed in a few minutes without
removing the wound parts from the production line.

7.6.4 Silicone varnishes

Varnishes based on silicone resins are in general use. Some
include other resins, etc., such as alkyd resins. Silicone

varnishes are used for impregnating and coating cloths, tapes,
cords, sleevings, papers, etc., made from glass fibres and poly-
ethylene-terephthalate fibre; for bonding mica, glass cloths
and papers, e.g. for slot insulation; for coating and bonding
glass; for ‘enamelling’ wires for windings; and for all manner
of impregnating, bonding, coating and finishing purposes such
as the treatment of windings for classes B, F and H.

7.6.5 Properties of varnishes, etc.

The properties of the solid films formed after drying and
hardening varnishes, paints, etc., naturally depend mainly
on the principal basic materials, e.g. gums, resins and oxid-
ising oils. Other materials added are: ‘driers’ to accelerate
drying; ‘plasticisers’ to improve the flexibility; and pigments
to provide the required colour and improve the hardness
and filling capabilities.

Treatments of windings and insulation parts, by varnishes,
enamels, lacquers or paints, take the form of (a) application
of external coatings—chiefly for providing protection against
moisture and oils, or (b) impregnation of windings and absor-
bent materials, for rendering them less susceptible to moisture
and improving their electrical and heat-resisting properties.
Both air drying and baking materials are used for (a), but
only baking varnishes and enamels are suitable for (b). In
practically all cases, thorough drying prior to application of
the varnish is essential as for compound treatment, but with
varnishes, extra care is required to remove excess varnish by
proper draining and to extract solvents thoroughly before
hardening the material by baking. This is usually done in
well-ventilated ovens at temperatures of 80-150°C and some-
times by the application of vacuum for a period to assist the
removal of solvent. These processes are not required when
solventless varnishes are used. In the case of silicone
varnishes, the solvents must be removed and baking must
then be carried out at temperatures in the range 150-260°C.

Insulating varnishes are the subjects of BS 5629:1979, BS
7831:1995 and BS EN 60464:1999. Typical properties are
listed in Table 7.15.

7.7 Solid dielectrics

The many solids that can be used for insulating purposes
are considered in groups according to their form.

7.7.1 Breakdown in solids

The breakdown strength measured for a solid is very depen-
dent on the time of application of the voltage. Strengths of
100kV/mm to 1.5MV/mm can be obtained for short pulses
under carefully controlled laboratory conditions, but in
practical insulation systems breakdown strengths of only
about 20kV/mm are obtained. The high laboratory value
is known as the intrinsic electric strength of the material,
with breakdown due to electronic processes. In practical
insulation, however, breakdown is due to: erosion, thermal
effects, electromechanical effects, or treeing.
Discharge|Erosion breakdown originates at internal voids
in the insulation. These are left at the fabrication stage and
all solids contain them, although in a high-quality material
they will be very small (microvoids). These voids will be
filled with air or another gas with a permittivity and dielec-
tric strength much lower than that of the solid. Electric field
enhancement in the micro-void takes place due to the relative
permittivity difference in the two media. Consequently,
the gas filling the void will break down at a voltage lower



Table 7.15 Properties of typical varnishes

Air drying
Al: spirit shellac/methylated spirit
A2: oil and resin/petroleum spirit

Baking

B1: oil/petroleum spirit

B2: black bitumen/petroleum spirit
B3: synthetic resin and oil/toluol

Air drying and baking
AB; —; pigmented oil/white spirit

Silicone
SA: cured for 16 h at 250°C
SB: cured for 16 h at 150°C
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Property Al A2 Bli B2 B3 AB
Density kg/m® 935 920 910 890 990 1400
Body content % 38 62 54 44 63 73
Viscosity c.g.s. 0.66 5.1 2.5 1.9 4.9 —
Drying time at 15°C h 0.5 6-8 — — — 4-6
105°C h — — 2 2.5 4 2
Electric strength at 90°C, r.m.s. kV/mm 16 60 44 73 64 27
Electric strength damp at 20°C, r.m.s. kV/mm 13 24 21 31 24 11
Property SA SB
Dry Wert* Dry Wet*
Relative permittivity (25°C) 100 Hz 3.0 3.0 3.0 3.0
IMHz 2.9 2.9 2.9 2.9
Loss tangent (25°C) 100 Hz 0.0077 0.0069 0.0084 0.0085
1 MHz 0.0039 0.0053 0.0043 0.0047
Electric strength r.m.s. kV/mm 60 40 60 40

* After 24 h immersion in distilled water.

than the normal breakdown strength of the material and this
partial discharge will erode the solid at the ends of the spark
on the surface of the void. These discharges will occur twice
for every cycle of an alternating supply, so over a period
thousands of millions of these discharges will occur in a cav-
ity. The erosion effects of these discharges can eventually be
sufficient to cause complete failure of the insulation. This is
the primary reason why the insulation of a component may
fail after a number of years in service.

Thermal breakdown is breakdown caused by internal heat-
ing in the insulation due to dielectric loss. Insulating materi-
als are not perfect capacitors and they do have internal
energy losses. The quality of the insulation is often measured
in terms of how small these losses are, with the /oss factor tan
6, where (90-6) is the phase angle between the voltage and
current for a sample of the material, commonly used as the
parameter to assess the losses. This energy dissipated within
the insulation will cause heating and electrical insulation is
usually a poor thermal conductor, so a significant tempera-
ture rise in the insulation will be produced. In some circum-
stances the internal losses may increase as the temperature
increases and a thermal runaway situation results. The tem-
perature of the material will rise, losses will increase and the
temperature will rise further until the material fails. Thermal
breakdown is most likely to occur in power cables operated
beyond their power rating, polymers operating near their
softening points or in high-frequency applications.

Electromechanical breakdown results from the mechanical
forces that an applied electric field produces. This force will

reverse for every cycle of the applied voltage and can pro-
duce cracks or other damage in solid insulation.

There are two types of treeing breakdown. The first type
originates at sharp points on electrodes which act as the
root of fine branching channels that propagate through the
insulation. Over a period of time these fine channels gradu-
ally extend towards the other electrode until complete fail-
ure of the insulation occurs. This is another mechanism
which can produce failure after equipment has been in
service for months or years. The second type of treeing is
known as water treeing and only occurs when there is
water in contact with the surface of the insulation.
Microscopic damage to the insulation gradually spreads
out from a high-field region until failure of the material
occurs. A major difference between this type of treeing and
the previous one is that the damage cannot be seen once the
material has dried out.

7.7.2 Rigid boards and sheets

7.7.2.1 Panels and simple machined parts

Asbestos-cement boards (3—100 mm) are incombustible and
arc-resistant, and are used as barriers and arc-chutes. Glass-
bonded mica, in sheets 0.5m x84 m of thickness 3-30 mm,
are especially good for high-frequency, high-voltage and
high-temperature (400°C) application. Micanite, mica split-
tings bonded with shellac or synthetic resins, in thicknesses
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Table 7.16 Properties of rigid mica-paper sheets and tubes*

M
P
Type of mica and resin Shellac Epoxy Epoxy Silicone
Sheets
Density kg/m® 2270 2300 2200 2000
Bond content 0 5 13 20 9
Maximum operating temperature °C 130 180 180 600-700
Water absorption % 14 0.7 0.05 0.7
Tensile strength (15°C) MN/m?> 125 275 310 158
Flexural strength (15°C) MN/m? — 440 380 100
Coefficient of expansion x 4°:
normal to sheet per °C 60 60 60 60
plane of sheet per °C 10-12 10-12 10-12 10-12
Thermal conductivity W/(mK) 0.2-0.3 0.2-0.3 0.2-0.3 0.2-0.3
Electric strength (15°C)
normal to laminate r.m.s. kV/mm 30 32 32 32
P M or P
Type of mica and resin Silicone Epoxy
Tubes
Density kg/m? 1800 1600
Maximum operating temperature °C 350 200
Water absorption mg/cm? 1.5 0.8
Cohesion between layers, wall 1.6 mm 44 267
3.2mm N 133 890
Electric strength, r.m.s.:
normal to laminae in oil (90°C), wall 1.6 mm kV/mm 12 20
3.2mm kV/mm 10 16
in air (15°C), wall 1.6 mm kV/mm 10 16
3.2mm kV/mm 10 16
along laminae in oil (90°C), 25 mm length kV 26 40

*M, Muscovite mica; P, phlogopite mica. Test methods of BS 2782-Parts 3 and 4:1995 and BS 6128 Parts 8 and 9:1982.

up to 25 mm or more; also mica-paper materials, comprising
layers of mica-paper bonded under heat and pressure with a
wide variety of resins, including high-temperature types (see
Table 7.16).

7.7.2.2 Pressboard

This is a paper product, widely used in oil-immersed trans-
formers in thicknesses up to 10mm. Thicker boards are
built up by bonding plies together with adhesives such
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Figure 7.4 Water absorption of typical synthetic resin bonded paper
and fabric boards: (a) type I; (b) type II; (c) type lll; (d) type IlIA

as phenolic resins or casein. In the USA, pressboards are
available with special treatments which are claimed to
permit operation at higher temperatures than untreated
materials. In one case the material is treated with an amine;
in another the cellulose molecule is modified chemically
by cyanoethylation.

7.7.2.3 Laminates

These are sheets of paper, fabric, etc., bonded with gums,
shellac or synthetic resins under heat and pressure usually in
hydraulic presses. Resins can be phenol formaldehyde, mela-
mine formaldehyde, polyester, epoxy, silicone, polyimide,
polyamide imide, etc. These are some of the most useful
insulating materials for panels, terminal boards, coil flanges,
packings, cleats, slot wedges and many other uses. The prin-
cipal varieties are: synthetic resin bonded paper in thicknesses
of 0.2-50 mm in several grades. Synthetic resin bonded cotton
fabric (0.2-100 mm), the most common being bonded with
phenolic resin, but an epoxy bonded type has been devel-
oped; both are tough and have good machinability.

Curves for water absorption for some types of s.r.b.
paper and cotton fabric are given in Figure 7.4. Synthetic
resin bonded asbestos paper, fabric and felt, used for low-
voltage work at somewhat higher temperatures, e.g. 130—
150°C. Synthetic resin bonded glass fibre, bonded under
heat and pressure with synthetic resins of the melamine,
epoxy, phenolic, polyester and silicone types in the thick-
ness range up to 12.7mm. Most of these materials have
good electrical and mechanical properties and low water



absorption (see Table 7.17). Similar materials are available
where the reinforcement is a web of random laid glass
fibres—known as mat. These materials are generally cheaper
than those based on fabrics, although some of the properties
are not as good. By arranging for a preponderance of the
fibres to be in one direction, it is possible to produce boards
with very good mechanical properties in certain planes. Such
boards bonded with epoxy resins can have flexural strengths
as high as 1300 MN/m? and flexural moduli approaching
5GN/m>.

In addition to the resins mentioned, high-temperature
materials are now available which are thoroughly suitable
for use with all forms of glass and other reinforcement.
Some of these materials give thermal lives as good as the
silicones but with mechanical properties more nearly equal
to the epoxies. Typical materials in this class are resins
based on acrylics, polyimides, polyamide imides and combi-
nations of polyaralkyl ether with phenols, etc. Also, resins
are now available for all types of laminate especially pheno-
lic, epoxy and polyester where, in order to decrease the fire
risk, the resin has flame-retardant properties (see Table
7.18).

Synthetic resin bonded (SRB) laminates of various types
are made with a thin layer of copper (or other metals such
as nickel and cupronickel) bonded to one or both surfaces.
These materials are known as metal clad (or specifically
copper clad) laminates and are used for printed circuit
board applications.

Table 7.17 Properties of synthetic resin bonded glass fabric laminates*
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A material in rigid form is produced by bonding high-
density polyamide paper plies by heat and pressure only to
give a tough, strong board with a long life at temperatures
up to 220°C.

Other materials from the wide range of plastics are avail-
able as rigid boards or sheets although most of these materials
are thermoplastic. Often such materials are moulded to
produce finished products but it is possible to cut shapes and
panels from sheets. Typical materials are based on poly-
vinyl chloride, acrylonitrile-butadiene-styrene, polyolefin,
polymethylmethacrylate, etc. Many are flame-retardant or
self-extinguishing; and reinforcing materials such as glass and
asbestos fibres, glass spheres and mineral fillers can be added
to improve mechanical properties and resistance to high tem-
peratures. The well-known material ebonite, a mineral-filled
rubber-based material, was a forerunner of this class.

The properties of typical sheets and boards are given in
Table 7.19.

7.7.3 Tubes and cylinders

Tubes and cylinders can be produced by several methods.
Materials capable of being moulded can be treated by
compression or casting techniques. Many plastics can be
extruded. Vulcanised fibre tubes are wound from paper
treated with zinc chloride solutions. Laminated materials
are generally wound on special machines with heated rollers

Property EPI EP2 MFI PRI PR2 SILI SIL2 SIL3
Water absorptiont 10 20 118 20 75 9 11 47
Tensile strength MN/m> 173 207 103 138 173 84 117 110
Cross-break strength MN/m? 240 310 103 207 138 90 117 90
Impact strengthf Nm 2.8 4.8 4.1 4.1 5.5 2.8 4.1 5.5
Ins. resistance (wet) MQ 100 100 1 10 — 1000 100 10
Relative permittivity at 1 MHz = — 5.5 5.5 7.5 4.5 4.9 4.0 43 4.8
Loss tangent at 1 MHz — 0.035 0.035 0.025 0.04 0.05 0.003 0.004 0.01
Electric flat-wise kV/mm 6.3 6.3 2.8 8.3 7.1 — — —
Strength edge-wisei< kV/mm 30 30 15 35 30 30 25 20
*EP, Epoxy resins; MF, melamine formaldehyde resins; PF, phenol formaldehyde resins; PR, polyester resins; SIL, silicone resins.
Test methods of BS 2782:1995 and BS 3953:1990.
tPer 12.7mm width, 3 mm thick.
fR.m.s. for 25mm length at 90°C.
Table 7.18 Properties of typical high-temperature laminates™
Property A/AP S/AP P/GF PI/GF PEP|/GF PEP/AF
Density kg/m? 1700 1720 1600 1800 1770 1650
Maximum operating temperature °C 180 >220 300 280 250 250
Tensile modulus () GN/m’ — — 19 24 37 14
Tensile strength (r) MN/m? 150 120 360 380 435 130
(250°C) MN/m>  — — 275 — 300 —
Cross-break strength (r) MN/m?> 280 190 440 450 690 190
(288°C) MN/m?  — — 296 340 — —
Impact strengthi<) Nm 0.6 — 11 — 14 2.5
Relative permittivity (r, 1 MHz) — — — 3.6 — 4.8 —
Loss tangent (r, | MHz) — — — 0.012 — 0.011 —
Electric strength (r)i< kV/mm 9-20 10.5 — — 27-34 —

* A/AP, acrylic + asbestos paper; S/AP, silicone + asbestos paper; P/GF, polyimide + glass fabric; PI/GF, polyamide imide + glass fabric; PEP/GF, PEP/AF, polyaralkye ether/
phenol + glass or asbestos fabric. r, room temperature.

1Per 12.7mm width.
TR.ms.
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Table 7.19 Properties of typical rigid sheets and boards

Property VF PB SpP Sw SF
Density kg/m? 1300 1000 1330 1320 1330
Water absorption 0 20-50 150 0.3 0.8 0.7
Elastic modulus GN/m’ 5 Low 10 17, 6
Tensile strength MN/m? 80 40 60 100 75
Shear strength MN/m?> 75 — 36 40, 90
Cross-breaking strength MN/m?> — — 100 150 140
Crushing strength MN/m?> — — 240 200 240
Compression at 70 MN/m? % 10 30 1.3 — 3.2
Relative permittivity — 2.5-5 3.2% 4.5 4.5 10
Loss tangent at 50 Hz — — 0.015i«< 0.02 0.02 0.3
Electric strength (1-min) r.m.s.

through laminae kV/mm 1.44 8.8 8 4 1

along laminae (25 mm length) kV/mm 1.2 2 1.4 2 0.6

VF, BS 6091 Parts 1 and 2:1995, Grey Vulcanised Fibre.

PB, BS EN 60641:1996, Absorbent Pressboard Grade I1.

SP, BS 5102:1974, Synthetic Resin Bonded Paper Type I.

SW, BS 2572:1990 and BS EN 60893-Part 2:1995, Synthetic Resin Bonded Wood.

SF, BS 2572:1990 and BS EN 60893-Part 2:1995, Synthetic Resin Bonded Fabric. Type 3B.

*Varies considerably with relation of grain to lamination.
1 Dry: 4 when dried and oil-impregnated.
$PBry: 0.04 when dried and oil-impregnated.

while tension and pressure are applied to consolidate the
layers. In this way SRB paper and fabric tubes and cylinders
can be produced by rolling the treated material convolutely
on heated mandrels. Some of the smaller tubes are moulded
in a split mould while still on the mandrel. Cylinders
(considered as tubes with internal diameters above 76 mm)
are made by similar techniques. These tubes which are gen-
erally for use in large transformers may have diameters as
high as 2m and lengths of 4 m. SRB cotton fabric tubes and
cylinders are produced by similar methods; SRB glass-fibre
tubes and cylinders can be rolled from most of the
rigid-board materials.

Pressboard tubes and cylinders (mainly for oil-immersed
transformers) are produced by winding presspaper on
mandrels under tension, applying adhesives resistant to
transformer oil (gum arabic, casein, phenolic resins, etc.).
Tubes previously rolled from shellac bonded micanite for
high voltage use are now widely superseded by tubes rolled
from mica paper bonded with epoxy or silicone resins.

In addition to the convolutely wound tubes, a wide range
of products can be produced by helical winding of strips
(papers, fabrics, film, etc.), adhesives being applied mean-
while. The edges of the strip are generally butted together
and this technique makes it possible to produce tubes
the length of which is limited only by the requirements of
transport.

Yet another method of winding tubes, chiefly with glass
fibres, is known as filament winding. Strands of resin trea-
ted glass fibre are applied to mandrels in special winding
machines. Restrictions on shape are less stringent, and very
good mechanical properties are obtained.

7.7.4 Flexible sheets, strips and tapes

In very many applications a certain amount of flexibility
is necessary, mainly to enable the materials to be readily
applied to conductors, coils and various shapes, often irre-
gular. The following are the principal flexible insulating
materials, used for such purposes as wrappings on con-
ductors and connections of machines and transformers,

bus-bars and other parts; interlayer and connection insula-
tion of coils; and slot linings of armatures.

7.7.4.1

Tapes and sheets of micanite (micafolium) are widely used
for high-voltage and high-temperature machine windings.
It consists of mica splittings bonded with gum, bitumen or
synthetic adhesive, often backed with thin paper or fabric
(especially glass fibre) to assist taping and to give mechan-
ical support for micanite slot liners and coil insulation.
Synthetic bonds, especially epoxies and silicones, are used
for the higher temperature applications, i.e. for classes B,
F and H. Similar sheet and tape materials are made from
mica-paper produced by a paper-making process using min-
ute particles of mica, the sheet being treated subsequently
with shellac or synthetic resins; these mica-paper products
are like micanite but are more adaptable and uniform.

Micanite

7.7.4.2  Vulcanised fibre and presspaper

These are useful flexible materials for coils, slot liners and
many uses in machines, transformers and other apparatus.

7.7.4.3  Papers

Chiefly made from wood pulp, cotton or manila fibres,
these are employed in capacitor and cable manufacture,
as insulations in coils and in the manufacture of SRB
paper boards, tubes and bushings, also as backing material
for flexible micanite products. Asbestos paper had uses for
high-temperature conditions.

Papers are produced from other bases, such as ceramic,
silica and glass fibre. A polyamide paper will not melt or
support combustion, and has good electrical and mechanical
properties; as with most cellulose papers it can be supplied in
creped form to facilitate the taping of irregular forms, and it
can be obtained in combination with mica platelets to give
greater resistance to high-voltage discharges. Papers made



Table 7.20 Properties of typical flexible sheets*

Solid dielectrics  7/25

Material VF PP cp PF MP
Dry Oil

Density kg/m?/ 1260 1050 1050 — 950 1600
Thickness mm 0.25 0.25 0.25 0.25 0.25 0.15
Maximum operating temperature °C 90 90 90 120 220 600
Tensile strength, m kN/m 31 19 12 12 30 1.5

¢ kN/m 14 8 4 4 18 1.2
Tearing strength, m kg 0.42 0.38 0.26 0.26 0.55 —

¢ kg 0.46 0.41 0.29 0.29 0.9 —
Resistivity (20°C) (dry) O-m — — 10'6 10'2 10 103
Relative permittivity (20°C, 50 Hz) — 2.8 3.1 1-2.5 34 2.6 —
Loss tangent (20°C, 50 Hz) — 0.05 0.012 0.0025 0.0025 0.01 —
Electric strengtht in oil kV/mm 16 60 — 50-80 — —

in air (90°C) kV/mm 15 11 9 — 30 20

VF, BS 6091:1987, Vulcanised Fibre.
PP, BS EN 60641:1996, Presspaper Grade 11.

CP, BS 4295:1968 and BS 5626 Parts 1, 2 and 3:1982, Cellulose Paper (dry, or impregnated in mineral oil).

PF, Polyamide Fibre Paper.

MP, Muscovite Mica Paper.

*m, in machine direction; ¢, cross direction.
tR.m.s.

from polyester fibres are used normally in combination with
materials such as polyester film.
Properties of some flexible sheets are given in Table 7.20.

7.7.4.4 Fabrics

Cotton, nylon and polyethylene terephthalate (PETP)
cloths are used mostly as bases for varnished fabrics for
small coils where flexible dielectrics 0.1-0.25 mm thick are
wanted. Woven asbestos and glass-fibre cloths are applied
where temperatures are too high for organic textiles. The
introduction of PETP fabrics with heat-resisting (e.g. alkyd
and polyurethane) varnishes has provided a range for class E
or even class B insulation. Varnished glass-fibre cloths and
tapes—for which special coating materials have been for-
mulated, including silicone resins and elastomers—are able
to meet most of the high-temperature requirements of
classes B, F and H apparatus. Fabrics of polyamide fibre
can be coated with high-temperature resins and elastomers
to give a material suitable for use at temperatures above
200°C.
Table 7.21 gives some typical properties.

7.74.5 Tapes

Pressure-sensitive adhesive tapes are used in the construc-
tion of all types of equipment and are invaluable for holding
and positioning conductors, preventing relative movement,
identification of parts, exclusion of moisture, etc. Many
types of such material are available based on most of the
papers, fabrics, films and metal foils together with adhesives
which can be thermoplastic or can be made to cure on the
application of heat. Extra care has to be taken to reduce
corrosiveness since these tapes are often used in fine-wire
coils where electrolysis can cause erosion of a conductor.

7.7.4.6 Films

Many plastic materials are available in film form and many
are used for the production of composite materials. Films
with thicknesses of about 0.008 mm up to about 0.5 mm are

usual. Most are strong, have good electrical properties and
good resistance to moisture, but some have certain limita-
tions in operating temperature. The thermoplastics often
soften or melt at comparatively low temperatures and some
films which melt at very high temperatures are damaged by
oxidation processes at much lower temperatures.

Cellulose acetate, triacetate and similar acetates These films
have been available for a long time and still find use
in machines and in coils at temperatures up to class Y
conditions.

FEP This copolymer of tetrafluoroethylene and hexa-
fluoropropylene (which is hardly affected by any known
chemicals and solvents) has a service temperature range
from about —250°C up to more than 200°C. It can be
bonded to itself and to other materials by heat and pressure
and has excellent high-frequency characteristics.

PTFE and PTFCE Polytetrafluorethylene and polytri-
fluorochloroethylene have excellent chemical stability and
electrical properties. The former material does not soften,
but degrades above 300°C; the latter is thermoplastic at
high temperatures. Both materials suffer from flow at
high pressures even at moderate temperatures. Operating
temperatures are otherwise similar to those given for FEP
above.

PVF and PVF2 Polyvinyl fluoride and polyvinylidene
fluoride are produced by substituting fluorine for some of
the chlorine in PVC. Both have the excellent temperature
and chemical stability shown by fluorine substituted materi-
als. Electrical properties are not as good as those of PTFE
and FEP.

Polyethylene This is not widely used as electrical insula-
tion, mainly because of the low softening temperature.
Controlled radiation with high-energy electrons produces
a film which has similar properties to the original film
but because cross-linking has occurred, there is no sharp
melting point. This enables the material to be used at higher
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Table 7.21 Properties of typical varnished textiles*

Property Cotton Nylon PETP Glass
Y/B Y/B Y*/B Y*/B
Thickness mm 0.25 0.15 0.15 0.15
Tensile strength, wp kN/m 8/9 9 9 21
wf kN/m 6/7 5 5 16
Tearing strength, wp kg 0.25/0.22 0.12 0.1 0.15
wif kg 0.26/0.23 0.3 0.21 0.34
Electric strength (1 min):}
large electrodes at:
20°C kV/mm — 36/38 34/40 44/42
90°C kV/mm 24/32 32/32 30/34 32/40
150°C kV/mm — — 28/30 18/19
6.35mm diameter electrodes (20°C),
tapes stretched by:
0% kV/mm — 52/58 52/62 42
5% kV/mm — 50/56 50/60 40
10% kV/mm — 50/54 50/54 28
20% kV/mm — 26/48 22/20 —

*Test methods of BS 419:1966. PETP, polyethylene terephthalate; Y, yellow; B, black. wp, Warp; wf, weft.

{8pecial heat-resistant varnish.
FR.m.s.

temperatures without damage; also, with this treatment, the
material can be made heat shrinkable.

Polyethylene terephthalate These films are widely used for
slot insulation in motors, as the dielectric in capacitors, for
coils, etc. For slot insulation the film is frequently combined
with polyester fibre paper but may be used alone in smaller
equipments. It is suitable for class E temperatures although
some manufacturers claim it can be used at class B tempera-
tures. When protected from oxygen by films or varnishes
with higher temperature resistance, some users claim tem-
peratures up to class F are suitable for this material.

Polyamide (nylon) Films show moisture absorption in
humid atmospheres, but are strong, solvent resistant and
have a high melting point; they cannot be used at tempera-
tures exceeding 80°C in air because of oxidation.

Polycarbonate The film is strong, flexible and highly
stable against temperatures up to 130°C. Electrical proper-
ties are excellent and the film is finding use as a capacitor
dielectric.

Polypropylene This dielectric film has a higher softening
point than polyethylene film and the dielectric properties
are similar. The material is resistant to hot mineral oils and
chlorinated polyphenols and is finding widespread use in
low-voltage and power capacitors.

Polyimide An outstanding film of recent development.
The material has no melting point and can withstand expo-
sure at temperatures above 500°C for several minutes. Life
at 250°C is over 10 years, and more than 10h at 400°C. It
remains flexible down to the temperature of liquid helium.
The film is replacing glass and mica insulation in motors
especially for traction. As thin layers can be obtained,
considerable space saving (often as high as 50%) can
be achieved. The film cannot be bonded easily, but can be
supplied with a very thin layer of thermoplastic FEP on one

or both sides, and layers can be bonded at temperatures
approaching 300°C.

Polyvinyl chloride These films have low water absorption
and resist most chemicals and solvents. The high elongation
makes it possible to apply tapes neatly and tightly over
irregular shapes. This class of material is often used as a
pressure-sensitive tape.

A summary of the properties of materials available in the
form of thin film is given in Table 7.22.

Silicone elastomers Silicone rubbers or elastomers are a
range of heat stable elastic silicone materials used for elec-
trical insulation as sheet, tape, wire and cable coverings,
extruded sleevings and mouldings, unsupported, but more
extensively as coated glass-fibre cloths, tapes and braided
glass sleevings. Such fabric tapes impregnated with a
silicone elastomer are available straight or bias cut in
thicknesses of 0.07-0.5mm. Other fabric tapes, coated on
one side with partially cured silicone elastomer, are used
for taping bars and coils and the curing subsequently com-
pleted by baking. The cured taping forms a homogeneous
coating having good resistance to moisture, discharges and
heat, e.g. for continuous use at about 180°C and up to
250°C for short periods, and possessing high electric
strength and low dielectric losses. Most grades of silicone
rubbers remain flexible at temperatures down to —60°C
and some can be used down to —90°C.

7.7.4.7 Composite sheet insulations

These combine two or more materials, especially varnished
cloth, presspapers, vulcanised fibre, plastic films bonded
with special adhesives. Particularly widely used have been
cellulose fibres combined with polyester or cellulose acetate
film, polyester fibre paper combined with polyester film and
various combinations of mica, varnished glass fabrics and
polyester film. Among the newer developments are combi-
nations of aromatic polyamide paper with polyimide film,
giving a material suitable for use at temperatures above



Table 7.22 Properties of materials as thin films*
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Property CA CcT FEP

1 Density kg/m? 1290 1290 2150

2 Tensile strength MN/m?> 50-80 60-110 21

3 Elongation at break % 15-60 1040 300

4 Resistivity (20°C) Q-m 10" 10" >10'¢

5 Relative permittivity (20°C) 1kHz — 3.6-5 3.2-4.5 2.0

6 1 MHz — 3.2-5 3.3-3.8 2.0

7 Loss tangent (20°C) 1 kHz 0.015-0.03 0.015-0.025 0.0002
8 1 MHz — 0.025-0.05 0.03-0.04 0.0002
9 Electric strength (20°C), r.m.s. kV/mm 60 60 200
Property PTFE PTFCE PA PVC PET Pl PVF PVEF2

1 2200 2100 1140 1260 1400 1420 1380-1570 1750

2 20 40 50-80 13-30 170 170 100-140 40-45

3 200-300 200-350 250-500 150-350 100 70 100-200 150-500

4 >10"° 10' >3 x 49" 10°-10" 10" 10'° >10" 2 x49"
5 2.1 2.8 3.8 3-7 3.2 3.5 8.5-9 8.0

6 2.1 2.5 34 — — — — 6.6

7 0.0005 0.016 0.01 0.01-0.02 0.005 0.003 0.015 0.018

8 0.0002 — 0.025 — — — — 0.17

9 60 120-200 60-70 1040 280 280 160 50

*CA, cellulose acetate. PA, polyamide. PVF, polyvinyl fluoride. PVF2, polyvinylidene fluoride. PTFE, polytetrafluorethylene. PTFCE, polytrifluorochloroethylene.
FEP, fluorinated ethylene propylene. PET, polyethylene terephthalate. CT, cellulose triacetate. PI, polyimide. PVC, polyvinyl chloride (plasticised).

220°C. Another combination is aromatic polyamide paper
with polyester film, having good class B performance.

7.7.5 Sleevings, flexible tubings and cords

Tubular sleevings made of cotton, polyester, asbestos, glass,
ceramic, quartz, silica, polyamide and other fibres supplied
untreated in flat tubular form are suitable for low-voltage
insulation of connections of coils, etc. Glass sleeving given
a high-temperature treatment before use has the fibres set in
place, thus preventing unravelling during assembly.
Varnishing of all these sleevings during treatment of the
coils is the usual practice.

Similar sleevings may be varnished or treated with resins
and polymers before use; these types are known as coated
sleevings. Most colours can be produced, thus helping in
identification of circuits. The coating materials in general
use for cotton and rayon sleevings are natural or synthetic
varnishes. For glass fibres, high-temperature polyvinyl
chlorides, polyurethanes and silicone elastomers are
widely used as well as high-temperature varnishes such as
those based on acrylics, polyesters, silicones or polyimide
resins. Coatings of fluorinated resins on glass fibres are
available.

Flexible tubings can be extruded from most of the mate-
rials mentioned in Section 7.7.4.6, but as many of these
materials are thermoplastic and also liable to oxidation pro-
blems, care is required at temperatures above 90°C.

Other methods of making tubing are by helical winding
with adhesives as a bond, when very thin walls (e.g.
0.025 mm) are required or only small quantities are needed.
Many of the extruded tubings and some of the helix types
can be caused to shrink by applying heat after the tubes
have been assembled. Most shrinkage takes place in dia-
meter but there is sometimes a small amount in length.
These sleeves are useful for insulating connections and
joints, for covering capacitors, resistors, diodes, etc., for
colour coding, sealing and moisture proofing. The two

main shrinkage processes are: (1) thermoplastics stretched
during manufacture, and allowed to cool so that the mech-
anical strains are frozen in, shrink next time the material
is heated; and when certain materials are exposed to high-
energy radiation, molecular cross-linking occurs, and they
shrink when the temperature is subsequently raised.

Cords for lashing bundles of switchboard wiring, holding
leads in position and for tying down coils in machines and
transformers, may be made from yarns laid together and
twisted or braided, or from narrow woven or slit tape. The
trend is away from cellulose materials (linen and hemp) to
synthetics, especially glass and polyester fibres. Because of
the poor abrasion resistance of glass fibres, glass cords are
often pretreated with epoxy or silicone resins or with var-
ious polymers. Normally the type of treatment depends on
the application.

For high-voltage machines, a useful material is a round
cord 3-5 mm diameter comprising a central core of straight
polyester fibres surrounded by a braided polyester sheath.
This material shrinks slightly on heating, and tightens. For
smaller windings, polyester mat can be slit into tapes and
several tapes twisted together. Polyester fibre cords of all
kinds have the advantage over glass cords that knots can
be made without appreciable loss in strength. Glass and
polyester bands can be treated after application with
varnishes and both have good resistance to abrasion and
to mould growth. For rotors straight unidirectional glass-
fibre bands pretreated with epoxy, polyester, or acrylic
resins are used. These bands must be applied under con-
trolled tension to ensure that the windings are held against
centrifugal force. Such bands can be placed safely near vol-
tage carrying parts and (unlike wire bands) are not affected
by magnetic fields.

For switchboard wiring, cable harnesses, etc., neat
lashings can be made with small-diameter extruded poly-
vinylchloride threads. These materials do not burn readily
and are obviously well suited for use with PVC insulated
switchboard wiring.



7/28 Insulation

7.7.6

Wires for coils and armature conductors are insulated with
lappings of cotton, asbestos, glass fibre and polyamide
fibre, all of which are hygroscopic and require treatment
with oils, compounds or varnishes, usually after winding.
Relevant specifications are BS 1497, 1933, 2479, 2480 and
2776. A recent addition to the range of wire and strip cover-
ings is lapped polyimide film, bonded to itself and to the
conductor with FEP polymer: the films are thin and
flexible, electrically good and workable at 220°C.

Orthodox oleo-resin (BS 156) and polyvinyl formal and
acetal enamels (BS 1844) are tough, resistant to abrasion
and to softening by varnishes. Enamelled wires have a
better space factor than those with fibre covering.

Some wires are covered in separate operations with
synthetic enamels of widely differing characteristics, giving
a range of finely balanced properties. The inner coat can be
considered as the insulant; the outer coat can give improved
resistance to solvents and abrasion, better cut-through resist-
ance, heat-bonding of turns into a solid coil, etc. Wires
coated with polyurethane polymers are useful because they
can be soldered without first removing the enamel (BS 3188).

For high-temperature working, the performance of PTFE
coverings is limited by cold flow of the insulant under
mechanical pressure. Silicone resin gives a high-temperature
covering but the solvent resistance and mechanical proper-
ties are not very good. Better mechanical characteristics are
given by polyimide, polyamide imide, polyester imide and
polyhydantoin, but these materials are still uncommon.

Wire coverings

7.7.7 Moulded and formed compositions, plastics,
ceramics, etc.

Articles of various shapes, often quite complicated, which
cannot readily or economically be matched or built up
from sheet, rod or tube materials may be obtained by form-
ing, moulding, coating or casting one of the ‘plastics’ (which
are all essentially organic), or a ceramic such as porcelain,
or glass or other inorganic materials. The materials can be
grouped approximately as follows.

Organic thermoplastic Examples are: compounds made
of natural gums, bitumen, etc., not specially processed;
synthetic resin products such as polyvinyl chloride, nylon,
polystyrene; cellulose derivatives such as cellulose acetate.

Organic thermosetting These are, chiefly: cured shellac
products including micanite (for simple shapes, e.g. com-
mutator cones); rubber sulphur and similar vulcanisable
compositions; compounds made from synthetic resins of
the phenolformaldehyde type, urea formaldehyde, silicones,
polyesters, alkyds, epoxies and polyurethanes.

Inorganic  The principal materials are listed below.

(1) Asbestos—cement compositions, mainly for high heat
resistance, particularly for parts exposed to arcs;

(2) Concrete, cast or moulded, for inductors and switchgear
where strength and fire-resistance are needed;

(3) Porcelain, mainly for out-door use and other cases
where dust and moisture collect readily, also special
grades for high temperatures;

(4) Steatite, for uses similar to those of porcelain;

(5) Special ceramics for radio capacitors, sparking plugs, etc.;

(6) Fire-clay for holding electric heating elements;

(7) Glass for out-door insulators, lamp bulbs, valves and
high-frequency insulation;

(8) Mica-glass composition for high-temperature applica-
tions requiring good electrical properties, especially at
high frequency.

7.7.8 Methods of moulding and forming materials

7.7.8.1 Organic materials

The principal methods of manufacturing parts from the
organic materials are as follows.

Forming of laminated and other sheet materials in open
moulds or other forming tools with moderate pressure, the
material being made plastic by a suitable liquid or, more
usually, by heat. Such forming is generally restricted to rela-
tively simple shapes such as channels, cones, tubes, collars,
spools and wrappings. Heat is usually applied during the
forming operation, and the material sets either by cooling,
heat-treatment in the mould, or subsequent drying, baking,
etc. (e.g. vulcanisation).

Moulding under pressure in closed metal moulds (‘com-
pression moulding’), using a powder, dough, treated paper,
treated fabric or other form of moulding material and heat
treating during or subsequent to moulding.

Injecting material, made plastic by heat or other means,
into moulds under pressure and setting by cooling, or heat
processing.

Extruding plastic material as for injecting but not into
moulds, the shape being determined by the orifice or die
through which the material is extruded and the setting
being generally due to cooling, but may be followed by a
further process such as vulcanisation.

Casting a liquid or molten material into moulds (without
pressure) and conversion to a solid condition by cooling
or heating (thermosetting materials), or by the action of
chemicals with or without heat.

Coating with polymers in powder form, spread on heated
metal components by several methods including electro-
static fields or fluidised bed techniques. Thick coatings
with good electrical properties can be applied overall.
Conversion to the solid is by cooling with thermoplastic
materials, or by further heat treatment for thermosetting
materials. Some polymers can be applied to surfaces
(which need not be metal) in the form of dispersions in a
suitable liquid carrier, followed by curing by heating.

Properties of typical organic moulding compounds are
listed in Table 7.23.

7.7.8.2  Inorganic materials (ceramics, etc.)

The methods used for producing articles from the inorganic
materials are, briefly, as follows.

Asbestos-cement compounds Made from asbestos and
other minerals, e.g. powdered silica, mixed wet with lime
or Portland cement and moulded cold by compression
moulding. After removal from the mould the parts are
cured in live steam.

Concrete The large mouldings for inductors are made of
high-grade concrete, made from specially selected Portland
cement, sand and aggregate, the wet mixture being poured
and ‘puddled’ into suitable moulds and, after preliminary
setting, the parts being cured in live steam.

Porcelain - Made from china clay (kaolin), ball clay, quartz
and felspar, finely powdered and mixed with water. Small
parts (e.g. tumbler switch bases) are made by the dry process
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Organic Binder:  PF PF PF PF UF Rubber Cellulose
Filler Wood Wood Asbestos Mineral Wood Mineral Acetate
filler filler powder
Density kg/m? 1400 1360 1900 1880 1500 1700 1300
Plastic yield

temperature °C >100 >140 >180 >140 >100 80 60-80
Coefficient of

expansion x 4° per °C 40 40 30 30 45 80 160
Water absorptionf< % 0.3-0.4 0.3 0.05 0.02— 0.5 <0.01 1.5-3

0.05

Elastic modulus GN/m? 5 5 7 3 7 3 2
Tensile strength MN/m? 48 48 35 35 63 24 31
Cross-break strength  MN/m> 63 70 49 52 105 67 49
Crushing strength MN/m> 240 240 160 120 230 140 140
Impact strength Nm 0.3 0.3 0.2 0.3 0.3 0.17 0.14
Resistivity Q-m 10° 5x40'0 10° 5 %408 10° 104 5x40°
Surface resistivity MQ/sq. 5 x40* 10° 10* 2 x4’ 5x40°  3x40° 4 x40°
Relative permittivity — 7-10 4-8 8-18 5 9 4.1 4-6.5
Loss tangent, S0Hz — 0.25 0.04 0.2-0.6 — 0.08 0.016 0.016

1kHz — 0.2 0.04 0.1-0.4 0.02 0.06 0.012 0.03

1MHz — 0.15 0.035 0.1 — 0.04 0.01 0.06
Electric strengthi<  kV/mm 1.2-4 9 34 15 3 15 12
Inorganic Porcelain  Steatite Aluminium  Glass Glass Asbestos Glass

oxide mica cement ceramic

Density kg/m? 2400 2750 3650 2250 2680 1600 2600
Plastic yield

temperature °C >1200 1400 — 600 450 >700 1250
Coefficient of

expansion x40°  per °C 4 6-8 6.2 3.2 9.8 — 5.7
Water absorption —

(20°C, 24h) % 0 0.01 0 0 10-15 0
Specific heat J/kg 900 840 750 840 840 — 750
Tensile strength MN/m? 35 56 75 — 42 7 150
Flexural strength MN/m> 70 100 330 — 93 28 140
Crushing strength  MN/m? 420 840 1670 970 270 55 —
Resistivity (20°C)  Q-m 10'6-10" 10" 10 >c10"? 10" — 10
Relative

permittivity — 5-7 4.1-6.5 10 4549 675 — 5.6

(20°C), 1 MHz
Loss tangent

(20°C), 1 kHz — — 0.005 0.008 0.005 0.007 — 0.0025

IMHz — 0.006 0.0045 0.0006 0.003 0.002 — 0.0015
Electric strength§ kV/mm 6-16 8-15 48 14 20 0.8-4 —

*Test methods of BS EN 69243 Parts 1, 2, and 3:2001 and BS 771:1992. PF, phenol formaldehyde; UF, urea formaldehyde.

t Cellulose acetate, 24 h; remainder 7 days.
TR.m.s., 3mm at 90°C.
§R.m.s., 20°C.

(or die pressing), in which a slightly damp mixture is
compressed in steel moulds. Many high-voltage parts,
particularly large pieces such as transformer bushings, are
made by the wet process from a wet plastic mixture, shaped
on a potter’s wheel and turned on a lathe. Others, such as
overhead line insulators, are made by pouring a creamy
mixture into plaster moulds in which partial drying occurs.
Parts formed by the foregoing processes are then dried and
usually coated with glaze, after which they are fired in a kiln
at temperatures such as 1200-1400°C.

Steatite Consists of powder soapstone (talc) die pressed
dry or moulded wet, similar to porcelain, and finally fired
at about 1400°C.

Special ceramics A number of ceramics are made, similar
to porcelain and steatite, from such materials as rutile
(a form of titanium dioxide)—having low losses and high
permittivity, and suitable for high-frequency capacitors—and
aluminium oxide, mainly for sparking plugs. A ceramic com-
posed of barium titanate has exceptionally high permittivity.

Fire-clay refractory ceramics Made from special grades of
clay, usually die pressed and fired, somewhat as in the case
of porcelain.

Glass Made from powdered silica mixed with metallic
bases (soda or potash) and a flux (e.g. borax). The mixture
is fused at temperatures of the order of 1200-1400°C, and
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the molten mass ‘blown’ into moulds, or forced into moulds
under pressure, the parts being removed when cool.

Developments have been made in which the glass instead
of remaining in its usual super-cooled liquid state is devitri-
fied, with the result that a fine-grain structure develops and
the mechanical properties are much improved. These new
materials are known as glass ceramics and can have spe-
cially controlled properties. In particular the coefficient of
thermal expansion can be selected from high positive to
negative values.

Mica glass composition Produced from powdered mica
and glass, heated to a semi-molten condition and moulded
in steel moulds by compression or injection at high pressure.

Properties of typical ceramics and other inorganic formed
or moulded compositions are summarised in Table 7.23.

7.8 Composite solid/liquid dielectrics

Combinations of solids and liquids are widely used for elec-
trical insulation. The solid normally consists of sheets of
paper or of polymer film with an insulating liquid, typically
a mineral oil, as the liquid component of the composite.
Sometimes a synthetic oil is used instead of a mineral oil,
especially when polymer films are used as the solid com-
ponent. Particular applications of composite insulation are
power cables, transformers, bushings and capacitors. The
solid provides mechanical separation between the conduc-
tors and the liquid gives high electric strength with a low
dielectric loss.

7.8.1 Breakdown mechanisms in composite dielectrics

The construction of composite dielectrics usually starts with
the solid material in tape form that is wound around one of
the conductors. Several layers of tape are used and there is a
small gap between adjacent tapes, with the gaps staggered
between layers (Figure 7.5).

The most widely used composite insulation system has
the spaces between the tapes filled with a mobile insulating
liquid. The system that is used in many power engineering
applications such as transformers and oil-insulated switch-
gear is paper and mineral oil. The dielectric constant of
paper and mineral oil is very similar, approximately 2.5,
but very different from that of air. It follows that if there
are air bubbles in the system there is a much higher electric
field in the air bubbles than in the rest of the insulation.
Bubbles may become trapped in the gaps between the
tapes. The air in such bubbles will break down at a much
lower applied voltage than the rest of the insulation, produ-
cing additional gas and eroding the solid insulation in con-
tact with the bubble perimeter. This can eventually lead to
breakdown of the complete insulation structure.

7.8.2 Qil/paper systems

This insulating system is excellent for high electric strength
over long periods of time, provided the insulation is free
from significant partial discharges. It is therefore essential
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Figure 7.5 Tape arrangement for composite insulation

that gas bubbles are prevented from forming. This is done
by applying a vacuum to the insulation to remove dissolved
gas where this is possible, and in insulation systems such as
high-voltage power cables by applying several atmospheres
pressure to inhibit bubble formation.

In laboratory-scale tests it was found that increasing the
pressure of the oil from one atmosphere to 14 atm increased
the electric stress that could be applied before partial dis-
charges could be detected from 47 kV/mm to 69 kV/mm, or
from 60 kV/mm to 90 kV/mm when a thicker oil was used.
There is always a problem in relating the results of labora-
tory investigations to the design of practical apparatus
because of the reduction in strength obtained as the volume
of the insulation increases. In extreme cases the breakdown
strength may be halved by two orders of magnitude increase
in volume under stress.

In a series of tests on samples of oil/paper insulation of
reasonable size the 50 Hz strength always exceeded 40 kV/mm
and the 1/50 ps impulse strength was always greater than
90 kV/mm. The presence of moisture in the paper will give
a 40% reduction in breakdown strength when the moisture
content is increased from zero to 8%. The impulse strength
of oil-impregnated paper increases as the thickness of the
paper tapes decreases. In one set of tests the impulse
strength was 130kV/mm for 0.13mm thick tapes and
160 kV/mm for 0.03 mm thick tapes.

The proven long-life-times of oil/paper systems mean that
this insulation is the normal choice for insulating power
transformers, cables and power-factor-correction capacitors.

7.9 Irradiation effects

Electrical equipment is being used increasingly in situations
where it will be exposed to the effects of nuclear and other
types of radiation, often at high energy levels. Such radia-
tion can change the characteristics of many materials
and may cause severe deterioration; on the other hand,
radiation can have beneficial effects, especially by causing
synthetic polymers to cross-link. Particular cases are the
irradiation of polyethylene and other thermoplastic mater-
ials giving new products with improved properties, especially
resistance to heat and mechanical failure; the vulcanisation
of rubber; the polymerisation of plastics; the curing of resin
and varnish films and the manufacture of heat-shrinkable
films and sleevings.

7.9.1 Type of radiation

The more common forms of radiation encountered are:
neutron and ~sfrom nuclear reactors, neutron and ~sfrom
isotopes and electrons and X-rays from particle accelerators.
The unit of absorbed radiation is the rad (=490 erg/g)
or the megarad (=46° erg/g of material). The megarad is
equivalent to 10 kJ/kg.

Although the effects of radiation on materials are cumula-
tive and, therefore, dependent on the total dose, the dose rate
(generally expressed as megarads per hour) may have some
further effect. This point must be considered when experi-
mental work is being carried out. Fortunately, it has been
found that changes in most materials due to irradiation are
practically independent of the type of radiation encountered.
Hence, various sources of irradiation may be used for experi-
mental work and those normally employed are:

(1) ‘hot’ fuel elements and other parts of nuclear reactors;
(2) radioactive isotopes (e.g. cobalt 60);
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Table 7.24 Radiation resistance of organic insulating materials: probable useful-life dose

Material Mrad Material Mrad
Gases Liquids
Sulphur hexafluoride 5000 Polyphenyls 5000
Difluorodichloromethane 1000 Radiation-resistant petroleum oil 2000
Trifluoromonochloroethylene 500 Transformer oil (naphthenic) 1000
Perfluoropropylene 100 Transformer oil (paraffinic) 500
Silicone oil 200
Moulded or laminated plastics (filled) Pyrochlor 100
Diphenyl silicone/glass 10 000
Mineral-filled epoxyphenolics 10 000 Resins, bitumens, etc. (unfilled)
Mineral-filled phenolics 4000 Diphenylsilicone 5000
Epoxy/glass cloth 4000 Polystyrene 5000
Cellulose-filled phenolics 1000 Polyvinyl carbazole 4000
Cellulose-filled urea formaldehyde 1000 Bituminous compounds 2000
Nylon 2000
Elastomers Polyethylene 2000
Polyvinyl chloride (plasticised) 500 High-impact polystyrene 2000
Polyurethane rubber 400 Polyurethane 1000
Butadiene styrene + antiradiant 300 Alkyd resins 500
Phenylmethyl silicone 200 Phenol formaldehyde resins 500
Polychloroprene 150 Polyethylene terephthalate 500
Natural rubber 150 Cellulose nitrate 100
Acrylonitrile 100 Cellulose butyrate 50
Polysulphide 80 Cellulose acetate 50
Dimethylsilicone 30 Methylmethacrylate 50
Polyisobutylene 20 Polytetrafluoroethylene 5

(3) Van de Graaf electron accelerator; and
(4) microwave linear electron accelerator.

The most convenient is the linear accelerator, in which a
small-diameter beam can be made to scan the parts to
be irradiated with uniformity of dosage. The physical
conditions—temperature, ambient atmosphere (air, carbon
dioxide, nitrogen, etc.), and humidity—must be carefully
selected and controlled.

7.9.2 Irradiation effects

The effects of radiation are usually assessed in the first place
by visual examination, as many materials discolour, crack,
disintegrate or melt, while flexible or soft materials may
become hard and brittle.

More advanced work relies on the determination of
changes in measured properties after certain periods of irra-
diation. Results of tests on unirradiated samples are com-
pared with those on similar samples after subjection to
known energies for different times. Non-destructive tests
(loss tangent, permittivity, resistivity, changes in weight
and changes in dimensions) are particularly useful because
they can be repeated on the same specimen as a function
of the total dose. Other tests used to determine the effects
of irradiation are electric strength; tensile, shear and impact
strength; elongation; hardness; flexibility; and water
absorption.

In general, organic insulating materials deteriorate
mechanically and electrically as the result of irradiation,
the mechanical properties usually being impaired at a
greater rate than electrical ones. These results are mainly
due to chemical changes which occur in the materials con-
sequent upon certain rearrangements of their molecular
structure, usually with the evolution of one or more gases,
such as methane, carbon monoxide, carbon dioxide or

hydrogen. The probable life-dose for typical insulating
materials is given in Table 7.24. The dose figure is that at
which marked deterioration is observable, there is a 50%
reduction in mechanical and electric strength, or some
similar factor. The life-dose is approximate: it depends on
the actual formulation of the material and irradiation
conditions such as dose-rate and ambients.

7.9.2.1 Gases

The spark-gap breakdown voltage of air is reduced by
about 20% under intense nuclear radiation. A gas having
good radiation stability is sulphur hexafluoride (SFg),
whereas halogenated hydrocarbons slowly polymerise with
evolution of corrosive products, and other gases, such as
perfluoropropylene, polymerise rapidly to form liquids
when irradiated.

7.9.2.2  Liquids

The viscosity of hydrocarbon oils increases and most liquid
dielectrics polymerise when irradiated, the electrical proper-
ties being lowered considerably. Gases are usually evolved
by liquids during irradiation and can create difficulties
due to increase of pressure in containers of capacitors, trans-
formers, etc. Silicone oils polymerise to form elastomers, those
of high molecular weight yielding elastomers of low tensile
strength, but the solids produced from the low molecular
weight (e.g. 300-20 000) oils crumble on handling.

7.9.2.3  Semi-fluid and fusible materials

Silicone compounds made from fluids with mineral fillers
react to irradiation in the same manner as the fluids; they
rapidly harden and then gel. Petroleum greases are affected
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similarly. Dimethyl silicone fluids of low viscosity are to be
preferred for use where doses do not exceed about
100 Mrad.

7.9.2.4 Organic solids

Most of the organic solid insulating materials in general
use are synthetic resins or are based upon such resins and
similar plastics. The performance of the materials in the
form in which they are used under irradiation conditions
depends largely upon the resistance of the basic materials
to the effects of radiation. Cellulose derivatives, such as
cellulose acetate, have poor resistance, mechanical deteri-
oration being rapid; hence lacquers, adhesives and moulded
or extruded parts made from them also deteriorate rapidly
under irradiation. On the other hand, diphenyl silicone and
products made from this resin, have relatively good resist-
ance. The combination of mineral materials, whether as
powdered or fibrous fillers or as sheet reinforcement (e.g.
woven glass cloth), with the organic base materials usually
results in products having superior radiation resistance.

7.9.2.5 Synthetic resins.: thermoplastic

Of the thermoplastic synthetic resins polystyrene is one of
the most stable. Styrene copolymers are generally poorer in
resistance to effects of radiation, and high-impact-strength
polystyrene loses some of its impact strength when irra-
diated. A good deal of work has been done on the effects
of irradiating polyethylene, the principal change being the
elimination of its melting point due to cross-linkage: this
can be beneficial. Some increase in tensile strength occurs
at first but, with continued irradiation at high dosages, the
tensile strength decreases and the material ultimately
becomes brittle and cheesy. The high-density varieties are
slightly better. Nylon behaves somewhat similarly when
irradiated, cross-linkage occurring with consequent increase
in tensile strength in the case of sheet, but rapid reduction of
strength occurs in nylon fibres, with decrease of elongation
and impact strength.

Of the vinyl polymers and copolymers, polyvinyl carbazole
has good resistance to radiation; polyvinyl chloride (PVC)
has radiation resistance equivalent to that of polyethylene
but liberates hydrogen chloride when irradiated; viny/
chloride acetate has a lower radiation resistance than PVC,
softening and turning black at low dosages.

Irradiation of polyethylene terephthalate in fibrous form
causes rapid loss in strength, and the films become brittle
and darken. Cellulose plastics such as cellulose acetate deter-
iorate mechanically to a serious extent by low dosages, but
electrical properties of the latter are not appreciably
affected. Acrylic resins also have comparatively low radia-
tion resistance.

The thermoplastic resins most seriously affected by radia-
tion are the fluoroethylene polymers such as polytetrafluoro-
ethylene and monochlorotrifluoroethylene, the latter being
superior. Decrease of tensile strength and elongation of
these is rapid and they become very brittle with only mod-
erate dosages.

7.9.2.6 Synthetic resins: thermosetting

Of the amino resins, the melamine formaldehyde type is
slightly superior to the urea formaldehyde, but with cellulose
fillers both deteriorate rapidly and become brittle when irra-
diated. The radiation resistance of epoxy resins is above the
average for plastics but it depends largely on the hardener

used. Epoxyphenolic resins are better than ordinary epoxies
and phenolics for radiation resistance. Phenolic and poly-
ester resins without fillers have low resistance but this is
increased considerably by the addition of fillers, especially
minerals such as asbestos.

Silicone resins are more resistant to radiation than sili-
cone fluids and elastomers and do not rapidly deteriorate
physically, the major electrical properties of most resins
being maintained even after subjection to high dosage.

7.9.2.7 Solid materials: inorganic

In general, inorganic materials are much more resistant
than organic materials to irradiation. The principal effects
are to cause colour changes and to induce conductivity in
glasses, ceramics, fused silica and mica, followed by disinte-
gration of natural mica irradiated by high dosages at ele-
vated temperatures (e.g. 150°C). Synthetic mica seems to
be more resistant than the natural form to mechanical and
electrical degradation. Built-up mica products made from
flake mica or reconstituted mica paper are affected accord-
ing to the bonding medium—which is usually organic.
Wires insulated with swaged magnesium oxide have shown
high resistance to radiation at a temperature of 815°C.

7.10 Fundamentals of dielectric theory
7.10.1 Basic definitions

An ideal dielectric is a material or medium which has no
free electrons so that no conduction can take place. It is an
ideal insulator. Electrically it can be represented as a pure
capacitor

Real dielectrics, however, have some free electrons
but much less compared with conductors. Their equivalent
circuit can be represented by an RC parallel circuit.

Dielectrics have two main electrical applications:

(a) Insulation: to isolate live conductors or conductors of
different potentials.

(b) Energy storage: some dielectrics can store large amounts
of energy when an electric field is applied to them.

7.10.2 Types of dielectrics

Dielectrics can have three forms: gas, liquid and solid.

In gases, the atoms/molecules do not interact but can
contain free electrons which are responsible for the conduc-
tion process. Conduction mechanisms due to positive and
negative ions as well as charged molecules are also found
in some gases.

In liquids dielectrics, there is some interaction between
molecules, and they are also known to contain impurities
in real applications. This makes the conduction process
essentially ionic in nature with the addition of contributions
due to charged particles.

Solid dielectrics have more complex conduction mechan-
isms (such as thermal, tunnelling, hoping) governed by free
electrons, holes and ions.

Solid dielectrics can be either:

(a) Glasses: are amorphous materials which have no three
dimensional atomic ordering over distances greater
than 2 nm (atoms are tenths of nm across).

(b) Crystals: these have long range ordering which could
lead to a single crystal if the ordering is consistent
throughout the solid material.
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Figure 7.6 Electronic polarisation

In general, no solid or liquid is completely structureless.
Tonic solids do not form glasses but covalent solids form
glasses (e.g. polymers) e.g. MgO is an ionic solid (non
glass) and SiO; is a covalent solid (glass).

7.10.3 Polarisation in dielectrics

When an insulating material is subjected to an electric field,
a limited displacement of charge takes place at the atomic,
molecular and bulk material levels. This charge displace-
ment is known as polarisation.

(a) Electronic polarisation: in atoms, positive ions are sur-
rounded by electron clouds. Since the electrons are very
light, they respond rapidly to the action of an applied
electric field. Figure 7.6 shows a schematic of an atom
being polarised due to the action of the field E,.
Molecular polarisation: within a molecule, the ionic
bond is deformed when an electric field is applied result-
ing in increase of the dipole moment of the lattice:

(b

~

Molecular polarisation can be:

(1) Simple ionic where a simple separation of centre
takes place.

(i1) Distorted ionic takes place when large ions are dis-
torted by other close ions in addition to the simple
ionic polarisation.

(¢c) Orientational polarisation: in liquids and gases, whole
molecules move into line with the acting electric field.
Under weak static fields, the alignment is usually not
complete. In solids, interfacial polarisation occurs at
electrodes and at crystallites interfaces. In addition, in
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Figure 7.7 Orientational polarisation cases
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the presence of an interface with materials of different
electrical properties (permittivity and conductivity),
space charge polarisation occurs. Figure 7.7 shows the
various scenarios of orientational polarisation.

7.10.4 Quantification of dielectric polarisation

For a vacuum-filled parallel-plate capacitor, the surface
charge density Qy is defined as Qg =<sg V'/d where V is the
applied voltage, d the separation distance between plates,
and eg relative permittivity of free space (¢g=%854 pF/m).

If the vacuum insulating medium is replaced by a dielec-
tric material of relative permittivity eg the new surface
charge density will be Qq4s =<¢ges V/d.

Thus, resulting in an increase of surface density
AQy=€4s—Qo=4s—1eg V/d.

This quantity is known as the dielectric polarisation P. In
this case, the expression can be written as P=+¢—1)egV/d
=€=—1)egE =L4—D,.

With Dy is the electric flux density in the dielectric case.

Dy is the electric flux density in the vacuum case.

7.10.5 Properties of dielectric materials

Dielectrics can be grouped according to their structure and
the way they react to the action of an electric field.

(a) Non-polar dielectrics: These consist of molecules that do
not possess a permanent dipole moment, they are
known as simple dielectrics. When an electric field is
applied to simple dielectrics, it induces dipoles and ori-
ents them in the direction of the field.

Polar dielectrics: If a material has molecules with per-
manent electric dipole moments, in the absence of an
external electric field, then it is called a polar dielectric
e.g. Water and NaCl. Within these materials, the individual
molecular dipoles are usually randomly oriented due to
thermal agitation. The application of an external electric
field will result in the alignment of the individual dipoles
in the direction of the field. In general, polar dielectrics

(b)
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c) Strong field: complete
alignment

e) In certain cases,
interfacial polarisation
occurs at crystallites
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Table 7.25 Examples of polar and non-polar dielectrics

Dielectric type Examples Relative permittivity

Non-polar Transformer oil 2
Mildly polar  Chlorinated diphenyl 6
Strongly polar Nitrobenzene >20

Polypropylene

carbonate

Water

Ethanol

Hydrogen cyanide

have low values of relative permittivity and only small
concentrations of permanent dipoles. Table 7.25 gives
examples of some polar and non-polar dielectrics.
(¢) Paraelectric dielectrics: By contrast to simple dielectrics
and polar dielectrics, paraelectrics contain a strong
dipole in each unit cell with relative permittivity values
more than 20 and up to 10000.
Ferroelectric dielectrics: By analogy to ferromagnetism,
ferroelectrics contains domains (of about 1 um) where
permanent dipoles are oriented in the same direction.
When an external electric field is applied to a ferroelec-
tric material, the domains are aligned in the direction of
the field. However, they are known to exhibit non-lin-
ear polarisation with applied field. Ferroelectrics have a
relative permittivity, which increases with temperature
until the ‘Curie temperature’ after which the permittiv-
ity decreases, and the domains cease to exist. The mate-
rial becomes then paraelectric (see typical plot in Figure
7.8). Ferroelectrics exhibit hysteresis of polarisation as
a function of the applied electric field (see typical curves
on Figure 7.9). Therefore, the permittivity of the ferro-
electric must be quoted for a given field value, E, a tem-
perature 7, and the ‘history’ of the material. Table 7.26
gives examples of some ferroelectric materials.
Piezoelectricity: When a ferroelectric material is subjected
to an electric field at paraelectric temperatures (see Figure
7.8 and Table 7.26) and then cooled, the domains in the
material will align permanently. Mechanical shearing
stress when applied to such materials can cause charge
displacement, known as piezoelectricity. This property is
also found in most crystals having an anisotropic struc-
ture e.g. quartz (simple dielectric which has no domains).
(f) Electrets: Any dielectric can contain electric charges
at atomic or molecular level that can be oriented by an
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Figure 7.8 Typical dependence of permittivity on temperature in
ferroelectrics

a) Single domain crystal b) Polycrystal

Figure 7.9 Hysteresis in ferroelectric polarisation versus electric field

Table 7.26 Examples of ferroelectric materials

Ferroelectric Symbol Curie
material temperature
O
Potassium dihydrogen KH,PO, —151
phosphate

Lead titanate PbTiO; 487
Barium titanate BaTiO; 10 and 120
Cadmium titanate CdTiO3 —-210

Lead niobate PbNb,Ogq 570

external electric field. If after cooling, the charges are
immobilised, the dielectric will behave as an electrical
equivalent of a permanent magnet. This is known as an
electret (thermoelectrets in this case). An electret loses
its volume charge exponentially but with a very large
time constant (order of 100 years). Standard capacitors
have time constants from few seconds up to six months

(e.g. polystyrene).

7.10.6 Example of ferroelectric material: Barium
titanate and its applications

Barium titanate is one of the most important ferroelectrics. It
is formed from the reaction of a mixture of BaCO; and TiO,
heated at 1250°C. The product is powdered and then worked
by means of common ceramic techniques. Admixtures of
other oxides are employed to modify the dependence of per-
mittivity on temperature. Its high permittivity is exploited in
ceramic capacitors for the range 500-10 000 pF for electronic
equipment. Its piezoelectric property is used in transducer
effect since it can be fabricated in a variety of complex
shapes. The hysteresis in polarisation is used in timing con-
trol or carrier-frequency modulation of a voltage control.
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Figure 7.10 Typical relative permittivity, ¢, dependence on frequency
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Figure 7.11 Typical loss tangent variation with frequency

7.10.7 Frequency response of dielectrics

Most materials are polarisable in several ways, producing
complex frequency dependence. At the highest frequencies,
only the electronic polarisation will ‘keep up’ with the applied
field. At frequencies where permittivity varies rapidly, there
is a peak in the dielectric loss. Figures 7.10 and 7.11 show typ-
ical variations of permittivity and loss angle with frequency.

7.11 Polymeric insulation for high voltage
outdoor applications

7.11.1 Materials

Traditional insulators are made of ceramic, either porcelain
or glass. The design of these insulators for high voltage
applications evolved from telegraph wire experience. These
insulators are known to perform reliably in service for several
decades. However, their bulky nature, poor pollution perfor-
mance due to hydrophilic surfaces and susceptibility to vand-
alism raised a need for better materials.

Non-ceramic insulators (NCI), also commonly known as
polymeric or composite insulators, are made of a compound
of materials having one of several polymers as a base. Two
main materials have been used extensively on outdoor
high voltages power systems: silicone rubber and Ethylene
propylene diene monomer (EPDM). Their combination
(EPS) has been proposed to solve particular problems
of surface properties and material strength. The main
advantages of these materials are their light weight (since
the insulator is made from a fibre rod with a polymeric
outer sheath) and more importantly their surface hydro-
phobicity which inhibits the formation of continuous
wet paths along the insulator surface. This is particularly
advantageous under pollution condition when outdoor
insulators suffer from dry-bands followed by localised
discharges across the dry bands.

Room temperature vulcanised (RTV) coating is used to
enhance porcelain insulators pollution performance by
spraying/applying a thin layer of silicone rubber on the
porcelain surface giving it a hydrophobic surface similar to
that of silicone rubber insulators. RTV coatings contain typ-
ically 5% (by mass) cyclic LMW polydimethyl siloxanes.

IEC 1109:1992 Standard describes acceptance test proce-
dures for composite insulators and IEC 507:1991 specifies
artificial pollution tests procedures for high voltage insulators
to be used on a.c. systems. However, these latter procedures
are particularly suited for porcelain and glass insulators. At
present, no standard procedure exists specifically for poly-
meric insulators. One difficulty is related to surface pollution
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because the hydrophobicity of polymeric insulators makes the
conventional technique not suitable. Various methods have
been suggested to obtain a uniform and repeatable pollution
layer on polymeric surfaces. These include surface abrasion,
kaolin spraying, multiple layer spraying and the use of small
quantities of wetting agents, such as Triton X-100 as used in
BS 5604:1986 (same as IEC 587:1984). International Standard
IEC815:1986 gives guidance on the selection of insulators for
high voltage applications taking into account the insulator
shape and pollution severity.

7.11.2 Hydrophobicity loss and recovery

Extensive laboratory tests and field experience have shown
that these materials can lose their hydrophobicity following
a number of individual stresses or their combination. In
particular, discharge activity on the insulator surface is
found to reduce the hydrophobicity significantly. However,
silicone rubber is found to recover its hydrophobicity after
a certain time (which is still not well quantified) without the
damaging stress. This process of recovery is thought to be
due to the diffusion to the surface of low molecular weight
(LMW) molecules and/or the changes in orientation of the
methyl groups of the polymer.

7.11.3 Degradation ageing factors of polymeric
insulator surfaces

Despite their excellent pollution performance, polymeric
insulators are found to experience faster degradation on
their surface compared with conventional insulators.
Although such degradation depends on insulator material
and design, a number of factors have been identified as
affecting the surface properties of polymeric insulators.
Some of these are described in the following processes.

7.11.3.1 Electrical process

The electric field distribution along a high voltage insulator
unit is not uniform with the highest field regions located
at the end terminals. In addition, the regions around the
cores have higher electric fields than the shed areas. Under
operating service conditions, the insulators are subjected to
pollution that modifies the field distribution, reducing the
magnitude at the end terminals. However, the wetting pro-
cess is also non-uniform. The regions at the end terminals
(especially at the top end) will wet more and at a faster rate
than the regions under the sheds. Such combination of slow
wetting and high field magnitudes encourages the initiation
of discharges in these ‘under-shed’ core regions. With con-
tinuous intense discharging, the surface loses its hydro-
phobic properties. Furthermore, the discharging process
generates ozone and nitrogen oxides which, when combined
with water, produce nitrous and nitric acids. These acids
attack the end fittings and make the polymer surface brittle
forming a crazed pattern which can lead to splitting of the
polymer sheath.

Surface currents on polluted insulators combined with
the dry band discharging lead to tracking and erosion of
the polymeric surface. Tracking and erosion resistance is
improved by adding Alumina Trihydrate (ATH) as a filler
to the polymer. After ageing, insulators with such materials
exhibit a chalky white appearance caused by the diffusion of
the ATH from the bulk to the surface.
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7.11.3.2  Mechanical process

Direct mechanical stress on insulators can be tensile, com-
pressive or cantilever loading. These stresses can lead to
insulator failure by damaging the fibre reinforced plastic
(FRP) core. Mechanical stresses usually affect the insulator
in combination with other stresses.

Indirect mechanical stress is the form of surface tears
caused by the release of stresses trapped during the manu-
facturing process. This provides arcing regions which would
lead to tracking and erosion. Formation of fissures is also
possible due to vibrations and the existence of material
interfaces in the insulator unit.

Brittle fracture of the FRP rod has been observed under
service conditions with insulator mechanical loads below
the specified load. Various causes were suggested including
faults from the manufacturing process, and water ingress
combined with mechanical stress which transports hydrogen
ions in solutions with a pH value of 3 or 4.

7.11.3.3 UV radiation

Outdoor insulators are exposed to sunlight, hence, ultra-
violet (UV) radiation. UV radiation causes photo-oxidation
and scission of molecular bonds in polymeric materials.
Photo-oxidation is caused by ionisation of the surface mole-
cules and attraction of the oxygen when the photon energy
is sufficient. If the energy of the photon is higher than that
of the bonds between the molecules or the polymer chains in
the backbone of a single polymer, scission occurs.

Silicone rubber has a high resistance to damage by UV
radiation because the siloxane (Si—O) bonds are of high
energy. However, the hydrocarbon groups in the polymer
can be damaged. UV resistance is usually increased by the
use of carbon-based fillers which have the disadvantage of
affecting the insulating properties of the material.

Intense UV exposure can lead to reduction of the silicone
polymer on the surface of the material accompanied by an

increase of the filler. Such surface depolymerisation was
found to accelerate loss of hydrophobicity and increase of
surface leakage current.

7.11.3.4 Chemical processes

Chemical attack occurs due to pollution products and fol-
lowing discharge activity on the insulator surface.
Examination of field-aged insulators has found formation
of uniform thin pollution layers on the surface. Sea or
coastal pollution contains salts, while inland pollution com-
prises dust, industrial particles and agricultural fertilizers.
When wetted, these pollution products react with the
polymer under the action of the applied field. In tropical
climates, micro-organism growth was found on insulator
surfaces which was found to enhance the surface leakage
current. The current increase warms the insulator surface,
which further encourages the growth of the bacteria popu-
lation. Partial arcs destroy the organisms but leave biolo-
gical remains in the form of a slimy surface.

7.11.3.5 Water ingress processes

Water ingress in polymeric insulator occurs in three ways
a) ingress through poor seals at end fittings, b) ingress
through surface defects/damages, or ¢) through absorption
of water into the polymeric material itself.

Corrosive chemicals and/or ionisable contaminants
carried by the water affect the mechanical strength of the
FRP rod and this is known to cause brittle fracture.

Water absorption causes depolymerisation as well as
polarisation of the interfaces between the polymer and the
fillers. More importantly, it increases the permittivity and
loss tangent while it decreases the dielectric strength. As a
consequence, heavy erosion and shed puncture can occur
following moisture ingress.
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8.1 Ferromagnetics

The choice of materials having ferromagnetic properties
is very wide. Other than iron, a number of elements such
as nickel and cobalt as well as some manganese alloys are
ferromagnetic.

It has so far been impossible to obtain absolutely pure
iron, in the true sense, even under laboratory conditions;
but iron in which the impurities have been reduced to a
mere trace has been found to have a maximum relative per-
meability of 50000 and a very low hysteresis loss. However,
even if it were possible to produce an iron of this degree of
purity commercially, its low resistivity would be a disadvan-
tage with alternating fluxes because of eddy currents.

The common impurities in iron are carbon, manganese,
silicon, copper, sulphur, phosphorus and oxygen and the
general effect of these impurities is to reduce the permeabil-
ity and to increase the hysteresis loss. Sulphur, phosphorus
and oxygen are particularly injurious and the presence of
these has to be reduced to the lowest possible level. The
presence of small amounts of silicon up to about 5% is
beneficial. Small amounts of manganese are not injurious,
but when the manganese content reaches 12%, a particu-
larly non-magnetic steel is obtained. To neutralise the effect
of impurities and to confer special properties, iron is alloyed
with other elements, of which the following are the most
important: nickel, cobalt, silicon, chromium, tungsten,
molybdenum and vanadium.

The magnetic properties of ferromagnetic materials
depend not only on their chemical composition, but also on
the mechanical working and heat treatment they have under-
gone. For practical purposes magnetic materials fall into two
main groups, high permeability or soft magnetic materials
and permanent magnets or hard magnetic materials.

There are a number of groups of soft magnetic materials
including soft iron, mild steel, silicon steels, nickel irons and
ferrites. In static d.c. applications mild steel is the main bulk
material, but where better properties are required with
greater magnetic permeability, soft iron is used. Silicon
steel is the bulk material for low frequency alternating fields
and the nickel irons are used for more specialised applica-
tions with the soft ferrites being used at higher frequencies
because of their higher resistivity.

There are four main classes of permanent magnet mater-
ials: steels, Alnicos, hard ferrites (also called ceramics) and
rare earth alloys. Of these the steels are almost obsolete
because of their inferior properties and the ferrites have
gradually taken over from Alnico as the main bulk material,
mainly due to their cost advantage. The rare earth alloys
SmCo and NdFeB because of their superior properties
have created new interest and have found a great many
new applications. They have enabled considerable weight
savings to be made in many instances.

8.2 Electrical steels including silicon
steels

8.2.1 General

Electrical steels form a class of sheet material used for
the flux-carrying cores of transformers, motors, generators,
solenoids and other electromechanical devices. Almost
always alternating magnetisation is employed and the mate-
rial is designed to keep power losses due to eddy currents
and magnetic hysteresis to a minimum.
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8.2.1.1 Eddy current losses

Minimisation of eddy currents is achieved by using thin
laminations. The e.m.f. generated in a lamination is propor-
tional to the cross-section of the lamination for a given peak
magnetic flux density and frequency; while the path length
(and resistance) varies only slightly for a given lamination
width, so that lamination of the core reduces the V/R ratio
for the eddy currents (see Figure 8.1).

The current is proportional to (area of cross-section)/
(path length).

ab ab

For (i) in Figure 8.1 this is % 24 ~ A :%

2ab 2ab

and for (ii) this is 5 > 2b
Power rises as I°R so that loss per unit volume rises rapidly
as the sheet thickness increases. By increasing the resistivity
of the steel, eddy currents may be further restrained and this
is usually done by adding silicon as an alloying element.
Silicon additions range from zero up to some 3.25%.

Over this range the resistivity may vary from about 12 to
about 48-50 Q-m x40 ~%,

The addition of silicon has the effect of reducing the
saturation flux density of the steel so that a larger core
cross-sectional area is needed to carry a given magnetic flux.

8.2.1.2

Magnetic hysteresis is another source of power loss which
can be reduced by the addition of silicon as an alloying ele-
ment. While the area of the very low frequency B—H loop is
often taken as a measure of hysteresis loss, effects which
impede magnetic domain wall motion alter with frequency.
At 50 or 60 Hz the overall loss mechanism is a complex
mixture of macro eddy currents relating to lamination
thickness, micro eddy currents associated with the move-
ment of the internal domain walls and energy dissipative
hysteretical effects due to impediments to free domain wall
motion. Such impediments may be non-metallic inclusions,
grain boundaries or regions of stress within the crystal
lattice of the material.

Table 8.1 gives an outline of the principal types of elec-
trical steel produced in the UK, and some of their properties
and applications.

As the percentage of added silicon increases, the steel
becomes more difficult and expensive to process. Thinner
material is more costly because it requires more rolling and
processing. The key points of a material specification are
given in Table §8.1.

Primary grading is by power loss in watts per kilogram at
a peak magnetic flux density of 1.5 or 1.7T and 50 Hz
(60 Hz in the USA).

Hysteresis losses

M ad[C D |a

-¢ b
{ii) 2a1 C ) 2a
Figure 8.1 V/R ratio for eddy currents
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Table 8.1

Selection of electrical steel grades produced by Cogent Power Ltd—typical properties

Grade identity
total loss™
(W/kg)

(mm)
(VA/kg)

Thickness Typical specific Typical specific Nominal Resistivity
apparent power* silicon

Stacking Bt

. Typical
(Q-m xE7°) factor  (T)

applications
content

(%)

Grain oriented: magnetic properties measured in direction of rolling only

Unisil H
M103-27P 0.30 (0.98) 1.40 (1.7, 50)
MI111-30P 0.30 (1.12) 1.55 (1.7, 50)
Unisil
M120-23S 0.23 0.73 1.00
M130-27S 0.27 0.79 1.10
M140-30S 0.30 0.85 1.13
M150-35S 0.35 0.98 1.24

2.9 45 96.5 (1.93) High efficiency
power transformer

2.9 45 96.5 (1.93)

3.1 48 96 (1.85)

3.1 48 96 (1.85)

3.1 48 96.5 (1.85)

3.1 48 97 (1.84)

Non-oriented: magnetic properties measured on a sample comprising equal numbers of strips taken at 0°“and at 90°<to

the direction of rolling

Fully processed electrical steels

M300-35A 0.35 2.62 23
M400-50A 0.50 3.60 19
MB800-65A 0.65 6.50 14

2.9 50 98 1.65 Large rotating
machines

2.4 44 98 1.69 Small
transformers/chokes

1.3 29 98 1.73 Motors and

fractional horse
power (FHP)
motors

Non-oriented: grades supplied in the ‘semi-processed’ condition and which require a decarburising anneal after

cutting/punching to attain full magnetic properties

Newcor M800-65D 0.65 6.00 8.6
Newcor M1000-65D 0.65 7.10 9.6
Polycor M420-50D 0.50 39 6.5

Tensile grades

Tensiloy 250 1.60 — —

Nil 17 97 1.74 Motors

Nil 14 97 1.76 { and

Nil 22 97 1.74 FHP motors
Nil — — 1.60 Pole pieces large

rotating machines

*ALt BA =45T, 50 Hz. Values in parentheses are er B=47T and 50 Hz.
At H=4000 A/m. Values in parentheses are for H=4000 A/m.

8.2.2 Ancillary properties

8.2.2.1 Specific apparent power

Specific apparent power (in volt-amperes per kilogram) gives
an indication of the r.m.s. ampere-turns which must be avail-
able to maintain a given state of alternating magnetisation,
e.g. a peak value of 1.5T at a specified frequency. Most of
the current drawn is 90°“out of phase with the supply voltage
and so is non-dissipative, but copper or aluminium windings
of sufficient cross-section must be used to keep copper losses
low in the face of the current demanded.

8.2.2.2  Permeability

There are many varieties of permeability, but for electrical
steels those of most interest are Biggo, Brsoo, Bsooo, and
Bioooo, that is the peak value of magnetic flux density
attained under the influence of an applied field of 1000,
2500, 5000 and 10000 A/m, respectively.

8.2.2.3 Surface insulation resistance

This is a measure of the quality of the surface insulating
coating (expressed in ohm-metres squared) used to restrain
the flow of current between laminations.

8.2.2.4 Stacking factor

This is the ratio of the height of a stack of laminations
calculated from the volume of metal present to the mea-
sured height of the stack of laminations under a specified
clamping pressure, for the same cross-sectional area of
material. The stacking factor is expressed as a percentage
and typical figures range from 96% to 98%.

8.2.2.5 Ductility

This is expressed as the number of 180°“bends the material
can sustain over a specified radius without cracking



(typically >10 bends over a radius of 5mm). Full details of
specifications are given in: BSEN 10726, 10165, 10106 and
10107.

8.2.3 Chemistry and production

Electrical steels are produced by a complex process of cast-
ing, hot rolling, cold rolling and heat treatment. The end
product must be very low in carbon and sulphur and free
from non-metallic inclusions—that is metallurgically very
‘clean’.

The magnetic properties are much improved if the grain
size of the metal can be enlarged, up to a maximum of some
1 cm diameter for some grades and considerable metallur-
gical skill is employed to procure an end product that is
chemically appropriate, metallurgically clean and of optimum
grain size.

8.2.4 Physical form

Electrical steels are normally sold in coil form in coil
weights up to several tonnes and widths up to 1 m wide,
or in sheets cut to lengths of up to 3 m. Thickness normally
ranges from 0.23mm up to 0.65mm (1.6 mm if high tensile
grades are included). Strip can be supplied fully finished in a
state of final anneal and carrying an insulating coating or
semi-finished so that users can cut or punch the material
and apply a final heat treatment and perhaps coating before
building into a core. Electrical steels are susceptible to stress
and mechanical damage so they must be handled with
care and, if appropriate, re-annealed to recover properties
damaged by stress. Appropriate heat treatments are
normally an anneal at 800°C in a neutral atmosphere (non-
oxidising) or a decarburising anneal at some 900°C in wet
hydrogen.

When supplied as slit, narrow strip steel can be used to
wind ‘clockspring’ cores directly without need for punching.

8.2.5 Coatings

The insulative coatings applied to electrical steels fall into
two main classes: organic and inorganic. Organic coatings
are inexpensive but cannot be used if further annealing is to
be applied to the steel.

Inorganic coatings are resistant to annealing and some
may be formed during the processing of the steel for the
development of its magnetic properties.

Coatings having both organic and inorganic components
can be used, so that the organic component which aids
punching may disappear on anneal but a useful inorganic
residual coating remains.

8.2.6 Grain orientation

The grains in electrical steel of the so-called ‘non-oriented’
type are, for the most part, randomly arranged so that the
magnetic properties of sheet are broadly isotropic. This is
convenient for many applications where flux must flow in
varying directions in the steel.

However, if the grains are specially oriented so that an
easy direction of magnetisation of the crystal lies along
one direction of the sheet (normally the production rolling
direction) then the magnetic properties in this direction are
much enhanced at the expense of those at other angles to
the rolling direction.
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This, so-called, ‘grain orientation’ requires a costly and
complex regime of rolling and heat treatments and the high-
temperature anneal stage of production produces a glass film
on the surface of the steel which acts not only as an insulating
coating but also as a further means of enhancing magnetic
properties. When steel bearing a glass coating cools from a
high temperature the steel contracts more than the glass so
that at room temperature the glass coating is holding the
steel in a state of tension. This tension improves the magnetic
properties of the steel, so that the material at its best func-
tions as a composite system of a precisely grain oriented steel
substrate held in a state of beneficial tension by a very thin
(some 1-2 pm) layer of glass which also acts as an interlaminar
insulant. A final phosphate coating is usually applied to
complete the insulation and tensioning process.

8.2.7 Test methods

The test methods for electrical steels are fully described in
BSEN 60404-2: 1998 and BSEN 10280: 2001 and in IEC
standards 60404-2 and 60404-3. These tests seek to simulate
the service conditions of electrical steels.

One of the best-known test methods is the Epstein test in
which a set of strips of steel each 30.5cm long and 3 cm wide
are arranged in four limbs with double lapped corners to
form a hollow square. Four double sets of windings enclose
the strips and these are energised to produce a situation ana-
logous to that in a small transformer at operating levels of
magnetic flux density and under ‘no load’ conditions. Careful
measurements of magnetic properties are carried out using
a precision wattmeter and ancillary instrumentation.

There is a growing trend towards the use of single plates
some 50 cm square for tests, and increasing use of such plate
tests will reduce the labour involved in the lengthy Epstein
test.

Cogent Power Ltd produces specialist test equipment
for the measurement and quality control of electrical steel
as do some instrument makers.

Steel producers offer a customer advisory service which
in the case of Cogent Power Ltd is offered as well as the
services of their Standards Laboratory which holds United
Kingdom Accreditation Service (MKAS) approval for
power loss testing at Newport in South Wales.

8.2.8 Various

Electrical steels cover a wide range of applications, some are
made to have especially high strength for use where heavy
mechanical loads arise. Some are of specially precise grain
orientation where very low power loss and the highest
permeability are vital. Some are simple but inexpensive for
use in applications where cost and ease of manufacture of
the final article may be paramount.

Electrical steels used inside nuclear reactors must behave
well under conditions of high temperature and neutron flux.

Wherever alternating magnetic fields must be managed
efficiently and economically, electrical steels of one variety
or another can assist.

8.3 Soft irons and relay steels

8.3.1 Composition

The primary aim of soft irons is to be a close approximation
to pure iron. Efforts are made to keep contaminant ele-
ments to a low level—particularly carbon and sulphur.
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Carbon levels of 0.005% are advantageous, but expensive
to produce, and material of intermediate quality can be
obtained with carbon ranging from this low level up
towards 0.05% and higher. At 0.1% carbon the material
becomes a common ‘mild steel’ and while it can still be pro-
cessed to have useful magnetic properties it is no longer a
specialist material. Sulphur levels are kept as low as possible
and <0.01% is a good aim.

8.3.2 Applications

Soft iron (or ‘relay steel’ as it is often called) is used largely
for the magnetic circuits of electromechanical relays and
solenoids, for the pole pieces of d.c. magnets and parts of
the magnetic circuits of small generators. Quite a consid-
erable amount of soft iron is used in the construction of
particle accelerators for nuclear research where huge magnets
are required to guide accelerated particle beams.

8.3.3 Physical forms
Soft irons come in four main physical forms:

(1) flat rolled, mainly in the thickness range 0.3—2.0 mm;
(2) round rod in the diameter range 2.0-20 mm;

(3) thick plate from 2.0-25 mm thick; and

(4) solid block up to 100 mm to 150 mm thick.

8.3.4 Metallurgical state

To achieve the best magnetic properties the material should
be free from non-magnetic inclusions, have large grains and
be free from internal stress.

8.3.5 Magnetic characteristics

The primary grading property of soft iron is coercive force—
that is the magnitude of reverse field required to demag-
netise the steel fully after a previous magnetisation to a
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Figure 8.2

‘Open’ Pivot

Figure 8.3 A simple electromechanical relay
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Figure 8.4 Shearing of the B—H loop

specified value of magnetic flux density. This is shown as
the distance PQ on the H axis of the B—H loop in Figure 8.2.

Coercive force is important as it indicates the amount of
hysteresis which a material exhibits.

In an electromechanical relay (Figure 8.3) the magnetic
circuit has quite a large air gap in it when the relay armature
is in the relaxed ‘open’ state. When ‘closed’ the air gap is
less but still of finite size (often set by a non-magnetic stop
pip). It is well known that the magnetic reluctance of the air
gap in a magnetic circuit produces ‘shearing’ of the B—H
loop of the circuit material (see Figure 8.4). The coercive
point X stays the same under loop shear, but the remanent
point Y moves to Y. It is apparent that material having a
‘thin’ loop with a small H, will show a greater fall in reman-
ence for a similar amount of ‘shear’ than will a material of
high H. and having a ‘fat’ loop. For this reason coercive
force is used as a quality guide for material which ideally
should have as low a hysteresis as possible.

Besides coercive force, permeability is important.
Depending on the application the low-, mid- or high-field
permeability may be important and strict specifications
may be placed on the magnetic induction (tesla) achieved
for a given applied magnetic field strength.

8.3.6 Grades and specifications

BS6404:8.10: 1994 is the UK Standard for grades of soft iron.
Traditionally, a chemical specification has been used for the



supply of relay steels and soft iron, but this can lead to wide
variations of magnetic properties within a batch which
meets the chemical specification.

Typically, steel is offered to a magnetic specification
within five coercive force grades:

(1) <d0 A/m
(2) <60 A/m
(3) <80 A/m
4) <d20 A/m
(5) <Q40 A/m

(There is still much use made of the CGS unit, the oersted,
(Oe) for soft iron grading). Material supplied to a magnetic
guarantee is much more satisfactory to the relay designer
and quality control engineer.

8.3.7 Heat treatment

It is important that iron should be in a fully annealed stress-
free state in its final form in a magnetic circuit. Most mater-
ial is punched, sheared, upset or machined in one way or
another during fabrication, all of which induces high stress.
An appropriate heat treatment of a piece—part will allow
the material to give the best performance in service.

Optimum heat treatments are best worked out in con-
junction with the steel supplier. Broadly, a 950°C anneal in
a neutral atmosphere followed by a slow cool over several
hours is satisfactory.

Where material is fairly thin (up to 1 or 2mm) the final
heat treatment can, with advantage be decarburising so
that lowest coercive force is obtained as residual carbon
is removed. Decarburising anneals employ furnace atmo-
spheres of wet hydrogen and, again, require specialist
advice.

8.3.8 Ageing

A final anneal takes residual carbon into solution and some
of this may precipitate over a period of years leading to
increases in coercive force as domain wall motion becomes
impeded by carbon precipitates. Ageing may be minimised
by keeping carbon content low and by use of special stabil-
ising additions to the steel. When necessary, modern irons
can be made ageing-free.

8.3.9 Test methods

British Standard BSEN 6404-4: 1997, now being amended,
deals with test methods appropriate to relay steels. It covers
the more lengthy procedures in which a welded ring is used
as sample (or stamped rings from sheet), or the use of a d.c.
permeameter with flux closure yokes. BS 6404: Part 7 (1986)
gives details of the Vibrating Coil Magnetometer with
which it is possible to obtain a coercive force reading in a
few seconds. This is a very simple procedure compared with
the more lengthy permeametric methods which require bal-
listic galvanometers, etc.

Cogent Power Ltd have pioneered the production
of the Vibrating Coil Magnetometer for sale to industry in
conjunction with the National Physical Laboratory.

IEC Standards 60404-4 and 60404-7 are equivalent to BS
6404 Part 4 and BS 6404 Part 7 respectively. Study of the
UK and IEC Test Standards is of the greatest assistance in
understanding how to grade soft irons for quality.
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8.3.10 Other applications

Where relays must operate at the highest speeds it is neces-
sary to raise the electrical resistivity of the magnetic circuit.
This is necessary so that flux can penetrate the core iron
rapidly. A low electrical resistivity gives rise to very vigor-
ous induced eddy currents which oppose flux penetration to
the centre of the material. The use of lamination is not often
suitable so resistivity can best be raised by the addition of
silicon, up to some 3% as required. This produces a four-
fold increase in resistivity.

Thin iron is often used for screening. This may be applied
to cables to reject outside interference or to load them
inductively. Whole areas may be screened with iron enclo-
sures where steady field or field-free conditions are essen-
tial. For this purpose screens consisting of layers of iron
and air are the most effective.

8.4 Ferrites

In the context of electromagnetism, ferrites may be defined
as magnetic materials consisting of compounds of metallic
oxides and containing ferric ions as the main constituent.
They usually have the structure of polycrystalline ceramic
materials, but for some special applications the single crys-
tal form is used. Ferrites are used in a wide variety of appli-
cations in electronic and communication engineering.

In the crystal lattice of ferrites the metal ions are separated
by oxygen ions and this results in high electrical resistivities
which suppress eddy currents and their usually undesirable
effects. Another important consequence of the presence of
oxygen ions is that the magnetic moments of the metal ions
on the two constituent sublattices have anti-parallel align-
ment so that the net available magnetisation is the difference
between the magnetisations of the sublattices (ferrimagnet-
ism). This, together with the dilution due to the presence of
the non-magnetic oxygen ions, inherently limits the satura-
tion flux density of ferrite materials to about 0.4-0.6T
(compared to about 2 T for some magnetic alloys).

The usual manufacturing process consists of the following
steps; mixing of raw materials (oxides, carbonates, etc.) in the
required proportions, calcining at about 1000°C, crushing,
milling, powder granulation, forming to the required shape
by pressing the powder in a die or by extrusion, and finally
sintering the piece parts at about 1250°C for up to 12h in a
controlled atmosphere. During sintering, crystallites of the
required formulation are formed by solid-state reaction and
this process is accompanied by a shrinkage of linear dimen-
sions of between 10 and 25%. The product is a black brittle
ceramic piece part having a density of about 4800 kg/m>. Any
subsequent shaping operations, such as pole face finishing,
have to be done by grinding (and sometimes lapping).

Ferrites may be broadly divided into the magnetically soft
category, those having high permeability and low losses,
and the magnetically hard category, those having perma-
nent-magnet properties. The hard ferrites are described later.

8.4.1 Magnetically soft ferrites

Magnetically soft ferrites have the cubic crystal structure of
the mineral spinel. In ferrites, this structure is characterised
by a very low magnetocrystalline anisotropy which results
in the ferrite having a very low coercivity, high permeability
and low magnetic power losses at frequencies extending
up to 300 MHz, depending on composition. The chemical
formulation is represented by MeFe,04 where Me is most
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commonly a combination of manganese and zinc with some
ferrous iron (abbreviated to MnZn ferrite), or nickel and
zinc (NiZn ferrite). Minor constituents (additives or substi-
tutions) are often included in order to enhance particular
properties.

Ferrites are usually manufactured in the form of specific
core shapes such as rings and a wide variety of pot-, E-, and
U-shaped cores. Except for rings, the complete cores are
usually assembled from pairs of half cores, the mating
surfaces having been ground flat and sometimes lapped to
ensure a low-reluctance joint. Where the application
requires the core to contain an air gap in order to modify
the properties of the wound assembly, one of the pole faces
in the magnetic circuit is ground back by a specific amount
during manufacture.

84.1.1

The properties of a ferrite material are strongly influenced
by the composition, the presence of minor constituents and
the details of the manufacturing process. For example,
increasing the proportion of zinc lowers the Curie point
and affects the saturation flux density. In MnZn ferrites
the presence of a small proportion of the iron in divalent
form critically controls the temperature coefficient of the
permeability and influences the bulk resistivity and the
magnetic losses. By varying these and other factors, a wide
range of ferrite grades can be made, each specifically
matched to a particular application. Typically a manu-
facturer’s range of ferrite grades may extend to over fifty
different specifications.

Properties

All ferrites exhibit a ferrimagnetic (or spin) resonance
frequency at which the permeability falls to a very low
value and the magnetic losses peak. For soft ferrites in gen-
eral, the product of the low frequency initial permeability
and the ferrimagnetic resonance frequency is approximately
a constant (Snoek’s law). So a high-permeability ferrite has
a low cut-off frequency; where low losses are required at
higher frequencies, ferrites having lower permeabilities
must be used, see Figure 8.5

Generally, the MnZn ferrites have the higher permea-
bilities and lower losses in the frequency range up to about
2MHz; their bulk resistivities lie between about 0.05 and
20 Om. The NiZn ferrites have lower permeabilities (depen-
dent on the Ni/Zn ratio) and higher losses (relative to the
MnZn ferrites) below about 2 MHz. However, they main-
tain their useful properties to much higher frequencies.
Their resistivities are about three orders of magnitude
higher than those for MnZn ferrites and so are virtually
free of eddy current effects.

The initial permeability, 1, is the permeability at very low
field strengths. High values of y; are desirable in principle,
but Snoek’s law dictates that the optimum initial permeabil-
ity falls as the frequency characterising the application rises.
If an air gap is inserted in the magnetic circuit of a core, the
permeability apparent to a winding on that core is reduced
to the effective permeability, p.. At the low flux densities
appropriate to signal applications, the magnetic loss in
ferrites is expressed in terms of a loss factor defined as the
tangent of the loss angle divided by the initial permeability,
(tand)/p;. The loss tangent of a gapped core equals the loss
factor multiplied by the effective permeability. In many
applications the flux density is low enough for the hysteresis

Table 8.2 Typical properties of some magnetically soft ferrites (at 25°C unless otherwise stated)

Conditions Ferrite classification
Parameter B Misc. (i) (ii) (iii) (iv) Units
(kHz) (mT)
Principal application Low- Wide band  Power High-
frequency and pulse conversion frequency
inductors  transformers inductors
Basic composition (typical):
MnO/ZnO/Fe,03 27/20/53  25/22/53 34/14/52 mol%
NiO/ZnO/Fe,0; 32/18/50
Initial permeability, u; <10 <0.1 1200-3000 3800-18000 900-4000  70-150
Residual loss factor, 30 <0.1 0.8-2.0 5-10 — — 10=°
(tand,)/ 102 " 1.0-3.0 10-50 — — "
0> " — — — 2040 "
0t " — — — 60-100 "
Temperat}lre factor, <10 <0.1  5-55°C 0.5-2.0 — — 0.8 °C ' x 407
Apif(pi” -46)
Hysteresis coefficient, ng 100 1.5-3.0 0.5-1.0 0.3-1.0 — 6-40 mT ! x407¢
Saturation flux density, By H=250A/m 0.35-0.45 0.35-0.45 0.4-0.5 0.3-0.4 T
Curie point, 6, <10 <0.1 130-210  100-200 180-240  250-400 °C
Resistivity, ps d.c. 1-5 0.05-0.5 1-20 >10* Qm
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Figure 8.5 The inductive component of the permeability, 1/'s; and the
corresponding loss component, 1/'s-as functions of frequency for three
typical ferrites. (a) is an MnZn ferrite having an initial permeability of
2000 and intended for high performance inductors at frequencies up to
about 0.3 MHz, (b) is an MnZn ferrite having a permeability of about 700
and is intended for inductors operating at frequencies of 0.3—-0.7 MHz
and (c) is an NiZn ferrite with a permeability of 130, applicable to
inductors intended for the low MHz band

loss to be negligible. The main loss is then represented by
the residual loss. This is low over the lower frequency region
but rises rapidly as the frequency of ferrimagnetic resonance
is approached. Figure 8.6 shows the residual loss factor as a
function of frequency for three typical ferrites: (i) is a low
loss MnZn ferrite, (ii) is a high permeability MnZn ferrite
intended for signal transformers, and (iv) is an NiZn ferrite
with a permeability of about 130. Other properties of these
typical ferrites are listed in Table 8.2

The temperature dependence of the initial permeability is
important for inductor applications. As a material pro?erty
it is usually expressed as a temperature factor Ay;/(u;”A6),
where fds the temperature. If a core is gapped so that it has
an effective permeability, u., then the temperature coeffi-
cient of effective permeability (and therefore of the induct-
ance of a winding on the gapped core) is p. times the
temperature factor. So the temperature coefficient of induct-
ance can be determined by the choice of the gap length.
For an inductor used in filter applications, the negative
temperature coefficient of the tuning capacitor can thus be
compensated to achieve very high combined temperature
stability.

In applications involving MnZn ferrites, the finite con-
ductivity of the material gives rise to some eddy-current
loss in the core. This loss depends on the size and shape of
the core and, although small in relation to the total core loss
at low frequencies, it can become significant at frequencies
above about 50 kHz, depending on the ferrite resistivity and
the size of the core. The low-amplitude hysteresis loss in a
ferrite is expressed in terms of a coefficient, 7g, such that the
hysteresis loss factor (tan é,)/p; =< B, where B is the peak
flux density. The hysteresis coefficient of a ferrite deter-
mines the Total Harmonic Distortion (THD) generated by
a core made in that material, e.g. for a pulse transformer.
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Figure 8.6 Typical residual loss factors as functions of frequency.
(For material classifications see Table 8.2)

In modern digital networks THD is a critical parameter in
that it can cause bit errors. Special MnZn ferrites with high
permeability and very low hysteresis loss have extremely
low THD levels and are to be recommended for such
applications.

In power applications the important material property is
the power loss per unit volume, i.e. the power loss (volume)
density. The principal component of this is the magnetic
loss which is defined as the loss due to all causes other
than the eddy currents generated in the bulk of the core.
The magnetic loss (volume) density Py =kf™ B', where k
is the loss coefficient and # is the Steinmetz exponent The
values of k, m and n depend on the composition and micro-
structure of the ferrite and are temperature dependent. For
MnZn ferrites intended for power applications, n usually
lies between 2 and 3 (typically 2.5). The exponent m is
unity at low frequencies, rises to typically 1.5 at 100 kHz
and continues to rise as the ferrimagnetic resonance frequency
is approached. These data apply both to sinusoidal and sym-
metrical square-wave excitation (in the latter case the flux
waveform in the core is approximately triangular).

As the frequency of operation increases, the flux density
must be reduced to keep the power loss within the limits
imposed by thermal considerations. For MnZn ferrites
operating at frequencies approaching 1-2 MHz, the rising
value of m in practice imposes a cut-off frequency for the
power application of these materials. To extend the range of
MnZn ferrites to the highest possible frequencies, lower
permeability grades have been developed. Lowering the per-
meability raises the frequency of the ferrimagnetic resonance
and this, in effect, lowers the value of the exponent m.
Figure 8.7 shows the loss curves for two typical high-perfor-
mance power ferrites and illustrates the improvement in the
higher frequency performance that can be achieved by such
means. The ferrite composition is usually chosen so that the
minimum in the power-loss/temperature curve occurs at the
typical operating temperature of the core, for example 85°C.
To evaluate the total loss density it is necessary to add
the eddy-current loss density to the magnetic loss density.
The eddy current loss density, which is specific to a given core,
may be expressed approximately by Pp =<xf2B24.)/s
(4p), where A, is the effective cross-sectional area of the
core and pds the bulk resistivity of the ferrite at the operat-
ing temperature. At low frequencies, the eddy-current loss
can be relatively small, but at frequencies above about
S0kHz it becomes an increasingly significant fraction of
the total.
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Figure 8.7 Magnetic loss (volume) density, Py, for two MnZn ferrites
intended for power conversion applications. The solid curves are
typical of power ferrites for switching frequencies in the range
50-500 kHz. The broken curves show the properties of lower
permeability power ferrites designed for the frequency range

0.5-2 MHz. Courtesy of Drs. J. W. Waanders, Philips Components

For a conventional transformer core, the temperature
rise normally limits the total core loss density to about
100-400 kW/m?, the larger figure relating to the smaller cores.
The maximum allowable core loss density will set a limit
on the flux density for a given frequency and this will enable
the minimum number of turns required on a given core to
be evaluated. The actual core loss is obtained by multiply-
ing the total core loss density by the effective volume of the
core as quoted in the data sheet for the core. In addition to
providing loss data on their grades of power ferrite mater-
ials, some manufacturers quote the core loss in watts at
given frequencies and flux densities for specific cores in
their product range.

In the development of electronic power supplies, the prior-
ity is size reduction which leads to increasing throughput
power densities. To accommodate this trend, switching fre-
quencies are increased, the losses in the ferrites are reduced
by material development and the power loss densities in the
switching transformers are increased. To achieve higher loss
densities in the transformers without exceeding a safe operating
temperature, the trend is to use flat or planar geometries that
can dissipate heat more easily. Such flat designs, which may be
only a few millimetres high, are more compatible with pcb tech-
nology, can use windings based on printed circuit practice and
can allow power loss densities as high as 700 kW/m”.

For the lower frequency power applications where the
design is saturation rather than loss limited, it is important
that the saturation flux density of the ferrite should be as
high as possible at the operating temperature. This allows a
high value of peak flux density to be used and minimises the
required number of turns. Except in saturable reactor appli-
cations, a flux density excursion into the saturation region
must usually be avoided, even under the worst overvoltage
conditions, since it causes a steep rise in magnetising current
that can damage the associated semiconductors.

8.4.1.2  Applications

Magnetically soft ferrites are used extensively as cores for
inductors and transformers in industrial and consumer

electronics. Referring to Table 8.2, the data in the first
three classifications indicate typical properties of MnZn
ferrites. The first is a low-loss ferrite intended for cores in high
quality inductors used at frequencies up to about 300 kHz,
such as inductors in filters for telecommunication applica-
tions. These cores are usually made in the form of cylin-
drical or square pot cores with an air gap to provide a specific
effective permeability. There is usually provision for adjust-
ing the inductance over a range of about +10%. Such com-
ponents combine potentially high Q-factors (300-1000) and
good stability with temperature and time. The evolution
from the early analogue to the present digital electronics
has greatly reduced the proportion of ferrite cores required
for such inductor applications.

The second column in Table 8.2 is representative of ferrite
grades having high initial permeabilities and intended for
cores used in low-power wide-band and pulse transformers.
They are usually made in the form of rings and a wide range
of E-core and pot-core shapes, some having low profiles
compatible with pcb technology. The demand for wideband
and pulse transformers increased dramatically with the intro-
duction of digital networks such as Internet, and this in turn
promoted the development of special high permeability
ferrites having very low third harmonic distortion levels.

The third column refers to ferrites developed specifically
for power applications. Initially the main application was
the line scan (and high voltage) transformer in the domestic
television receiver. The enormous growth in integrated cir-
cuit electronics led to a corresponding growth in the need
for high frequency switched-mode power supplies This
stimulated the development of ferrite materials and cores
specifically for this purpose. Cores for use in power conversion
are now second only in production volume to ferrite yokes
used in cathode ray tube deflection systems. Originally
switching frequencies were between 25 and 50 kHz, but the
trend towards more compact power supplies and the attend-
ant trend towards the use of resonant power conversion has
progressively pushed these frequencies up towards 1 MHz
and beyond. Figure 8.7 shows the magnetic loss data for
two typical power ferrites, illustrating the development of
improved performance at higher frequencies. When switch-
ing frequencies exceed about 3 MHz, even the best MnZn
ferrites are unsuitable due to their increasing eddy current
and ferrimagnetic resonance losses. NiZn ferrites, at the
higher permeability end of their composition range, then
offer superior performance.

Cores developed for power applications are generally
variations of the E-core or U-core shape and many different
designs are available. With the higher frequency applica-
tions, power loss densities become very high and this
makes flat (low profile) geometries preferable, as described
in Section 8.4.1.1.

The largest use of ferrites, by weight, is for yokes in
cathode ray tube deflection systems. Most line deflection
frequencies are relatively low so magnetic loss has not been
a significant parameter in the design. However, in response to
the need for better image definition, the line frequencies
in domestic television receivers and, more particularly, in
computer monitors are increasing; 100kHz and even higher
is quite common. Power losses are therefore becoming
important in this application.

In addition to the uses outlined above, magnetically soft
ferrites are employed in a variety of other applications,
e.g. as rods for radio receiver antennas and tuning slugs in
radio frequency coils. Ferrites with relatively square hyster-
esis loops are used for magnetic amplifiers in power control.
With the increased use of electronic equipment and the
stricter  EMC regulations, electromagnetic interference



(EMI) suppression has become an important application
area for soft ferrites. Special ferrites have been developed
to meet the requirements. In particular, ferrites in which
the permeability and magnetic losses combine in such a
way that the core presents an impedance that remains high
over a broad frequency band. Above 1 GHz, ferrites having
hexagonal crystal structures, such as those used for perman-
ent magnets, are being introduced into the EMI suppres-
sion application. Traditionally, massive ferrite toroids have
been and still are used as coupling cores in large particle
accelerators. To conclude this very brief overview of the
great range of ferrite applications, two very contrasting
products can be included. High permeability ferrites, often
in single-crystal form, are used in large quantities for mag-
netic recording heads in all types of analogue and digital
recording equipment, and ferrites having the property of
absorbing EM waves are produced as tiles, powders and
granules for coating the surfaces of rooms and buildings to
attenuate the reflection or transmission of EM energy at
frequencies from hundreds of MHz to tens of GHz.

8.4.2 Microwave ferrites

Ferrites having special formulations are used in the non-
reciprocal components (or gyrators) in microwave systems.
This application of ferrites at microwave frequencies
depends on the fact that the axis of the spinning electron
(the magnetic element of the crystal lattice) will, if disturbed,
precess with a rotational direction dependent only on the
direction of the static magnetic field aligning the spins, and
at a frequency that depends only on the static field strength.
An electromagnetic wave, having positive circular polarisa-
tion relative to the static field direction and a frequency
equal to the precession frequency, will couple to the spin pre-
cession to induce a resonance. There is no corresponding
coupling or resonance for a negatively polarised wave. So a
ferrite that is saturated by a static magnetic field and thus
constitutes an array of aligned spins, will have properties
that depend on the sense of the polarisation of an incident
electromagnetic wave. Devices based on such material condi-
tions will exhibit discrimination as to the directional proper-
ties of such a wave. This phenomenon gives rise to a family of
waveguide and stripline devices used in microwave systems,
such as unidirectional attenuators (isolators) and energy-
routing components (e.g. circulators).

To meet the diversity of requirements found in micro-
wave applications, many different magnetic oxides have
been developed. Some are based on spinel (cubic) ferrites
such as nickel ferrite, MnMg ferrite and NiCuCoMnAl
ferrite. Magnetic oxides based on the garnet structure are
extensively used in many applications, examples are
yttrium iron garnet and gadolinium iron garnet each
having a variety of substitutions to obtain the required
properties.

8.5 Nickel-iron alloys

The nickel-iron alloys, ranging in composition from 30 to
80% nickel are the most versatile of soft magnetic materials.
The design engineer can select from a wide range of avail-
able properties such as saturation flux density, permeability,
coercive force and loss. The alloys can be subdivided into
four main groups. Properties of a typical range of alloys are
given in Table 8.3.
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8.5.1 30% Nickel

The 30% nickel-iron alloy has a Curie temperature of the
order of 60°C and exhibits a large linear change of perme-
ability with temperature over the range —30°C to +40°C.
This alloy property can be utilised in the form of a shunt
to provide compensation for the change in the character-
istics of a material, such as magnetic performance or con-
ductivity, with temperature. Typical examples of such
usage are watt-hour meters, speedometers and microwave
circulators. The 31% and 32% nickel-iron alloys have
Curie temperatures of 100°C and 150°C respectively and
were developed for use in devices operating at higher
temperatures.

8.5.2 36% Nickel

The alloy has a lower saturation flux density (1.2T) and
permeability than the 50% alloy but its lower cost and high
resistivity make it an attractive alternative. The main appli-
cations are relays, high-frequency transformers and induc-
tors. The alloy is also employed in devices, such as inductive
displacement transducers, where its very low coefficient of
expansion, 1 x4076/°C, is a great advantage.

8.5.3 50% Nickel

This alloy has the maximum saturation in the nickel-iron
range (1.6 T) and is used where a higher permeability and/or
a better corrosion resistance than that of silicon—iron is
required. Another advantage of the alloy is its high incre-
mental permeability over a wide range of polarising d.c.
fields. Applications include chokes, relays, small motors
and synchros.

Special processing techniques enable a wide range of
properties to be developed in this alloy. A cold reduction,
in excess of 99%, produces a cube texture in the annealed
strip and a square hysteresis loop. Applications utilising this
property are magnetic amplifiers, inverters and pulse trans-
formers. Annealing in a magnetic field, below the Curie
temperature, can also alter the magnetic characteristics. If
the field is applied in the conventional manner, both the
initial and maximum permeabilities are substantially
increased. When the field is applied in a transverse direction
a very flat hysteresis loop with a low remanence is pro-
duced. These properties are ideal for thyristor firing
circuits where a unipolar pulse is required and the transfor-
mer only operates between remanence and saturation.

8.5.4 80% Nickel

The high permeability and low coercivity of this group of
alloys is due to the fact that both the magnetostriction and
crystalline anisotropy are essentially simultaneously zero at
this composition. Until the discovery of the cobalt—boron
metal glasses and the nanocrystalline alloys with a similar
combination of properties, the 80% nickel-iron alloys were
unique for their ultra-high permeability performance.

The commercial alloys have additions of small per-
centages of molybdenum, copper or chromium to give
improved magnetic performance over the binary alloy.
Applications include sensitive relays, pulse and wide-band
transformers, current transformers, current balance trans-
formers for sensitive earth leakage circuit breakers and
magnetic recording heads. Magnetic shielding is also a
major area of application either in the form of fabricated



Table 8.3 Nickel-iron based alloys

30%Ni  31% Ni ~ 32% Ni  36% Ni* 45% Ni* 50% Ni* 50% Ni*  54% Ni* 77% Ni' 77% Ni
R 2799%* R 3100%* R 2800* Radiometal Radiometal Super HCR* Satmumetal* Mumetal* Super
36* 4550%* Radiometal Mumetal
250*
Initial — — — 3 6 11 0.5 50 60 250
permeability x 40
Maximum — — — 20 40 100 100 120 240 400
permeability x 40>
Saturation 0.2 0.4 0.7 1.2 1.6 1.6 1.54 1.5 0.8 0.8
flux density (T)
Coercive — — — 10 10 3 10 2.5 1.0 0.5
force (A/m)
Remanence (T) — — — 0.5 1.0 1.1 1.5 0.7 0.45 0.5
Resistivity (u€2-m) 0.85 0.84 0.83 0.8 0.45 0.4 0.4 0.45 0.6 0.6
Density (kg/m?) 8000 8000 8000 8100 8300 8300 8300 8300 8800 8800
Curie temperature 60 100 150 280 530 530 530 550 350 350
O
Expansion 10 7 5 1 8 10 10 11 13 13

Coefficient (°C x 40°)

*Carpenter Technology (UK) limited.

123483 6064 Section 8.6, 1988. Classes E1, E2, E3, E4, respectively.



cans or screens for transformers and cathode ray tubes.
Annealed tape is also used in the manufacture of shielded
cables.

8.6 Iron—cobalt alloys

The addition of cobalt to iron results in an increase in
saturation, up to a maximum flux density of 2.45T at
35% cobalt. The high cost of cobalt, relative to that of
iron, restricts the widespread use of these alloys, although
they are widely employed in the aircraft and associated
industries. Their high Curie temperature and magnetostric-
tion are also of special importance. Properties of a typical
range of alloys are given in Table 8.4.

8.6.1 24/27% Cobalt iron

The ductility drops very considerably when the addition of
cobalt exceeds 27% and compositions in this area are
chosen for applications such as magnet pole tips where
a combination of good ductility, ease of machining and
high magnetic saturation flux density is required. The
permeability, coercive force and loss characteristics are,
however, inferior to the 50% cobalt alloy.

8.6.2 50% Cobalt iron

The optimum combination of magnetic properties is
obtained in the 50/50 cobalt—iron composition. The ducti-
lity of the binary alloy is so low that it is not possible to
fabricate the alloy to any extent. The addition of 2% vana-
dium greatly increases the ductility and fortunately, from
the eddy current loss viewpoint, also substantially increases
the resistivity. The 49/49/2 Fe/Co/V alloy has been exten-
sively used for stators and rotors in lightweight electrical
generators for many years. Other applications include
lightweight/small-volume transformers, special relays, dia-
phragms, loudspeakers and magnet pole tips.

With Curie temperatures in excess of 900°C, this group
of alloys is often the only choice for designers of equip-
ment which incorporates soft magnetic materials that are
required to operate at exceptionally high temperatures.

Table 8.4 Iron—cobalt alloys
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A typical example of such an application is in the construc-
tion of the magnetic pumps used to pump liquid metal in
the production of automobile engine castings.

The demand for increased electrical power in civil aircraft
has forced designers to consider changing from the con-
ventional constant frequency type of electrical generator
to variable frequency or variable speed, constant frequency,
machines. Higher centrifugal forces are exerted on the
rotors of these machines, which operate at greatly increased
speed. High strength cobalt—iron alloys have therefore been
developed to meet these and other applications, such as
magnetic bearings.

8.7 Permanent magnet materials

The properties of a permanent magnet material are given by
the demagnetisation curve (Figure 8.8) the second quadrant
of the B—H hysteresis loop. This extends from the reman-
ence B, to the coercivity H.g. It can be shown that when a
piece of permanent magnet material is put into a magnetic
circuit, the magnetic field generated in a gap in the circuit is
proportional to BHV, where B and H are the corresponding
points at a point on the demagnetisation curve and V is the
volume of permanent magnet material. This means that, to
obtain a given field with the minimum volume of magnet
material, we require the product BH to be a maximum.
The magnet is then designed so that its BH value is as close
as possible to the (BH)max value. It is also useful to use the
(BH)max value, which represents the useful available energy,
to compare the characteristics of materials. Generally, the
material with the highest (BH)yax Will be chosen but this
has to be weighed against such considerations as cost,
shape, manufacturing problems and stability.

When the magnet is fully magnetised in a completed mag-
netic circuit with no gap, the working point is the reman-
ence B.. When a gap is made in the circuit the magnet will
be partly demagnetised and its working point will fall to,
say the point P. If now a further demagnetising field is
applied to the magnet corresponding to H;H, the flux den-
sity will be reduced to B,. If this extra field H|H, is removed
the field will recoil along the narrow loop QR to the point
R. The corresponding flux density is B;. This narrow loop is
called the recoil loop and its slope is =<, Where p, is the

Alloy Saturation Initial Maximum  Coercive Remanence Resistivity Curie Yield strength
Slux permeability Permeability force (T) (n2m) temperature (Mpa)
density (A/m) “O)
(M
24% Co 2.34 250 2000 150 1.5 0.2 950 280
(24 Permendur)*
(Hiperco 27)*
49/49/2 2.34 800 7000 65 1.6 0.4 940 340
Co/Fe/V
(49 Permendur)*
(Hiperco 50)*
49/49/2 2.34 300 4000 180 1.8 0.4 940 600

Co/Fe/V+Nb/Ta
(Rotelloy 8)*
(Hiperco 50 H.S.)*

*Carpenter Technology (UK) Limited.
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Figure 8.8 Demagnetisation curve and recoil loop

relative recoil permeability and p, is the magnetic constant
(=4rex4077). This is an important consideration in
dynamic applications such as motors, generators and lifting
devices where the working point of the magnet changes as
the magnetic circuit configuration changes. It is also impor-
tant when considering premagnetising before assembly into
a magnetic circuit. If p, is nearly equal to unity, as it is for
ferrites and for rare earth alloys, then the magnets can be
premagnetised before assembly into a magnetic circuit with-
out much loss of available flux. However, if y, is consider-
ably greater than unity, care must be taken to magnetise the
magnet in the assembled magnetic circuit.

The dotted curve in Figure 8.8 is the J-H curve where
B=¢7H+J. For materials with B, much greater than
1oH.p, e.g. Alnico, the two curves are almost identical, but
for ferrites and rare-earth alloys where B, and u,H.p are
close in numerical value the curves become quite different.
The J-H curve has only a gentle slope from B,, this indicates
that the magnetisation in the material is nearly uniform. A
new parameter the intrinsic coercivity H.j is introduced.
This intrinsic coercivity H¢y is a measure of the difficulty
or ease of demagnetisation. As the value of H.j is increased
the more will the material resist demagnetisation due to
stray fields, etc. However, as a field of at least three times
H_.;y must be applied to the magnet for magnetisation, diffi-
culties may be encountered in attaining the full magnetisa-
tion if Hj is too high.

Magnets in the three main groups Alnico, ferrites and
rare-earth alloys are generally made anisotropic with the
properties in one direction considerably better than in the
other directions. This best direction is called the preferred
direction of magnetisation. The curves and parameters
applied to such a material refer to the properties in this
preferred direction. To choose between these three materials
for a particular application, Alnico must be used where
magnetic stability is a requirement and this will apply in
any type of instrument application. Ferrite will be used
where cost is the main consideration and rare-earth magnets
will be used if the highest possible strength is required or if
miniaturisation is needed

8.7.1 Alnico alloys

A wide range of alloys with magnetically useful properties is
based on the AI-Ni—Co—Fe system. They are characterised
by high remanence and available energy and moderately
high coercivity. They are very stable against vibration and
have the widest useful temperature range (up to over 500°C)
of any permanent magnet material. They are however
mechanically hard, impossible to forge and difficult to
machine except by grinding and special methods such as
spark erosion.

The commonest alloys contain 23-25% Co, 12-14% Ni,
about 8% Al, a few per cent of Cu and sometimes small
additions of Nb, Ti and Si, with the balance being iron.
They are cooled at a controlled rate in a magnetic field
applied in the direction in which the magnets are to be magnet-
ised. The properties are much improved in this direction at
the expense of those in the other directions. There is finally
a fairly prolonged and sometimes rather complicated heat
treatment at temperatures in the range 550-650°C. With the
aid of the electron microscope it has been shown that after
this treatment the magnets have a two-phase structure con-
sisting of fine elongated magnetic particles separated by a
non-magnetic phase, this structure being oriented by the
magnetic field applied during cooling.

The field cooling is more effective in producing aniso-
tropic properties if the magnets are cast with a columnar
structure. Casting the alloy into a very hot mould placed
on a cold steel plate produces this columnar structure. The
moulds are usually made from exothermic material and the
molten alloy is poured into this mould. This is a rather
expensive process and there are limitations on the lengths
and shapes of magnets that can be made into this columnar
form.

The coercivity of Alnico can be improved by a factor of 2
to 3 by increasing the cobalt content to 30-40% and adding
5-8% Ti with possibly some Nb. For the best properties it is
necessary to hold these alloys for several minutes in a mag-
netic field at a constant temperature, accurately controlled
to +10°C, instead of the usual field cooling process. This
meticulous heat treatment as well as the high cobalt content
makes these alloys expensive and they are only used where
the higher coercivity is required. Columnar versions of these
alloys can also be made but they are very brittle and are
only used for very specialised applications.

The Alnico alloys can be produced as castings of up to
100kg and down to a few grams in weight but it is found
more economical to produce the smaller sizes of 50 g and
less by the sintering process. It is always advisable to con-
tact the manufacturers before any design is considered.

8.7.2 Ferrite

The permanent magnet ferrites (also called ceramics) are
mixed oxides of iron (ferric) oxide with a divalent metal
oxide usually either barium or strontium. These ferrites have
a hexagonal crystal structure, the very high anisotropy of
which gives rise to high values of coercivity, e.g. 150—
300 kA/m (compared with about 110 kA/m for the best
Alnico alloys). The general formula is MO.5.9(Fe,O3) where
M is either Ba or Sr. These ferrites are made by mixing
together barium or strontium carbonate with iron oxide in
the correct proportions. The mixture is fired in a mildly
oxidising atmosphere and the resulting mixture is milled to a
powder of particle size of about 1 um. The powder is then
pressed in a die to the required shape (with a shrinkage
allowance), anisotropic magnets are produced by applying a
magnetic field in the direction of pressing. After pressing the



compact is fired. This compound is a ceramic and can only
be cut using high speed slitting wheels. Ferrite magnets are
produced in large quantities in a variety of sizes for different
applications. Flat rings are made for loudspeakers ranging
up to 300 mm in diameter with a thickness of up to 25mm.
Segments are made for motors with ruling diameters from
40 to 160 mm and rectangular blocks are made for separators
with dimensions of up to 150 mm x 460 mm x 25 mm. These
blocks can be built up into assemblies or cut down into
smaller pieces for a variety of applications. In each of these
cases the preferred direction of magnetisation is through the
shortest dimension. Generally the magnetic length does not
exceed 25mm and if a longer length is required, this is built
up with magnets in series.

The great success of permanent ferrites is due to the low
price per unit of available energy, the high coercivity, the
high resistivity and the low density. The isotropic grades
are the least expensive to manufacture and may be magnet-
ised into complex pole configurations; they are used for a
wide range of relatively small sized applications. The largest
application in terms of market volume is for magnets for
motors which use high coercivity anisotropic ferrite in the
form of an arc-shaped segment. These segments are magne-
tised radially and a pair of segments surround the armature
and provide the stator field. The application for these d.c.
motors is particularly in the automotive industry, e.g. for
windscreen wipers, window movers, blowers etc. Another
large volume application is for loudspeakers where the

Table 8.5 Characteristics of permanent magnet materials*
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high remanence grades are used. Other applications of
anisotropic hard ferrites include magnetic chucks, magnetic
filters and separators.

8.7.3 Rare earth cobalt

The SmCos alloy was the first of the rare-earth permanent
magnet alloys. The alloy powder is prepared by chemically
reducing the rare earth oxide powder together with cobalt
powder. The resulting powder is compacted and pressed
almost invariably in a magnetic field to produce anisotropic
magnets. The properties are due to a very strong magneto-
crystalline anisotropy related to its hexagonal crystal struc-
ture. The range of sizes which can be produced is from
about 1 mm cubes up to blocks of 50 mm x &6 mm x 25 mm,
the short dimension being the preferred direction.

A more recent development is Sm,Co;;7 which is the gen-
eric title for a series of binary and multiphase alloys with a
number of transition metals replacing some of the cobalt.
These alloys have a number of advantages over SmCos
alloys, they include a higher remanence B, and energy
product (BH)max, greater temperature stability and
lower material costs. This potential lower cost is however
offset by the difficulties of production including a long
heat treatment and inconsistency of properties. The good
temperature stability, the best for the rare-earth alloys,
makes it attractive for some applications.

Materialt< B, (BH)max Hep Hr
(T)
(kJm?) MGsOe (kA/m) Oe
Alnico
Normal anisotropic 1.1-1.3 3643 4.5-54 46-60 580-750 2.64.4
Columnar 1.35 60 7.5 60 750 1.8
High coercivity 0.8-0.9 42-46 5.3-5.8 95-150 1200-1900 2.0-2.8
Columnar high H.g 1.05 74 9.2 120 1500 1.8
Ferrites (ceramics)
Barium isotropic (a) 0.22 8.0 1.0 130-155 1600-1900 1.2
Barium anisotropic (a) 0.39 28.5 3.6 150 1880 1.05
Strontium anisotropic (a) 0.36-0.43 24-34 3.04.3 240-300 3000-3800 1.05
La,Co substituted Sr ferrite (a) 0.42-0.44 33-36 4.14.5 320-330 4000-4100 1.05
Bonded ferrite
Isotropic (a) 0.14 4.0-4.3 0.50-0.54 80-100 1000-1250 1.1
Anisotropic (a) 0.20-0.28 7-15 0.9-1.9 140-210 1700-2600 1.15
Samarium cobalt
SmCos sintered (b) 0.9 160-180 20-23 640-700 80008800 1.05
SmCos bonded (b) 0.3-0.75 25-110 3-14 250-550 3000-6900 1.05-1.15
Sm,Co,5 sintered (c) 0.9-1.1 150-240 19-30 600-820 7500-10 000 1.1
Neodymium iron boron
NdFeB sintered (d) 1.0-1.4 200-370 2546 800-1050 10000-13 000 1.05
NdFeb bonded (d) 0.45-0.75 35-90 44-11.3 300-540 3800-6800 1.15
Others
CrFeCo anisotropic 1.3 32-48 4-6 45-50 560-630 2.5-3.5
FeCoVCr anisotropic 0.85 15 1.9 28 350 5

*B,, remanence; (BH)ax, energy product; H.g, coercivity; s, relative recoil permeability. f Intrinsic coercivity Hey: (a) 160-400 kA/m, 2000-5000 Oe (b) 7001300 kA /m,
8700-16 200 Oe (c) 700-1650 kA/m, 8700-20 600 Oe (d) 800-2500 kA/m, 10000-31200 Oe.
The Curie temperature of Alnico is 800-850°C, of ferrite 450°C, of SmCo over 700°C and NdFeB it is 310°C. The Alnicos have a resistivity of about 50 x40~ % Q-m, for the

ferrites it is about 10* Q-m and for the rare earths 90-140 x40~% Q-m.
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Table 8.6 Applications of permanent magnet materials

Alnico Watt-hour meters
Moving coil instruments
Weighing machines
Loudspeakers (television)

Ferrite Loudspeakers (hi-fi)

Holding devices and chucks
D.c. motors (e.g. for windscreen
wipers, window shifters in cars)

Rare earth cobalt
(SmCos)

Travelling wave tubes, klystrons
and focusing assemblies
Stepper and servo motors
Centrifuges, gyroscopes
Microspeakers and earphones

Rare earth cobalt Couplings and frictionless bearings

(Sm,Coy7) Stepper and servo motors
Magnetic bearings and couplings
NdFeB Computer applications including

track shifters and compact disc
motors. Focusing assemblies.
Travelling wave tubes.
MRI body scanners.
Magnetic bearings and couplings
Brushless synchronous and stepper
motors, generators
Micromotors and actuators

NdFeB bonded Walkman motors and earpieces
Small motors for hand tools, toys etc.

Holding devices

8.7.4 Neodymium iron boron

The basic alloy is Nd;sFe;;Bg; it came out of efforts to pro-
duce high energy magnets which do not contain cobalt and
from interest in amorphous alloys produced by very rapid
cooling from the melt. When alloys of the appropriate
NdFeB composition are recrystallised, a material with very
good permanent magnet properties is obtained. The crystal
structure of this alloy is tetragonal, the long axis being the
preferred magnetic direction. The alloy powder can be pro-
duced by ball milling or by reduction of the neodymium
oxide using calcium. However, a more popular development
is to reduce the particle size of the alloy by contact with
hydrogen. In this HD (hydrogen decrepitation) process, the
hydrogen is absorbed with considerable expansion of the
alloy causing it to break down into powder. The hydrogen
is then pumped away. This is followed by jet milling to
reduce the size of the powder to the optimum size. The result-
ing powder is then pressed in a magnetic field to produce an
anisotropic compact and sintered. Throughout the proces-
sing the powder is kept either under a protective atmosphere
or under vacuum to protect the neodymium from oxidation.
The advantages of magnets made from this alloy are that
they have higher remanence B, and (BH)y.x than the SmCo
alloys and they are also cheaper because Co and Sm have been
replaced by Fe and Nd. The disadvantages are that they are
subject to corrosion and to a rapid change of magnetic proper-
ties with temperature, particularly coercivity changes. Coating
the magnets with polymer or metal films, depending on the
application can prevent corrosion. The elevated temperature
properties can be improved by additions of small amounts of
dysprosium, gallium, niobium or vanadium. These last two
elements may also give improved corrosion protection.

A further development of the HD process is the HDDR
(hydrogen, disproportionation, desorption and recombin-
ation) process. This can produce very fine powder after a
heat treatment under vacuum. This powder is suitable for
the production of anisotropic magnets by pressure or for
mixing with a polymer to produce bonded magnets.

8.7.5 Bonded materials

Each of the above materials can in the powdered form be
mixed with a bond pressed to shape and cured either cold or
in an oven. The bonds can be rubber, polymer or plastics and
they may be flexible or rigid. The flexible rubber bonded fer-
rites have found wide application in holding and display
devices and the best quality anisotropic material is used in
small motors. Alnico and rare earth cobalt are also made in
the bonded form, they have the advantage of a uniform level
of properties and freedom from cracking. Bonded magnets
are not so good as the cast or sintered materials, at best the
(BH)mmax is about 50% of the solid forms.

For bonded NdFeB magnets the powder is very often
made in the form of flake. Rapidly quenched melt spun
ribbon is produced by ejecting molten NdFeB alloy through
a fine orifice onto a rapidly rotating water cooled wheel.
The ribbon is crushed into fine flake. The bonded magnets
are produced by mixing the annealed flake with epoxy resin,
pressing the mixture into the required shape and subse-
quently oven curing. The moulding procedure may be either
injection moulding or compression moulding. Injection
moulding is the best for bulk production but compression
moulding provides better magnetic properties. This MQ1
flake material is isotropic and is used for a wide range of
applications including hand held tools, holding devices and
motors. Powder produced by the HDDR process men-
tioned above may be better for some applications as a
higher (BH) .y is possible than with the flake.

8.7.6 Other materials

There are a number of other permanent magnet materials
with minority applications. This is often because they can
be mechanically formed to shape, which is not possible for
Alnico, ferrite or rare-earth alloys. It must be emphasised
that these other materials are only available in a limited
range of sizes and shapes.

Steels, which were the original permanent magnets, are
now almost obsolete because their properties are inferior
to those of the materials mentioned above. They do, how-
ever, find applications in hysteresis motors where lower
coercivities are required.

CrFeCo is an alloy which can be rolled and drawn into
wire, it has properties similar to those of Alnico. The alloy
FeCoVCr can be drawn into wire, which produces the
anisotropy. Platinum cobalt (PtCo) which has a very high
coercivity was much used in the early days of space
research. For most applications it has now been replaced
by rare-earth alloys. However it is still used for medical
and other applications where resistance to corrosion is
required.

8.7.7 Properties, names and applications

The range of properties for each class of material is given
in Table 8.5. These ranges include deliberate variations in
properties obtained by small changes in composition and
heat treatment.



Permanent magnets have for many years been used for a
wide range of applications. The ferrite (ceramic) magnets
provide cheap magnets which are used for small motors
and many other applications in the automobile industry.
The ferrites are also used as ring magnets for radio and hi-
fi loudspeakers and are prepared as blocks which can be cut
up for a wide range of applications. The very great improve-
ment in the available properties provided by the rare-earth
magnets has focused interest on permanent magnet motors
and the associated electronic equipment. In recent years
there has been a movement from the SmCo alloys to
NdFeB alloys but for some applications Sm,Co,7 is pre-
ferred because of its better corrosion resistance and elevated
temperature properties. Table 8.6 lists the important appli-
cations of the various permanent magnetic materials.
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9.1 Introduction

The three major uses of electricity in industry are motive
power, lighting and in the provision of heat for processes.
The latter is perhaps the most interesting since it covers
such a wide variety of products ranging from metals, glasses
and ceramics to textiles, paper, food and drink. The pro-
cesses covered involve aspects of the whole frequency
range from d.c. to ultraviolet and power levels from a few
watts to many megawatts (Table 9.1). With the changes
away from ‘smoke stack’ industries some electroheat pro-
cesses have decreased in importance but others involved in
the newer higher value operations are widely accepted.

9.2 Direct resistance heating

Direct resistance heating is used in the iron and steel indus-
try: for heating rods and billets prior to rolling and forging;
for ferrous and non-ferrous annealing; either alone or in
combination with other fuels for melting glass; in electrode
boilers, for water heating and steam raising; and in salt baths,
for the surface heat treatment of metallic components.

9.2.1 Metals

The resistivity of several common materials is shown in
Table 9.2, and Figure 9.1 shows the variation in resistivity
with temperature of some of these. The relatively high
resistivity of steel allows billets of up to 200m?> to be
heated efficiently, provided that the length is several times
greater than the diameter. The heating time is of the order
of seconds to a few minutes, so that heat losses (e.g. radia-
tion from the surface and thermal conduction through the
contacts) are small. The efficiency of the process can be of
the order of 90% or better. The workpiece resistance is
normally low, and for these efficiencies to be achieved the
supply resistance must be much lower. The low resistivity
of copper and similar materials implies that the length/dia-
meter ratio should be considerably higher than 6 if the
process is to be successful, and with these materials the
more common application is the annealing of wire and
strip. In all cases the cross-sectional area of the current-
flow path must be uniform, otherwise excessive heating,
with the possibility of melting, will occur at the narrower
sections. With the normal 50-Hz supplies non-uniform
current distribution caused by skin effect leads to higher
heating rates at the surface, but this is counteracted by
increased surface heat loss.

Table 9.1 Electric heating processes
Technique Frequency Power

range range
Direct resistance 0-50Hz 0.01-30 MW
Indirect resistance 50 Hz 0.5-5kW
Oven, furnace 50Hz 0.01-1 MW
Arc melting 50Hz 1-100 MW
Induction heating 50 Hz—450kHz 0.02-10 MW
Dielectric heating 1-100 MHz 1-5000 kW
Microwave heating 0.5-25GHz 1-100 kW
Plasma torch 4MHz 0.001-1 MW
Laser CO, 30 THz 0.1-60 kW
Infra-red 30-400 THz 1-500 kW
Ultraviolet (mercury arc) 750-1500THz  1kW
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Figure 9.1 Variation of resistivity with temperature (relative to 0°C)
of aluminium, copper, nickel and iron

Table 9.2 Resistivity of typical metals

Metal Resistivity (p£2-cm)
Copper 1.6
Aluminium 2.5
Nickel 6.1
Iron 8.9
Mild steel 16.0
Stainless steel 69.0

A typical supply circuit is shown in Figure 9.2. The high-
current transformer will usually have off-load tappings to
take account of the major changes in workpiece resistivity
that occur over the heating cycle. The reactance of this
transformer and its associated connections should be mini-
mised and the whole arrangement must be designed to with-
stand the magnetic forces at the high currents involved
which, in the larger units, can be in excess of 100kA.
Although this is a resistance-heating application, the induc-
tance of the circuit may result in a power factor as low as
0.4 at the start of the process, and power-factor-correction
capacitors are often incorporated.

A high contact resistance between the supply and the
workpiece leads to excessive voltage drop and local over-
heating. Large-volume contacts behave as heat sinks with

Contactor

O
Contacts
“ Bar
[ .

Figure 9.2 Electric circuit for direct resistance billet heater
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the possibility of cold ends, and welding of the contact to
the bar may occur. Allowance needs to be made for the
longitudinal thermal expansion during heating. One com-
mercial arrangement uses a number of hemispherical con-
tacts of copper alloy at each end of the bar, applied by
hydraulic pressure. Liquid contacts have been employed
for the continuous heating of wire and strip. Sliding or roll-
ing metal-metal contacts are also used.

Process control can be achieved on the basis of a simple
timed cycle with the transformer tappings adjusted during
the cycle to maintain the required current. A refinement
involves weighing the billet before the process is started
and using this information to adjust the cycle time to give
the required temperature. Other installations are controlled
by an optical pyrometer to monitor the surface temperature
and feed back a signal to the control system. Wire and strip
heating installations usually employ throughput speed as
the control variable.

The direct resistance heating of bar or billets is a one-
phase load that is switched at frequent intervals. This results
in voltage unbalance at the point of common coupling and
in transient voltage disturbances. The load can be phase
balanced by inductive and capacitive components. In large
units the switch-on disturbances may be compensated by a
soft-start arrangement.

9.2.2 Glass

Glass at temperatures above 1100°C, has low viscosity and
a resistivity low enough (Figure 9.3) for direct resistance
heating at acceptable voltages to be considered.

In the UK, electricity is used in mixed melting units
where, typically, electrodes are added to a fuel furnace to
increase the output for a relatively low capital outlay.
Current is passed between electrodes immersed in the
molten glass. These electrodes must withstand the high
temperatures involved and the movement of molten glass
across their surface, and must be protected from exposure
to the atmosphere. Contamination of the glass by pick up of
electrode material must also be avoided and either molyb-
denum or tin oxide electrodes are used with current densi-
ties of the order of 1.5kA/m> A one-, two- or three-phase
electrode system may be employed; the two-phase connec-
tion uses Scott-connected transformers. The three-phase
arrangement is preferred for phase balance and low cost,
and also produces electromagnetic forces in the glass
which, together with the thermal forces, lead to significant
movement in the melt. Provided that it is not excessive, the
movement improves quality and melting rate.
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Figure 9.3 Variation of resistivity with temperature of glasses

Existing electric furnaces have usually followed a tradi-
tional design pattern with a rectangular tank, but circular
designs have now been developed which are claimed to give
improved stirring in the melting zone.

The power input to the furnace, and hence the melting
rate, is controlled by varying the input voltage by use of
tapped transformers or saturable inductors. An alternative
method is to change the effective surface area of the elec-
trodes by raising them from the melt.

9.2.3 Water

The generation of steam and hot water by passing current
between electrodes in water is now common practice. As
with molten glass, the conductivity is dependent on the
ions that the water contains, but in many districts it is suffi-
cient to use normal tap water. Electrode boilers range in
size from a few kilowatts up to 20 MW. The larger capacity
units operate at high voltages up to 6kV, and the water
is sprayed on to the cast-iron electrode. The heating rate is
regulated by moving a porcelain shield over the jets to
divert the water. Output control in the smaller units
is achieved by varying the surface area of the electrode in
contact with the water, either by vertical movement of the
electrodes or, more simply, by changing the water level in
the boiler. It is important to ensure that the conductivity of
the water is maintained at the appropriate value: too low a
conductivity reduces the power, while if the resistivity is too
high the result is a deposition of insoluble salts on the
electrodes. In large units the conductivity and pH are con-
tinuously monitored and their values automatically controlled.

9.2.4 Salt baths

Salt baths can be used for heat treatment of metal com-
ponents. The heated salt reacts chemically with the surface
layer of the workpiece to give the required surface proper-
ties. At temperatures above about 800°C direct resistance
heating as opposed to the use of sheathed elements or exter-
nal heat sources is the only usable method. Although the
salt is a good conductor when molten, the bath must be
started up from cold by using an auxiliary starting electrode
to draw a localised arc. The electrodes have to withstand
the corrosive effects of the salt and are manufactured from
graphite or a corrosion-resistant steel alloy. The currents
involved can be up to 3kA at voltages of 30 V. Both one-
and three-phase units are available.

9.2.5 Other fluids

In recent years the principles of electrode boilers have been
extended to the heating of a number of other fluids, under
the generic term of ohmic heating. Units having a heating
capacity of up to 200kW operating at voltages up to
3.3kV have been used to heat foodstuffs containing solid
particulates (with characteristic dimensions of up to
25mm) to temperatures of 140°C, thus cooking and steri-
lising the foodstuff in a single very rapid (in some instances
a few tens of seconds) operation, which preserves the qual-
ity and taste of the food for subsequent packaging and
unrefrigerated storage with a shelf-life of many months.

The potential of the technique for heating other fluids
which tend to foul conventional heat-transfer systems, but
without the expense of microwave or r.f. generators, has
also been exploited in the heating of clarified sewage and
sewage sludge to maintain process temperatures during the
treatment at sewage works, and as a possible method of
pasteurising the final effluent from the works.



The technique also lends itself to the heating of highly
corrosive conducting liquids, provided materials can be
identified for the electrodes and heater enclosure which are
capable of withstanding the conditions in the heater for rea-
sonable periods of time, without introducing unacceptable
levels of contamination into the liquid stream.

9.3 Indirect resistance heating

In this method, electricity is passed through a suitable con-
ducting material or element which then transfers its heat by
conduction, convection and/or radiation to the target mater-
ial or process. The element becomes the hottest component
of the system and the factors which determine the choice of
element materials depend on the nature of the heat transfer
process employed and the physical and chemical character-
istics of the process environment.
All such elements have the following characteristics:

(1) they are electrically conducting materials;

(2) they are supplied with electricity via a suitable contact,
cold end or terminal block, and leads;

(3) they need mechanical support;

(4) they are solid materials; and

(5) they have properties enabling an economic operating
life for the environment or process chosen.

9.3.1

Traditionally, metallic elements take the form of wire, strip
or tape. This calls for reasonable ductility in the manufac-
turing process. For a given operating temperature, the
element life tends to decrease with decreasing cross-section
of element caused by progressive oxidation of the surface
or reduction in mechanical strength and so, in practice,
an optimum element thickness for economic life exists for
each application. The choice of metal composition will
depend upon the operating temperature required, the mater-
ial resistivity, the temperature coefficient of resistance, high
temperature corrosion resistance, mechanical strength,
formability, and cost. Metallic elements can be manufac-
tured to close tolerances and, provided the material is in
the fully annealed, slowly cooled condition, will have nom-
inal resistivities within +£5%.

Whilst many metals and alloys are used as element mater-
ials, the most common for industrial applications are alloys
based on nickel-chromium, iron—nickel-chromium alloys,
or iron—chromium—aluminium alloys. All depend on an
adherent non-spalling, self-sealing oxide layer forming on
the surface of the alloy. Further oxidation is limited by dif-
fusion of reacting species through this oxide layer. The
iron—chromium-aluminium alloys rely on an alumina film
developing on the surface, whereas the nickel-iron—chro-
mium alloys depend on chromium oxide. Generally, the
iron—chromium-aluminium alloys can operate at higher
temperatures than the nickel-chromium based alloys, but
are not as readily fabricated. The most exotic metals (plati-
num, tantalum, molybdenum, etc.) are used for special
laboratory or high temperature vacuum work. Table 9.3
summarises some of the characteristics of these materials.

When used in a freely radiating state, the elements need to
be supported on ceramic tubes, pins or correctly insulated
metallic pins. If ceramic supports are chosen, it is important
that they have sufficient mechanical strength to prevent sag-
ging and have a sufficiently high electrical resistance at the
working temperature to prevent excessive leakage current.
Elements can also be supported in grooves in bricks, partially
or fully embedded in ceramic fibre vacuum formed blocks or

Metallic elements
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cast refractory blocks. It is important to reduce the furnace
wall loadings to suitable levels when employing these tech-
niques, and that the electrical loadings, often quoted in
terms of watts per square centimetre of element surface,
and the geometry of the element and supports comply with
the element manufacturer’s recommendations.

Advice and literature on this subject is readily available
from suppliers.

9.3.2 Sheathed elements

The elements may be protected from the working environ-
ment by the use of a suitable insulation layer separating the
element from an outer sheath. In many domestic appliances,
for example cooker rings, immersion heaters and kettle ele-
ments, a purified magnesium oxide powder separates the
helical element coils from copper, stainless steel or nickel
based alloy sheath material. In these cases the element is
often rated in terms of watts per square centimetre of
sheath. Such mineral insulated elements are also used in
industrial applications as cartridge heaters, radiant panels
and immersion heaters.

Thin strip or band heaters are available which use a mica
insulation between the element and the sheath.

Higher rated industrial units employ a protective metallic
or thermally conducting ceramic sheath insulated from the
elements by an air gap created by suitable ceramic supports
and spacers. As before, careful consideration should be
given to selection of materials for use in each application
regarding the heat transfer, electrical and mechanical prop-
erties and corrosion characteristics.

9.3.3 Ceramic elements

Silicon carbide, molybdenum disilicide, lanthanum chromite
and hot zirconia are examples of ceramic materials which
have sufficient electrical conductivity to act as element mater-
ials. The silicon carbide and molybdenum disilicide elements
depend on a protective, self-sealing silica layer on the surface.
These materials tend to be brittle and have to be handled
with care, but they can achieve much higher temperatures
and surface loadings in air than can conventional metal ele-
ments. They also can have unusual temperature coefficients
of resistance as shown in Figure 9.4. Note that the values
shown in this figure are for illustrative purposes only. The
actual resistivity will depend on purity, grain size and method
of manufacture. Careful selection of element size, shape and
working resistance is required in practice, and advice regard-
ing the choice of element, support, insulation and electrical
supply characteristics should be sought.

Graphite is another recognised non-metallic element
material which, of course, should be operated in the absence
of oxygen or gaseous oxygen compounds such as steam and
carbon dioxide.

Ceramic elements generally consist of a hot zone either
created by a thin section or a spiral cut supported by two
or more cold ends which are either thicker in cross-section
or which have been impregnated with a metallic phase to
lower the resistance locally. Examples, together with their
metallic counterparts, are shown in Figure 9.5. Ceramic ele-
ments must be free to expand and contract in their support
system, otherwise tensile failure may occur.

9.3.4 Terminals and leads

The means of connecting the elements to the electrical
supply is a very important design requirement and the cor-
rect choice of location, materials and joining method can
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Table 9.3 Materials for resistance-heating elements*

Material 0¢(°C) (1078 /m) ag(1073/K) Principal applications

Nickel based alloyst

80 Ni/20 Cr 1200 108 +14 Furnaces, resistance heaters, mineral insulated
elements for domestic and industrial use

60 Ni/15 Cr/bal Fe 1150 111 +18 Firebar and convector heaters. Domestic and
furnace applications up to 1100°C

35 Ni/20 Cr/bal Fe 1100 104 +29 Some domestic appliances and general heating
equipment at moderate temperatures

20 Ni/25 Cr/bal Fe 1050 95 — Terminal blocks

Iron based alloyst

22 Cr/5.8 Al/bal Fe 1400 145 +3.2 Furnaces for heat treating glass, ceramics, steel,
electronics; crucible furnaces for melting/holding
aluminium and zinc

22 Cr/5.3 Al/bal Fe 1375 139 — Industrial furnaces

22 Cr/4.8 Al/bal Fe 1300 135 4.7 Furnaces for moderate temperatures, appliances

Exotic metals

Platinum 1300 10.58 3.92 Laboratory furnaces, small muffle furnaces

90 Pt/10 Rh 1550 18.7 —
60 Pt/40 Rh 1800 17.4 —

Molybdenumi<= 1750 5.7 4.35 Vacuum furnaces, inert atmosphere furnaces

Tantalumi< 2500 13.5 3.5 Vacuum furnaces

Tungsteni< 1800 5.4 4.8 Incandescent lamps, vacuum and inert
atmosphere furnaces

Non-metallic materials

Graphitei< 3000 1000 —26.6 Vacuum, inert gas, reducing-atmosphere furnaces

Molybdenum disilicide 1900 40 1200 Glass industry, ceramic kilns, metal heat
treatment, plus laboratory furnaces

Silicon carbide 1650 1.1 x40° — Furnaces for heat treatment of meals, ceramic
kilns, conveyor furnaces

Lanthanum chromite 1800 2100 — Laboratory furnaces and special ceramic kilns

Zirconia§ 2200 — — Laboratory furnaces and special ceramic kilns

*@, Maximum element operating temperature; p, electrical resistivity at 20°C; «, mean temperature coefficient of resistance at 20°C.

T Approximate compositions.

{ot to be used in atmospheres containing oxygen, oxides of carbon, water vapour, etc.

§ Becomes sufficiently conducting at temperatures in excess of 1000°C.

maximise reliability. The temperature of the joint should be
kept as low as possible. This can be achieved by using large
terminations of high thermal conductivity arranged such
that the contact resistance is low and any heat generated in
this region can be dissipated correctly. Materials with a good
electrical conductivity and high oxidation resistance at the
expected temperature are recommended. Several types of
nickel alloy can be employed for high-temperature connec-
tions, and aluminium braid, held in place with special clips,
is used to connect to the cold ends of ceramic elements.

For terminals exposed to wet conditions it is important
to ensure adequate corrosion resistance and this should
include consideration of avoiding electrochemical corrosion
couples by choice of incompatible alloys as well as the dan-
ger of electrical shorting across the terminals themselves.

Leads should be of low resistance and should have suffi-
cient section to dissipate any joule heating (/°R) incurred.

Note that the use of thyristor-control systems may require
the use of leads and cables up-rated to cater for harmonic
currents.

9.3.5 Aggressive environments

Carbon and sulphur are harmful to nickel based alloys, and
chlorine or molten chloride or liquid metal splashes can
damage both nickel and iron—chromium-aluminium based
alloys. Element materials which rely on a self-sealing oxide
for protection may be damaged by reducing atmospheres
and the maximum operating temperature of the elements
for such conditions, or the element surface electrical load
(W/cm?), may be reduced accordingly. Protective tubes or
sheaths may be used for such environments. However, this
may impose an additional space requirement in the process
and should be considered during the design stage.
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Figure 9.5 Construction of heating elements used in ovens and furnaces: (i) metal heating elements; (a) wire coil supported on hooks or in
grooved tile; (b) strip; (c) cast element; (d) tubular heating elements; (ii) non-metallic heating elements; (e) rod and tubular silicon carbide elements;

(f) molybdenum disilicide; (g) graphite
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Table 9.4 Examples of immersion-heater sheath materials

Iron, steel
Grey cast iron
Ni resist cast iron

Type 20 stainless steel
Incoloy 800*
Inconel 600*

Aluminium Titanium
Copper Hastelloy Bt
Lead Quartz
Monel 400* Graphite
Nickel 200* Teflon

304, 321, 347 stainless steel
316 stainless steel

Nitride bonded silicon carbide
Silicon carbide

*Registered tradenames of Inco Europe Ltd.
T Registered tradename of Cabot Corporation.

Immersion heater sheath materials should be matched to
the process environment too. Table 9.4 lists some of the
materials commonly used for this purpose.

9.3.6 Infra-red heaters

Infra-red is one of the most widely used electrical process
heating techniques in industry, finding applications in all
sectors. The intensity distribution of radiation with wave-
length from an infra-red source varies with its temperature.
Proportionately more of the power is radiated at shorter
wavelengths as the temperature of the source is increased
(Figure 9.6). Typical input power densities to different
types of infra-red sources are given in Table 9.5, with many

10°

10?

10"

Kilowatts radiated per square metre per micrometre wavelength

10°

of the comments given earlier in Section 9.3 applying also to
their use for infra-red heating. The lower temperature infra-
red sources (long and medium wave) are normally used for
heating and drying non-metallic materials as these generally
absorb at the longer wavelengths. Short-wave heaters are
used where higher product temperatures are required (e.g.
metal heat treatment), high intensities and through heating
of suitable materials.

Efficient use of infra-red radiation for heating is assisted
by matching the spectral output of the infra-red source to the
reflective and absorptive properties of the product in the
infra-red range. Materials considered to be good absorbers
of infra-red radiation, because they are opaque, can show a
significant degree of reflection, particularly at short wave-
lengths. Materials of thick section which show a considerable
degree of transparency to some infra-red wavelengths, can
advantageously be through heated by choosing an infra-red
source producing most of its output at these wavelengths.

Control of infra-red heating can be effected in a number of
ways. Infra-red heaters are generally of low power rating (less
than 10 kW). Thus an infra-red heating installation will often
use many heaters which can either be switched on/off indi-
vidually or in groups, or the voltage/current to each or groups
can be adjusted. As control of heating systems increases, con-
tact or remote (pyrometers) temperature sensing of the pro-
duct is used, with information fed back to the control system
for the heaters. One aspect of altering the power input to an
infra-red heater is that its temperature, and hence its spectral
output, will be changed which can have implications for the
efficient heating of those materials which show a variation in
infra-red absorption with wavelength.

Wavelength {um)

Figure 9.6 Black-body radiation: 1, 600°C; 2, 1000°C; 3, 1500°C; 4, 2000°C
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Type Maximum surface temperature ~ Maximum power density — Heater wavelength
(°C) (kW/m?)
Embedded ceramic heater 600 68* Long
Mineral insulated element 800 40% Long
Tubular quartz-sheathed element 900 50%* Medium
Circular heat lamp (375 W) 2100 30%* Short
Linear heat lamp (1 kW)
Parabolic reflector 2100 50* Short
Elliptical reflector 2100 907«
Quartz-halogen linear heat lamp (12kW)
Parabolic reflector 2700 200* Short
Elliptical reflector 2700 30007« Short

* Average power density.
+Power density at focus.

9.4 Electric ovens and furnaces

Electric ovens and furnaces are used for a great variety of
different processes, ranging from sintering ceramic mater-
ials at temperatures up to 1800°C to drying processes close
to ambient temperature at power ratings varying from a few
kilowatts to more than 1 MW. A substantial part of the
electric heating load is taken by electric ovens and furnaces
of conventional design used for heat treatment (Table 9.6)
and similar processes at temperatures up to about 1100°C.

9.4.1 Heating-element construction for ovens
and furnaces

The materials used for resistance heating elements have been
listed in Table 9.3. Forms of construction of furnace heating

Table 9.6 Heat-treatment processes

Metal Treatment process Temperature
range (°C)
Aluminium and  Annealing 250-520
alloys Forging 350-540
Solution heat treatment  400-500
Precipitation hardening  100-200
Stress relief 100-200
Copper Annealing 200-500
Brass Annealing 400-650
Magnesium and  Annealing 180-400
alloys Solution heat treatment 400
Precipitation hardening ~ 100-180
Nickel and Annealing 650-1100
alloys
Carbon steel Annealing 720-770
(0.6-1.5% C)  Forging 800-950
Tempering 200-300
Hardening 760-820
Stainless steels Tempering 175-750
Hardening 950-1050
Cast iron Annealing 500

elements are shown in Figure 9.5. Metal resistance heating
elements for furnaces are normally in the form of wire, strip
or tube. Heavy-section low-voltage high-current elements are
made with an alloy casting or with corrugated or welded
tube. Helically wound wire heating elements are manufac-
tured with wire-to-mandrel diameter ratios of between 3:1
and 8:1, limited by collapse of the helix. The helix is then
expanded so that its length is about three times the close-
wound length. Coiled-wire or strip heating elements may be
inserted in ledges or grooves supported at intervals by nickel
alloy or ceramic pegs. The end connections of the heating
elements, normally made of a material different from that of
the element to reduce attack from oxidation and chemical
reaction with the refractories, have a lower resistance to
reduce heat dissipation where the leads pass through the
furnace wall; this lower resistance is achieved by making
the diameter of the ends greater than that of the heating
zone or by using a material of high electrical conductivity.

Silicon carbide rod or tubular heating elements are
mounted vertically at the side or arranged to span the roof
of the furnace. The cold ends of these rod elements are
impregnated with silicon or made by joining end sections
of higher conductivity. The hot zone of a tubular element
is obtained by cutting a helix so that the current path length
is increased and the cross-section is reduced which increases
the resistance. Single-ended double-spiral and three-phase
rod heaters can be suspended vertically from the roof of
the furnace.

Molybdenum disilicide is normally available only in the
hairpin or W-form of construction for suspending vertically
or supporting in a horizontal plane. The heating zone is of
reduced cross-section to increase the resistance. Graphite in
the form of machined rods or slabs, or as tubes, is used in
muffle furnaces.

9.4.2 Ovens

An oven is usually defined as having an upper temperature
limit of about 450°C. Ovens, using natural or forced convec-
tion, are widely employed for drying and preheating plastics
prior to forming, curing, annealing glass and aluminium bak-
ing and a host of other applications. Coiled nickel-chrome
wire or mineral-insulated metal sheathed heating elements
are distributed around the oven so as to obtain as uniform a
temperature distribution as possible. Heat transfer rates may
be increased by using a fan to circulate air over the heating
elements onto the workpiece, the air being recirculated
through ducts. An important advantage of convective ovens is
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Figure 9.7 Infra-red conveyor ovens. (a) Horizontal conveyor;
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that the operating temperature is normally the element tem-
perature and the maximum temperature is never exceeded as
the process is self-limiting, which prevents overheating if the
material is left in the oven too long. This is particularly import-
ant for temperature-sensitive materials such as plastics.

High heating rates can be achieved by direct radiation
from heating elements in infra-red ovens. The oven walls
are made of sheet metal which reflects the radiation, and
vapour is easily removed. Two forms of continuous infra-
red ovens are illustrated in Figure 9.7, the low thermal mass
and weight allowing a light-weight structure and a very high
power density. The high-intensity lamps employed have
a low thermal inertia and can be switched to a low level
of stand-by power, full power being used only when the
workpiece is inside the oven. Infra-red heating processes
are advantageous when only the surface layer is required to
be heated, for example when curing coatings, so that the
overall efficiency may be very high compared with other
methods which heat also the substrate.

9.4.3 Furnaces

Furnace construction depends on the application. Some
examples of batch furnaces for heat treatment are shown in
Figure 9.8. The heating elements are arranged around the
sides of the furnace and, where very uniform heating is
required, also in the roof, door and hearth. Radiation from
the heating elements and from the refractory lining occurs,
so that the internal surface of the furnace approximates to a
black-body enclosure.

Forms of work handling used with batch furnaces include
bogie or car-bottom hearths and elevated hearths raised
into the furnace on hydraulic rams to facilitate loading and
unloading. The box furnace is normally used at tempera-
tures where radiation is dominant. Where it is necessary
to avoid exposure to air during the quenching process,
the sealed quench furnace is used. Forced convection fur-
naces allow high heating rates and with careful design, good
temperature uniformity can be achieved; but usually these
are limited to maximum temperatures of 700-900°C. In the
pit furnace, capable of operating at higher temperatures,
radiation is the dominant mode of heat transfer and, by
using a retort, the process can be carried out in a controlled
atmosphere.

The bell furnace may be used as a hot-retort vacuum
furnace. By reducing the pressure inside the bell, very low
partial pressures of oxygen are obtained. Since heat losses
by convection are greatly reduced at low pressures, the bell
can be raised when the required temperature is reached, one
bell then being used to heat several retorts.

The rectangular bell furnace is a form of box furnace that
allows unimpeded access to the furnace hearth. It is useful
for heat treating large components such as mill rolls or fra-
gile items such as ceramics. The cold-retort vacuum furnace
allows very high temperatures to be achieved. It is used for
heat treatment and brazing in controlled low-pressure
atmospheres using vacuum interlocks to achieve high
throughputs. The hydrogen muffle furnace is used for sin-
tering alumina at 1700°C, zone refining where a precise tem-
perature profile is required, and the continuous annealing
of wire and strip in controlled atmosphere by use of an
open-ended muffle.

Continuous furnaces use a conveyor mechanism enabling
in-line processes to be carried out combining heating and
cooling at a controlled rate (Figure 9.9). Some examples of
different conveyor mechanisms are illustrated in Figure
9.10. The choice depends on the nature of the process and
the size of the workpiece. Applications range from bright
annealing of fasteners to normalising steel billets.

9.5 Induction heating

Induction heating makes use of the transformer effect. The
workpiece is placed in the alternating magnetic field of a
coil. The field produces eddy currents in the workpiece,
which is heated as a result of /°R losses. The induced
current density and consequent heating effect is always
non-uniform; it depends on the magnitude and frequency
of the inducing field and the physical properties of the
workpiece. The current density in the workpiece is a max-
imum nearest to the surface adjacent to the coil conductors
and, in the case of a solid workpiece in an enclosing coil, is
zero at the centre. The distribution of heating in the body of
the workpiece can be controlled by choice of frequency. If
the frequency is high, most of the heat is developed in a thin
layer, while lower frequencies give a more uniform distribu-
tion. Hysteresis loss heating also occurs in ferrous metals; it
is normally small compared with the eddy-current effect but
it is applicable in heating metal powders at high frequencies.
Induction techniques are used for both through heating and
surface heating of metallic materials at frequencies in the
range 50 Hz to 1 MHz. They are used for melting and also,
at very high frequencies, in the manufacture of semiconduc-
tor materials, and the hot working of glass.

The eddy-current power P per unit length of a cylindrical
workpiece of diameter d, resistivity p¢ and absolute
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permeability u, induced by an alternating field of strength
H (r.m.s.) and frequency f'is

, s d :
P=H 5\ pQ 9.«
where éds the skin depth of the induced current
8o= (p/nfu)'" (9.2)=

Q is a factor depending on skin depth and the shape of the
workpiece, and is plotted in Figure 9.11 for a cylinder in
terms of a normalised (dimension/skin depth) parameter.
Values of 6, based on room-temperature resistivities and
assuming, where appropriate, a relative permeability of 100
(i.e. pe=100py), are given for a number of materials in
Table 9.7. The relative permeability is a function of the
applied magnetic field strength and can be as low as 10 in
high-intensity heating applications. For design purposes,
the value of resistivity appropriate to the average tempera-
ture of the workpiece is used. High frequencies (i.e. small
skin depths) are needed if workpieces of small dimensions
are to be heated.

9.5.1 Power sources for induction heating

There is still an economic advantage in being able to use
power at the frequency of the mains supply rather than con-
verting to a higher frequency. However, the increased
power rating of solid-state converters, their reducing cost/
unit power, ease of control and the fact that they present
balanced loads to the supply system, means that each
application must be carefully assessed. Loads which can
be effectively heated at 50 Hz include slabs, large billets
and cylinders, and process vessels. Depending on the load
rating, the power input is controlled by either an oft-load
tap changing transformer or an autotransformer. Power-
factor correction is usually provided on the primary side of
the heater supply transformer, and phase-balancing networks
are used to correct the imbalance of large single-phase loads.
Voltage transients on the supply network are minimised by
the use of soft-start arrangements when switching large
loads.
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