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Preface

The insulation of components and devices in high-voltage technology is of vital importance
and is often the decisive factor in design and construction. Knowledge of the physical
processes which limit the electric strength of an arrangement is essential for economical
manufacture and reliable performance.

The development of high-voltage insulation technology since the beginning of this century
has produced very different solutions for diverse insulations. Characteristic terminology is
frequently used pertaining to specific devices, and this often obscures the clear view of
the basic scientific principles. Manifold solutions, as a consequence of different properties
of the working materials, also impede the understanding of common ground.

This book is principally intended for students of electrical engineering who, towards the
end of their course, aim to pursue the difficult path of applying their fundamentals to
practice. Very often one has to be satisfied with a solution comprising rough approxi-
mations and simplifications, yet one must not lose sight of the basic principles because
knowledge of these and their proper application are prerequisites for further development
in virgin technological territories.

In full consciousness of this continuity Prof. Dr.-Ing. E.h. Hans Prinz, our mutual academic
tutor at the Technische Hochschule Miinchen, trained his students accordingly. We are
honour-bound to gratefully acknowledge this in these pages.

Beginning with a brief review of the procedure for the determination of electric fields, in
the first section on electric strength we consider breakdown phenomena in solids, liquids
and gases, in vacuum and on contaminated insulators. The second section comprises a
condensed treatment of the properties of high-voltage insulation materials as well as their
testing.

Finally, in the third section we discuss constructional peculiarities in high-voltage tech-
nology, and subsequently the design and manufacture of capacitors, bushings, lead-outs,
transformer windings and instrument transformers with examples. We conclude with
tables and diagrams frequently used in the design of high-voltage insulations. Preference
has been given to fundamentals rather than detail; a comprehensive bibliography is
appended for further assistance where our treatment may be considered rather terse.

The subject material was collated during the many years work as lecturer at the Tech-
nische Universitit Braunschweig, from the consolidation of personal industrial experience
and from research work done at the Braunschweig High-Voltage Institute.

This is an updated version of the German book “Hochspannungs-Isoliertechnik” published
1982, to which many co-workers contributed. We specially thank Dr.-Ing. B. Fell and
Mr. J. Nissen for their assistance in revising the German manuscript before translation.
We also wish to extend our thanks to a number of colleagues at universities and in in-
dustry for the specific perusal of and comment on individual sections.



VI Preface

This English volume was prepared in excellent collaboration with our colleague Dr.-Ing.
Y. Narayana Rao, Indian Institute of Technology, Madras, who undertook the trans-
lation out of the fund of his own extensive experience in teaching and research. His work
was supplemented by Mrs. C. C. J. Schneider M.A. (Cantab.) who carefully revised the
English manuscript. Thus the same team was engaged as in the case of the earlier volume
“An introduction to High-Voltage Experimental Technique™, published 1978 in the same
series. The revised manuscript was painstakingly reyped by Miss G. Bosse. Finally we wish
to thank the publishers Vieweg-Verlag for their efficient cooperation.

Braunschweig, February 1985 Dieter Kind
Hermann Kdrner
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Compilation of the most important symbols used
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spacing, thickness, length

mobility, width, length

diameter

elementary charge

frequency

current (instantaneous value)
Boltzmann constant, factor, parameter
length

mean iron path length

mass, transformation ratio, natural number
charge carrier density, natural number
geometrical characteristic, pressure
charge

effective iron cross-section

radius, spacing

gap spacing, thickness, standard deviation
time

formative time lag

breakdown time

statistical time lag

voltage (instantaneous value)

relative short-circuit voltage

volume, velocity, water content
number of turns

magnetic vector potential, constant, area
magnetic flux density, constant, width
capacitance

distributed capacitance, referred capacitance
electric displacement, diameter

electric field strength, modulus of elasticity (Young’s modulus)
electric field strength (peak value)
breakdown field strength

inception (onset) field strength

force, volt-time area, relative humidity, error
surface force

filler content referred to total mass
magnetic field strength

current (fixed value, effective (rms) value)
current (peak value)



Compilation of the most important symbols used

K  constant, factor

L  self-inductance, length

L distributed inductance, referred inductance
P probability, power

P power density

Q  charge

R radius, real part of impedance (resistance)
R; thermal resistance

S current density, apparent power

T  absolute temperature, periodic time

Ty reference temperature

T, ambient temperature

U  voltage (fixed value, effective (1ms) value)
U voltage (peak value)

Uy breakdown voltage

U, inception (onset) voltage

U; ionization voltage

W energy

W' energy density

X reactive part of impedance (reactance)

Z apparent impedance (impedance)

o electron ionization coefficient, thermal transition number, parameter
v secondary electron emission coefficient, density
tand dissipation factor
€ dielectric constant (dielectric permittivity)
€9 electric constant (permittivity of free space)
€.  relative dielectric constant (relative permittivity)
n utilization factor
ne  attachment coefficient of electrons
®  temperature in °C
K conductivity
A mean free path, thermal conductivity
7] permeability
o  magnetic field constant (permeability of free space)
i, relative permeability
v natural number, running index
space charge density, specific resistance
o variance of the mean, loss increase, surface charge density
o, layer conductivity
v electric potential
w  angular frequency

®  current linkage (magnetomotive force, ampere-turns)
(0] magnetic flux



1 Electric Strength

Analogous to mechanical strength, electric strength in insulation systems is a particularly
important property. If the electric stress exceeds the electric strength, the insulation
either partially or completely loses its insulating capacity. Such a loss can be transient or
permanent in nature, correspondingly one differentiates between self-healing and non-
self-healing insulations.

Even if all the parameters such as pressure, temperature or humidity are held constant,
statement of a single breakdown voltage value is in no way sufficient for a complete
description of the electric strength of an insulation. Strictly speaking, as a consequence of
the statistical behaviour, a separate value of breakdown voltage results for each voltage
stress. Nevertheless, in section 1.1, reference will only be made to voltages U and field
strengths E. Only in the following sections is some differentiation made during a detailed
consideration of the breakdown mechanisms which occur.

In the practical application of insulations much depends on the sure knowledge, above all,
of that voltage which just does not lead to breakdown. This withstand voltage must be
capable of being determined from the dimensions and properties of the insulating materials
used and proved by means of high-voltage tests on the finished setup. In the case of in-
sulation systems for three-phase networks it is very often sufficient if tests are performed
with alternating voltage of short duration and impulse voltage.

1.1 Electric field and breakdown voltage

1.1.1 Determination of electric fields !)

a) Fundamentals

The intensity of the electric stress at any particular point in the dielectric can be describ-
ed by the time dependent nature of the appropriate electric field strength E. Calculation
of the field geometry is therefore an important prerequisite for dimensioning an insula-
tion.

Maxwell’s equations are the basis for the calculation of electromagnetic fields. From the
induction law

— F-
curlE=—8B,
one obtains, after introducing the vector potential A from the defining equation
B=curlA:

»__i ->=_ >
curl E = 3t curl A curl A

1) Comprehensive treatment, see e.g. in [Lautz 1969; Prinz 1969; Kuffel, Zaengl 1984]
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or V-
curl (E+A)=0.

According to the rules of vector analysis, the argument must be capable of being written
as the gradient of a potential function, which shall be designated . Then it follows for
the electric field strength:
E=- gradyp — A.
Only in special cases, as in short-duration mechanisms in spatially extended high-voltage
circuits [Lihrmann 1973, Ari 1974], the contribution of the rapidly varying magnetic
field, expressed by A, must be taken into account. Usually, even with high operating
voltages, the dimensions are not so large that the finite propagation velocity of the electro-
magnetic mechanism could be significant. One can then neglect the time variation of
the magnetic field:
crdE=-B=0.
The well-known relationship for the electrostatic (irrotational) field is obtained from this as:

E=- grady .
It follows that the voltage U, as the potential difference between two points 1 and 2,
would be independent of the integration path s:

2 2
jﬁd?=—] gradods =¢; —p, =U.
1 1

In homogeneous isotropic dielectrics, the electric displacement or flux density D is pro-
portional to the electric field strength:

5=e§, with € =¢€g€; .
Fields with space charge density p are described by:
divﬁ=—edivgrad<p=—eA¢=,a .

From this follows the Poisson equation:

0
A¢=—E.

In practical insulations space charges do not generally occur at such intensity as to effect
a noticeable change in the field generated by the electrode charges. Space charge fields in
fact need only be reckoned with when the electric stress exceeds critical values, i.e. when
the limiting value of the strength has already been reached. Therefore, for the design of
insulation systems, as a rule it is the space charge-free field which is conclusive. Here
Laplace’s equation is valid:

Ap=0.
Determination of irrotational and space charge-free electric fields can be done by ana-
lytical or numerical calculations or also by measurements on models and in the high-

voltage setup. In view of the extensive special literature on this, only a brief survey shall
be given here.
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b) Analytical field calculation [Lautz 1969; Prinz 1969]

Calculation from Maxwell’s integral equation

From the continuity condition it follows that the integral over a closed surface A must be
equal to the enclosed charge Q:

@Sﬁaf{:q.

Applied to the surface of an electrode, this method can be particularly recommended
when the shape of the equipotential surfaces is known, as in spherical and cylindrical
configurations.

Charge simulation method

By dividing the volume into sufficiently small volume elements dv any space charge can
be broken down into a number of point charges pdv = dq.

At the field point the potential generated by a point charge at a distance r is:

1 pdv
47e r

dyp=

For a known charge distribution one can superpose the fields generated by the elemem-
tary charges with the help of the Coulomb integral:

- =l &
Y= dre r -

Similarly, each surface charge can also be divided into a number of point charges:

odA=dq.
For this, analogously, we have:
__1 odA
= 47e r -

A special form of this method is the method of electrical images, where charges of op-

posite polarity are introduced, mirrored on the electrode surface.

Direct integration of Laplace’s equation

The integration constants which appear for the solution of the differential equation
Ap=0

must be determined from the boundary conditions. In many cases it is useful to transform

the problem to a coordinate system appropriate to the electrode geometry.

Conformal mapping [Prinz 1969]

This method is based upon the fact, well-known from the theory of functions, that all
functions of the form

¢(x,y) =9(x +jy) with (j=+/-1)
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satisfy the two-dimensional Laplace equation

%p 0y
A = — + —=
Y ax2 ay2
Here ¢(x,y) must be an analytical function, i.e. continuous and differentiable. Many
types of plane fields can be calculated with the help of conformal mapping.

0.

¢) Numerical field calculation [Prinz 1969; Reichert 1972]

Difference method of finite elements

The given electrode arrangement is overlaid with a grid mesh whose mesh size represents
finite geometrical elements and is chosen to conform to the desired spatial resolution.
Laplace’s differential equation can then be re-written with the help of approximations in
the form of a difference equation. As an example, a plane square grid is represented in
Fig. 1.1-1. With the aid of Taylor’s expansion it can be shown that the potential at the
node O for sufficiently small grid spacing can be expressed as the mean value of the
potentials of the neighbouring points (square cycle formula):

0(0) ~ 7 [o(1) +9(2) + ¢(3) + 0(A)].

80%
2
3 0 1 .
Fig. 1.1-1 70 %
4 Square grid for the
difference method

60 *%

=

Fig. 1.1-2 50
Section of the field configuration
of a 275 kV current transformer

0% 20°% 0%

For the solution, a potential distribution is first assumed and the potentials of the nodes
varied in an iterative manner until the boundary conditions on the electrodes for example,
and in certain cases, at the boundary surfaces of different dielectrics, are fulfilled to
satisfaction.

This method is particularly suitable for spatially restricted field problems with single or
multi-material dielectrics [Shortley et al. 1947; Southwell 1949; Binns, Lawrenson 1963;
Galloway et al. 1967; Knorrich, Koller 1970]. Fig. 1.1-2 shows a section of the field
configuration of a gas-insulated current transformer for 275kV [Ryan etal. 1971].
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Fig. 1.1-3 Field configuration of

the support insulator of a 400kV

vl sl Fig. 1.1-4 Vectors of the electric field of

a coaxial symmetrical support arrangement
1 metal, 2 gas, 3 epoxy resin

Fig. 1.1-3 reproduces the potential distribution in the region of a support insulator of a
400KV tubular busbar, insulated with SFs [Baer, Lehmann 1974].

Field energy method of finite elements

As in the case of the difference method, the field region to be calculated is overlaid with
a grid mesh. With the aid of variational calculus the solution of Laplace’s differential
equation can be obtained by the minimization of the total field energy of the electrode
arrangement. This method is also suitable for field calculation in space charge-free single
or multi-material dielectrics [Zienkiewicz 1968 ; Andersen 1973; Bécker, Reichert 1973;
Weiss 1974].

Charge simulation method

As already described for the analytical method, the potential at a particular field point is
made up of the superposition of the partial potentials generated by the various charges.

In numerical calculation one can now assume the position of equivalent charges on the
insides of the electrodes and on the boundary surfaces of different dielectrics and calculate
their intensity such that all boundary conditions are satisfied sufficiently accurately.

This method is especially suitable for the exact calculation of the field strength at elec-
trodes in extended setups [Abou-Seada, Nasser 1968; Steinbigler 1969; Singer 1969;
Weil 1969; Singer et al. 1974; Singer 1974]. Fig.1.1-4 shows, as an example, the field
vectors at selected points of the electric field of a coaxial symmetrical support arrange-
ment [Specht 1977].



6 1 Electric strength

d) Experimental determination of fields [Philippow 1966 ; Kind 1972]

On the basis of exact analogue relationships, electrostatic fields can be described by means
of electric flow fields. Here the electrolytic tank and conductive papers are among the
methods used.

Field measurements at high voltages may also be undertaken in space as well as on the
surfaces of electrodes and insulators; here probe methods have been developed which also
take into account the effect of space charges [Wilkelmy 1973]. In view of the availability
of extensive literature, we shall refrain from reproducing further details here.

1.1.2 Maximum field strengths in geometrically similar configurations

For investigation of the electric field strength, the highest field strength E,,, appearing
in the field region is often of interest. To simplify the calculation for practical configura-
tions, A. Schwaiger in 1922 introduced the utilization factor:

- Emean
e

Emean i8S the average field strength of the arrangement over the electrode spacing s, which
is usually designated as the gap length. For the homogeneous field, in which a dielectric is
uniformly stressed, i.e. ‘“utilized” best, the utilization factor amounts to 100%. In an
arbitrary arrangement with two electrodes as in Fig.1.1-5 after integration along the

spacing s shown in a dashed line one obtains:

8
l (=>.-_U
Emean =73 JE dx =3 -
0
For the applied voltage U the desired maximum field strength is finally obtained as:
_U
Emax = s - 0su
07U
=
} 0,5U
S
]
4 03U
Fig. 1.1-§ ‘ 9=0

Example of a two-dimensional
field with field and equipotential

lines
01U
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In geometrically similar arrangements i.e. by variation of the arrangement true to scale,
the utilization factor remains unchanged because it depends neither upon the voltage
magnitude, nor upon the scale factor. Many electrode configurations can be described un-
ambiguously with the aid of a few geometrical parameters; this is especially true for the
practically important spherical and cylindrical arrangements with only one homogeneous
dielectric. For these arrangements comprehensive data is available in the literature in the
form of diagrams or tables, mostly a result of analytical field calculations [Schwaiger 1925;
Morwa 1966; Prinz, Singer 1967; Prinz 1969]. Corresponding values of 1 for a series of
two-electrode configurations with a single dielectric are presented in Appendix A 1.

For better understanding, the calculation of n will be reproduced for a particularly
simple example. Fig. 1.1-6a shows an arrangement of coaxial cylinders. The highest field
strength appears on the inner cylinder and for s=R —r is:

U UR-r U

Emax = == = !
M rInR/r srtInR/r sy \
08
\
2R I \
2¢ 06
TN ey
Fig. 1‘.1-6 ‘ ‘ N g \\
Coaxial cylinder electrodes 02 B
a) arrangement \
b) utilization factor 0
6 2 4 6 8 1 1
a & b) p—
If the parameter p, after Schwaiger, is introduced as a “‘geometrical characteristic”,
_str_ R
P=77 =T
it follows that:
_lnp
p1’

This function is shown in Fig. 1.1-6b.

For a comparative assessment of two-electrode configurations regarding the utilization of
the field region, the following rule is valid: for the same spacing s and unchanged elec-
trode at which Ep,,, appears, we have the fact that, on account of

€ @EdX=Q=CU,

the configuration which has the larger capacitance C also has the higher maximum field
strength. This is shown in Fig. 1.1-7 for the example of spherical arrangements. It can be
seen that n decreases with the degree of mutual envelopment, and the capacitance in-
creases.

The calculation of three-dimensional fields in general requires much more time than the
calculation of plane fields. There have been many attempts therefore, to develop approx-
imate solutions for three-dimensional fields by the superposition of two-dimensional
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2r
2r
2r
1 Fig. 1.1-7
eim ]@i () T nion o
p=% 6;‘1 W Comparison of uti 1zat101n actor an
) @ it fi herical ar ements
al S Wcccceea o) capacitance for spherical arrangemen
a) b) c)
P 5 5 5
n 0.372 0.218 0.200
C/r 0.75 1.28 1.39 pF/cm

fields. Since these methods lack exact theoretical reasoning, one should observe carefully
the limits of their applicability [Boag 1953; Prinz, Singer 1967]. A method often applied
to weakly inhomogeneous fields consists in determining, for a certain critical electrode
point, the field strengths E, and E; in those two-dimensional arrangements which result
from mutually perpendicular sections through the three-dimensional arrangement. Then
for the field strength of the three-dimensional arrangement we have, approximately:

E: E,

~

Emean

If E, and E, in both sections are points of highest field strength, for the corresponding
utilization factors it follows directly:

N=¥Mn2.
As proof of the practicability, checking with the values in Appendix A1 establishes that
for weakly inhomogeneous fields, the foliowing is indeed valid:

) 2
Nsphere ~ (ncylinder) .

1.1.3 Formulation for the calculation of the breakdown voltage

The breakdown voltage of an insulation system is that value of the voltage with a certain
time dependence for which the dielectric either temporarily or permanently loses its in-
sulating property by way of a discharge process.
One speaks of a complete breakdown when the dielectric is completely bridged by a
discharge channel and the arrangement offers only low electrical resistance. The voltage at
which a complete breakdown occurs is denoted

Breakdown voltage Uy .

The current flowing subsequently through the insulation is determined solely by the pro-
perties of the voltage source; on reaching Uy, depending upon the magnitude and duration
of the short-circuit current, a temporary spark discharge or an arc discharge results.

In the case of incomplete breakdown only local overstressing of the dielectric occurs
and the insulation continues to determine the current flowing through it. The voltage at
which an incomplete breakdown takes place is known as the onset voltage or

Inception voltage U, .
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On reaching U,, spatially limited discharges occur, which, in the event of continuation or
increase of the stress, could also lead to a complete breakdown through increasing pro-
pagation. The occurrence of these partial discharges and their growth into a complete
breakdown depends, for a given stress, upon the geometry of the arrangement, but above
all, upon the properties of the dielectric. In homogeneous dielectrics, apart from very
short-duration impulse voltages, partial discharges may be expected only in extremely
inhomogeneous fields.

For the calculation of Uy and U, the following concepts are sensible:

a) Assumption of a critical mean field strength Eg e,
Here it is assumed that the breakdown voltage is proportional to the gap spacing:
Ug = Edmean 5.

This simplest assumption of the breakdown voltage proportional to spacing s has its just
application for example in large spacings in air (Fig. 1.2-15, curve 1). Of course Eqmean
depends upon many influencing parameters. Values over 100kV/cm are achieved in solid
insulating materials, whilst in air with large spacings the value reaches only about 1kV/cm.

For the inception voltage U, this concept is not useful, since in a strongly inhomogen-
eous field U, varies only little with s (Fig. 1.2-10).

b) Assumption of a critical maximum field strength E4

In a space charge-free arrangement, the quotient of mean to maximum field strength is
independent of applied voltage. Using the nomenclature of Section 1.1.2, it follows:

Emean =M Emax = [EJ .
It is assumed that in an insulating material discharges occur when Eg,, reaches a critical
value Eg.
It depends upon the arrangement whether for Epga = Eq an incomplete breakdown
occurs or a complete breakdown results immediately. Using the utilization factor n one
obtains Schwaiger’s formulation for the calculation of the inception voltage:

Us=Egs7.

E4 is designated the breakdown field strength or the breakdown strength and is pre-
dominantly a material property, which corresponds to the tensile strength of mechanically
stressed materials for example. The spacing s presents itself as a scale factor and 7 asa
scale independent geometrical factor.

In arrangements with weakly inhomogeneous field (say 7> 0.3) or in homogeneous
fields a complete breakdown occurs immediately and U, then becomes equal to Uy. We
then have:

Ug=Eqsn.

The field strength E4 not only depends on parameters of the arrangement such as
pressure and temperature but also upon the spatial and temporal nature of the electric
stress. The limit of applicability of the assumption is approached when Eg4 also depends
to a large extent upon the geometrical parameters, and if the field used for the calcula-
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tion of n is affected by space charges; this latter always occurs when on reaching U, a
stable incomplete breakdown results (partial discharges, corona discharges).

Despite these limitations, the assumption of a critical field strength in many cases corre-
sponds to the physical data and often supplies sufficiently exact values for Uy and U,.
For liquid and solid insulating materials E4 values of some 100kV/cm can be expected
and for gases at 1 bar some 10kV/cm.

The application of both formulations for the calculation presumes a knowledge of Eg mean
or Eq4, where these values are only known sufficiently well for specific insulating materials
and configurations. For scientific investigation, but also under unusual conditions, such as
high temperatures or short stress durations, however, neither of the two formulations can
describe the actual breakdown mechanism with sufficient accuracy. In these cases one
needs an improved mathematical model for the physical mechanism of breakdown.
Sections 1.2 to 1.6 deal with this problem.

1.1.4 Breakdown probability

Physical phenomena can be either exactly reproducible or be subject to statistical scatter.
Elastic deformations belong to the first group whereas all destructive mechanisms such as
electrical breakdown belong to the second group. During the repeated measurement of a
breakdown voltage one should therefore always expect a certain scatter in the values. By
applying statistical methods it is possible for relatively few measurements to make state-
ments about the behaviour of an ensemble with determinable certainty (see e.g. [Kind
1972]). Moreover for quantitative statements about the electric strength of an insulation
the random character of the electrical breakdown too must be taken into account. The
random character is also true for the inception voltage and the stress duration. Inci-
dentally, all the considerations of Section 1.1.4 are also valid for the incomplete break-
down and so for the inception voltage U,.

a) Distribution function

To explain the breakdown probability n identical insulation arrangements shall be con-
sidered which one after the other are subjected to a certain voltage stress. This voltage
stress will be characterized by the magnitude and the temporal nature of the voltage; the
number of breakdowns determined n4 will depend upon the voltage magnitude U. The
observed breakdown probability is ng/n and is a function of U. Fig.1.1-8 shows the
expected form of the distribution function for the electrical breakdown:

ng
P(U) = 0 1
P{U)
05
Fig. 1.1-8
Distribution function P(U) of the 0 T
breakdown voltage Ug.o Ug.s50 Ug.100
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Apart from the distribution function P(U), the statistical behaviour of an insulation
system can also be described by the distribution density f(U):

£(U) = —@ or P(U)= [ f(U)dU .

The characteristics plotted in the diagram have the following significance:

Ug_o is the withstand voltage, viz. that value of the voltage for which a breakdown is
not anticipated (important for all insulations).

Ug-sp is the median value of the breakdown voltage, viz. that value of the voltage at
which, on an average, every second stressing results in a breakdown (important
for the measurement of impulse voltages with sphere gaps).

Ug-100 is the assured breakdown voltage at which breakdowns always occur (important
for lightning arresters).

High-voltage insulation systems must be designed so that, at a given stress, the probability
of breakdown does not exceed a specified low value.

In technical setups in general, the function P(U) is not known. The values of the break-
down voltage for extreme probabilities can only be approximately determined, since as a
rule, the distribution functions approach the limiting values of probability nearly asymp-
totically. Special arrangements may therefore be necessary to determine Uy _g and Ug_109-

From n values of Ug; one cancalculate the mean value Uy and the standard deviation s
according to the following relationships:

In practical measurements, the value ﬁd — 3 s is often used as the estimator for the with-
stand voltage Ug_o of a setup and Uy + 3s for the assured breakdown voltage Uy _;00.
In the event of a normal distribution of the breakdown voltages these limiting values
correspond to a breakdown probability of 0.14% or 99.86% respectively.

Experience shows that the actual distributions are well approximated by a normal distri-
bution only in the case of medium probabilities. For very small probabilities, which are
significant for insulation systems, exponential distributions named after W. Weibull of the
form q

e (- ._U‘_‘{d_o_]F)
P(U)=1-—exp < [Ud-ea " Vs

have proved good [Dokopoulos1968; Artbauer 1968; Carrara, Dellera 1972; Hylten-
Cavallius, Chagas 1983]. Here k is a constant of the order of 0.1. Uy_g; is determined
from P(Uq.g3) = 1 —1=0.632. The Weibull distribution of the quoted form, compared
with the normal distribution, has the advantage that it is described by 3 parameters rather
than 2. In this way experimentally determined distributions can be described better. To
have the possibility of defining exactly the value of the random variable having the
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probability P=0 (withstand voltage Uy_o) is particularly important for high-voltage
technology (see also b). Fig. 1.1-9 shows a comparison of exponential density functions
for various k with a Gauss distribution of the same mean value Uy and the standard
deviation o =lims.

n-»>oo

b) The law of growth

A further important conclusion to be drawn from the statistical nature of the breakdown
is the law of growth of electric strength [Dokopoulos 1968; Widmann 1964]. It de-
scribes the reduction of the breakdown voltage of an insulation system with increasing
dimensions, which can also be interpreted as an increasing number of elements stressed in
parallel.

To derive the law of growth, m identical insulating arrangements which are statistically
independent of one another may be considered (Fig. 1.1-10a). Let the distribution func-
tion of each arrangement in itself be P;(U). The probability that an individual arrange-
ment will not break down is then

1-P(U).
If m arrangements are stressed simultaneously the probability for no breakdown, accord-
ing to the multiplication rule of probability theory (equal likelihood theorem), is given by

[1-P, )™ . _ _
T T T™ =
a) y y
B, (U}

Fig. 1.1-10 Y —fl
Derivation of the law of growth: m__.‘

a) discrete elements b XXX 0202031 T

b) subdivision of an extended insulation system b}
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Finally, for the breakdown probability of m parallel arrangements with arbitrary distri-
bution function, it follows that:

Pn(U)=1-[1-P;(O)I". ®r I[ - -
; . =1000+f 1 10 1
For P; €1 this expression reduces to: 08 m=10004 109
Pn(U)~mP, (V). / / /
06 /
NN RV
0‘1. /
Fig. 1.1-11 02 / /
Distribution function P as a function of the / / / /
growth factor m for a Weibull distribution 0 / —
with Ug_o =0 and k = 0.2 0 02 0¢ 05 Q8 0 2 W
L
Ud-63
1 T
’; i _
Fig. 1.1-12 07
Example for insulation T 1
coordination A m (@ Py /! Py
a) circuit P I
b) form of the distribution o1 _____ﬂ
functions [ =

0
a) 77 7777 bl Y o —

Application of the law of growth to the Gaussian normal distribution leads to fundamen-
tal changes in the distribution function, so that the simple evaluation methods of the
normal distribution fail. If the concepts leading to the derivation of the law of growth are
applied to an extended insulation system such as a cable (Fig. 1.1-10b), a subdivision can
only be undertaken arbitrarily. It is only physically meaningful if the overall probability
P..(U) does not vary for any number of elements m. This requirement is satisfied by the
Weibull distribution introduced above, since here P;(U) and P.,(U) are of the same
kind. The variation of the Weibull distribution function with the growth factor m is
shown in Fig.1.1-11 for the parameters k =0.2 (corresponding to o =0.213 Uy_g3 for
m = 1) and Uy_¢ = 0.The reduction of breakdown voltages for finite probabilities with in-
creasing value of m, also often observed experimentally, is clearly recognizable.

¢) Coordination of insulation

The distribution function of the breakdown voltage is of great significance to the eco-
nomical design of the insulation of high-voltage networks. Since it is not possible to make
all the insulations in a setup or network entirely breakdown-proof, the electric strengths
of the individual components — expressed by certified voltage tests — must be matched to
one another meaningfully. Expensive apparatus such as transformers are designed for a
higher test voltage than transmission line insulators.

A simple example for such insulation coordination is shown in Fig.1.1-12: a transformer T
and a lightning arrester A are connected in parallel and their distribution functions are
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P1(U) and P4 (U). On stressing with Uy the lightning arrester would not operate in 30%
of the cases; then 10% of these would lead to a breakdown of the transformer insulation.
Hence for 100 stressings one should expect 100-0.3 0.1 = 3 failures of the transformer.

1.2 Breakdown of gases 1)

The physical mechanisms associated with the development of an electrical breakdown in
gases are of principal significance to all types of breakdown. Knowledge of this is there-
fore a prerequisite for the understanding of breakdown mechanisms in liquid and solid
insulating materials too, as well as on boundary surfaces.

Here it is advantageous that gases are usually more homogeneous and more accessible to
experiment than liquid and solid insulating materials. Breakdowns in gas-insulated setups
can be repeated at short time intervals and with comparatively less scatter; the standard
deviation is usually only a few per cent of the mean value. For a wide range of influencing
parameters such as pressure, spacing and gas composition, quantitative theories have been
developed and verified in numerous measurements.

However, in atmospheric air, the most important gaseous dielectric, appreciable uncer-
tainties exist. The reason lies in the undefined composition, where humidity, dust and
charge carriers with very different properties play an important role.

1.2.1 Charge carriers in gases

a) Properties of different charge carriers

In gaseous media, besides the electrically neutral molecules of the gas or vapour compo-
nent, electrically charged particles can also be present. The most important types of
charge carriers are:

Electrons: Charge: qe = —e, with unit charge e = 1.602-107'°C
Mass: mg=9.110-10"2¢

Ions: Charge when singly ionised: q;=*e
Mass approximately equal to molecular weight M times proton mass:
m; ~ M 2836 m,

Large ions: Formation by attachment of electrons or ions on dust particles, water droplets
(fog) and similar macroscopic particles.

Even without the effect of electric fields a number of free charge carriers are usually
present in gases. Their density is determined by the equilibrium between new formation
and charge carrier loss through recombination and migration. External ionization is
generally caused by radiation. Besides corpuscular rays (a and f radiation) it is primarily
the short-wave electromagnetic radiation (7y-rays and UV light) that is the cause.

In field-free atmospheric air the ion density generated by cosmic and radioactive radia-
tion corresponds to about 10° cm™3. The mean lifetime of an individual ion is about 18s.

1) Comprehensive treatment in [Ganger 1953; Sirotinski 1955; Llewellyn-Jones 1957; Loeb 1960;
Raether 1964; Nasser 1971; Rein 1974; Philippow 1976; Mosch, Hauschild 1978; Meek, Craggs
1978; Kuffel, Zaengl 1984] and others.
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Electronegative gases have a high electron affinity i.e. a greater inclination for bonding of
electrons and so for the formation of negative ions. Oxygen (and hence also air) and above
all halogens and halogen compounds as sulphurhexafluoride are gases of this type. The
attachment probability is high for electrons of low kinetic energy; electrons of higher
kinetic energy can even generate positive ions in electronegative gases. Other gases such as
nitrogen, hydrogen and the noble gases have little affinity to form negative ions.

b) Non-self-sustaining discharge

Electrical conduction mechanisms in gases due to movement of charge carriers are de-
scribed as gas discharge. They can be sustained by means of external influences as irradia-
tion or heating, or even by the discharge itself. In the first case one speaks of a non-self-
sustaining discharge and in the second case of a self-sustaining discharge.

The Coulomb force on a point charge q in an electric field E is:

F=qE.
If a particle with charge q traverses, without collision, a distance x corresponding to a
partial voltage AU, the increase in its kinetic energy is

X X
AW = J F(x)dx=q j‘ E(x)dx=qAU.
0 0

In dense gases the movement is disturbed, however, after travelling the free path A, due to
collision with another particle. During collision between heavy particles (ion and gas
molecule), an appreciable part of the acquired energy can be transferred to the collision
partner; in the case of elastic collision of an electron with a gas molecule the electron
would be scattered, retaining nearly all of its total kinetic energy. In the course of numer-
ous elastic collisions or in one non-elastic collision (excitation, ionisation), it can lose a
considerable part of its energy. As a consequence of the collisions, for constant field
strength, a movement of the charge carrier with constant average velocity results, the drift
velocity V. For small free paths this is nearly proportional to the field strength. The sign
corresponds to the polarity of the appropriate charge carrier:

v=+bE.

In air at normal conditions (1013 mbar, 0 °C) the mobility b introduced here has a value
of about:

cm/s
for electrons b, = 500 V/em
e . cmfs
for positive ions b; =1 V/em
. 4 .., omfs
for large ions 107°..10 Viem

If one assumes a value for the field strength of 30kV/cm, then the values of the drift
velocity are:

Ve &~ 150 mm/us

v;i ~0.3 mm/ps .
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It follows that for short-duration stresses lasting only a few us, ions or even charged
particles influence the mechanism, not by way of their movement but solely by their
presence at a particular location (space charge).

If a homogenous field E is applied to a gas which contains electrons of density n, and
singly charged positive ions of density n;, a carrier current results with current density:

- - -
S =n;Vie ~ngVee = (njb; + n.bg)eE =kE .

The curve of the current density as a function of field strength shows saturation in the
lower region. The saturation current density S; indicated in Fig.1.2-1 corresponds to the
number of carriers generated by external ionization. Such a weak current dark discharge
is non-self-sustaining, since it is entirely dependent on external ionization.

S Fig. 1.2-1
- T Current density of a non-self-sustaining discharge
S,
i
E—»

c¢) Collision ionization by electrons

For a sufficiently long mean free path and appropriate field strength, electrons can, in
collision with a neutral molecule, have such a large kinetic energy AW that the molecule
is ionized with the release of a further electron. The collision is successful if AW attains
the ionization energy W;:

AW 2 W, .
The mean value of AW can be calculated from the partial voltage AU =EMN and the
mean free path A of the electrons; for atmospheric air A is about 1 um. The condition
for ionization is often written in the form

EA 2 U,
where U; =W;/e is the ionization voltage of the gas concerned. The following values are
valid:

Type of gas N, 0, Hg Cs SFg »SF§
Uiin V 158 | 128 | 104 3.9 15.9
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If the ionization condition is fulfilled, an independent multiplication process of the
electrons by collision ionization sets in. Depending upon the local field strength, a certain
number dn of new electrons is produced over the distance dx:

dn =an(x)dx ;
a = a(E) is called the ionization coefficient of the electrons.
For a primary electron number no and inhomogeneous field, the integration gives:

X

n(x) =ng exp (Jadx> . —_— V +

0 SN
&7

a) — ]

Fig. 1.2-2
Electron avalanche in 2 homogeneous field T ~Z
a) field lines 4 -

b) potential curve

b)

In a homogeneous field, where o = const., this relationship simplifies to:

n(x) =nge**
This exponential increase of the electron number is called an electron avalanche. It can be
made visible through photography in the cloud chamber. At the head of the avalanche
electrons may be very densely packed and, for a high carrier number, can cause great
concentration of field lines. Behind the head of the avalanche the positive ions remain
(Fig.1.2-2). These move towards the cathode where under certain conditions they may
liberate secondary electrons.
The real free paths A, of the individual electrons constitute a statistical distribution;
X is the mean value by definition. The probability that an electron of mean free path A
will travel a distance greater or equal to A, may be taken to be exp (—A,/A).
Ionization by a single electron only occurs when A, 2 U;/E = \;. Over a distance x there
are an average X/\ collisions, but the number of ionizations is a factor exp(—Ai/A)
smaller.
The ionization coefficient a can then be calculated as:

a(B)= ¢ [Rexp (-1 =5 exp(~UYEN)

Further, since the mean free path A is inversely proportional to the pressure p at con-
stant temperature, we have:

a() =Aexp(—Bp/E)= f(p)

This relationship characterises the ionization behaviour of a gas.
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For air an approximate expression for a(E) is:
a(E) ~ (E - E0)2 s

where Eq represents a constant.

d) Attachment of electrons

In electronegative gases (e.g. SF¢) negative ions are formed by the attachment of elec-
trons on neutral molecules. In this way the collision process over the distance dx is
deprived of

e n(x)dx

electrons; 7, =N.(E) is called the attachment coefficient of the electrons. By introduc-
ing the effective ionization coefficient

a=a=1, 1200
into the calculation, this leads to: (em bar)-!
dn=an(x)dx . /

800
This should be taken into account \ Z// /

when dealing with electronegative

gases. 400
/ / 2
/
|
:
I
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Fig. 1.2-3
Effective ionization coefficient of air (1) and 2:5 8|9
o, - 1
SFe (2) at 20°C 80% %0 80 KV (cm bar)~!
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The effective ionization coefficient «=a—1n, is decisive for the production of charge
carriers. In air n, is very small, the measured curve in Fig. 1.2-3 approximately corre-
sponds to the exponential relationship. For electronegative gases the attachment coeffi-
cient m. has great effect; the practically linear plot was measured for SFg.

Fig.1.2-3 shows that « of air becomes positive at about E/p =25kV/cm bar i.e. above
this value a positive balance in charge carriers occurs. For SFe, on the other hand, one
would only expect an electron avalanche to be created above 89 kV/cm bar. This is the
reason why technical setups in SF¢ have a two to three times greater breakdown strength
than in air at the same pressure.

1.2.2 Self-sustaining discharges

a) Townsend mechanism

The voltage on an electrode arrangement in gases can only be increased to the point
where a breakdown occurs i.e. a changeover to a self-sustaining discharge. This differs
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from the non-self-sustaining discharge in that the charge carriers required along the path
are created by the mechanism itself rather than liberated by external ionization. Accord-
ing to Townsend, ignition of a gas discharge in a homogeneous field can be explained by
the fact that new electrons are produced by secondary emission at the cathode. Secondary
electrons can be created by incident ions or photons (at pressures over about 10 mbar). If
the supply via positive ions is the prevailing process then the number of secondary elec-
trons n_ will be proportional to the number of positive ions n_ incident on a certain
cathode region:

n_=yn,.
v is called the secondary emission coefficient. Depending on the experimental conditions,
~ can assume values in the range 107 ...107!,
The Townsend model is based on the assumption that an avalanche, produced by ng
primary initial electrons in the vicinity of the cathode, on traversing the spacing s gen-

erates a total of ng (¢** — 1) ions. On striking the cathode, by secondary emission these
release

Yno (eas -1)

secondary initial electrons (Fig.1.2-4). If this number is larger than the original initial
electrons ng, the current in the configuration increases rapidly without any external
assistance, i.e. the gap breaks down. The condition for ignition follows directly from this:

Y **-1)21
(o) S (7 U <
as=In(l/y+1). —|o—" e |
=S
e Q——@ﬂu(e -1)
Fig. 1.2-4
Electron generation according to the Townsend _ @ ¥ ngle*s-1)
mechanism

The right-hand side of the equation hardly changes in the usual ranges of 7, and so the
ignition condition for a homogeneous field can also be written as [J. S. Townsend 1901]:

as2k.
The values for k lie within the range k =2.5...18. The analogous derivation for the in-
homogeneous field gives [W. O. Schumann 1922]:

S
jadek.
0

In both cases a depends on the field strength E, whose value on attaining the ignition
condition is known as the breakdown field strength E4. The breakdown voltage Uy, and
from this E4 of the configuration, can be determined from these equations provided
a=ca(E) and E=E(x) are known. Here for an inhomogeneous field, the integration
must be done along the expected breakdown path; this is the line of force along which
the above integral yields the highest value. If the ignition condition is already fulfilled for
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x <, then at least the inception voltage U, is attained {e.g. Zaengl, Nyffenegger 1974]. It
depends on the configuration of the field whether stable pre-discharges occur.

In electronegative gases the loss of electrons by attachment must be taken into account.
Derivation of the ignition condition for the homogeneous field thus leads to the ex-
pression [Mosch, Hauschild 1978]

Y(expl@—no)s] = 1) 2 2.

Analogous to the above, the ignition condition follows approximately with a=a —n, as:
e
a-s=k.

b) Streamer mechanism

On increasing the gap, pressure or potential gradient, the experimental results contradict
the conclusions of the Townsend mechanism. Investigations by Raether, Loeb and Meek
have shown that the exponential growth of an avalanche cannot be increased at will since
the avalanche becomes unstable at a critical length x; . Measurements in a homogeneous
field show that for atmospheric air

axy ~ 20 .

With the growing number of ionization processes, the original field becomes more and
more distorted due to the space charges of the avalanche. On the avalanche front in parti-
cular, local increases in field strength occur which are accelerated by the electrons present
so that further ionization is facilitated. Moreover, many atoms or molecules are excited so
that photons are emitted (Fig. 1.2-5). These light quanta of short wavelength can produce
initial electrons in space for subsequent avalanches which, if suitably oriented, may
combine with the primary avalanche.

Fig. 1.2-§
Streamer formation by the streamer mechanism

The electrons produced by the radiation migrate from the surroundings towards the still
positive area behind the head of the avalanche and a weakly conducting streamer is form-
ed. The forward growth of the discharge is essentially accelerated by the photo-ionization
process preceding at the speed of light, and reaches values of 1...10 m/us. As soon as these
streamers have established contact between the electrodes, heating-up to a low-resistance
plasma streamer generally occurs by the actual breakdown current.

According to the streamer mechanism, a complete breakdown can develop from a single
avalanche. The forward growth direction of the streamer here can, because of the range of
the photon radiation, even be in the opposite direction to the avalanche. For unsymmetri-
cal arrangements with strong curvature of the positive electrode, cathode-directed strea-
mers of this kind should be expected.
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The critical avalanche length xi in the inhomogeneous field can be calculated using the
relation

e 3

J adx ~ 20 ;

0
streamer discharge only occurs for s> x;. Because of the dependence of « on the field
strength, x; gets much smaller for higher voltage. This explains the very short formative
time-lags down to a few ns which have been observed in breakdown testing with strongly

overshooting impulse voltages. A quantitative comprehension of the streamer mechanism
is not unconditionally possible.

c¢) Leader mechanism

Very large spacings (s> 1 m), as they are unavoidable in outdoor high-voltage installations,
usually occur in combination with electrode configurations having a strongly inhomo-
geneous and frequently unsymmetrical electric field. Particularly when the electrode with
the stronger curvature is stressed by a positive switching impulse voltage, a discharge
process occurs which is denoted a streamer-leader mechanism. This mechanism leads to
bridging of large gaps at comparatively low mean field strength (see Section 1.2.5).

d) Calculation of the breakdown voltage

In Section 1.1.3 various ways of calculating the breakdown voltage Uy of a setup were
considered. With a better understanding of the dominant physical mechanism, combined
with measurement results, calculation modes can be established which encompass the in-
fluence of diverse parameters.

If the relation derived in 1.2.1 ¢) for the ionization coefficient is substituted into the

ignition condition for the homogeneous field valid for the Townsend mechanism, then
with Uy =Egs we have:

]
as = Ap exp [—Bp—}s=k
Uy \ s,
\ g
s
In (£ ps)
Uy
(Ud)min -
L
{P-S)min
S —
Fig. 1.2-6

Basic shape of a Paschen curve (see also A 2.1)

The most important statement this equation makes, namely that Uy is only a function of
the product ps, was discovered experimentally as early as 1889 by F. Paschen; this not
only holds for the Townsend mechanism but also for the streamer discharge [Hess 1976].
Fig.1.2-6 shows the basic curve shape. In appendix A 2.1 the Paschen curves for various
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gases are shown. The branch to the left of the minimum is denoted the area of close-range
breakdown, the right-hand branch the area of long-range breakdown.

As a consequence of the discharge formation in several avalanche generations, according
to the Townsend mechanism, the breakdown times when a step voltage is applied take the
values of the ion flight times, namely in the us range. Since other mechanisms yield even
shorter breakdown times, the peak value Uy is decisive for alternating voltages and im-
pulse voltages of not too short duration (time to half-value > 10 us).

The Paschen law is satisfied well for static breakdown, i.e. not too rapidly changing stress
(in time), empirically up to a certain value of ps. For impulse voltage stress this value
decreases with increasing stress gradient [Koermann 1955]. For air the upper limit of
validity for overvoltages up to 5% above the static value lies at about ps= 10 bar mm.
Technical setups in insulating gases thus as a rule lie outside the validity of the Paschen
curve. For an almost homogeneous field one may approximate the dependence of the
breakdown voltage on pressure p and absolute temperature T as follows:

~

p a
Ud R (T) witha=0.7..0.8 .

This dependence on the gas density is valid for the range 1...10 bar [Mosch, Hauschild
1978].

The appendix contains in A 2.2 the breakdown field strength Eg4 as a function of the elec-
trode dimensions for plate, cylinder and sphere electrodes in air and SF¢. This is im-
portant for a calculation of the breakdown voltage of technical electrode arrangements.
Divergence from the Paschen law occurs not only for too high, but also for too low a
pressure p. Below about 107° bar the laws of vacuum breakdown, of a different nature,
take over.

1.2.3 Breakdown mechanisms in a strongly inhomogeneous field

On electrodes with small radius of curvature, as in points, edges or wires, an appreciable
increase of the electric field strength takes place, so that the breakdown field strength E4
can be locally attained. The electrons and positive ions generated by collision ionization
when the inception voltage U, is exceeded, move away from the site of their generation
as a result of the Coulomb forces acting on them; in electronegative gases the electrons
can also form negative ions by attachment. Accumulation of charge carriers of one po-
larity generates space charge fields which can greatly change the electric field of the
configuration.

a) Incomplete breakdown

The mechanisms in a typical arrangement of a positive point against an earthed plate are
represented qualitatively in Fig. 1.2-7. The electrons formed in front of the point by
collision ionization are drawn away by the anode. A positive space charge remains which
reduces the field at the point. For direct voltage this state can remain stationary without
a complete breakdown resulting. When the voltage is increased further short duration
“brush discharges” dart out from the weakly glowing space charge region. The frequency
and range of the brush discharges increase with increasing voltage, until finally there is a
complete breakdown at the breakdown voltage Uy.
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Fig. 1.2-9 Trichel pulses
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In the configuration negative point against earthed plate, a rather different behaviour
occurs, this is shown in Fig. 1.2-8. Once again a positive space charge results in front of
the point when U, is exceeded, but now the electrons wander in the direction of the plate
electrode. If the gas is not able to form negative ions by attachment of electrons, for
direct voltage this immediately results in a breakdown since the positive space charge
further increases the field strength in front of the point; stationary incomplete discharges
are not possible. In most of the technically used gases and especially also in air, however,
a space charge consisting of negative ions is formed which can reduce the field in front of
the point to such an extent that collision ionization ceases. The discharge sets in once
more after the negative space charge has wandered away; the result is a pulse type of
mechanism, which leads to regular current pulses of a few 10ns duration in the external
circuit; these were demonstrated for the first time by G. W. Trichel in 1938. Fig. 1.2-9
shows oscillograms of a single Trichel pulse as well as a sequence of such pulses.

With a further increase in the voltage strong current brush discharges occur, even for
negative direct voltage and, finally, a complete breakdown results. The rise time of the
pulses corresponds to a few ns.

For time varying voltage too, the mechanisms described above occur, although the
mechanism of incomplete breakdown is still more difficult to comprehend. For alter-
nating voltage the consequences of periodic polarity changes and, for impulse voltage, the
finite duration of the discharge formation must be taken into account.

The discharges occurring during an incomplete breakdown, particularly for alternating
voltage, have great technical significance, namely as external partial discharges at points
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and edges, and corona discharges in overhead transmission lines. In both cases the charge
pulses result in high-frequency electromagnetic disturbances which must be taken into
account, especially during the design of overhead lines to avoid radio interference in the
medium-wave range.

The maintenance of stationary or pulse type discharges, denoted continuous or pulse
corona respectively, requires real power. These corona losses in overhead transmission
lines depend very much upon atmospheric conditions. Their magnitude lies in the range
of about 1...10kW/km. To achieve a high enough value of the corona onset voltage for
overhead lines, the conductor diameter must be chosen to be sufficiently large. For
operating voltages above 110kV, bundled conductors are used instead of single conduc-
tors. Three phase transmission lines are designed for a mean r.m.s. field strength of about
15kV/cm on the surface of the conductor at the rated voltage.

b) Polarity effect during air breakdown

The carriers of positive charge have an appreciably greater mass than the electrons which
are the main carriers of the negative charge. For unipolar voltage stresses on unsymme-
trical electrode configurations different behaviour should therefore be expected when
the electrode with higher field strength changes its polarity.

If one varies the spacing in a sphere-plate configuration in air over a wide range the
variation of Uy for direct voltage is as shown qualitatively in Fig.1.2-10.

For a weakly inhomogeneous field with s/r <1, as in measuring sphere gaps, we have:
Ue=Uq; Uge ®Uqg. .
For a strongly inhomogeneous and unsymmetrical field with s> r as in the rod-plate

configuration, we have:
Ue<Ud;Ud+<Ud—- 1 l}

Ug.
U,. = Ue.
Fig. 1.2-10
Polarity effect in the inhomogeneous field -
r S —u

Large deviations in the breakdown voltage are observed in the boundary region between
the weakly and the strongly inhomogeneous field.

The inception voltage U, which for large spacings is almost constant and polarity in-
dependent, can easily be explained from the nature of the space charge free field; U, is
attained if Ep,,x = E4. The occurrence of stable partial discharges at U, <U < Uy has
already been explained on the basis of Figs. 1.2-7 and 1.2-8. What is new is that at large
gap spacings the positive breakdown voltage is notably lower than the negative break-
down voltage.
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This polarity effect was first observed in 1928 by E. Marx under direct and impulse volt-
ages. For alternating voltage the polarity effect always results in the breakdown of un-
symmetrical configurations in the positive half-cycle.

A qualitative explanation of the polarity effect can also be obtained from the Figs. 1.2-7
and 1.2-8. The higher breakdown voltage in air for negative polarity of the electrode with
the smaller radius of curvature is attributable to the field homogenising effect of the
negative ionic space charge.

The breakdown voltage Uy of rod gaps in air is of considerable practical significance to
the design of air clearances in equipment and setups for high voltages.-From Fig.1.2-10
it is clear that the radius of curvature r has no appreciable effect on Uy if, due to the
effect of space charges, Uy lies considerably above U,. Actually, all strongly inhomo-
geneous configurations with gap spacings greater than about 0.5 m behave approximately
like rod gaps.

In the appendix, under A 2.3, the dependence of the breakdown voitage de upon the gap
spacing s for alternating and impulse voltages is shown for rod-rod and rod-plate con-
figurations.

1.2.4 Breakdown under lightning impulse voltages

Experience shows that the development of a breakdown requires a finite time. This
situation which is important for short-duration stressing, shall be treated here.

a) Statistical time lag

If a voltage which is greater than the inception voltage U, is applied to a configuration
with a homogeneous or only weakly inhomogeneous field, an electron avalanche can only
start when an initial electron appears in the critical electrode region. In general, this elec-
tron must be generated by natural or artificial external ionization, since field emission
requires field strengths of a few MV/cm at the electrodes. The time lag after reaching the
breakdown field strength E4 up to the time required for the initial electron to appear,
differs from experiment to experiment and is therefore called the statistical time lag.

A simple distribution law for the statistical time lag tg, shall now be derived with the
help of a Gedankenexperiment:

On an electrode arrangement consisting of ny identical and mutually independent gaps, as
in Fig.1.2-11, let a step voltage U> U, be applied at t =0.If n is the number of gaps
in which no initial electron has yet appeared, the change dn in the time interval dt, with
k as proportionality factor, is

dn=—-kn dt.
The solution is

n =ng ekt

which is also shown in the figure.

Fig. 1.2-11
Definition of the mean statistical time lag

a) model
b) time variant breakdown distribution
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If the experiment is performed on a single gap no times, n then signifies that number of
experiments in which the measured time lag tg, > t. The arithmetic mean value of all the
no time lags tg, (¥ =1...ng) is then given by:

tg=1+.

k

The mean statistical time lag t; decreases with increasing size of the electrically highly
stressed volume and also with increasing field strength. It is usually only fractions of us
but can in unfavourable cases be some orders of magnitude higher. In the strongly in-
homogeneous field an adequate number of charge carriers is made available by the pre-
discharges, so that the statistical time lag has no influence on the development towards
complete breakdown.

b) Formative time lag

In breakdown mechanisms what really matters is the movement of charge carriers which
are accelerated in the electric field. They move with velocities whose finite magnitude
must be taken into account during impulse voltage stressing.

The time interval from the beginning of the first electron avalanche to the formation of
the highly conductive breakdown canal, which generally leads to a collapse of the voltage,
is designated the formative time lag t, of the discharge. The processes appropriate to the
respective mechanism take place during the time t,.

The important dependence of the formative time lag t, upon the magnitude of the
applied step voltage U is shown qualitatively in Fig.1.2-12. If only the static break-
down voltage Ugw is applied, then very large values result for t,, while for strongly
overshooting voltages, very small values are obtained. Due to uncertainties in the develop-
ment of the breakdown canal in an inhomogeneous field, even the formative time lag is
subject to some scatter. This shall be taken into account in the following by using the
designation tg;,.

As a guideline it can be said that the formative time lag in atmospheric air, with 5% over-
voltage in a homogeneous and weakly inhomogeneous field, lies well below 1 us, and
above this value in a strongly inhomogeneous field.

c¢) Impulse voltage-time curves

In an electrically stressed electrode configuration complete breakdown occurs after the
combined interval of the statistical time lag ts, and the formative time lag t,,,.

The total ignition time lag thus amounts to:

top = top + tay - T
tai{U}

Fig. 1.2-12
Voltage dependence of the formative time lag

Uga U—e
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For impulse voltages with a finite front steepness the ignition time lag is practically
counted from that instant at which the static breakdown voltage Uy is exceeded. For a
complete breakdown to occur, the duration of the stress must be greater than the cor-
responding ignition time lag. If an electrode arrangement is stressed with a large number
of identical impulse voltages u(t) of sufficient magnitude, one obtains pairs of values with
breakdown voltage Uy and breakdown time tq. If the measurement is repeated with im-
pulse voltages of another front steepness, the impulse voltage-time band shown in Fig.1.2-13
results. It yields the minimum and maximum breakdown times ty to be expected for a
certain configuration at a given impulse voltage. The lower limiting curve 1 of the impulse
voltage-time band corresponds to a 0% breakdown probability value, and the upper
limiting curve 2 to a 100% value.

For insulation systems, the lower limiting curve is of significance; it is called the for-
mative time characteristic, since here tg, ~ 0. Impulse voltage-time curves are a very im-
portant basis for dimensioning gas insulation systems stressed with lightning impulse
voltages.

For the calculation of impulse voltage-time curves the equal area criterion [Kind 1957]
has proved to be a useful assumption in many cases. This assumption states that the
voltage-time area F between a reference voltage Uy, and the formative time charac-
teristic 1 shown in Fig. 1.2-14 remains constant:

tq
F= J fu(t) — Uy ]dt=const .

to
For setups with only a weakly inhomogeneous field the reference voltage U;, becomes
equal to the inception voltage U,. If the reference voltage U, is known, the equal area
criterion therefore permits an approximate calculation of the impulse voltage-time curve
of an electrode configuration using a few measured values. For different gaps in air and
with various types of voltage it has been shown that the equal area criterion permits, with
few exceptions, a satisfactory estimation of the volt-time behaviour [Caldwell, Darveniza
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Fig. 1.2-13 Formation and shape of voltage-time Fig. 1.2-14 Equal area criterion
curves
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1973; Weck, Fischer 1975; Waters in Meek, Craggs 1978, FGH 1979; Thione in Ragaller
1980] and its applicability has further been established for weakly inhomogeneous con-
figurations in SF¢ as well [Knorr 1977; Boeck in Ragaller 1980].

1.2.5 Breakdown under switching impulse voltages

Switching impulse voltages, compared with lightning impulse voltages, are characterized
by larger pulse duration (e.g. 250/2500 us according to [IEC Publ. 60-2/1972]). Since
they lead to extraordinarily low breakdown voltages for positive polarity of the more
strongly curved electrode of inhomogeneous, unsymmetrical electrode configurations
with large gap spacings in air, they are the dimensioning parameter for the outdoor in-
sulation systems for 400kV operating voltage or more. Fig. 1.2-15 points out the differ-
ences in strength during stressing of a rod-plate gap with positive lightning impulse voltage
or switching impulse voltage.

Whereas for lightning impulse voltage up to the largest gap spacings a constant increase in
strength of ca. 5kV/cm can be relied upon, in the case of switching impulse voltage
saturation phenomena occur clearly at gap spacings above Sm. This is further complicated
by the fact that for switching impulse voltage with times to crest T 2250 s, even lower
50% breakdown voltages occur, whereby the minimum strength for larger gap spacings
shifts towards larger times to crest. The air humidity also affects the discharge mechanism
and with that the breakdown voltage [Biisch 1982]. Thus the curve of minimum strength
(lower curve in Fig. 1.2-15) is obtained and must be applied in the design of insulation for
highest voltages.

The electric strength of electrode configurations improves, compared with that of the
positive rod-plate arrangement, with increasing symmetry and with less inhomogeneity of
the field. This phenomenon is accounted for by the introduction of a gap factor k which
is defined as

Ud~5 0 configuration

k= . 4
Ud-so pos. rod-plate /
MV
f‘ Tcr=2$s/
3
/ 2 Tcr=850ps
7'/?
3 Ter= 750 us
T 2 %—— Ter =650 ps

Yy / Ter = 450 s

Fig. 1.2-15 | ) Ter = 250us ﬂ-.

50% breakdown voltage of the rod-plate gap for
positive lightning impulse voltage and switching 77747
impulse voltage in air (1013 mbar, 20 °C)
1. Lightning impulse voltage 1.2/50
2. Switching impulse voltage 250/2500 0

. . 10 20 m 30
3. Curve of minimum strength S— »
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Since the rod-plate gap shows the lowest strength for positive switching impulse voltage,
it has k= 1. Practical electrode configurations have a gap factor of k=1...2. Since the
dependence of the 50% breakdown voltage of a rod-plate gap upon the spacing, shown in
Fig.1.2-15, is known very precisely, the breakdown voltage of any desired configuration
can easily be determined without expensive experiments, provided its gap factor is known.
An attempt has therefore been made to determine the gap factor from the calculated
values of the field of the configuration or those determined on a model (electrolytic tank)
[Schneider, Weck 1974].

The reason for the low breakdown strength of a rod-plate gap stressed with positive
switching impulse voltage should be sought in the type of discharge development, viz. the
streamer-leader mechanism. According to Fig.1.2-16 [Lemke 1977] on reaching the
ionizing field strength, a streamer discharge develops at the positive point which leaves a
positive space charge behind it in the field area. After a dark interval, another more
powerful streamer discharge appears under the influence of the increasing voltage and this
manifests itself as the first one, by a cumrent pulse. Successive streamer discharges at
certain time intervals lead to such high current densities in the vicinity of the point that
thermal brush discharges are formed which finally change into the continuously forward-
growing leader. From the tip of the leader streamer discharges continue to grow and their
current requirement supports thermal ionization and so the existence of the leader.
Breakdown is initiated when the streamer reaches the plate electrode.

While the streamer has a voltage requirement of about 4.5kV/cm, only a voltage of ca.
1kV/cm drops along the leader. Thus the leader extends the potential of the point into
the field area and prepares for its further growth by streamers at the head. In this way the
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gap can be bridged in the manner of intermittent steps. Through chance occurrences in
the spatial development of the canal, large scatter in the breakdown voltage can follow.
The leader mechanism also explains why the breakdown voltage increases only marginally
for an increase in the gap spacing.
Basic research work in this area has been undertaken by an international research group
[Renardieres Group 1974, 1977].

1.3 Breakdown of solid insulating materials!)

As a rule, solid insulating materials are an inevitable component of every technical in-
sulation system since they necessarily have to act as the mechanical support of the elec-
trodes against one another. Their properties, as may be expected from their number, are
very different. Inorganic and organic materials, obtained from natural materials or syn-
thetically manufactured, are those in question; special and growing significance is accord-
ed the synthetic organic materials such as polyethylene (PE) or epoxy resin (EP) mouldings.

A prerequisite for the application of solid insulating materials is sufficient electric
strength. For most applications it is important that during a period of time covering
decades, high stress is withstood without breakdown.

In the following sections a basic discussion of the electric breakdown shall be considered
first. An important parameter for the electric strength of insulating materials is the tem-
perature. In this connection the heat development and temperature distribution have
acquired critical significance for the insulation system and the generation of thermal
breakdown. The occurrence of partial discharges, which can lead to breakdown as a result
of wear, is also a potential danger to the insulation system.

1.3.1 Charge carriers at low field strengths

Free charge carriers can be present in a solid dielectric as positive and negative ions and as
electrons_.» Under the simplifying assumption of only one type of ion, for the current
density S the relation derived for gases in Section 1.2.1 holds:

_§ =(n;b;q; + ng b, C)E = KE
with

K=K;tKe.
Here for ions (index i) and for electrons (index e) n denotes density, b mobility, q charge,
and x the specific conductivity.

As in insulating liquids, ionic conduction is due to movement of ions formed by the
dissociation of electrolytic impurities or ageing products. In materials with an ionic
lattice, at higher temperatures thermally activated lattice ions should also be expected.
The corresponding part of the specific conductivity k; increases strongly with the tem-

perature due to the increasing degree of dissociation and the growing mobility. We have:
W

k= Ae KT

1) Comprehensive treatment in [Whitehead 1951; Franz 1956 ;v. Hippel 1954 ; Lesch 1959, Anderson
1964; Alston 1968 ; Bartnikas, McMahon 1979] and others.
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In this equation W is the thermal activation energy, k is the Boltzmann constant, T is the
absolute temperature, and A is a proportionality factor.

The d.c. conductivity observed in crystals or partly crystalline materials like polyethylene
is predominantly caused by electron conduction. The permitted energy levels of the elec-
trons in an insulator are represented in Fig. 1.3-1, based on the band model.

WL L WLl L

H _________
AW Fig. 1.3-1 Band model
a) ideal insulator
b) insulator with traps
v 4 NS
a) b}

For an ideal insulator as in a), a forbidden zone of width AW of a few eV exists between
the valency band V and the conduction band L; there are no free electrons in the conduc-
tion band L, the conductivity is zero. By perturbation of the lattice structure or due to
the presence of foreign atoms, the possibility arises , as in b), for the electrons to populate
the forbidden zone at traps H located just beneath the conduction band [Whitehead 1951
and Anderson 1964]. From there single electrons, without having to cross the entire
width of the forbidden zone, can move into the conduction band. Through this internal
field emission (tunnel effect), recognised as such in 1934 by C. Zener, an appreciable in-
crease in the number of electrons in the conduction band can occur even at room tem-
perature, from which follows the increased electronic conductivity.

In very high-quality electron conducting insulating materials however, estimation shows
that an appreciably larger numer of electrons often participate in charge transport than
would be expected by thermal activation. The conclusion is that electrons are also inject-
ed by external field emission from the electrodes into the solid dielectric [Mierdel 1967].
Yet such electrons result in space charge which eventually inhibits the current density.

1.3.2 Intrinsic breakdown

The mechanism which leads to a sudden loss of insulating capability even after a short
period of stressing, without appreciable pre-heating and without partial discharges, is
called intrinsic breakdown. Here, as a rule, except in the case of strongly inhomogeneous
field configurations, a complete breakdown occurs within a few nanoseconds in solid
insulating materials. Since this is a short-term mechanism, the relatively small influence
of the time dependence of the voltage is neglected in this section; unless otherwise stated,
the field strength meant is the highest attained instantaneous value.

Earlier theories assumed an ionic mechanism or mechanical destruction as a consequence
of field forces on the lattice ions. However, after the investigations of 4. v. Hippel in 1931,
the work of H. Frohlich, as well as on the basis of recent investigations, one may regard
an electron mechanism as being certain [Franz 1965]. Intrinsic breakdown must be anti-
cipated in homogeneous, predominantly crystalline materials and especially during short-
period stressing.
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a) Breakdown of thin plates

At high electric field strength E in a solid insulating material a large increase of the
conductivity k is observed, which must lead to the conclusion that there is an increase of
free electrons in the conduction band. Collision ionization as well as increased internal
and external field emission can be considered the cause of this. If the field strength con-
tinues to be increased, on approaching the breakdown field strength E4 the electron
current density reaches such high local values that it leads to heating of the insulating
material due to the Joule effect [Mierdel 1967]. The power which destroys the dielectric
lies in the order of 1075 W/mm? [Thoma 1976].

If free electrons are accelerated by the electric field as in gases, collision ionization can
result. By collision with lattice ions the electrons on giving up their kinetic energy can
generate additional free electrons. Under favourable conditions an electron avalanche can
thus be created. The formation and growth of the electron avalanche is inhibited by
heating as a result of increased deceleration of the electrons by lattice oscillations. In cry-
stalline materials in the low temperature region, it has actually been observed that the
breakdown voltage varies only little with increasing temperature, or indeed, even in-
creases (low temperature breakdown, see Fig. 1.3-2, curve 1) [Franz 1956].

By the internal field emission mechanism electrons from the valency band or from the
traps can take up energy from the field without collision and so move into the conduc-
tion band. The process of internal field emission is schematically represented in Fig. 1.3-3
on the basis of the energy band model [Franz 1956]. If an insulator 1 of thickness s is
arranged between two electrodes 2 and 3, the Fermilevels F of the two electrodes shift
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Fig. 1.3-2 Breakdown of quartz under direct
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Fig. 1.3-3 Internal and external field emission
in the band model
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against each other by an amount eU and the energy levels in the insulator are corre-
spondingly inclined. The tangent of the angle of inclination is:

clip.

5 eE .

If the conditions for tunnelling are fulfilled, electrons from the valency band V, yet even
easier from the traps (path a), can move into the conduction band L of the insulator.
Internal field emission should be particularly expected in amorphous insulating materials
and those containing impurities. When a certain limiting temperature is exceeded a
sufficiently large number of traps can be emptied. For example, the decreasing break-
down strength of amorphous quartz with increasing temperature supports the assumption
of electron generation by internal field emission (high temperature breakdown, see
Fig. 1.3-2, curve 2). Here the following relationship between the breakdown field strength
Eq4 and the absolute temperature T is valid [Whitehead 1951 ; Anderson 1964]:
AW

Ey ~ e2KT
In polyethylene values between 0.03 eV and 0.05eV have been determined for the acti-
vation energy AW [Luy, Oswald 1971].

During external field emission electrons are introduced into the dielectric from the
cathode, preferentially in the region of local field enhancement. This mechanism is in-
dicated in Fig. 1.3-3 by the transition b. This should be of particular significance in con-
figurations with strongly inhomogeneous field, whereas in the homogeneous field for the
region of breakdown field strength, one would expect electron multiplication by internal
field emission to predominate [Mierdel 1967].

b) Breakdown in technical solid insulation systems

Technical insulation systems differ from those used for fundamental investigations of the
physical mechanism according to a). Here the thin layers are replaced by larger wall
thicknesses; multilayer dielectrics and more strongly inhomogeneous electric fields are
used. Yet in many cases the developed models can be at least qualitatively applied even to
important high-voltage insulating materials, especially to plastics [Luy, Oswald 1971;
Zoledziowski, Soar 1972; Bottger 1973]. As an example, Fig. 1.3-4 shows measurements
of polyethylene foils which demonstrate the expected different behaviour of electric
strength at low (predominantly collision ionization) and higher (predominantly internal
field emission) temperatures [leda 1972].
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Breakdown of PE foil under direct voltage
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The boundary temperature between the two regions is shifted towards lower values by
the impurities, so that in technical applications one may often expect internal field
emission. This is in agreement with the observation that the breakdown voltage usually
decreases with increasing temperature [Artbauer 1965].

The fact that the breakdown field strength of thin layers below about 100 um reaches
very high values [Whitehead 1951], agrees well with the theory. As in gases, the reason
for this is that in small electrode spacings the mechanisms for charge carrier multiplica-
tion are impeded. For larger insulation material thickness of a few millimetres and corre-
spondingly higher voltages, evidence of the breakdown field strength being independent
of the thickness is forthcoming only under favourable conditions. Between 1 MV/cm and
3 MV/cm are the values measured for unfilled EP-mouldings [Schiweck 1969 ; Schirr 1974].
Very often, effects originating in the boundary layer between the dielectric and the
electrodes dominate, and so in technical configurations there is still a dependence on
thickness [Schiihlein 1968].

As expected from the model concept, the degree of inhomogeneity of an insulating ma-
terial has great affect on intrinsic breakdown. In general, the material is required to be as
homogeneous as possible, since any disturbance of the regular structure would produce
traps in consequence, from which electrons can be liberated relatively easily. Similarly,
structural boundary surfaces act as weak spots, as for instance in EP-mouldings with
quartz powder fillers. Fig. 1.3-5 shows the decrease of breakdown field strengths measur-
ed with impulse and alternating voltages for increasing filler content F, [Schirr 1974].
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1 Fig. 1.3-5
Breakdown of EP-moulding test samples
under lightning impulse and alternating
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Another example for the strength decreasing effect of the structural boundaries is the
observed preferential growth of breakdown canals along the spherulite boundaries in the
case of partly crystalline polymers [Menges, Berg 1972; Wagner 1973] (Fig. 1.3-6). Such
weak spots which are basically unavoidable in plastic insulations, together with the
bonding between the electrodes and the insulating material, determine the breakdown
performance of a configuration. The unfavourable effect of external and internal mech-
anical stresses [Schirr 1974; Jdhne 1975] as well as the thickness and volume effects
observed in insulation systems [Dokopoulos 1968; Artbauer 1968] may be attributed to
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Fig. 1.3-6

Micrograph of a discharge canal
lying between two polypropylene
spherulites

[Patsch, Wagner, Heumann 1976]

the existence and the statistical distribution of weak spots. For practical application
however, it follows from this that the permissible electric stresses lie well below those
values which were determined in laboratories for idealized configurations [Kind 1971].
Unfortunately, application of the work on intrinsic breakdown based on the theoretical
and experimental considerations of physics, is not yet possible today in the design of
practical high-voltage insulation systems. Nevertheless, the models proposed have con-
tributed considerably to technical development.

¢) Breakdown mechanisms on electrodes with small radius of curvature

In solid insulation systems one would always aim to avoid electrodes with small radius of
curvature. For economical reasons the objective is to utilize the dielectric as uniformly as
possible.

But sharp points or sharp edges cannot be excluded with certainty in practical insulation
systems. On the other hand, needle electrodes are very often chosen in test objects for
breakdown investigations of solid insulating materials and conclusions are drawn from
these results about the behaviour of the insulating material under high electric stress
[Bahder et al. 1974, Loffelmacher 1976].

In alternating voltage investigations a constant voltage is usually applied and the onset
time t. is measured, which is the time up to the appearance of the first partial break-
down canal. If stressing is continued, the canals widen as a rule in the form of branches
(treeing), until finally after the breakdown time ty a complete breakdown results. The
processes in the time interval t. to ty (deterioration period) come under the domain of
partial discharge breakdown and shall be discussed in Section 1.3.4. The processes up to t,
(induction period) on the other hand, insofar as short-term mechanisms are concerned,
are associated with intrinsic breakdown.

The appearance of the first partial discharge canals on needle electrodes in EP-mouldings
has been closely investigated using impulse voltage [Dittmer 1963; Schiweck 1969].
Fig. 1.3-7 shows the sketch of a canal which can arise due to stressing with a chopped
lightning impulse voltage.
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Fig. 1.3-7
Partial discharge canal in
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Fig. 1.3-8 Breakdown of EP-moulding test samples (Ug
a) needle-plate b) rod-plate

It has been determined during these investigations that the inception voltage U, remains
more or less constant in the range of a few um for variation of the needle radius, which
suggests field weakening by space charges of the needle polarity. At any event, highest
field strengths up to a few MV/mm should be expected, at which field emission becomes
possible. With the needle negative, electrons are injected into the insulating material by
external field emission and held there in traps by the formation of negative space charge.
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With the needle positive, on the other hand, electrons can be liberated from the valency
band or from the traps by internal field emission, leaving behind a positive space charge.
This mechanism can also be interpreted as injection of positive holes from the anode
while overcoming the work function W4 +. The field transformation by space charges
takes place within a few ns, which offers an explanation of the only very small de-
pendence of U, on the time curve of the electric stress.

Fig. 1.3-8 shows as an example U, and Uy of test samples made of unfilled EP-mouldings
with needle and rod electrode during stressing with 50 Hz alternating voltage and with
positive wedge-shaped impulse voltages as a function of their steepness S for values up to
10MV/us. For negative polarity of the needle, the same onset voltage is measured.

A vpartial discharge canal is created as a consequence of the avalanche-like increase of
charge carriers, provided the increase with time of the field strength, because of the voltage
stress, dominates over the field reduction due to space charges. Actually, the occurrence
of partial discharge canals at the tip of the needle electrodes has been observed only in
the rising part of the impulse voltages, i.e. while the voltage is increasing with time.

The behaviour of configurations with electrodes of small radius of curvature during short-
duration stressing, described for the example of unfilled EP-mouldings, agrees with the
behaviour of other insulating materials, especially polyethylene. This can be explained
with the aid of the model for intrinsic breakdown outlined in a). During long-term
stressing with alternating voltage, undertaken in test methods for assessing the suitability
of plastic materials (needle test), one must not exclude other mechanisms for the forma-
tion of the first partial discharge canal; above all, thermal and electro-mechanical effects
should be regarded [Bahder et al. 1974].

1.3.3 Thermal breakdown

In insulating materials dielectric losses Py;) occur which comprise conduction, polarization
and ionization losses. These losses increase the temperature of the dielectric and are
themselves temperature dependent. In regions in which the dielectric losses increase
steeply with temperature, there is danger of overheating in solid insulating materials, and
this eventually leads to breakdown. This fundamental mechanism is named ‘‘thermal
breakdown” and was described quantitatively for the first time in 1922 by K. W. Wagner.

a) Temperature dependence of dielectric losses
For the specific dielectric losses in an alternating field the statement
Pjict = E* weg €, tand

is valid. The loss factor €, tand is a dimensionless measure of the magnitude of the di-
electric losses of an insulating material and its value lies in the region of 107 to 107! .

For the d.c. field one obtains:
Pjict = E*k .

In both cases for the dependence on temperature T, one may choose the same assumption:
Pgier = E? p(T) .
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Here we have:
for alternating voltage p(T) = weoé€, tand
for direct voltage p(T)=« .
For temperature dependence, the statement
p(T) = po e®T~T0) .
has proved useful, where To and po are reference quantities, o is the loss increase. This
relation shall be the basis for the considerations under b).

b) Models to describe thermal breakdown
At first the simple configuration as in Fig.1.3-9a shall be considered, in the dielectric of
which the temperature T and the specific dielectric losses Pg;q shall be regarded locally
constant. Let the thermal conduction via the electrodes 1 and 2 with the cooling power
P, be proportional to the difference over the ambient temperature T,:

Py ~(T-Ty).
A stable operating point must satisfy the following conditions (Fig. 1.3-9b):

Pap = Pgiel as a prerequisite for static conditions

dPyp _ dPge

T T as a prerequisite for stability.

a) b) Fap= fIT)

1, T—

Fig. 1.3-9 Model for the qualitative explanation of thermal breakdown

a) configuration b) characteristics

Thermal breakdown sets in if there is no stable operating point. It is clear that only the
point of intersection A can be a stable operating point, whereas B is unstable. By in-
creasirig T, or by raising the voltage U, the points A and B can finally merge at C. The
corresponding voltage is designated the critical voltage Uy; it is the voltage of thermal
breakdown.

For the qualitative consideration as in Fig. 1.3-9, a locally constant temperature in the
dielectric was assumed. For quantitative investigation of the breakdown performance,
however, the temperature distribution in the insulating material must be taken into
account. This improved model of a plate in a homogeneous electric field is shown in
Fig. 1.3-10. This model is based on the assumption of constant temperature T, of the
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electrodes 1 and 2 and therefore thermal conduction in the x-direction only; in addition
the thermal conductivity A of the insulating material is assumed to be constant. With
maximum temperature T,, at x = O the boundary conditions are:

dT
x=0; T=Ty and d—x=0,

s
) /2
X = 5 ; T=T,. T

x

0
Fig. 1.3-10 T, I,
Model for the calculation of the critical
voltage of a global thermal breakdown

2

ii/iii
TU

In the static case, for each volume element the power transported away by thermal
conduction

P, =—divAgrad T
must be equal to the power input Pye;.
For the present one-dimensional problem we have, using the quantities introduced under
a), the following differential equation:

2
A fix—zT +E2pge?@~T0) =

., . dT . s .
To solve, we rewrite in 7~ and the following expression is obtained:

2
d/1(dT ) 2 i(l U(T—To))_
)\dx<2<dx) +E"po dx of =0

The constant of the integration from x = 0 to x is obtained from the boundary conditions

and we have:
2

A (dT\ . E’po ( _ _

A(ALY 4 Z PO o(T-Tg) _ (o(Tm—To) | =

2 (dx) o \° ern 0.
Separation of variables leads to the integral:

T, 1 s/2

dT _E~|/2Po 5 0(Tm—To) [d
J /1 — eo(T—Tp) 2o © . X
Tm

0

The integral on the left hand side is solved by substitution. If we write U = sE, we finally
obtain the relation between voltage and maximum temperature:

1
1 /2N cosh™? eEO(Tm*TU)
U=2 = 1
Po 2 70m=To)
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Function for the calculation of the critical
0 voltage
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For further consideration, the above equation shall be written in the following form:

U=22 ——ﬁ—(T_—T-; f(0AT,,) with ATy =T, -T, .
po 0 ¢(TuTo

The function f(¢ATy,) is shown in Fig.1.3-11.

A physically meaningful solution apparently requires that with increasing voltage U a
higher value of maximum temperature T, follows. But this condition is no longer satisfied
in the region to the right of the maximum. The highest value 0.663 occursat 6AT, ~1.2
and corresponds to the desired critical voltage Uy of the thermal breakdown. For that we
obtain:

U, =1.875 ‘/p—a—e;—%m with po = weép €, tandy .
0

In the commonly occurring case of only one-sided cooling of the plate, on integration
from x = 0 to x = s half the value of Uy is obtained. Surprisingly, the critical voltage does
not depend upon the plate thickness s but, for a given ambient temperature, only upon
material properties. For the usual high-voltage insulating materials, values in the range of
50kV to 5S00kV are obtained at 50Hz; with increasing ambient temperature Uy de-
creases rapidly.
For the example of an oil-paper dielectric at S0Hz and 20 °C, the following values are
approximately valid:

A=0.002W/cmK ;

€, tand =0.016 ;

0=0.02K" .
For one-sided thermal conduction and an ambient temperature of 20 °C we have, using
this data:

Uyp =444 kV .
For an ambient temperature of 100 °C it follows that

Uy = 199 kV .
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Fig. 1.3-12 Model for the calculation

of the critical voltage of local thermal t

breakdown
Fig. 1.3-13 Time dependence of the loss

factor during tests for thermal stability

In the model with thermal conduction over the electrodes as in Fig. 1.3-10, the tempera-
ture distribution between electrode sections lying opposite each other is always the same.
One can therefore speak of a “global thermal breakdown”. In contrast, K. W. Wagner in
his investigations according to Fig.1.3-12 has assumed that a thin canal of increased con-
ductivity exists in the dielectric and radial heat conduction takes place from it.

This model of a “local thermal breakdown” in the case of plates leads to an expression of
the form

U ~s

which in many cases also agrees very well with the experimental evidence [Lesch 1959].

Numerous theoretical investigations on the thermal breakdown of plate and cylinder con-
figurations are known from the literature [Dreyfus 1924; Berger 1926; Whitehead 1951;
Franz 1956].

The assumptions of the theory are only partly fulfilled in practical cases; hence the cal-
culation yields only approximate values and cannot replace experimental verification of
the thermal stability. This is done by holding the insulation concerned under voltage for
a long time at operating conditions, then, after the thermal transients have died away, a
static maximum temperature, i.e. a constant loss factor, sets in Fig. 1.3-13 shows the
possible results of such a stability test which permits non-destructive determination of Uy.
These tests are important for bushings, power capacitors, and cables among other things.

1.3.4 Partial discharge breakdown!)

Partial discharges (PD) are electric discharges which bridge only part of the insulation;
they are usually pulse shaped. This form of incomplete breakdown can take place in gas-
filled cavities of a dielectric, or also at electrodes with small radius of curvature when
these are not completely embedded in the solid insulating material. Partial discharges can,
through long-period mechanisms, lead to a complete breakdown of the insulation, parti-
cularly during stressing with alternating voltages. The effective mechanisms are of a rather
complex nature and therefore do not easily lend themselves to unified description.
Despite extensive literature, comprehension of these mechanisms is still unsatisfactory.
Nevertheless, in the following we shall attempt to describe briefly the mechanisms in a
few technically rather important configurations.

l) Comprehensive treatment in [Whitehead 1951; Kreuger 1964; Alston 1968; Bartnikas, McMahon
1979].
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Gas-filled cavities in a homogeneous insulating material, e.g. in plastics, should be con-
sidered as weak spots and are therefore basically undesirable. In laminated materials
(e.g. hardboard) they are indeed unavoidable. Finally, cavities even occur in homogeneous
dielectrics as a consequence of high electric stress. The formation of PD canals, known as
“treeing”, belongs to this category.

a) Configuration with internal partial discharges

According to Section 1.2.3a the incomplete breakdown in gases in a strongly inhomo-
geneous field is described as external partial discharge. The immediate transition into
complete breakdown is impeded here by the fact that the leading electric field is only
strong enough to sustain the discharge in the vicinity of the electrode with small radius of
curvature. Partial discharges in or on solid insulating materials may also be considered as
an incomplete breakdown in a gaseous dielectric. A few typical PD configurations are
represented schematically in Fig. 1.3-14. The rapid extension into a complete breakdown
is prevented here by the solid insulating material, namely by the finite dimensions of the
gas volume available for the discharge and by the restriction of the discharge current. For
not too small wall thicknesses the extension into complete breakdown occurs mainly
through PD canals which are themselves gas-filled cavities.

Sensitive measuring methods allow the determination and evaluation of internal partial
discharges, the occurrence of which is explained with the aid of various models [among
others, IEC publication 270; Kind 1972 and the sources quoted therein].

—
w
—
L

2

Fig. 1.3-14
d) Typical PD configurations
1,2 electrodes, 3 partial discharge zone
a) cavity adjacent to electrode
1 3 b) cavity in insulator
¢) detached electrode
d) electrode placed on surface
e) electrode point with PD canal
f) cavity with PD canal

2
f)
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b) Calculation of inception voltage

The field strength in the cavity can be calculated for configurations with known geometry,
provided the rest of the dielectric behaves ideally and surface effects at the walls of the
cavity are neglected. Fig. 1.3-15 shows the three simplest cases and states how large the
constant field strength E; in the cavity is for a homogeneous advancing field E; e, is the
dielectric constant of the remaining dielectric [Lautz 1976]. In a similar manner E; can
be calculated for cavities in rotational ellipsoid form with arbitrary axis ratios [Philippow
1976].

Fig. 1.3-15 Configurations for the
calculation of the inception field strength

a) plane gap perpendicular to E:
Ei = erE
b) cylinder perpendicular to E:
2ep

Fig. 1.3-16
Model for the calculation of inception
voltage of mounted electrodes

a) arrangement with gap
b) arrangement with wedge

For the ignition of the discharge in the cavity validity of the Townsend mechanism as in
Section 1.2.2a can be assumed. Since the field strength has the same magnitude through-
out the cavity, yet the breakdown field strength E4 decreases with increasing gap width s,
the breakdown should be expected at that point where the elongation in the direction of
the field is greatest. The calculation procedure shall be demonstrated on the following
example:

Let a spherical cavity in EP moulding (€, = 3) with s = 2mm diameter be filled with air at
pressure p = 0.5 bar. According to Fig. A2.1-1 for ps = 1 bar mm, the breakdown voltage
Ug =Egs=4kV. From E; =Ey it follows for the inception value of the leading field
strength
1+2¢
E.= Tér—Ed = 1.6 kV/mm .
A commonly occurring configuration in technical insulation systems is the insulating
plate with the electrode mounted on it. For derivation of the inception voltage the con-
figuration as in Fig.1.3-14c¢ is assumed in which there is a plane gap between the elec-
trode and the insulating material [Halleck 1956]. If, according to Fig. 1.3-16a, the voltage
at the gap is designated U, and U is the total voltage, we have:
§1 / €r1

U =0 ——"—7—"—
! sl/erl +s2/€r2



44 1 Electric strength

U reaches the inception value U, when U; = Uy, and we have:

€r1 82 )
S1 €r2

U, =Uy4 (1+

For gas-filled gaps we may put €., = 1; according to the Paschen law Uy depends upon ps; .
With €., = €; and s, = s we have:

1 ps
Ue=Ud(ps1)'(l +1¥T'e—r)'

Thus, for a certain value of ps/e;, U, depends only on ps; . If the electrode mounted as in
Fig. 1.3-16b is now considered, it can be seen that the discharge begins in the wedge and
that s; can be chosen so that U, will be a minimum.

The results of numerical evaluation of this relation using the values of experimentally
determined Paschen curves for air and SF¢ are represented in Fig. 1.3-17a whereby fJe
should be understood as the peak value of the alternating inception voltage.

The comparison with the plotted measured values for air and SF¢ shows, in part, con-
siderable deviation between measurement and calculation. This can be explained by the
neglect of surface effects, by deformation of the insulating material in the region of the
electrode edges and by other effects not taken into account in the model.

Another derivation, using a capacitive network as equivalent circuit, yields for the in-
ception voltage

Q ps
Ue = \/2_K (€_>
T
For the exponent, in the case of small insulation thicknesses, a value of & =0.5 is ob-

tained [Philippow 1956], which decreases with increasing thickness towards a=0 [Rayes
1978].
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Fig. 1.3-17 Inception voltage for mounted electrodes in air (1) and SF¢ (2)

Comparison of measurements and calculations
a) curves calculated using the Paschen law, measured values after Brand for PE in SF¢ (o),
after Kappeler for hardboard in air (e)

o
2 8
b) curves calculated from U, =+/2ZK (z—r) , measured values as in a)
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The basic relationship between p, s and € described here also corresponds, to a first
approximation, to the result of experimental investigations [Kappeler 1949; Kind 1972;
Brand 1973; Rayes 1978]. By the appropriate choice of the factor K the experimental
data can be explained quite well most of the time.

For the usual range of
a=045..05,
we have

for ambient medium air K~ 8
for ambient medium SF¢ K ~ 21.

Here ﬁe is obtained in kV, if ps/e; is inserted in bar - cm.

Fig. 1.3-17b shows the regions overlapped by the approximation parabola with «=0.45...
0.5 and in addition the same measured values as in Fig. 1.3-17a. For dimensioning the in-
sulation a value of o = 0.5 may be assumed since this results in lower values of ﬁe.

Experience shows that the above relationship for the inception voltage is also valid for
configurations with electrodes mounted on the dielectric and surrounded by an insulating
liquid. This is quite in accordance with the knowledge of breakdown in liquids. For a
metal or graphite edge the following is quoted for p = 1bar [Kappeler 1949; Boning 1955]:

surrounding medium mineral oil K =~ 30.

To understand the inception of partial discharges in practical insulation systems, exten-
sive investigations have been carried out on test samples with artificial sealed cavities
[Weniger 1975; Kiibler 1978]. It was noticed then, that, apart from the dimensions and
shape of the cavities, it is above all their previous stress history which determines the in-
ception voltage. Surface effects and variation in gas composition can cause time depen-
dence of the ignition behaviour.

¢) Mechanisms of partial discharge breakdown

During long-term electric stressing of an insulation, internal partial discharges can damage
the dielectric as a consequence. This is equivalent to the prognosis that the ageing of
insulating materials by means of partial discharges occurs above all during alternating
voltage stress due to the periodic repetition of the ignition process; the following
comments refer to this. Nevertheless, cavities with partial discharges can cause appreciable
alteration of the electric strength for high direct voltages too; but this case is not a long-
term mechanism [Shihab 1972].

The most important effects arising in these mechanisms are:

heating

erosion

chemical effect

charge carrier injection.

Partial discharges always result in additional dielectric losses, designated ionization losses.
They occur in local concentration and so represent almost point-like heat sources. Estima-
tions have shown that only in the high-frequency case (MHz range) can partial discharges
cause inadmissible local heating and so lead to a thermal breakdown.
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Fig. 1.3-18 Scanning electron micrographs of EP moulding surfaces
a) unstressed b) after 72h PD stressing with 6 kV/mm

In gas filled cavities of a dielectric with partial discharges acceleration of electrons and
ions occurs by means of Coulomb forces. The bombardment in particular of the walls of
the insulating material by ions causes erosion, i.e. mechanical excavation of the ma-
terial. On the other hand in air-filled cavities, seemingly crystalline deposits are the conse-
quence of partial discharges; these can be made visible by scanning electron microscopy
(Fig.1.3-18) [Salvage et al. 1975]. The originally often very smooth surface can be
roughened so yielding starting points for the partial discharge canals.

Life-time measurements on plastic test objects with artificial cavities have shown that for
partial discharges too, an initial induction period should be expected if the surface of the
insulating material exposed to the discharge is mechanically undamaged [Kdnig 1962;
Kodoll 1974]. Where surfaces are mechanically prepared or for those sufficiently eroded
by discharges, the destructive phase with the formation of canals sets in comparatively
rapidly. On the other hand, PD breakdown as a consequence of the reduction, by uniform
erosion, of the wall thickness of the remaining dielectric has not hitherto been observed.

Of great significance for the occurrence of a breakdown must indeed be chemical effects
on the surfaces of an insulating material subjected to partial discharges. In oil-impregnat-
ed capacitors the X-wax formation at the edges of the metal foils, and in diphenyl-
chloride impregnated capacitors the formation of hydrochloric acid, are known to be the
cause of breakdown [Liebscher, Held 1968)]. Even in foil insulation systems in gases,
partial discharges can lead to breakdown by means of chemical effects [Rao 1968; Schon
1977]. In the case of plastic insulations with thicker walls, chemical effects are equally
significant, particularly when moisture is also present. Basically all of the chemical reac-
tions known from simple molecular chemistry are possible on the macromolecule as long
as the appropriate environmental influences are present. For instance, at both high
temperature and high humidity, epoxy resins are relatively easily hydrolysed [ Vogelmann,
Henry 1972]. Further, it is known that during electric discharge in air, besides other
decomposition products, nitrous oxide (NO) is produced which together with moisture
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forms nitric acid (HNO3) [Schon 1977]. Chemical changes in the gas-filled cavity and the
solid material may also be promoted by the short-wave radiation occurring during jonisa-
tion processes.

Another ageing mechanism is the injection of charge carriers, preferentially electrons, into
the insulating material. These penetrate the insulating material and are caught in traps,
the result of which can be electron conduction. In PE foils it has been proved, using a
configuration with air gap as in Fig. 1.3-14c, that penetration of insulating material by an
electron wave can result in such high conductivity that the insulation becomes thermally
unstable [Boeck 1967; Rao 1968]. In configurations as in Fig.1.3-14d, on the other
hand, starting from energy-rich surface discharges on the insulating material surface,
electrons can penetrate the insulating material with the aid of a high space charge field
strength and cause PD canals under the surface; these can on continued stressing develop
into a complete “anomalous breakdown’, of which Fig. 1 .3-19 shows an example [Dronsek
1967].

Fig. 1.3-19
Schematic representation of the origin of an
anomalous breakdown:

1 high-voltage electrode
2 insulating plate with PD canals

ST

1.4 Breakdown of liquid insulating materials?)

In most applications insulating liquids, besides insulating voltage-carrying parts, have to
satisfy further requirements. For example, they also serve to cool the windings and cores
in transformers, to extinguish the arc in circuit breakers, or, as an impregnating medium
in capacitors, they increase the dielectric constant of the paper dielectric.

The behaviour of technical insulating liquids in the electric field differs fundamentally
from that of gases and solids. It is critically governed by impurities, by the ageing con-
dition as well as by space charges. As a consequence of this there is no unified breakdown
theory, even though certain mechanisms are beyond doubt. Only these shall be discussed
briefly here, whereas the effect of refining and ageing on the breakdown performance,
particularly critical in insulating oils, will be discussed in detail in Section 2.5.1.

1.4.1 Electric strength of technical configurations with insulating liquids

In high-voltage technology mineral oils are predominantly used as liquid insulating
materials, namely for open insulating paths in conjunction with insulating supports, as
well as for impregnation of laminated materials, especially soft paper and pressboard.
Very often they are mineral oils of low viscosity, designated transformer oils; their vis-
cosity, which is strongly temperature dependent, is matched to the application purpose
(cooling, impregnation) by mixing with suitable distillates.

1) Comprehensive treatment in [Strigel 1955; Imhof 1957; Kok 1963; Alston 1968; Génger 1981]
and others.
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As a result of their extraction from crude oil, insulating oils are a mixture of several
hydrocarbons with different properties. In their application in large technical systems, as
in transformers, and also in some cases by contact with the atmosphere, technical in-
sulating oils also contain impurities in the form of dissolved gases, liquids (e.g. water,
acids), as well as conducting and non-conducting particles (e.g. fibre pieces, sludge).
Experience shows that the presence of these impurities determines the breakdown be-
haviour in practice much more than the properties of the ideally pure insulating liquid
itself [Kok 1963]. In fact, only liquefied gases represent really pure insulating liquids; for
very low temperatures liquid nitrogen (LN;) or liquid helium may become a practicable
proposition for future applications in low temperature technology.

As synthetic liquid insulators chlorinated diphenyls are used for the impregnation of the
paper dielectric in power capacitors. Compared with mineral oils they have approximately
twice the dielectric constant. A further advantage, the non-inflammability, was responsible
in the early days for their application in indoor distribution transformers; today however,
dry transformers with epoxy resin insulation are preferred for these applications.

The following table contains guiding values for some of the properties of insulating
liguids:

transformer chlorinated liquid
oil diphenyls nitrogen
density
in g/om3 0.9 1.4 0.8
er 2.3 5.5 1.4

Besides depending upon the impurities, the electric strength also depends upon several
other parameters, particularly upon pressure and the stress duration. During impulse
voltage stressing the breakdown field strength of a configuration is many times the value
for alternating voltages [Strigel 1955]; in a homogeneous field in practical insulations one
may expect values up to Ey =200kV/cm. The impulse voltage-time curve of an electrode
configuration in transformer oil reproduced in Fig.1.4-1 gives an idea of the effect of
stress duration [Kratzenstein 1969].

Typical for breakdown measurements in insulating liquids with impurities is large dispersion
and the occurrence of irregular pre-discharges, even in a homogeneous field. Moreover, in
pure liquid gaps breakdowns can occur with subsequent self-healing.

Fig. 1.4-2 shows the result of measurements of the breakdown field strength E4 and the
dissipation factor tand at 50 Hz as a function of water content v [Holle 1967]. The
reduction of Eq on exceeding v = 50107 can be attributed to the fact that a transi-
tion from solution to emulsion takes place. For a breakdown field strength of at least
200kV/cm a residual water content of v < 107> must be ensured.

In contrast to dissolved water vapour, dissolved gases have in general no effect upon the
electric strength of insulating liquids, apart from the ageing processes due to oxygen.
However, the condition of supersaturation could be critical if beyond the equilibrium
condition dissolved gases appear in the form of tiny bubbles released by mechanical
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Fig. 1.4-2 Breakdown field strength and dissipation factor of transformer oil
as a function of water content (mass fraction)

vibrations (forced circulation cooling) or by high electric field strengths [Kind 1959;

Strigel, Winkelnkemper 1961].

Liquid insulating materials are used as impregnants in the dielectric of capacitors, in the
soft paper and pressboard insulation of transformers, as well as in oil- impregnated paper
cables. Here very high electric strengths are reached but at the cost of effective con-
vection cooling. The following table gives a few guiding values for physical properties at

20 °C:
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oil/paper oil/pressboard chlorinated
diphenyls/paper
fiensity 11 1 s
in g/cm3
€r 3.6 4.5 55

The electric strength of these mixed dielectrics is so high that continuous operating field
strengths of 100kV/cm and above can be permitted. For short-duration stressing values
of E4 up to 1 MV/cm can be measured. Especially at high ambient temperatures however,
the possibility of a thermal breakdown as described in Section 1.3.3 must be considered.

In the special case of extremely short-duration stressing, even water shows a high break-
down field strength. Depending upon the experimental conditions, for spacings of a few
mm one can obtain values between 100kV/cm and 500kV/cm, whereby the stress
duration may not exceed a few 10us [Kuzhekin 1972; Steudle 1974]. As in technical
insulating liquids the electric strength increases greatly with pressure. With these pro-
perties, and in combination with its high dielectric constant of €, == 80, water is very
well-suited as an impregnating medium for configurations exposed to the risk of flashover;
this property is occasionally made use of in high-voltage impulse setups [Dokopoulos,
Steudle 1972].

14.2 Breakdown mechanisms

The breakdown of liquids cannot be described by a single unified theory and there is also
strong dependence of the observed phenomena on the technical boundary conditions.
Hence, only the two most important types of breakdown will be discussed here.

a) Intrinsic breakdown

As in gases and solid insulating materials, an avalanche breakdown is also possible in very
pure liquids. If the ionization condition according to Section 1.2.1

EA 2

is assumed, reduction of the mean free path A due to the liquefaction of the gas should be
compensated by a corresponding increase in the ionization field strength. An estimate
for the example LN, shows that this theoretically desirable value of the field strength
cannot ever be achieved in an experiment. Rather, one should expect the kinetic energy
of the electrons, even for the experimentally determined values of the field strength, to
be sufficient to effect partial vaporisation of the liquid by way of collision processes
with the liquid molecules. In the small gas bubbles so formed, on account of the larger
mean free path A, the prevailing field strength can initiate collision ionization and avalanche
formation. This model, in conformity with the measured results for LN, , results in break-
down field strengths of about 300 kV/cm [Peier 1976].

In technical insulating oils more complicated mechanisms may be assumed as a conse-
quence of the presence of different components. In an electrode configuration with an
insulating liquid in a d.c. field, a current density S appears which only reaches a nearly
constant value after a few minutes (Fig. 1.4-3a). The cause of this phenomenon is the
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presence of charge carriers of different mobility. Finally, the steady current is determin-
ed by the heavy electrolytic ions which are formed by dissociation [Whitehead 1935]. For
low field strengths Ohm’s law is approximately valid, until a saturation current sets in, as
in gases (Fig. 1.4-3b). If the field strength E is increased further, the current increases
disproportionately until breakdown occurs. According to the expression for the current
density
S= qnbE> (q = ionic charge) ,

an increase in the charge carrier density n may be expected from this since there is no
reason for the mobility b to change. The presumption that, similar to a breakdown in
liquefied gases, the charge carrier multiplication may be attributed to collision ionization
in the gaseous or vapour part of the liquid, leads to the description of this breakdown as

a “masked gaseous breakdown”. This model also explains the experimentally observed in-
crease in the electric strength of insulating liquids with pressure.

b) Breakdown by fibre bridge formation

Technical insulating liquids always contain macroscopic impurities in the form of fibrous
particles of cellulose, cotton or other materials. Especially when these particles have
absorbed moisture from the insulating liquid, forces act upon them moving them into the
zone of higher field strength and also aligning them in the direction of the field [Kind
1972]. In contrast to the fibre particles, gas bubbles, because of their lower dielectric
constant, are removed from the region of highest field strength.

In this manner, as indicated in Fig. 1.4-4, a fibre bridge between the electrodes can result,
and this represents a conducting canal. The resistance loss can result in vaporization of
the moisture contained in the particles with subsequent gas breakdown. This phenomenon
can also be interpreted as a local thermal breakdown originating from a weakly con-
ducting canal. The technically extremely important occurrence of a breakdown by the
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formation of fibre bridges prohibits high electric stressing of free oil gaps. Fibre bridge
breakdown can be effectively prevented by insulating screens which should be arranged
perpendicular to the electric field if possible. A further effective measure is to embed the
electrodes in a solid insulating material, preferably using a paper bandage.

1.5 Breakdown in high vacuum!)

All breakdown theories for gaseous, liquid and solid insulating materials assume that the
insulating material is made conducting by ionizing processes. In high vacuum (p <107
mbar), the mean free paths are so large that collision processes in the rest of the gas
become meaningless for the breakdown mechanism. Rather, the mechanisms at the elec-
trodes are critical to the breakdown behaviour.

If direct or alternating voltage is applied to a vacuum gap, preliminary currents start very
much below the breakdown voltage and increase exponentially with increasing voltage. It
has been shown on point-plate gaps [Dyke et al. 1953], that the preliminary currents
follow the Fowler-Nordheim equation for field emission [Finkelnburg 1967]:
2 6.9-107 W3

S=155'Hf6é%exp[—————i;—iL—}.
Here S is the current density in A/cm?, E is the field strength in V/cm and W, is the work
function in eV.
For large area electrodes field emission currents can be measured which are larger by
several powers of ten than the preliminary currents expected according to the Fowler-
Nordheim relation. This is caused by micropeaks on the surface of the electrode, which
locally enhance the electric field.

Many breakdown hypotheses have been developed to explain the mechanisms in vacuum
gaps. The cathodic breakdown hypothesis [Alpert et al. 1964] assumes that the field
emission current, at a micropeak on the cathode, above a critical current density leads to
so much heating that the micropeak evaporates explosively. In the metal vapour then
formed ionizing collision processes take place. If sufficient charge carrier multiplication
is achieved breakdown of the vacuum gap occurs across the ionized metal vapour cloud.

In the anodic breakdown hypothesis it is assumed that the electrons released from the
cathode by field emission and accelerated in the electric field to an energy W = eU, heat
up the anode to such an extent that the anode material vaporizes. The metal vapour is
ionized by collision processes and reinforces the electron emission back at the cathode.
For a sufficiently high vaporization rate at the anode gas breakdown occurs within the
metal vapour cloud [Maitland 1962]. The theory described is supported by the obser-
vation that for breakdown the pressure in the experimental tank increases by about a
factor of ten and anode material can be found on the surface of the cathode [Schmidt
1979].

According to the clump hypothesis [Cranberg 1952], vacuum breakdown is initiated by
free metal particles residing on the electrodes which are torn and accelerated by field
forces and vaporize on collision with the opposite electrode.

l) Comprehensive treatment in [4lston 1968; Meek, Craggs 1978; Latham 1981] and others.
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Fig. 1.5-2 Effect of electrode material and
electrode temperature on the breakdown
voltage of a high-vacuum configuration with
alternating voltage

1 copper electrodes T = 293K
2 copper electrode, plate T = 80K
3 steel electrodes T = 293K

The electric strength of a vacuum gap of spacing s in the homogeneous or weakly in-
homogeneous field for direct voltage stressing satisfies the relation Uy ~ \/s [Zeibig 1966].
This relationship is confirmed for impulse voltage, for which, in the region of smaller
breakdown times (tg <O0.1 us), a steep increase of the impulse voltage-time curve is
observed [Bauer 1971].

As Fig. 1.5-1 shows [Schmidt 1979], the electrode material also influences the electric
strength: under otherwise identical conditions, the d.c. breakdown voltage increases
with higher melting point of the electrode material. This behaviour conforms with the
breakdown hypotheses already mentioned. Cooling the electrodes has the same effect as
a higher melting temperature and increases the electric strength of the configuration
(Fig. 1.5-2).

Breakdowns under direct voltage lead to strong erosion of the anode. In contrast, the
surface finish of the cathode is improved. From Fig. 1.5-3, which is a comparison of the
sectional magnification of a cathode and an anode surface, one can recognize that even a
single breakdown is followed by appreciable erosion of the anode in consequence [Dohnal
1981]. During a.c. stressing of homogeneous configurations both the electrodes are
eroded equally because the electrodes act alternately as anode and cathode. Here, surface
structures comparable with the anode surface shown in Fig. 1.5-3 are obtained. Due to
the erosion of both the electrodes the breakdown voltage is lower than that for d.c. stress
[Schmidt 1979].
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b}

Fig. 1.5-3 Electrode surfaces after a vacuum breakdown
a) anode b) cathode

In inhomogeneous configurations, on the other hand, the breakdown voltages under a.c.
and d.c. stress are equal, since the alternating voltage breakdown occurs preferentially for
negative polarity of the electrode with smaller radius of curvature and so distinct erosion
can be observed only at the electrode with the larger radius of curvature. Thus comparable
surfaces and breakdown voltages are obtained for both types of voltage.

1.6 Pollution flashover!)

High-voltage setups often contain insulating bodies in a gaseous environment, which are
stressed by a flashover. If a contamination layer develops on the surface of such an in-
sulator, its electric strength can be enormously reduced. Above all, this is valid for in-
sulators of overhead transmission lines or in outdoor switching stations, the long-term
behaviour of which under atmospheric pollution is of great significance to the operating
security of high-voltage networks. This chapter will deal with some fundamentals for this
in particular.

1.6.1 Development and effect of contamination layers

At the boundary surfaces between solid and gaseous substances different physical mech-
anisms such as condensation and adsorption take place. Further, for insulators in atmos-
pheric air one should expect contamination layers to form by accumulation of dust

1) Comprehensive treatment in [Philippow 1966; Lambeth 1972; Holte et al. 1979] and others.
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particles. Since a general quantitative description of these processes is not possible, con-
clusions concerning the electrical behaviour of technical insulators shall be drawn here
from investigations of simple models.

a) Moisture layer

Atmospheric air always contains appreciable quantities of moisture; thus the standard
conditions prescribed by IEC for tests in air with 11g water perm® at 20°C and 1013 mbar
mean a relative humidity of about 65%. Deposition of water molecules occurs on the
insulator surface, which however, for clean experimental conditions, only results in a
decrease of the flashover voltage Uy at relative humidity values F > 50% (Fig.1.6-1)
[Link 1975]. The reason for this behaviour is the formation of a mono-molecular film of
water on the surface of the insulating material, even below the saturation humidity of the
surrounding air. The reduction of the flashover voltage caused in this way depends on the
form and surface finish of the insulator, as well as on the voltage shape, among other
things.

160
kV
sz60 mm
___o—_——o\\
120
s=40mm
L_QN
Fig. 1.6-1 T —— |
a.c. flashover voltage of a clean epoxy resin
support insulator in humid air at 30 °C
[Link 1975]
L0 60 80 °% 100

On outdoor insulators a cohesive water layer can be produced by rain, fog or dew on the
undercooled insulator, especially in the early morning hours. The effect of moisture on
the flashover voltage of insulators is also important for SF, insulated setups. The in-
sulating gas used must be sufficiently dry to guarantee that the dew point is not reached
at solid insulating material surfaces [Kdnig et al. 1977].

b) Conducting contamination layers

Dust-like impurities settle on the surface of objects in the atmosphere. As long as the
thickness of the contamination layer so formed stays within limits and remains dry, this
mechanism has just as little effect on the flashover voltage of the insulator as has a certain
amount of humidity. However, if the contamination layer and moisture combine, a con-
ducting contamination layer is formed which can cause an appreciable reduction in the
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electric strength of an insulator. For orientation purposes, a few guiding values for the
flashover voltage of insulators with a highly conducting contamination layer, referred to
their dry condition, are compiled below for different types of voltage [Reverey, Verma
1970]:

reduction to about

lightning impulse voltage 90%
switching impulse voltage 50%
alternating voltage 20%
direct voltage 15%

It follows from this that the behaviour of insulators with contamination is of special
significance to the operating stress under alternating or direct voltages.

In practice three basically different types of pollution commonly occur:

1. “Salt fog pollution” mainly occurs near the coast where salt fog can be carried several
kilometres inland. Similar conditions can also prevail in the vicinity of roads strewn
with salt in winter.

2. “Industrial pollution” should be expected in the neighbourhood of installations with
corresponding emission, as in the case of cement factories, coal-firing installations or
chemical industries. The deposit is mostly inert dust and salts mixed with dust which
initially are dry and later, combined with moisture, cause electrolytic conductivity.
Occasionally conducting contamination layers are formed by the solution of acid-
forming gases such as SO, in water.

3. A special case is “desert pollution” which arises in desert regions by the deposition of
dust. Wetting occurs by the early morning dew. Dust is transported by the wind so
that deposition of the contamination layer occurs particularly on aerodynamically un-
favourable locations, for example at the back sections of insulator sheds. For this type
of contamination constructions with protected creepage path through the petticoats
are unsuitable, since after some time these are completely filled up with dust. Long-
rod insulators with horizontal, aerodynamically favourable shed designs have proved
successful under these circumstances.

In all types of pollution a conducting contamination layer appears on the insulator sur-
face in which a leakage current I flows on the application of a voltage U. Under the
assumption of constant layer conductivity o for axisymmetrical insulators according to
Fig.1.6-2, we have for calculation of the differential contamination layer resistance dR
over the section dx:

_dx 1
dR = D 0.

U
Fig.1.6-2 ‘

For the calculation of the leakage resistance of an axi-
symmetrical insulator with conducting contamination layer
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Integration over the creepage path length si gives the leakage resistance:

Sk
_L1lfodx 1
R_OSWJ‘D(X) Ust'

0

The form factor K¢ can be determined by graphical integration, for example, from the
shape of the insulator; for various designs it lies in the range 10 to 30.

Extensive investigations with alternating voltage on insulators of different construction
with artificial and natural pollution, have proved that the layer conductivity o, is a useful
measure of the degree of pollution. Fig. 1.6-3 shows that the a.c. withstand voltage Ug_g
of the insulator decreases monotonically with increasing o [Nasser 1962]. Instead of g,
the degree of pollution can also be expressed by the mass of salt coating per unit area, or
by the salt content of the fog.

e, 8 E 8
150
K \
Fig. 1.6-3 T 100 N
a.c. withstand voltage Ug_q of a 110kV long-rod  U4-o \\
insulator as a function of the layer conductivity og 50 ]
degree of pollution:
1light 2 medium 3 heavy 4 very heavy eH 20 T —

g

Under direct voltage the formation of a contamination layer is greatly influenced by the
electrostatic forces acting on the dust particles. The electric field can lead to a very irre-
gular pollution and so to inhomogeneity of the layer conductivity. The consequence is an
even greater reduction in the flashover voltage with pollution than for alternating voltage.

1.6.2 Mechanism of pollution flashover

The phenomena leading to the flashover of a polluted insulator are extremely complicat-
ed and are indeed to a great extent governed by chance. Nevertheless, a highly simplified
model can help to describe the most important processes.

a) Formation of dry bands

Fig. 1.6-4a shows the plane model of a configuration with a homogeneous contamination
layer of conductivity a; [Lambeth 1971]. A leakage current flows which produces a linear
potential distribution. This leads to a certain amount of drying of the contamination
layer which, as in Fig.1.6-4b, may possibly occur in bands; corresponding to the locally
widely differing conductivities the potential then drops essentially at the dry band and
the current temporarily becomes very small. Finally, as shown in Fig. 1.6-4¢, bridging of
individual dry bands by means of partial arcs occurs which ultimately can turn into a
complete flashover. This latter is prevented if complete drying of the surface occurs,
when once more a linear potential distribution results but with current values much lower
than the danger level. The entire mechanism can be regarded as a race between uniform
drying and the cascading of partial arcs.
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b) Stability considerations using the contamination model

A basic idea shall be developed using a model conceived by F. Obenaus in 1958. According
to Fig.1.6-5 the insulator with dry band and the conducting contamination layer is re-
presented by the series connection of an arc path of length x and a resistance with a
homogeneous resistive layer per unit length R'= R'(I). With this model one may in-
vestigate whether, once ignited an arc protracts or extinguishes.

The total voltage U comprises the partial voltages across the arc and the contamination
layer. With the arc field strength Ey, = Ey,(I) we have:

U=Epx+IR'(s—x).

As the condition for extinction of the discharge it will be assumed that the voltage re-
quired by the arc for an extension on the basis of its characteristic Ey(I) increases more
rapidly than that available from the supply across the layer resistance:

0(Epx) _ 3(U-IR'(s—x))
>
ox ox

If it is further assumed that the arc voltage forms only a small portion of U, then I be-
comes independent of x and as a condition for extinction we have the following:

Ep >IR'.
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It then follows that forward growth of the arc must be anticipated if a certain critical
current value
Ey
Iy =—
KR
is exceeded. A flashover criterion can be derived from this if the current dependence of
the arc field strength and of the resistive layer are known. Fig. 1.6-6 shows a qualitative
diagram of the boundary of the current regions for forward growth and extinction of the
arc; it is assumed here that Ey, as well as R’ decrease with increasing current. In the hatch-
ed region the arc develops into a complete flashover.
For an approximate calculation of Iy we assume:
Eb =b-I"
R’ ~ const.

and finally obtain:

1
n+l 1

() e
It follows that a flashover can be expected if a certain maximum leakage current is present.
In fact, it has been shown that, for the failure of an insulator with contamination layer,
the peak value of the leakage current imax immediately before a flashover is a charac-
teristic parameter largely independent of the type of pollution [Verma 1976]. Fig.1.6-7
shows the development of the leakage current up to complete flashover on the basis of a
schematic representation of its time characteristic in the phases of Fig. 1.6-4.
More important in practice, however, is the critical voltage Uy corresponding to Ij. It can
be derived from the model if one assumes that for the arc length in the critical region x <s
holds. Then we have:

1 n —

Up I R's=b"" 'R'™ s g n* s,
The linear dependence of the flashover voltage upon the insulator length s has been
proved experimentally to very high voltages. For the exponent n/n+1, values in the range
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Fig. 1.6-6 Regions for extinction _
and forward growth of the arc in Fig. 1.6-7
a contamination layer model as in Qualitative time curve i(t) of the leakage current in the

Fig. 1.6-5 phases of Fig. 1.6-4 for a complete flashover
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0.2...0.6 were obtained [Lambeth 1971]. For a first rough estimate the simple assump-
tion of n = 1 is adequate. It then follows that:

I v v/og
Uy v —
k
Vo,
Even though complicated models may do better justice to the real conditions, one should

not assume that their application can replace experimental testing and practical
confirmation.

1.6.3 Pollution tests

Testing insulators for their contamination behaviour must take the physical mechanisms
during development of flashover into particular account. Since this involves great expense
and effort a few particulars shall be given here.

Deposition of the contamination layer on the insulator can be done either before begin-
ning the voltage test or during the test. In the case of natural pollution, formation of the
contamination layer depends on whether the voltage was on or not during increasing
pollution. Because of the effect of the electric field on the thickness and distribution of
the contamination layer, the results can vary considerably. Natural pollution has the ad-
vantage that the site conditions are accurately realized, but too much time is required
and the reproducibility poor. In artificial pollution the contamination layer is deposited
before or during the test, where the requirement is to realize as closely as possible the
natural pollution condition at the future site.

Contrary to other high-voltage tests the pollution test may not be conducted as a short-
duration test with increased voltage, since otherwise the contest between drying the
contamination layer and cascading of partial arcs, essential for passing the test, would be
interfered with. The test must therefore be performed at constant test voltage whilst the
degree of pollution is increased from test to test until the sample fails.

Based upon the types of pollution described in Section 1.6-1, one distinguishes between
two test methods!):

1. Salt fog test method
At the beginning of the test the insulator is clean; the flowing contamination layer is
formed during testing by deposition from the salt fog contained in the environment.
This method is meant to simulate the effect of salt fog pollution and requires an
expensive testing chamber, or at least a testing tent. The degree of pollution is ex-
pressed by the salt content of the fog.

2. Kieselguhr test method
Before beginning the test an adhesive contamination layer is applied to the insulator,
e.g. a mixture of kieselguhr and salt (pre-deposited pollution method). The necess-
ary wetting either occurs during testing from the surroundings (clean fog method) or
is already inside the layer from the start (flow-on method); in the latter case the test

1) For further details, see [IEC Publication 507].
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can be performed in a normal testing hall. This method corresponds to the origin of
industrial pollution; the degree of pollution is expressed either by the quantity of salt
deposited or by the layer conductivity.

During pollution tests special demands are made on the test voltage sources too [Kolossa
1971]. The leakage current of an insulator with contamination layer consists, for alter-
nating voltage, of a highly distorted alternating current, whose peak values reach the value
of 1A. But the test voltage may only drop minimally in consequence; the voltage source
must therefore be comparatively stiff. Inadmissibly high transient voltage drops during
direct voltage testing can often only be avoided by dynamic readjustment of the test
voltage, which simulates a sufficiently low internal resistance of the test voltage source.
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2 Insulating Materials in High-Voltage Technology

Dimensioning an insulation system requires exact knowledge of the type, magnitude and
duration of the electric stress while simultaneously considering the ambient conditions.
But, on the other hand, properties of the insulating materials in question must also be
known, so that in addition to the proper material, the optimum, e.g. the most economical,
design of the insulation system can be chosen. A particular problem in this respect is
that the determination of the properties of insulating materials is done with model
samples under standardized conditions, so that extrapolation of these model values to real
insulation systems is often not unconditionally possible. Added to this, many values of
the properties of the insulating materials are subject to considerable statistical scatter so
that dimensioning an insulation system must be done with appropriate safety margins.

2.1 Requirements for insulating materials

The most important function of the insulating material is to insulate voltage-carrying
conductors against one another as well as against earth. But, in addition, they must fre-
quently perform mechanical functions and must be in a position to withstand certain
thermal and chemical stresses. Such stresses very often occur simultaneously, so that the
mutual effects of the various parameters must be known. Decisive for the economical
application of an insulating material is, ultimately, its long-term or ageing durability
under various types of stresses encountered in practice.

Depending on the weight given to the type of application, the following requirements are
specified for the electrical properties of the insulating material:

high electric strength, to realize small dimensions and low cost using as little
material as possible,

low dielectric losses, to keep the heating-up of the insulating material within
limits,

high tracking strength during surface stress, to prevent erosion or tracking,
appropriate dielectric constant.

The mechanical requirements are a consequence of the fact that most of the insulating
materjals are simultaneously construction materials with load-bearing properties. De-
pending on the application, important properties are the tensile strength (e.g. overhead
line insulators), the bending strength (post insulators in substations), the pressure strength
(pedestal insulators of antennae) or the bursting-pressure withstand strength (circuit
breaker insulators stressed by internal pressure). Mechanical characteristics such as
modulus of elasticity, hardness, impact resilience etc. are significant in connection with
the stress and the appropriate design.
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Electrical equipment and setups are often exposed to increased temperatures during
normal operation as well as during fault conditions. Specification of thermal properties,
such as high thermal withstand strength, good shape-retention under heat, high thermal
conductivity, low thermal expansion coefficient, non-inflammability, good arc-withstand
strength etc. is the consequence.

Finally, an insulating material must also be insensitive to the ambient conditions at its site
of application. Durability in oil, ozone resistance, impermeability, hygroscopic resilience,
low water absorption, radiation stability can become necessary as additional require-
ments.

Technological properties such as good processability and workability, homogeneity,
dimensional stability etc., which are important for economical production, should also be
taken into account.

Insulating materials applied in technical high-voltage systems must, therefore, often
satisfy a number of requirements some of which may even be contradictory. Thus the
choice of an insulating material for a particular purpose often makes it necessary to find a
compromise between the diverse requirements and the properties which satisfy them only
incompletely.

2.2 Properties and testing of insulating materials!)

2.2.1 Electrical properties
a) Breakdown field strength

The breakdown field strength is an extraordinarily important material property for
dimensioning an insulation system, although it does not represent a constant specific to
the material. What is more, it depends more or less strongly upon several influencing
parameters as radius of curvature and surface finish of the electrodes, layer thickness,
type of voltage, stress duration, pressure, temperature, frequency and humidity. For
certain insulating materials and electrode configurations tabulated values of the strength
are available (for instance, for air and SF¢ at standard conditions and in different con-
figurations (see Appendix 2)). In other cases the breakdown strength of an insulation for
a particular application needs to be determined experimentally each time.

For solid insulating materials, certain criteria are available from measurement of the
breakdown voltage or the breakdown field strength on plate-like samples in a homo-
geneous or weakly inhomogeneous field. Gaseous and liquid insulating materials are
tested between spherical segments?).

Fig. 2.2-1 shows, as an example, a standardized testing arrangement for the determination
of the breakdown field strength of plates or foils up to sample thicknesses of 3 mm. In
order to prevent gliding discharges along the surface of the insulating plate, the entire
arrangement is embedded in an insulating liquid with an appropriate dielectric constant.
An electrode arrangement of spherical segments is shown in Fig. 2.2-2, using which liquid
and gaseous insulating materials can be made to break down at a gap spacing of 2.5 mm.

1) Comprehensive survey, e.g. in {Holzmiiller, Altenburg 1961; Imhof 1957].
2) Detailed information in {DIN 53481 and VDE 0303 Part 2/11.74].
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The breakdown test is conducted with alternating voltage, which should be increased
from zero to the breakdown value within 10...20s. The median value of the breakdown
voltage is determined from 5 samples; if any value lies more than 15% off the median
value, 5 additional samples must be tested and the median value then determined from 10
samples. The breakdown field strength can be evaluated from the breakdown voltage and

the smallest electrode spacing.

b) Insulation resistance!)

Practical insulation systems frequently comprise many dielectrics which are stressed in
parallel. Thus, for example, the insulation resistance of a support insulator consists of the
combination in parallel of surface resistance and volume resistance. While the volume
resistance, commonly expressed as specific resistance in {2cm, is often independent of
the surrounding medium, the surface resistance is appreciably influenced by ambient
conditions such as pressure, temperature, humidity, dust etc.

An arrangement for the measurement of the volume resistance of plate-type insulating
material samples is shown in Fig. 2.2-3. The live electrode, which also supports the plate-
type sample, is arranged opposite a measuring electrode. The volume resistance is calculat-

1) For detailed information about testing arrangements, see [IEC Publication 93 (1980) and 167 (1964)].
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ed from the direct voltage applied (100V or 1000V) and the current taken by the
measuring electrode. A guard ring arranged concentrically around the measuring electrode
with a 1 mm gap prevents erroneous measurements caused by surface currents.

Special testing arrangements are available for tube-shaped insulating material samples, for
insulating compounds which can be melted and for liquid insulating materials.

Common insulating materials exhibit a specific volume resistance of 10'*..10" Qcm,
whereas superior materials can reach resistance values up to 10'” Qcm or even higher.

To measure the surface resistance metallic knife-edges are used, set up at a gap spacing of
1 cm over a length of 10 cm on the surface of the insulating material under test and direct
voltage is applied. From the voltage and current, the surface resistance, expressed in ohms,
is determined.

¢) Tracking strength )

When an insulation system is electrically stressed a current which is determined by the
surface resistance flows on its surface and is referred to as leakage or creepage current. It
is easy to understand that the ambient conditions temperature, pressure, humidity and
pollution essentially determine the magnitude of this leakage current. Technical in-
sulating materials must be resistant to this leakage current, i.. no, or only limited,
deterioration of the surface properties shall occur.

Leakage currents result in thermal, and due to the by-products, also chemical stressing of
the surface. The visible effects of overstressing are tracks resulting from material decom-
position; these can appear in the form of a conducting path making further electric
stressing of the material impossible, or as erosion, without leaving a conducting track
behind. Although the insulating properties are adversely affected by erosion, €.g. by the
ease of dust deposition, yet further electric stressability is not precluded. Erosion occurs
either in plates or as pits (Fig. 2.2-4).

Tracking is not restricted to insulating surfaces of outdoor arrangements but can also
occur, under unfavourable circumstances, in indoor applications or even in the interior of
equipment. It is influenced for instance by the material properties, by the form and
finish of the electrodes and the surfaces, and also by the external conditions. Tracking is
caused by a mechanism similar to the one described in Section 1.6 for pollution flashover.
Due to merging of several localized tracks, a complete flashover can be facilitated or
initiated.

Testing of insulating materials for their tracking strength is undertaken according to pre-
scribed methods. In the method KA according to VDE platinum electrodes are placed on
the insulating material sample of at least 3mm thickness and 380V alternating voltage is
applied to the electrode arrangement as shown in Fig. 2.2-5. A pipette provides one drop
of the testing solution of prescribed conductivity every 30s, this wets the surface of the
insulating material between the electrodes and causes leakage currents. As test result
either the number of drops up to the time of automatic switch-off of the test circuit is
evaluated, or the greatest pitting depth is measured.

1) For detailed information, see {IEC Publication 112 (1979)].
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d) Arcing resistance!)

Flashovers along the surfaces of insulating materials, with a subsequent power-arc, are
indeed very rare, but basically unavoidable faults in technical insulation systems. Insulating
materials exposed to the influence of the arc must therefore experience no, or only
minimal, variations in their electrical and mechanical properties, viz. be arc resistant. Due
to the high arc temperature and as a consequence of incomplete burning of the insulating
material, conducting tracks can remain, which no longer permit further electric stressing.

To determine the arcing resistance, carbon electrodes supplied with 220V direct voltage
are set up on the insulating plate. With an arc struck on the surface of the insulating
material, the electrodes are moved apart at a velocity of 1 mm/s up to a maximum separa-
tion of 20mm. Six levels of arcing resistance, L1 to L6, defined according to the de-
struction caused by the arc, are used to judge the materials.

e) Dielectric constant and dissipation factor?)

A dielectric constant €, different from 1 is caused by polarization effects in the insulating
material. For practical insulating materials, apart from the deformation polarization
(electronic, ionic, lattice polarization), the orientation polarization is of particular signi-
ficance since many insulating materials have permanent dipoles in their molecular struc-
ture. This is the major cause of polarization losses and is responsible for the frequency
dependence of €; and tan, which is important for technical applications.

Since the various polarization mechanisms possess different relaxation times, the variation
of €, as a function of frequency is as shown schematically in Fig. 2.2-6. The different
relaxation times result in frequency limits beyond which the respective mechanisms no
longer exist, because the corresponding dipole movement does not occur. This is why the
dielectric constant must also decrease. With a change of state, step-like variations of €,
can occur on account of the changed mobility of the dipoles.

At each transition region of the dielectric constant the dissipation factor tan 6 has a maxi-
mum. But only the transition region from a to b (Fig. 2.2-6) is interesting for technical
insulation systems, viz. the frequency range in which orientation polarization vanishes.

a)

b)

9 Fig. 2.2-6

€, Schematic representation of the frequency dependence
of the dielectric constant

1 a) orientation polarization

b) ionic polarization

¢) electronic polarization

f———a

l) For details see [DIN 53484 and VDE 0303 Part 5/10.55].
2) Comprehensive treatment in {Holzmiiller, Altenburg 1961; Anderson 1964 ; Hippel 1958].
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Important statements about the properties of an insulating material result from depen-
dence on voltage and temperature [Kind 1972]. If the curve tan 8 = f(U) shows an ioniza-
tion knee-point, it proves the onset of partial discharges. The occurrence of polarization
losses, as well as the increase of losses due to ionic conduction are recognized from the
curve tané = ().

Measurement of tan 6 and the determination of €. are done, as is well-known, using
bridge circuits.

2.2.2 Thermal properties

In equipment and installations for the supply of electricity, heat is generated by ohmic
losses in conductors, through dielectric losses in insulating materials and through
magnetization and eddy-current losses in the iron. Since, by comparison with metals,
insulating materials have only a very low thermal stability, the permissible temperature
rise of the insulating material often restricts the use of the equipment. Knowledge of the
thermal properties of insulating materials is, therefore, important for the construction
and design of equipment and setups.

a) Specific heat

Due to the inertia of thermal transport, an insulating material must be in a position to
absorb short-duration thermal pulses, caused by rapid load variations, via its thermal
capacitance by an increase in temperature. The specific heat ¢ of a few important materials
is compiled in Table A 3.1 of Appendix 3. For adiabatic heating we have:

A

AT=¢cm>

where m is the mass and W is the supplied energy.

b) Heat transport

During continuous stressing under static operating conditions, the heat generated as a
result of loss must be dissipated through the surroundings. Transport mechanisms are
thermal conduction, convection and radiation [van Legen 1971]. In thermal conduction
the thermal current flowing between flat plates is expressed by

P=2.\(T,-Ts),

where A is the area of the plate, s is the plate thickness and (T — T;) is the temperature
difference.

The proportionality factor A is the thermal conductivity which can be assumed to be
constant in the technically interesting temperature range; it is listed for a few important
materials in Table A 3.1 of Appendix 3.

For rapid removal of loss heat from electrical equipment good thermal conductivity is
desirable. This requirement is satisfied best by crystalline insulating materials because the
regular arrangement of atoms in the crystal lattice and the small atomic spacings ensure
good transmission of atomic movement. In contrast, amorphous materials have a dis-
tinctly poorer thermal conduction, as is clear in the example of crystalline and amor-
phous quartz. While for quartz crystal A= 6...12 W/mK, for quartz glass it is A=1.2W/mK.
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The good thermal conduction properties of quartz effect a noticeable increase of A in the
case of filled mouldings, when crystalline quartz in the form of sand or quartz powder is
used as filler material.

For heat transport by convection the thermal current P is proportional to the boundary
area A and the temperature difference between the dissipating and absorbing medium:

P=a- A(Tl _T2) 0
The thermal transition number « is not a material constant but depends upon parameters
such as density and specific heat of the flowing medium, the velocity of flow and the

type of flow. For preliminary calculations the following values can be adopted [Oburger
1957]:

ain Wm2K
fixed object/stationary air 34 ..35
fixed object/moving air 12 ... 600
fixed object/liquid 250 ... 6000

Since the values each cover awide range, in practical cases it is necessary to calculate exact
values of a using the literature [VDI 1974].

Thermal transport by radiation, not treated here in detail, is only significant in the case of
circuit breakers and SF -installations.

¢) Linear thermal expansion

Insulating materials are construction materials which are frequently employed in contact
with metals. On account of the larger thermal expansion of organic insulating materials,
the danger of mechanical overstressing exists and this could result in the development of
cracks or electrode detachment. For inorganic insulating materials the linear thermal ex-
pansion is lower than for metals; so an improvement is effected by filling organic materials
with inorganic substances e.g. epoxy resin with quartz. Partly crystalline materials very
often have a greater thermal expansion than amorphous materials (Table A 3.1 in Appen-
dix 3).

d) Thermal stability

An important property of insulating materials is the shape retention on heating!); there
are two methods to determine this. The warm shape retention according to Martens is
determined for a standard testing rod of 10 x 15mm? cross-section and 120 mm length,
which is stressed uniformly over the entire length with a bending stress of S00N/cm?. At
the same time the temperature of the surrounding air is increased at the rate of 50 °C/h.
The temperature at which the rod reaches a specific bending denotes the warm shape
retention according to Martens. For thermoplastic materials the Vicat method is also
applied. The Vicat temperature is that temperature at which a blunt needle of 1 mm?
cross-section under a force of 10N or SON penetrates to a depth of 1 + 0.1 mm into the
insulating material. The following table contains some relevant data:

1) For details see [DIN 53458].
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shape retention according to Martens under heat according to Vicat
Material in °C in °C
PVC 60 70... 90
PTFE 70 75...100
EP-moulding up to 160 =
PUR upto 80 -
PE — 40... 75

In the plastic range, the mouldings not only suffer a marked decrease in tensile, com-
pressive and bending strengths but also a noticeable deterioration of their electrical and
dielectric properties.

A high value for shape retention under heat is a decisive advantage of inorganic insulating
materials over the organic kind.

2.2.3 Chemical properties

When foreign matter diffuses into insulating materials, this can cause chemical change.
Only inorganic materials such as glass and densely fired ceramic materials are practically
impermeable. In synthetic organic materials diffusion can take place within the mole-
cular framework of the polymer [Brinkmann 1975]. The diffusion velocity depends upon
the material structure and the affinity of the base material for the foreign substance.

For example, all organic insulating materials absorb moisture by diffusion. The dielectric
and electrical properties deteriorate as a result. Dissolved salts produced by hydrolysis or
from impurities increase the conductivity and cause a poorer dissipation factor and break-
down field strength. The high dielectric constant of water modifies the dielectric constant
of the material and causes a change in the voltage distribution during alternating voltage
stressing. In addition, the absorbed water can lead to changes in dimension (bloating) and
corrosion of the electrodes.

Insulating materials for outdoor application should have poorly wettable surfaces so that
closed water paths, which reduce the strength, are avoided. The wettability is characteris-
ed by the angle of contact on technically clean surfaces shown in Fig. 2.2-7. The larger
the angle ¥, in the direction of motion becomes, the lower the wettability. The
following table shows extreme values:

Insulating material 9max Smin
paraffin 110° 95°
siticon-rubber 100° 90°
glass, mica 0° 0°

A (N
NONANARRAS?
a) KRRRZEBELELIKIBE b)

Fig. 2.2-7 Angle of contact of insulating materials
a) moving drop b) drop at rest with angle of contact > 90° (e.g. water on PTEE)
v direction of motion
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Inorganic materials e.g. porcelain and glass, show resistance to alkalis and acids (with the
exception of hydrofluoric acid); organic materials are attacked by strongly oxidizing acids,
by alkalis as well as by hydrocarbons specific to the material. In outdoor application of
insulating materials wet pollution layers can be decomposed by the electric stress and the
heat so generated to form agressive chemicals; these, with the additional influence of
light, oxygen, ozone, heat and UV-radiation, attack the insulating material.

2.3 Natural inorganic insulating materials

Natural, that is not chemically prepared, inorganic materials are used as high-voltage
insulating materials in the form of natural gases and a few solid materials of mineral
origin, such as mica and quartz.

2.3.1 Natural gases

Important gases in high-voltage technology applications are air, nitrogen, hydrogen and
helium, whereas natural gases such as oxygen, carbon dioxide, neon, argon, krypton and
xenon are of minor significance.

Nitrogen and air possess the highest breakdown field strengths of all natural gases. Under
standard conditions in a homogeneous field, a breakdown field strength of about 30kV/cm
can be expected. As shown in Appendix 2, the electric strength also depends upon the
electrode geometry.

In order to increase the breakdown field strength compressed gas is employed. When
using air the danger of oxidation always exists, so dry nitrogen is often used, as for ex-
ample in compressed gas capacitors, Van-de-Graaff generators operating in pressure tanks,
internal and external gas pressure cables. In the high-pressure region, the electric strength
increases nearly proportionally with the pressure. However, at pressures in excess of
about 10bar, irregularities of the electrode surfaces increasingly determine the break-
down behaviour.

Liquid nitrogen (boiling point 77 K) is suitable as an insulating or impregnating medium
for low-temperature insulation systems (e.g. {Peier 1976]).

Hydrogen is not used as an insulating gas, but, due to its good thermal conductivity, it is
important in the cooling of large electrical machines. In low oil content circuit breakers
the switching arc disintegrates the oil whereby hydrogen in particular is released which,
by dissociation at ca. 4000 K, absorbs a large amount of heat and so cools the arc. Whereas
the thermal conductivity of hydrogen at room temperature is 0.18 W/mK, it increases to
about 50 W/mK at 4000 K and so is many times greater than that of other quenching media.

Whilst the inert gases have acquired some significance for filling incandescent lamps and
strip-lighting, liquid helium (boiling point 4.2K) is to this day the irreplaceable cooling
medium for superconducting installations. On account of its remarkably good electric
strength in the temperature range below 100K, it can also be used as electrical insula-
tion in superconducting equipment [Gerhold 1977].

A few properties of natural gases are summarized in Table A 3.2 of Appendix 3, where,
for purposes of comparison, sulphurhexafluoride (SF¢ ) has also been included.
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2.3.2 Quartz and mica

In its pure form quartz (SiO,) is found in rock crystal and as quartzite in sand; in ad-
dition to the crystalline form, it also occurs in amorphous form, e.g. in quartz glass. Its
dominant property is the high volume resistance at high temperatures; at 500 °C, for
example, it is 5 -10° Q cm, and at 1000 °C still as much as 10° € cm. Quartz is therefore
commonly used in high-temperature insulation systems, as in electrostatic precipitators,
in which the insulation must be capable of withstanding flue gas temperatures of up to
400 °C. Quartz sand is used in fuses for arc quenching purposes and quartz powder is used
as a filler material for epoxy resins.

Mica is a natural mineral, known under the name muscovite if it contains potassium or
phlogopite if it contains magnesium. The crystalline structure is a sheet structure with
very strong bonds in one plane and very weak Van-der-Waal’s forces in the plane normal
to this, so that mica can be split easily into fine flakes; the flake thickness is of the order
of 0.02..0.1mm. For high-voltage insulations the mica flakes are transformed into me-
chanically stable plates or pipes {(micanite) by the use of bonding materials e.g. shellac or
EP-mouldings; or glued, the flakes overlapping one another, on substrate bands of paper
or fibre-glass with bonding materials, forming flexible tapes (micafolium) which can be
further processed. Since the mica flakes overlap, air-pockets, and hence partial discharges,
are unavoidable.

The important properties of mica are excellent tracking strength; high breakdown field
strength; high partial discharge stability and high volume resistance; a dissipation factor
independent of frequency up to SOMHz and, in particular, long-term thermal stability up
to 600 °C. Mica products generally possess poorer properties than pure mica due to the
influence of the bonding materials used. Micanite with low bonding material content is
used for commutator insulation in electric machines and micafoil with epoxy resin
impregnation for the insulation of machine windings.

2.4 Synthetic inorganic insulating materials

Materials in this group of interest to high-voltage insulation systems are sulphurhexa-
fluoride, glass, ceramics and ceramic oxides. Whereas amongst the ceramic materials
porcelain and steatite are significant, amongst the metal oxides aluminium oxide in
particular should be mentioned.

24.1 Sulphurhexafluoride (SFg)!)

Among the manifold synthetic gases, and particularly the gaseous halogen compounds,
SF¢ is, to this day, unchallenged as an insulating gas. It possesses high electric strength
which, under otherwise similar conditions, is about 2.5 times that of air, as well as ex-
cellent arc quenching properties.

Sulphurhexafluoride is obtained from molten sulphur and gaseous fluorine at 300 °C and
finally refined to 99.9% purity. It is a colourless, odourless and non-poisonous gas,
chemically inert and non-inflammable. Under the influence of high temperatures (arc),
however, poisonous by-products can be formed. In moist gas hydrofluoric acid can form,

1) Summary in {Mosch, Hauschild 1978].
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Fig. 2.4-1 Vapour pressure curve of SF¢ 1 liquid state 2 gaseous state

so that the use of insulating materials such as glass and porcelain which are sensitive to
hydrofluoric acid should be avoided in SF¢. It is, as Fig. 2.4-1 shows, easily liquified so
that the working pressure of SF¢ insulated equipment exposed to the risk of low out-
door temperatures should not be chosen too high, or provision must be made for heating.
SF¢ has good thermal stability and decomposes at temperatures above 800K only. At
temperatures above 2000K it dissociates completely. The low thermal conductivity of
the heavy fluorine and sulphur atoms causes 2 high arc temperature which, in conjunction
with the very low ionisation energy of elementary sulphur, leads to high electrical con-
ductivity of the arc. Low arc voltage and small energy dissipation in the arc are the results.
At the boundary region of the arc S and F atoms recombine to form SFg, releasing the
dissociation energy absorbed from the arc core to the cooler environment. The favour-
able radial temperature distribution of an arc in SF, results in the dissociation tem-
perature again being undercut in the arc core, only a few us after current zero; the entire
gas volume recovers its electron affinity, resulting in rapid dielectric recovery of the gap
[Erk, Schmelzle 1974]. As in all gases, the electric strength also depends on the geometry
of the configuration. Breakdown field strengths of SF, for plate, cylindrical and spherical
electrodes are compared with those of other gases in Appendix 2.

The outstanding arc quenching properties are utilized to advantage in SF¢ circuit breakers.
The high breakdown field strength has made the development of metal-clad SFy insulated
substations possible, which, compared with outdoor substations, require only a fraction
of the latter’s space; they are therefore installed to particular advantage in densely popu-
lated areas, and also in regions with an increased pollution risk. The pressure range of
these installations lies between 1.5 bar and S bar. Finally, the SFs-insulated cable pro-
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mises convenient technical solutions for transmission of high power in the GW-range, over
short and medium distances.

242 Glass!)

Glass is the oldest known insulating material which was already made use of by R. Boyle
in his vacuum amber experiments in 1675. The most well-known historical application,
however, are the Leyden jars.

As a supercooled liquid of high viscosity, glass is an amorphous material; on solidifying
crystallization does not occur, but the irregular structure of the liquid is retained. It is
manufactured by melting various oxides, when, depending upon its application, different
mixing proportions are set [Oburger 1957]:

Si0, silicon dioxide in the form of quartz sand, as main component up to 70%

B,0; boron trioxide, up to 16 % improves the electrical properties and tem-
perature change durability, reduces the expansion coefficient

Al, 03 alumina 0.5...7%, improves weather durability, reduces the expansion co-
efficient

PbO lead oxide, increases the electrical resistance
BaO  barium oxide
CaO calcium oxide.

Alkalis, e.g. soda (Na,CO;), in amounts of 2..18%, help reduce the melting tempera-
ture, which for pure quartz lies at 1700 °C. Glass for electrotechnical applications (E-
glass) must be poor in alkali content in order to achieve low conductivity, i.e. should be
assigned an alkali content of less than 0.8 %.

The properties of glass are summarised in Table A3.3 of Appendix3. Good tracking
strength and breakdown field strength compare with a tolerable dissipation factor and
volume resistance, but the latter decreases rapidly with increasing temperature (ionic
conduction). Water absorption by glass in nil, yet positive sodium ions on the glass sur-
face are easily leached. Caution is recommended during direct voltage stressing because of
glass electrolysis, which, by migration of positive ions to the cathode can lead to alkali
depleted layers with changed physical properties. The high long-term thermal stability is
of advantage.

The processing of standard glass is by fusing (e.g. cable terminal housing of borosilicate
glass in the medium voltage range) or by compression (e.g. in cap-and-pin type glass
insulators). During manufacture of cap insulators the molten glass at a temperature of
1050 °C is fed to rotating presses and pressed into discs. Internal tension arising from
asymmetrical cooling is removed by tempering, after which controlled cooling is under-
taken using an air-blast. In this way the outer skin of the glass disc, to a thickness of a few
mm, acquires a pre-stress which determines the mechanical strength of the finished insula-
tor. However, in so doing the glass cap also becomes sensitive to internal faults and to
minor damage of the pre-stressed layer; extensive temperature shock tests and longer
storage time are therefore necessary before installation.

1Y Survey in [Brinkmann 1975].
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The particular application of E-glass is as glass fibres for fibre reinforced plastic materials.
Manufacture takes place by the jet draw method (Fig. 2.4-2). The glass melt 1 is pressed
through the perforated nipple 2; glass fibres of about 10um diameter pass through a
planishing bath with velocities up to 60m/s and are then wound as a filament with
100...1000 individual threads. The planishing bath provides a surface coating for the
sensitive, freshly drawn threads; for electrotechnical applications a planishing bath should

be used which guarantees flawless, i.e. electrically and mechanically strong, attachment
to the resin matrix.

11 1 2
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@ Fig. 2.4-3 Glass fibre in a resin matrix

1 glass fibre 2 resin matrix

Fig. 2.4-2 Jet draw method for manu- F tensile force

facture of glass fibres

1 glass melt 2 perforated nipple
3 planishing bath 4 filament
v=60m/s

The properties of E-glass fibres are also listed in Table A 3.3 of Appendix 3. The extra-
ordinarily high tensile strength is attributed to the small diameter and the surface tension;

this is the basic requirement for good mechanical properties of glass-fibre reinforced
plastics.

Glass fibres are either processed to filament with axially parallel arrangement of indi-
vidual fibres, to glass-fibre mats with an irregular lamination of ca. 50 mm fibre length, or
to glass-silk fabric.

Glass fibres are used wherever high tensile strength is demanded in conjunction with good
electrical insulation, e.g. for

tying and bandaging of windings in electric machines,

bandaging core packets of transformers,

resin impregnated fibre-glass thread as supporting core for compound insulators,

resin impregnated fibre mats or pieces of fabric as insulating plates.
The good mechanical properties of fibre-reinforced plastics are explained by the almost
exclusive assumption of the forces by the glass fibres. Let a glass fibre under tension be
embedded in impregnating resin as shown in Fig. 2.4-3. For the mechanical tensions in
glass and resin, 0g and 0y, under tensile strain we have:

9 _Ee

(3] - EH

where Eg, Ey are the elasticity moduli of glass and resin respectively.
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The characteristic data of fibre and e.g. EP-moulding are:

E modulus Tensile strength
kN/mm?2 N/mm?2
Glass fibre 70 2500
EP-moulding 2.5..4 60...80

Hence the tension og is 15 to 30 times the tension oy and the glass fibre assumes the
mechanical load practically alone, which is desirable regarding its high strength. Since
transmission of the force from one fibre to the next takes place with the participation of
the resin matrix, particular significance is assigned to the strong boundary surface bonds.
This is also important during electric stressing in the direction of the fibre (e.g. in long
rod compound insulators) where insufficiently strong bonding between fibre and resin
could cause electrical tracking phenomena and initiate breakdown along the fibre.

2.4.3 Ceramic insulating materials

Ceramic insulating materials are products of inorganic raw materials, especially silicates
and oxides, which are formed as a raw material mixture and obtain their properties by
sintering. They comprise crystal structures embedded in a glass matrix.

A raw material mixture of defined fineness (grain size distribution) is obtained from
natural or artificial inorganic raw materials; this mixture is processed further either in a
dry or wet state during shaping. After drying the irreversible formation of the ceramic
material is achieved by firing (sintering). Since drying and sintering cause shrinkage a
final finishing process is often necessary.

The advantage of ceramic materials lies in the easy processability and workability of the
raw material mixture before firing, for which reason there appears to be an unlimited
abundance of shapes for ceramic products; however, in cases where final finishing is
necessary, the high degree of hardness of the material is a disadvantage.

Appropriate to their importance in high-voltage insulation technology, the ceramic
materials porcelain, steatite and aluminium oxide (alumina) will now be subjected to
closer examination.

a) Porcelain and steatite

Porcelain is an aluminium silicate. Processing the substance in the unfired state requires
that it have a certain plasticity, which is given by the plastic raw materials; in addition,
there are the non-plastic or hard materials.

A classical raw material composition is:

50% kaolin, 25% felspar, 25% quartz.
Due to the high proportion of quartz, the resultant material is designated quartz porcelain.
The values of characteristic properties correspond to KER 110.1 as in DIN 40685.

Kaolin, which to some extent is replaced by clay, contains clay minerals in the form of
aluminium hydrosilicates, e.g. kaolinite (Al,0; -28Si0, - 2H,0). On firing, kaolinite de-
composes into quartz (SiO;) and corundum (Al,05) in the crystalline state and releases
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the water of crystallization. Felspar forms the glass phase after sintering, that is the
glassy base substance of porcelain, with about 50% volume proportion. Felspar is often
introduced as potash-felspar.

At the high temperatures in the glass phase quartz partly goes into solution but crystallises
out again on cooling. Together with the Al, O crystals, the crystal group and size of the
quartz crystals and their embedding in the glass matrix exert a decisive influence on the
material propgrties.

Nowadays predominantly alumina porcelain according to KER 110.2 as in DIN 40685 is
used. Here quartz is partly or wholly replaced by Al,0; which yields greater mechanical
strength as well as better workability during manufacture. A typical composition is e.g.

40..50% plastic components (kaolin and clay)
30% felspar
30...20% alumina.

Due to the Al, 05 content of the plastic raw materials, the total content of Al, 03 in clay
porcelain of this kind lies at 50%. Alumina is extracted from bauxite and introduced as a
processed raw material.

Steatite is a magnesium silicate. The original raw material is soapstone, a magnesium
hydrosilicate (MgsSis0,0(0OH),), and at 85% represents the major component; in addi-
tion 10% clay and 5% felspar are also included. The values of characteristic properties
correspond to KER 220 as in DIN 40685.

b) Manufacture of porcelain, based on the example of high-voltage insulators

The hard raw materials including the clays are powdered in crushers and ground wet in
ball-mills until a particular grain size distribution is achieved. The introduction of kaolin
then takes place in stirring vessels so that a fluid raw material mixture with about 50%
water content, the so-called slip, results. After partial removal of water in mechanical
filter presses and intermediate storage, initial shaping into cylindrical bodies follows by
vacuum extruders. Vacuum pre-treatment of the plastic material is essential to ensure
that gas occlusions are prevented; these would cause a drastic reduction in the strength of
the fired sample. After intermediate drying to about 12% water content the cylindrical
bodies are brought into the final raw shape by turning. Subsequent drying removes the
physically bound water down to about 0.5% content, the procedure causing a shrinkage
of about 8%. The dried sample is then coated with a ceramic suspension, the glaze, which
on firing produces a glassy-smooth surface of the desired colour.

During subsequent firing, which is undertaken in continuously operating tunnel kilns or
discontinuously driven chamber kilns or batch-cart kilns, the ceramic material is formed
by sintering. On account of the loss of water of crystallization and the occlusion of open
pores, a so-called firing-shrinkage, also of about 8%, occurs. So the overall shrinkage due
to drying and sintering lies between 15 and 20%; this must be taken into account by
dimensional tolerances when shaping in the raw state.

Firing takes place at about 1400 °C. Since the material then has only poor mechanical
strength and shape retention, special measures are necessary to ensure shape stability
(firing in a hanging or standing position, guidance).
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In the kilns, which are sometimes several meters high and equally wide, the temperature
distribution over the cross-section is not constant. The material must therefore possess a
certain temperature range — the sintering range — in which compact sintering occurs.

If the temperature remains below the minimum temperature, sintering is not complete
and the material remains porous; if the temperature exceeds the maximum value, over-
fired material with secondary porosity results. The advantage of clay porcelain in com-
parison to quartz porcelain, and especially steatite, lies in its large sintering range and its
comparatively high strength at the firing temperature.

Insulating structures which require exact working dimensions need processing after firing,
using the saw, grindstone or drill. Here, due to the hardness of the material, finishing is
usually only possible using diamond tipped tools.

Before assembling the metallic terminal fittings by lead sealing or cementing with Portland
cement, mechanical tests as well as an ultrasonic test are usual. With the aid of the latter
internal defects (shrinkage cavities, cracks) which would reduce the mechanical strength
can be recognised non-destructively. Many tests must be repeated after assembly is
complete or, like the tensile test on long-rod insulators, can only be performed then at all.

c) Properties and application of porcelain and steatite

A few important properties of quartz porcelain, clay porcelain and steatite are listed in
Table A 3.3 of Appendix 3. The raw density quoted takes into account that the materials
named, even after compact sintering, possess a pore volume of 2..6%. However, this
pertains to occluded and hence harmless pores; exposed porosity, on the other hand,
permits the infiltration of water and causes mechanical failure as a result of material
fatigue after the action of frequent frosts.

Porcelain and steatite are gas-tight, light and corrosion proof, chemically inert to all
alkalis and acids with the exception of hydrofluoric acid, and therefore particularly
resistant to contamination in outdoor applications, thermally stable and arc-resistant. A
certain sensitivity to local mechanical over-stressing does exist however, on account of the
brittleness of the material; fracture occurs spontaneously without previous flow.

The advantages of steatite are the consequence of the high mechanical strength and the
low dissipation factor. Steatite is, therefore, specially suited to high-voltage high-fre-
quency applications as in tower bases and shackle insulators for antennae. Porcelain,
particularly in the form of clay porcelain, dominates the outdoor insulation of high-
voltage equipment. Transmission line insulators, traction insulators, pressure resistant
switchgear porcelain, post insulators for isolating switches and busbars are all made of this
material as are transformer bushings, housing for current and voltage transformers,
coupling capacitors and lightning arrestors.

d) Alumina

Ceramic oxides have a wide field of application, and in high-voltage technology alumina is
the most important. Thus in vacuum breakers and thyristor enclosures its excellent
electrical and mechanical properties are exploited and also its aptitude for application of
hard solder metallizations. Moreover, the good thermal conductivity and good insulating
properties at high temperatures are noteworthy: the specific resistance, even at 1000 °C,
is still 10° Qem.
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2.5 Natural organic insulating materials

Organic materials are characterized by the element carbon which has the ability to form
long chains or ring-type structures. Mineral and vegetable oils belong to the group of
natural organic liquid materials; paraffin and bitumen as crude-oil products belong to the
solid group as do in addition, wax, resins (e.g. shellac), wood and fibrous materials like
paper, silk, cotton and jute. Important to high-voltage technology are mineral oil, paper,
and, with some limitations, wood and bitumen.

2.5.1 Mineral oil

Mineral oil is obtained by fractional distillation of crude oil after degassing, dehydrating
and desalination of the raw product. Mainly saturated hydrocarbons with naphthene or
alkane structure are employed since they are chemically more stable than the unsaturated
aromatic hydrocarbons. A few examples of the structures are given below:

pentane (alkane): CH;—CH,—CH,—CH,—CHj,

cyclohexane (naphthene):  benzene (aromatic):
CH, CH
N 7\
CH, C|Hz C|H CIH
CH, CH, CH CH
/ N\,
CH; CH

Removal of the undesirable aromatic hydrocarbons is achieved by a process, subsequent
to the distillation, referred to as refining.

As shown in Section 1.4 the electrical properties of insulating oil deteriorate with in-
creasing water and gas content. Insulating oil must therefore be pre-treated before its use
in high-voltage equipment. This is done in refining plants for degassing and desiccation
[e.g.Beyer 1971]. Surface degassing is usually adopted where a thinly flowing film of large
area is produced. During this procedure the oil is exposed to a temperature of 50 to 60°C
in a vacuum of about 1072 mbar. Fig. 2.5-1 shows the basic setup of an oil refining plant.
In the new state viz. refined, insulating oil should have a breakdown voltage of 50...60kV
with the electrodes shown in Fig. 2.2-2, this corresponds to a breakdown field strength of
about 200kV/cm
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Principle setup of an oil-refining plant i |
|

i

|

|

1 oil storage tank

2 circulating pump

3 degassing chamber

4 vacuum pump

5 basket with Raschig rings
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Insulating oil is subject to ageing risk due to absorption of moisture, the solution of gas,
impurities and, in particular, oxidation. Under the combined effect of oxygen and heat,
oxidation products are formed which are soluble in oil, e.g. acids, and insoluble compo-
nents which appear as sludge. The oxidation of oil is accelerated by the catalytic action of
copper, which is the reason why bare copper conductors must be avoided in insulating oil.
The neutralization number and the saponification number are useful to characterize the
ageing state, the former gives the quantity of potassim hydroxide (KOH) necessary to
neutralize the free acids contained in 1g of oil, while the latter describes the quantity of
KOH which neutralizes the free and bound acids, and so incorporates the neutralization
number as well.

As Fig. 2.5-2 shows, the dissipation factor of an aged oil is about ten times worse than
that of new oil [Oburger 1957]. Large oil-insulated apparatus, e.g. transformers, must
therefore be regularly checked for the ageing condition of the insulating oil. For this
purpose oil samples are withdrawn and examined for their breakdown field strength,
dissipation factor and impurities. If necessary, refinement must be undertaken on site or
total replacement of the oil carried out. Replacement of the oil is recommended when the
neutralization number exceeds 0.5 mg KOH/g oil, or when sludge soluble in chloroform is
observed [Miiller, Molitiv 1977].
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In addition to the method described in Section 3.1.4 for the prevention or reduction of
ageing of oil, “inhibition” of mineral oil is also practised. Here, the resistance to oxi-
dation is improved by the addition of ageing inhibitors. These react with the broken
bonds in the oil molecules and interrupt the oxidation process by forming stable, inert
and dielectrically harmless compounds. They are used up in the process and must there-
fore be replenished from time to time [Brinkmann 1975].

Some properties of low viscosity mineral oil in refined condition, such as it is used as
transformer oil in devices or for oil-filled cables, are listed in Table A 3.4 of Appendix 3.
The transparent, clear liquid has a solidifying point at —40 °C. The electrical properties
depend upon the purity. The quoted breakdown field strength of 25kV/mm is valid for
spacings in the mm-range; for thin layers breakdown field strengths up to 100kV/mm
have been measured and for films in the um-range a value of 300kV/mm has been quoted
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[Brinkmann 1975]. Combined with the low dielectric constant, this is the reason for the
excellent electric strength of oil-paper insulation systems (see Section 2.5.3).

Under the action of electric discharges oil decomposes with the formation of gas. In arcs
thermal degradation of the oil occurs with the formation of about 60% hydrogen, ca.10%
other gases and ca.25% saturated and unsaturated hydrocarbons. The high hydrogen
content of the degradation products results in concentrated cooling of the arc [Brinkmann
1975].

At sharp-edged electrodes, e.g. at the edges of metal foils in capacitors, continuous dis-
charges can also cause polymerization of the oil components with the formation of solid
substances (X-wax formation); these possess a lower breakdown voltage than the liquid
components and therefore initiate the breakdown.

Of the thermal properties, the specific heat and the long-term thermal stability are of
particular significance. Since the oil, besides having insulating duties, frequently must also
perform as convection coolant, the relatively high specific heat is of advantage. The long-
term thermal stability, however, lies at around 90 °C only and so in many devices limits
the permissible rated power.

The application of oil as an insulating material occurs almost exclusively in combination
with cellulose in the form of paper or pressboard. Oil-impregnated paper, as an electrically
extremely strong and under continuous stressing a proven compound dielectric, is the
most important high-voltage technical insulating material, without which the present-day
concept of many transformers, instrument transformers, bushings, capacitors and cables
would be inconceivable.

2.5.2 Paper

Paper for electrotechnical purposes is primarily manufactured from wood-pulp of the
slowly growing northern spruce or pine. Only capacitor paper down to about 10 um
thickness is made of rag-pulp. In the first phase of the manufacture the cellulose pulp is
separated from the other wood components (e.g. lignin, resin) whereby either acidic or
alkaline decomposition takes place in a pulp digester. Cellulose to be used in electro-
technical applications must be carefully washed in order to remove the insulation re-
ducing bleaching agents or acids. The raw cellulose thus obtained (mostly in the form of
unbleached lignosulphonates) is dissolved in water and the fibre suspension is then
separated into individual fibres and ground. The duration of the grinding and the method
essentially determine the paper quality. The watery suspension is then fed to the paper
machine which produces machine-fine paper in rolls. By pressure treatment in the glazing
rollers, increased smoothness and shine of the paper, as well as greater density, improved
breakdown strength and an increased dielectric constant are also achieved.

Cellulose paper is manufactured into transformer paper with thicknesses of 0.05 mm to
0.08 mm, and into cable paper of 0.08 mm to 0.2 mm. Pressboard is made by wet pressing
several thin individual layers without bonding material; per mm thickness it consists of
35 individual layers, each about 30 um thick [Moser 1979].

The theoretical density of 1.55g/cm® is not achieved in paper owing to the pore volume
of 20...60%; machine-fine paper has 0.65 g/cm>, high-gloss paper 1.15 g/cm® and press-
board reaches 1.3 g/cm?®.
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The dielectric constant of cellulose at 20 °C is 5.6, of paper 1.5 to 3.5 and of pressboard
4.5. The dissipation factor lies around (3..4)-1073, the volume resistivity in the dry
state between 10'° and 10'” Q cm. The volume resistivity decreases by about a factor of
ten for every 1.5% of absorbed water. Fig. 2.5-3 shows the dependence of dissipation
factor and dielectric constant upon the temperature.

Paper is very hygroscopic and during storage in an atmosphere of average humidity
absorbs 5...10% water. Since the ageing of paper is influenced primarily by water and
heat, good drying is of particular importance [Moser 1979].

The utilization of paper occurs in the form of hardboard, soft paper and pressboard.
Hardboard results on compression with epoxy or phenolic resins and is used for supports,
insulating barriers, etc. Soft paper or pressboard are used in the oil-impregnated form in
transformers, instrument transformers, bushings, capacitors and oil-filled cables.

2.5.3 Oil-impregnated paper
a) Properties, manufacture

Oil-impregnated paper is the most important compound dielectric for high-voltage insula-
tion systems. Since several layers of paper are usually used, and also on account of the
fibrous nature of paper, for the characteristic quantities one may assume a series connec-
tion of the insulating materials soft paper and oil. If we consider a plate-type compound
dielectric of thickness s and permittivity €, this can be taken as comprising a series con-
nection of a pure oil dielectric (s;, €;) and a pure paper dielectric (s, €,). For the
resultant dielectric constant we have:

_ €1 6(s1tsy)

= with s; +s, =s.
€1°8y t€3° 8 L 2

The unknown thicknesses s, and s, are eliminated by introducing the fiducial pore
volume v:
Tp
=1-—.
VT iy
Here, vp is the density of the paper containing pores and y; is the density of pure cellu-
lose.

For total impregnation v is equal to the oil volume v; and for the volume of paper
Vo = 1-v, holds.
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Thus we have [Liebscher, Held 1968]:

€1 €
g8 —————
€11t vi(€2—€1)
Cellulose has a density v, =1.55 g/cm3 and €, = 5.6. With €, = 2.2 for oil, the resultant
dielectric constant is

for impregnated cable paper €=31,
(vp=0.75g/cm?, v, = 0.516)

for impregnated capacitor paper €=40,
(vp =1.15g/em?, v, =0.26)

for impregnated pressboard €=45.

(vp =13 g/em®, v; = 0.16)

With the usual values €, =2.2 and €, = 5.6, we have for the ratio of electric stress in the
oil/paper lamination:

E;, e

E, & 2.55.
The oil is therefore electrically stressed more than the paper; using a finely graded lamina-
tion a large number of thin oil films is obtained, the high electric strength of which is
responsible for the excellent breakdown field strength of an oil-paper dielectric. The
paper promotes the formation of thin oil layers, acts as a barrier to bridging impurities
and ensures the mechanical stability of the insulating system.
The breakdown field strengths of oil-paper dielectrics, even for large thicknesses, take
values up to 400kV/mm, and, as operating field strengths in direct voltage capacitors up
to 100kV/mm; during a.c. stressing, up to 20kV/mm are applied. In a high-quality oil-
paper dielectric the dissipation factor is tan ~ 3 -107%, the volume resistivity p ~ 10'°
Q cm, and the permissible temperature limit is ca. 100 °C.
The oil-paper insulation system of an apparatus must be carefully processed during manu-
facture in order to prevent detrimental gas occlusions, which lead to partial discharges
and also reduce the breakdown field strength of oil by the solution of gas. Further,
moisture must be wholly removed since it causes a noticeable deterioration not only of
the electric strength of the oil, but also of the ageing stability of the paper (see Section 1.4).
Processing is carried out by subjecting the paper-insulated live parts in heated vacuum
chambers to a vacuum of 107...107* mbar and temperatures up to 110 °C; the drying
time increases quadratically with the thickness of the insulation and is of the order of
days or weeks. The drying procedure is controlled by permanent monitoring of the
dissipation factor. The relationship between residual moisture and degassing pressure
during drying is described by the adsorption isotherms of Fig.2.5-4 [Beyer 1971].
According to these, a pressure of about 0.1 mbar at 110 °C is necessary to achieve a re-
sidual moisture of 107*.
The dried paper insulation is then impregnated, in vacuum if possible, with recently
refined and warm mineral oil. Its hygroscopic nature causes the dry paper to extract the
moisture still contained in the oil; in turn, the oil dissolves the residual gases in the paper
and so contributes to an improvement of the partial discharge performance.
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Fig. 2.5-4 Adsorption isotherms in the drying of a paper insulation
p = pressure v = water content (mass ratio)

b) Oil-impregnated paper as cable insulation')
The oil-paper dielectric also plays a prominent role in cable insulation. In the voltage
range up to about 60kV the so-called compound-filled cable was used, which has been
practically supplanted by the PE-cable (see Section 2.6.2); for 110kV and higher the oil-
filled cable predominates.

The conductor is first provided with a paper tape insulation wound without overlap
20...30 mm wide and 0.1 to 0.15 mm thick. The paper insulation is dried and impregnat-
ed. A low viscosity mineral oil is used for oil-filled cables and a mineral oil thickened
with resin additives for compound-filled cables.

In compound-filled cables, the permeating substance is of low viscosity at the impregnat-
ing temperature and of high viscosity at ambient and operating temperatures so that
bleeding of the cable does not occur during transport and installation. The high viscosity
at operating temperature prevents or hinders the permeating substance from running down
into the lower-lying cable sections when laid on inclined slopes.

The use of the compound-filled cable, which is of simple construction, is restricted to
medium voltages due to the risk of partial discharges. During thermal stress the com-
pound expands more than the lead sheath, which latter then experiences an irreversible
expansion. After cooling, gas-filled cavities are created which, with regard to the partial
discharge inception, limit the permissible operating field strength to 4 kV/mm.

1) Summaries in e.g. [Roth 1965; Heinhold 1965; VDEW-cable handbook 1977; Ehlers, Lau 1956,
Liicking 1981).
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Compound-filled cables are in limited use for operating voltages over 60kV in the form of
internal and external gas-pressure cables. In the former, cavity formation in the com-
pound-paper insulation is prevented from doing any harm by keeping the insulation at a
gas pressure of 15 bar nitrogen so increasing the inception voltage in the cavities. Then,
operating field strengths of 9kV/mm and, with the addition of SFg, up to 12...13kV/
mm can be attained. In the external gas-pressure cable, the normal compound-filled
cable is placed inside a steel pipe filled with nitrogen (15 bar); the lead sheath acts as a
pressure membrane and prevents the formation of cavities or ensures a high pressure
in the cavity.

The low-viscosity, mostly inhibited, mineral oils used in oil-filled cables prevent the
occurrence of cavities. Expansion vessels are placed at regular intervals of a few km; these
keep the cable at a certain pressure. On warming up the low-viscosity oil flows to the ex-
pansion vessel without expanding the lead sheath, and from there, on cooling, it is pressed
back into the cable insulation once more.

The value of the pressure influences the breakdown field strength as shown in Fig. 2.5-5
[Roth 1965]. If the oil pressure is a few bar, one speaks of low pressure oil-filled cables,
and, for ca. 15bar oil pressure, of high pressure oil-filled cables. The operating field
strength has values up to 14kV/mm. In Europe predominantly low pressure oil-filled
cables are used.

15 bar
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With regard to the necessary impulse voltage strength, thinner paper is often arranged in
the region of maximum stress, that is, at the inner conductor, whilst in the outer region
normal cable paper is used. Besides an increase in the a.c. strength, this kind of lamina-
tion results in homogenization of the field distribution, since, due to the higher dielectric
constant of the thinner paper layers, the voltage distribution shifts towards the outer
regions where the field is weaker. These measures, as well as the use of special less porous
paper, make it possible to design a 400kV oil-filled cable for an impulse level of 1640kV
with an insulation wall thickness of only 28 mm; the maximum field strength at this
stress is 93 kV/mm [Peschke 1976].

The dissipation factor of oil-filled cables lies around (2...4) -1073. It can be shown that
dielectric losses for increasing transmission voltage limit the transmitting power of a cable
[Peschke 1973]. Thus, as Fig. 2.5-6 proves, for tan8 = 2-107> the transmitting power re-
ferred to the conductor diameter reaches a maximum at a transmission voltage of 700kV.
Higher transmission voltages are only practicable if dielectrics with a dissipation factor
lower than 2-107° are available. Insulation systems of this kind can consist of oil im-
pregnated plastic foils, synthetic paper or paper/plastic combinations.
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2.6 Synthetic organic insulating materials!)

Synthetic organic insulating materials — commonly classified under the keyword plastics —
have acquired a position of great importance in electrical insulation technology as non-
hardenable thermoplasts, hardenable duroplasts, elastomers, and a few liquid materials
e.g. silicone oils. Their application covers all areas of high-voltage insulation systems.

2.6.1 Molecular configuration and polymerization reactions

Plastics are organic substances consisting of macromolecules. Large molecules have their
origin in the ability of the quadrivalent carbon atom to form arbitrarily long chains which
can contain some ten thousand atomic groups and have molecular weights of up to a few
millions.
The formation of macromolecules occurs by way of a polymerization reaction, during
which molecules of low molecular weight (monomers) combine to produce large mole-
cules of high molecular weight (polymers). The reactions in question are polymerization,
condensation polymerization and addition polymerization.
During polymerization similar groups of low molecular weight combine without splitting
off side products, and, in general, long-chain molecules are formed. The monomers are
unsaturated compounds whose double bonds are broken during polymerization leaving
free bonds available for chain formation. Polyethylene for example, a typical polymer, is
formed from ethylene C,Hy:

H HHHHH

I I T I

C=C} — —C—C—C—C—C—
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1) Survey in {Saure 1979; Brinkmann 1975] for example.
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Other important plastics obtained by polymerization are polyvinylchloride (PVC) and
polytetrafluorethylene (PTFE). Common to all the long-chain, sometimes branched,
polymers is that they are not cross-linked, i.e. their macromolecules are not chemically
bound to one another. This results in the property that these substances, which are hard
and tough at low temperatures, show viscous flow at high temperatures because sliding
of the unlinked chain molecules against each other is facilitated. These non-cross-linked
substances are then designated thermoplasts. The viscous flow at higher temperatures
allows their manufacture in injection casting machines or extruders. The raw material,
supplied as solid granules, after heating becomes a viscous mass which can be modelled by
casting or injection into a mould and removed after hardening; or it can be formed into
moulded bodies by extrusion in a press e.g. into a cylindrical cable insulation.

Besides PE, PVC and PTFE, polypropylene, polystyrol and polyamide, for example, also
belong to the group of thermoplasts.

Condensation polymerization is the combination of various (dissimilar) groups of low
molecular weight to form macromolecules with the splitting off of side-products such as
water, ammonia, hydrochloric acid. Examples of polycondensates are polyamides and
phenoplasts.

By addition polymerization different types of monomer combine to form macromole-
cules without splitting off side products. Typical addition polymerization products are
epoxy resin (EP) mouldings and polyurethane (PUR).

On account of cross-linkage, condensation and addition polymerization usually lead to
spatial chemical bonding of the chain molecules. If the bonding is close meshed, we have
duroplasts which, in contrast to thermoplasts, do not exhibit viscous flow, even at higher
temperatures, but stay elastic. Thus duroplasts are hardened plastics; they are mainly
formed from substances with numerous active groups. Applied as cast-resins they are
usuaily available for processing as a compound system (resin, hardener, accelerator) in
liquid form.

In addition to EP-mouldings and PUR, for example, polyester resin, phenolic resin,
melamin resin and silicone resin belong to the duroplast group.

When the cross-linkage of the macromolecules is wide meshed, elastomers are produced
(e.g. silicone rubber) which at all admissible temperatures show rubbery behaviour and do
not exhibit flow. Mechanical strain results in elongation which is reverted on removal of
the load.

2.6.2 Polyethylene (PE)

a) Manufacture, properties

Polyeihylene belongs to the partly crystalline plastics. During solidification of the melt
parallel alignment of some of the chain molecules occurs. The extent of the crystalline
region is less in the case of branched polyethylene of low density (LDPE) than in un-
branched polyethylene of high density (HDPE).

By chemical or radiation treatment PE molecules can be spatially cross-linked. By detach-
ment of hydrogen atoms bonds for neighbouring macromolecules are set free and then
movement of the chains against each another is restricted. In cross-linked polyethylene
(XLPE) the thermoplastic properties are forfeited; at higher temperatures, despite melting
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of the crystallites, no flow occurs, rather a transition to the plastic flow range. The
residual strength of XLPE beyond the crystallite melting region and the retention of the
structure obtained during cross-linkage are responsible for the thermal overload capacity
of XLPE insulations.

PE is manufactured from ethylene either by a high pressure process at 1500 bar and
250 °C, where a branched chain polyethylene of lower density results (LDPE low density
polyethylene) or by low pressure solvent polymerization which yields high density poly-
ethylene (HDPE high density PE). Starting from a monomer with relative molecular
weight of 28, one obtains polymers with molecular weights up to 500,000.

PE is processed by extruders (tubes, cable insulation) or by injection moulding at tem-
peratures of 200...250 °C. After injecting into the cooler mould, the material shrinks by
3%, does not stick and is therefore easily removed, even complicated pieces. Foils down
to 0.01mm thickness are manufactured by extrusion and stretching, as well as by blow-
ing. The basic construction of an extruder is shown in Fig. 2.6-1 [Saechtling, Zebrowski
1971].

(i}
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1 drive for the rotational movement of the helical screw, 2 hydraulic drive for the axial movement of
the helical screw, 3 limit switch for the axial helical movement of the screw, 4 hopper for filling,

5 helical screw, 6 injection moulding cylinder with heating elements, 7 plasticized mass, 8 heated
injection nozzle, 9 injection moulding tool

PE can be worked by milling, turning, drilling, cutting and punching, and it can be welded.
Foils can be joined by applying pressure and heat.

Some important properties of LDPE, HDPE and XLPE are listed in Table A 3.5 of Ap-
pendix 3.

PE is viscoelastic with a paraffin-like exterior; even at low temperatures it does not show
any appreciable deterioration of properties. The more dense low pressure PE has a greater
breakdown field strength and higher dielectric constant than high pressure PE. For foils
breakdown field strengths of more than 200 kV/mm are achieved. PE does not contain
any polar groups and therefore has a low dielectric constant and a very low dissipation
factor. The specific resistance is extraordinarily high and lies around 10*¢ to 5-10'" Q cm.
However, on account of this, stationary space charges can occur in the material which
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produce undesirable field variations in consequence. PE can be employed down to —50 °C.
It is combustible, its chemical resistance is good except to chlorine, sulphur, nitric acid
and phosphoric acid. Under the influence of oxygen the surface becomes brittle.

As a result of its properties PE is applied in high-frequency insulation systems e.g. as full
insulation, tape insulation, foam insulation, disc or helical insulation in cables. The most
important application in energy technology is as cable insulation.

b) Polyethylene as insulation for high-voltage cables

LDPE and XLPE (on the basis of peroxide cross-linked LDPE) are extensively used for
the insulation of cables up to 110kV. They have almost completely supplanted the com-
pound-filled cable in the medium voltage range. The insulation extruded onto the internal
conductor sheath is stressed with a maximum operating field strength of 5kV/mm.
Transition to higher field strengths would make the construction of PE cables for voltages
over 110kV feasible too. The inner and outer conductor sheath is composed of materials
mixed with carbon black, which are extruded with the insulation onto the conductor in
a single step where possible.

The advantages of PE cables are:

Quick assembly, low weight, small bending radii, installation on slopes or in a vertical
position without difficulty.

The main difficulties with the PE and XLPE cables lie in their sensitivity to partial dis-
charges (PD) and the associated question of lifetime. The most minute cavities (micro-
cavities) of 1...30 um diameter are unavoidable during manufacture, as also are occasional
impurities. At these weak spots, under electric stress, partial discharges and development
of discharge tracks (trees) can occur which initiate complete breakdown. To avoid these
discharges, voltage stabilizers have been developed which are mixed with the insulation
during manufacture and either prevent the inception of PD, or make it more difficult, or,
if PD damage has already occurred, inhibit the growth of trees; the by-products of cross-
linkage in XLPE are effective as stabilizers [Saure 1979]. Stabilizers are aromatic materials
in most cases.

A special problem in PE cables is the presence of water trees [Bahder et al. 1974]. It is
known that these begin to grow at sites of high field strength, e.g. at inhomogeneous
sites in the conductor sheath, in the presence of water and branch out tree-like without
PD occurring. They disappear again on drying. With regard to the creation mechanism of
water trees some first steps have meanwhile been taken towards the understanding of
this phenomenon [Heumann et al. 1980]. However, the extent to which the electrical
properties of the cable insulation are affected is still the subject of some dispute; in-
vestigations indicate a reduction in the breakdown voltage [Densley et al. 1980].

2.6.3 Polyvinylchloride (PVC)
PVC has the structure
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It is obtained from vinylchloride under high pressure. The C-Cl bond produces a large
dipole moment which causes high strength and rigidity of the material as a resuit of the
Van-der-Waals’ binding forces.

PVC is often mixed with filler materials (kaolin, quartz) and dyed. It is processed as
hard PVC. Softeners can effect a deterioration of the ageing resistance.

Crude PVC is available in powder or granular form and can be processed in extruders or
by injection moulding. On account of the chlorine content the processing machines must
be hydrochloric acid resistant. Injection moulding processing of cast PVC takes place at
pressures up to 600bar and at a temperature close to the decomposition temperature
of 190 °C.

The properties of PVC are summarized in Table A 3.5 of Appendix 3. It can be seen that
the electrical and dielectric properties are only average and the poor dissipation factor is
especially striking. With the exception of aromatic and chlorinated hydrocarbons, the
chemical resistance is good. Hard PVC solidifies at 75...80 °C and soft PVC at —10 °C.

PVC is a cheap insulating material and is used for the core insulation of cables, for ex-
ample, and for cable sheaths, cable-covers and insulating supports. The application as
cable insulation is restricted to about 10kV on account of the poor dissipation factor.

2.6.4 Polytetrafluorethylene (PTFE)

The chemical structure of PTFE

F FFFF
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is the outcome of polymerization of the gaseous monomers under pressure in water. As in
PE, a parallel alignment of some of the long chain molecules with assumption of partly
crystalline properties is possible. Above 327 °C PTFE is amorphous; unlike other thermo-
plasts no melting occurs but a transition to a highly viscous state takes place.

The thermal behaviour, different from other thermoplasts, also demands other pro-
cessing methods. PTFE is either hot-pressed or sintered after isostatic compression at
350...380 °C. At higher temperatures the pressed parts tend to return to the initial shape.
Workpieces must therefore be tempered at temperatures higher than the maximum
operating temperature. Machining is possible but requires special techniques. The material
can be welded.

The properties of PTFE are also compiled in Table A 3.5 of Appendix 3. The mechanical
properties are average, since PTFE is soft and exhibits cold flow. The electrical properties
are predominantly good. Tracking strength and arc withstand strength are very good, no
conductive residues are produced. On the other hand, the material shows a reduction of
the electric strength with time which can probably be attributed to a degree of sensitivity
to PD.

PTFE is non-polar; at a density of 2.17g/cm? it has the lowest dielectric constant €,=2.05
of all known solid and liquid insulating materials. The dissipation factor, tan8 ~ 107%,
is very good, and it is particularly noteworthy that at 1 GHz it increases to only 5 -107*.
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Its thermal stability is also extraordinarily good. In the temperature range —200...+200 °C.
PTFE shows no appreciable change in properties. It can be continually stressed up to
250 °C. Its chemical resistance to acids and alkalis is remarkable, as also its insolubility in
all organic and inorganic solvents. As a consequence of an angle of contact greater than
90° the surface cannot be wetted.

On account of its low loss factor € -tand, even at the highest frequencies, PTFE is
especially suitable for high-frequency applications (plugs, tube sockets, bushings). Due to
the difficult and therefore expensive processing technique, it has been successfully
applied in the area of energy technical insulation problems in only very few cases, e.g. for
section isolators in tram and railway overhead supply lines.

2.6.5 Epoxy resin (EP)!)

Epoxy resins are the most important hard cast type of resins employed in high-voltage in-
sulation technology. Their chemical characteristic is the epoxy group
—CH—CH, ,
\/
o)

which must be present in sufficient proportion for hardening. Among the large number of
different resins, those based on bisphenol A have acquired the greatest significance.

Before we describe the processing, properties and applications a few general definitions
shall be presented first.

a) Concepts for cast resins

Cast resins are compound systems consisting of resin, hardener and sometimes accelerator,
plasticizer, filler and colouring material. The individual components are stable and can be
stored over a certain length of time; the mixture, however, is capable of reaction. There
is therefore only a limited time ‘available for the processing of the mixture — the so-called
pot life.

The most important concepts are summarised in DIN?2); an excerpt is quoted below:
Active resins are liquid or liquefiable resins which harden by polymerization or addition
polymerization on their own, or with reactive agents, without splitting off volatile com-
ponents.

Reactive agents are hardeners and accelerators. Hardeners are substances which cause the
polymerization or addition polymerization of the resins and so the hardening. Accel-
erators are materials which speed up the hardening process.

Active bulk resin is a mixture of the above materials ready for processing and some-
times mixed with a filler as well.

Resin castings are hardened substances which are produced by casting in moulds after the
active bulk resin is hardened.

1) Summary in [Saure 1979].
2) DIN 16945 Part 1; DIN 16946 Part 1.
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b) Processing of EP

Appropriate to the concepts quoted above, processing of EP is done by mixing and
homogenizing the individual components — resin, hardener, accelerator and filler — to a
resin bulk capable of reaction which is then cast in steel or aluminium moulds. There the
hardening to EP-mouldings takes place. The basic design principle of a casting plant is
shown in Fig. 2.6-2 [Kubens, Martin 1976].
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Fig. 2.6-2 10 10
Basic design of a casting plant for .
processing EP mouldings 4] ;l ﬁ“l__ 3
1 mixer 6 casting mould .
2 feeder 7 casting valve 6—] | . ‘v’
3 viewing window 8 trap [—
4 casting chamber 9 vacuum pump 5—1 \ 10 8 g-
5 rotating plate 10 vacuum valve q il;

The adhesion of EP to metal is very good; therefore to ensure easy release from the mould
these must be provided with a releasing agent. Casting pieces designed for high electric
stress is always carried out in vacuum to avoid cavities.

Hardening, which occurs after gelation, can proceed in two steps: the moulding can be
removed after initial hardening at the appropriate hardening temperature; final hardening
then occurs in a subsequent heat treatment. However, there are also active bulk resins
which harden at room temperatures without heating. But the electrical properties of the
{(cold-hardened) mouldings, particularly at raised temperatures are usually inferior to
those of hot-hardened mouldings. The hardening reaction itself is exothermic. Since the
reaction velocity is temperature dependent, removal of the heat of reaction must be
taken into consideration.

Pure resins suffer a reaction volume shrinkage during hardening of up to 3%; filled resins,
depending on the filler content, of up to about 0.5%. The shrinkage produces internal
tension which can lead to crack formation. Moreover, the appreciably larger thermal
expansion of resins compared with metals leads to mechanical tension at the metal/resin
boundary during a temperature change; this causes cracking risk. This danger is counter-
acted by the addition of plasticizers which make the mouldings more pliable and ensure
casting without crack formation. But resins with plasticizers have, in general, inferior
electrical values and a poorer shape retention on heating.

For mass production the mould occupation times play an important role. Longer harden-
ing times support a controlled reaction, but also require longer occupation times. To
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keep these times short the pressure gelation method was developed, for example, in
which the mould temperatures are high [Dieterle, Schirr 1972].

Filler materials serve to reduce the volume shrinkage, to increase the compressive strength,
to reduce the combustibility and improve the thermal conductivity. Common filler
materials, which can constitute up to 65% amount of mass of the resin bulk, are cry-
stalline quartz powder or alumina without water of crystallization.

¢) Properties of EP-mouldings

The properties of a few important EP-mouldings are listed in Table A 3.6 of Appendix 3.

It can be seen from the table that the electrical and dielectric properties of EP-mouldings
are not excellent. But they are sufficiently good for the good mechanical and thermal
properties to be exploited to advantage for high-voltage insulation systems. The easy
workability also plays an important role.

EP-mouldings do not react to ether, alcohol, benzene, oil, weak acids and alkalis; they
are unstable towards strong acids and alkalis, acetone and chlorinated hydrocarbons. On
exposure and UV irradiation leaching occurs and the surface turns yellow. The outdoor
stability can be improved by the utilization of cycloaliphatic resins.

d) Application of EP-mouldings

EP-mouldings act as insulation for instrument transformers and dry transformers. Their
application is limited by the control of mechanical stresses and the perfect manufacture
of bulky insulation systems, where heat dissipation and the volume effect of the electric
strength set additional problems.

In indoor installations EP support insulators and EP bushings have wholly supplanted
their ceramic counterparts and the support insulators for SF¢ insulated installations
are also usually made of EP-moulding. Further important applications are the impreg-
nation of electrical machine insulation, insulating components in high-voltage switches,
fibre-reinforced plastic rods for overhead line insulators, pressed parts for mechanical
supports, etc.

2.6.6 Polyurethane resin (PUR)
A characteristic of PUR is the urethane group occurring repeatedly

O H
1
—0-C-N-

in the molecular chains. PUR is formed by addition polymerization of two liquid reaction
components.
Its use as cast resin entails the usual mixing and casting techniques, where quartz powder,
kaolin and chalk with an amount of mass of 30-65% are employed as filler materials.
The advantage of PUR lies in the simple technology; the mixture cold-hardens rapidly
and this results in short mould occupation times.
PUR has a low density, is visco-elastic and can withstand only small mechanical stresses.
The electrical properties are comparable with those of EP-moulding (see Table A 3.6 of
Appendix 3).
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PUR, as a two component varnish, has great significance as a wire varnish. As resin it is
used for the insulation of medium voltage instrument transformers, for cable junctions
and cable terminations in the medium voltage range, for the impregnation of glass silk and
paper tapes for winding insulation, further, for embedding circuits and for casting coils,
where casting is also possible without vacuum.

2.6.7 Silicone elastomer

Silicone rubber is produced by vulcanization of silicone caoutchouc, a chain polymer
polydiorganosiloxane, by a condensation or addition polymerization mechanism. Fillers
are quartz powder, chalk, kieselguhr and titanium dioxide. In the case of hot-hardened
elastomers processing is by heating under pressure, for cold-hardened two-component
elastomers, by casting.
Moderate mechanical properties contrast with very good electrical properties:

Eq =20kV/mm; p=10" Qcm (unfilled);

€ ~3; tand =5 - 1073; creepage resistance KA3c .
The retention of these properties and the elasticity in the temperature range —50 °C to
+180 °C (long-term thermal stability) is important.
Silicone rubber is resistant to PD, hardly inflammable and, with sufficient filling, self-
quenching. It is arc-resistant, since the main chain

| | |
—?i—O—?i—O—?i—O

contains no carbon and disruption of the chain leads to the formation of non-conducting
Si0;.

Silicone rubber is inert to ozone, water repellent (angle of contact > 90°), weather-
resistant, resistant to weak acids and alkalis, as well as to sulphur and sulphur compounds.
It is affected by petrol and aromatic solvents, but less so by aromatic oils.

The main application of silicone rubber is in plug-in type cable terminations in the
medium voltage range, as well as in sheds for plastic compound insulators up to the
highest operating voltages. Moreover, silicone rubber is employed as conductor and cable
insulation, as well as for insulation problems at high temperatures.

2.6.8 Chlorinated diphenyls

Chlorinated diphenyls, also denoted askarels, are made of diphenyl C;,H,o by replacing
2,3,4 or 5 hydrogen atoms with chlorine. Accordingly one differentiates between di-,
tri-, tetra- and pentachlorodiphenyls.

The structure of tetrachlorodiphenyl, for example, is:

Cl H H C
[ [
C-C CcC-C
H C// \\C C// \\C H
N TN T
Cc=C C=C

[ b
Cl H H d
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Owing to the chlorine content, chlorinated diphenyls have a high density value of
14..1.5g/cm® and even the dielectric constant at 5.5 is, due to the polar configuration,

appreciably larger than that of transformer oil. Some properties are summarized in
Table A 3.4 of Appendix 3.

The temperature dependence of €, and tané is demonstrated in Fig. 2.6-3. Below the
solidification point €, = 2.7 and at the transition point of €, the dissipation factor has a
maximum [Knust 1965].

Chlorinated diphenyls are non-combustible because the large affinity of chlorine and
hydrogen inhibits the occurrence of free H atoms. Thus the decomposition products of
pentachlorodiphenyl in an arc consist of up to 97% hydrogen chloride [Brinkmann
1975].

Chlorinated diphenyls have a good resistance to PD, cannot be oxidized and are therefore
more or less ageing resistant. The major disadvantage is their toxicity, which makes
protective measures during manufacture imperative and permits application in closed
systems only. They also react with some plastics.

On account of their high dielectric constant, chlorinated diphenyls are especially suited as
impregnants for capacitor dielectrics, because compared with mineral oil it is possible to
save 30...40% volume for the same capacitance. In the past chlorinated diphenyls were
also used for non-inflammable transformers in public buildings e.g. in theatres. Not least
for reasons of environmental protection, these transformers are being replaced by EP-
insulated dry transformers. Physiologically safe insulating liquids to replace the askarels
are in an advanced stage of development and are being practically utilized.
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2.6.9 Silicone oil

Silicone oils represent an alternative to chlorinated diphenyls but they are rather ex-
pensive. The main chain consists of silicon and oxygen and organic groups constitute the
side-chains. The chemical configuration of methyl polysiloxane for example is:
CH, CH, CH, CH;
| ! I I
— 8 -0— Si ~0- Si —0— Si —.
| | | |
CH; CH; CH,4 CH;
Chain lengths of up to 800 siloxane units and relative molecular weights up to 60000 can
be found.
The most important properties are compiled in Table A3.4 of Appendix 3. The dissipa-
tion factor is independent of frequency and temperature. The high long-term thermal
stability at 150 °C is particularly notable. Silicone oils are water resistant and to most
chemicals as well as being oxidation resistant, even at higher temperatures. They are
soluble in petrol, benzene, ether and alcohols, and they are non-toxic. On thermal disso-
ciation in an arc non-conducting silicon dioxide (quartz) is formed from the main chain.

Irrespective of their high cost, silicone oils can, in principle, be applied as substitute
products for mineral oil, e.g. in transformers. The higher admissible working temperature
compared with mineral oil allows volume-saving designs. Outdoor insulators under conta-
mination risk often show improved flashover behaviour after siliconizing. A thin layer of
silicone fat or silicone oil is a hydrophobic surface and prevents the development of a
continuous layer of moisture, even when there is pollution.
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3 Design and Manufacture of High-Voltage Equipment

3.1 Structural details in high-voltage technology

The design and construction of high-voltage equipment requires experience in the applica-
tion of the laws of electric fields. High-voltage technological requirements often hinder a
construction which is best from the mechanical and thermal points of view. The job of
the constructing engineer is therefore to find the altogether most economical solution. In
the following sections a brief introduction will be given to cover the scope and a survey of
the established solutions presented.

3.1.1 Basic arrangement of the insulation system

The essential characteristics of an insulation system are the number and type of dielectrics
used. Since, as a rule, different potentials have to be insulated against one another as well
as a rigid connection made between the electrodes, one cannot manage without solid
insulating materials. The boundary surfaces so formed between solid insulating materials
and liquid or gaseous dielectrics represent particularly critical regions of an insulation
system?).

a) Single material configurations

Examples of single material configurations are air clearances in outdoor stations and the
insulation of plastic cables. Symmetrical and asymmetrical electrode configurations in
general show very different behaviour.

Fig. 3.1-1 shows a qualitative curve of the field strength E along the axis in a symme-
trical and an asymmetrical configuration. At the same spacing and electrode curvature
symmetrical configurations are a good deal better, since in this case at constant voltage U
due to the relationship

T H =

Fig. 3.1-1 - .
.Comparison of electrode

configurations with only one E(x)
dielectric (schematic Ex Ermax
q EM!
representation) u U
a) symmetrical
X ——-

b) asymmetrical
& a) b) X —-

1) Further information in [4Iston 1968; Philippow 1966].
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the maximum field strength E .. is lower. This can also be expressed with the aid of
Schwaiger’s utilization factor according to Section 1.1.2:

Nsymmetrical > Nasymmetrical -

An important application of this knowledge is the possibility of increasing the break-
down voltage of vertical gaps or support insulators for a given spacing s by elevated
mounting of the earthed electrode. In Fig. 3.1-2 it is shown that the breakdown voltage
of a configuration with strongly inhomogeneous field under impulse voltage increases
with increasing length h of the earthed rod from the value for a rod-plate to the value
for a rod-rod arrangement; the same measure also results in a reduction of the polarity
effect.

Fig. 3.1-2 /
Symmetrizing a vertical electrode |
arrangement _5' 1 ] +
a) rod-gap (or support insulator)

of spacing s K
b) impulse breakdown voltage ?

(qualitative) 77777 0

a) b)

b) Multi-material configurations

In most practical insulation systems several insulating materials are used and boundary
surfaces are present between the different dielectrics. The lines of force at these bound-
aries suffer refraction in such a manner (Fig.3.1.-3) that the tangential component
of the electric field strength remains constant:

Ey;1 =Eq2 -

Fig. 3.1-3
Electric field strength at the

boundary surface of two
dielectrics

The normal component is given by the condition of constant dielectric displacement:
€1En =6:Eq .

The boundary surface can only be minimally stressed electrically since impurities and
humidity cannot usually be avoided and lead to contamination layers. It is therefore an
important constructional requirement to keep the field strength at the boundary surfaces
low — especially the tangential components. A particularly favourable case is obtained
if the boundary surface coincides with an equipotential surface (E; = 0); this is called a
“transverse boundary surface”. As an example, Fig.3.1-4 shows the arrangement of
insulating barriers in a transformer. During manufacture the barriers are moulded so that
they follow the shape of the equipotential surfaces as far as possible.
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Fig. 3.1-4
Insulating barriers with transverse boundary surfaces
in a transformer

1 high-voltage winding
2 core
3 insulating barriers
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Fig. 3.1-5 Model configurations with longitudinal boundary surfaces
a) homogeneous edge field, b) inhomogeneous edge field

For a “longitudinal boundary surface” the tangential component E; of the field strength
has a finite value whilst the normal component E; = 0. The boundary surface follows a
field line, the field distribution is not affected by the solid dielectric introduced. As an
example model configurations of support insulators are shown in Fig. 3.1-5; in a) the edge
field is homogenized by means of protruding electrodes and in b) the shape of the in-
sulator is adapted to the field distribution.

In technical designs, it is not always possible to prevent the normal components as well as
the tangential components of the field strength from having a finite value. This is called
an “inclined boundary surface”. As an example, consider an insulator with electrodes
embedded in a solid insulating material as in Fig. 3.1-6a. This altogether quite favourable
configuration can still be appreciably improved by expanding the diameter in the centre
of the insulator body as shown by the dotted line, since this would reduce the tangential
field strength.

The configuration with electrodes arranged on the surface is particularly unsuitable, as
shown in Fig. 3.1-6b. Here, due to relatively high tangential field strengths, surface
discharges can scarcely be prevented. The calculation of the inception voltage of this
“gliding configuration” is described in Section 1.3.4b.
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Fig. 3.1-6 Configurations with inclined boundary surfaces
a) embedded electrodes, b) electrodes arranged on the surface

c) Insulating configurations

Where a rigid connection is not established throughout the entire insulation system, as in
a solid insulated coaxial cable or in an epoxy resin instrument transformer, special com-
ponents — the insulators — assume this role. According to Fig. 3.1-7, four types of in-
sulators can be distinguished:

a) support insulators for transmission of compressive and flexural forces,

b) suspension insulators for transmission of tensile forces,

c) bushings for rigid penetration of the electrodes

d) lead-outs for rigid leading out of a voltage-carrying electrode from an earthed region.

In outdoor constructions, the insulators are provided with sheds to increase the creepage
path and to prevent the formation of unbroken water channels during rainfall. The shape
of the shed depends upon the material used for the manufacture of the insulator and
upon the anticipated pollution. As a guiding value for the length of the creepage path,
2...4cm/kV (referred to the rated voltage) can be assumed. Typical profiles for the sheds

A
Ek{
5_!
By
i Fig. 3.1-7
Insulating configurations
bl a) support insulator
5 b) suspension insulator
y c) bushing
! d) lead-out

PO QR

i -
e e T T

(e.g. cable termination)
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Fig. 3.1-8
Shed profiles of outdoor insulators
Porcelain:
a) cap-and-pin type insulator
b) long-rod insulator
¢) equipment insulator
(porcelain housing)
Plastic:
d) long-rod insulator

of porcelain and plastic insulators are presented in Fig. 3.1-8. In plastic insulators the
slim shape, especially when hydrophobic shed materials are used, supports a reduction of
the specific creepage path without losing the good contamination performance. In gas
insulated setups, support insulators are required to maintain the spacing of the leads
within the earthed metal housing. In coaxial systems, as in Fig. 3.1-9, disc-type supports
(a) or conical shaped ones as on conductor (6) can be used. Atrated voltages above 110kV
funnel shaped insulators (c) are generally preferred. For three-phase configurations either
individual insulators can be used or appropriately complicated insulator shapes must be
considered (d). Particularly at high voltages the shape of support insulators for gas-insulat-
ed systems must be chosen with due regard to the curvature of the electric field at the
boundary surface.

3.1.2 Measures to avoid intensification of electric stress

Various types of insulating materials and the boundary surfaces between them are en-
countered in technical insulation systems. Uniform stressing results if each part of the
insulation system under voltage is stressed by about the same proportion of the permissible
value. In the design of an insulation system the stress distribution can be influenced by
the arrangement and shape of the electrodes and the insulating body. Where critical points
such as electrically stressed boundary surfaces cannot be avoided anyway, one must
attempt to limit their stress to permissible values.

a) External screening electrodes for field control

If the dimensions of the electrodes in insulation arrangements are small compared with
the gap length, the field strength is high in the neighbourhood of these electrodes. In
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Fig. 3.1-9 Coaxial support insulators for metal encapsulated gas insulated systems

a) disc-type support insulator, b) conical support insulator, ¢) funnel type support insulator,
d) funnel type support insulator for 3-pole encapsulation (Siemens)

these cases, using external screening electrodes, substantial homogenization of the stress
can be achieved by field control.

An example for external screening electrodes are the top-electrodes for cylindrical in-
sulating arrangements in air such as support insulators, high-voltage capacitors or testing
transformers. Fig. 3.1-10 shows various designs, where the points of highest field strength
are indicated by arrows. The mounted hemisphere as in a) is practically useless; even for

Fig. 3.1-10
Shapes of external screening electrodes

a)and b) bad
c)and d) good
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the protruding electrode mounted as in b) the critical boundary surfaces lie in the region
of high field strength and here gliding discharges can occur. In the better design of a
protruding electrode as in c) the critical boundary surfaces are in field shadow. Another
good shielding electrode, the double toroid shown in d), should be mentioned. This
electrode shape has proved particularly successful for very high voltages because of
convenient connecting possibilities, since the junction point of an inserted conductor can
be arranged to lie in field shadow.

To estimate the spherical and cylindrical electrodes, one starts with the field produced by
concentric spheres with internal radius ry and external radius R. In a rough approxi-
mation R corresponds to the clearance of the earthed parts. The field strength at the
inner sphere at voltage U is:

U/rg
Emax = 1 _. /o °
1 l'k/ R
The highest possible field strength is the breakdown field strength Ey. For R>r asan
approximation for the inception voltage we have:

U, ~Egry -
With air as the dielectric and alternating voltages the effective value of E4 can under

favourable conditions be assumed to be about 20kV/cm. For the diameter d = 21y the
following useful thumb-rule is obtained:

dinmm 2 Ugs inkV .

This relationship is a useful approximation for smooth sphere-like electrodesup to voltages
of about 1 MV. At still higher voltages the top-electrode diameter must increase over-
proportionally and one can finally rely upon permissible field strengths of only about
10kV/cm. Top-electrodes of this size with smooth surfaces can only be realized with
difficulty and at high cost. An alternative, economical at very high voltages and also very
efficacious, is the subdivision into electrode elements. Here, as shown in Fig. 3.1-11,
numerous individual partial electrodes are mounted on a shell such that the effect of a top-
electrode with a large diameter is achieved.

Cylindrical electrodes are mainly required as connecting tubes in testing setups and
switching stations. In contrast to concentric spheres, the inception voltage for coaxial

Fig. 3.1-11
Top-electrode made up of
electrode elements
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cylinders has no finite limiting value for large external radius R. With internal radius rz,
we have for cylinders:

R
Ue=EdrzlnE.

On equating this with the corresponding relationship for spheres, under the assumption of
the same E4-values, for large R one obtains:

If it is assumed, for estimation purposes, that R> 201, it follows that ry > 31,. Thus,
for the same inception voltages, cylinders need only have about 1/3 the diameter of
spheres.

In complicated configurations approximation by spherical or cylindrical arrangements is
only conditionally possible. By numerical field calculation, however, even in these cases
exact dimensioning can be undertaken [Moeller et al. 1972; Feser 1975].

b) Internal screening electrodes for field control

The field concentration at critical boundary surfaces can also be relieved by means of
protruding internal electrodes. As an example the 10kV epoxy resin support insulator
shown in Fig. 3.1-12 shall be described. By embedding the fittings, the field strength
along the surface of the insulator is made considerably homogeneous. Compared with
externally cemented support insulators, the constructional height can then be notably less.
The coaxial support insulators reproduced in Fig. 3.1-9 are another example; the protrud-
ing electrodes reduce the field strength at the boundary surface in the critical region near
the inner conductor.

Protruding electrodes are also usual in the gap part of oil-insulated equipment. Fig. 3.1-13
shows the design sketch of an oil insulated testing transformer with internal ring elec-
trodes which, when properly arranged, effect an increase of the external flashover voltage.
These are provided with an insulating bandage of cable paper to increase the permissible
field strength at the electrode.

Fig. 3.1-12 10kV support insulator made Fig. 3.1-13 Internal screening electrodes in
of epoxy resin for indoor application oil insulated high-voltage equipment in the
insulated housing construction
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c) Potential control by intermediate electrodes

A further means for the homogenization of electric stress is the insertion of intermediate
electrodes which cause certain equipotential surfaces to be set up in the field space. As a
rule, the subdivision of the arrangement aims to yield approximately equal partial voltages.
Potential control of the intermediate electrodes for direct voltage is achieved through the
effective partial resistances, for alternating and impulse voltage through the effective
partial capacitances. The more common second case shall be treated here. Capacitive
potential control is achieved by the partial capacitances of the arrangement (self-control),
and in addition externally arranged grading capacitors can also be provided (external
control). If the capacitances to only one of the external electrodes play a role, this is
called simple coupling. On the other hand Fig. 3.1-14 shows a doubly coupled capacitor
chain. For identical values of the main capacitances C,, the coupling capacitances Cy,, and
Ce lead to an unequal voltage distribution. For different values of C, the coupling
capacitances should be so graded that equal partial voltages AU, result.

The voltage distribution for given elements can be calculated easily using the methods of
numerical network calculation and existing computer programmes; the real problem in
this case lies in the determination of the partial capacitances of the equivalent circuit. For
simple coupling the calculation can even be done manually and one may also choose, to
advantage, the straightforward graphical grid method [Philippow 1966].

For double coupling an approximate solution can be given for the case that the coupling
capacitors are small compared with the main capacitances. The voltage distribution is
determined separately for each coupling and then the two are superposed. Fig. 3.1-15
shows the voltage distribution along the chain where v is the step number out of a total
number of n steps. The ideal voltage distribution would be linear (curve 1). If only earth
capacitances are present, it would curve downwards (curve 2); if only high-voltage coup-
ling capacitances are present, it would curve upwards (curve 3). The resultant appro-
ximation (curve 4), taking both couplings into account is determined by superposition.
To do this, curve 3 is lowered by the amount AU by which curve 2 deviates from the
linear distribution (curve 1). It is evident that the voltage distribution is linearized by the
effect of the coupling capacitances on the high-voltage side.

Finally, the possibility of total compensation of the earth capacitances by arranging
additional grading capacitors shall be mentioned. Fig. 3.1-16 shows the v-th junction of
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Fig. 3.1-14 Capacitor chain with Fig. 3.1-15 Approximate determination of the

double coupling voltage distribution for double coupling
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an n-element doubly coupled capacitor chain. For given Cq,;, and constant C,, Cy,, should
be calculated so that the voltage distribution becomes linear. The voltage drops on the
main capacitances C, should all be equal to AU and add up to the externally applied
voltage U = n AU, It follows from this that i, = i,,+; must be satisfied. The current law for
the junction then gives:

(U-U,)wC, =U,wC,, .
With U, = » AU one finally obtains: Lf
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Fig. 3.1-16 Design of grading capacitors

. . ey
for capacitor chains

With the earth capacitances C, known, either by measurement or by calculation, it is
possible to calculate the necessary coupling capacitances to the high-voltage electrode Cy,,,.

3.1.3 Rigid and leak-proof connections to insulating parts

Construction of high-voltage equipment without the use of solid insulating materials is
practically impossible. It is then that the problem of rigid connections between metal and
insulated parts arises.

Connections which transmit force through a point, such as screws or rivets, are generally
unsuitable for insulating materials. In epoxy resin moulding, the metal fittings can be cast
(Fig. 3.1-12), whereas in porcelain, fittings will have to be attached with Portland cement
or lead (Fig.3.1-18). In both these solutions the different thermal expansion of the
materials involved must be taken into account. To achieve good bonding, the surfaces in-
volved are often provided with a rough outer layer. Embedded parts can be reverse-cut
for improvement of the rigid connection.

Rigid connections to insulating parts are often also seals that need to be made leak-proof.
As gasket material synthetic oil-resistant caoutchouc is predominantly used which,
compared with normal rubber, becomes less brittle after ultraviolet irradiation.

When leak-proof seals are built, one should remember that gaskets tend to be elastically
deformed by the effect of forces, and are incompressible like liquids. However, the
deformation must be restricted to prevent cracking of the gasket material. As an im-
portant scaling factor a necessary surface pressure of 2...3N/mm? on the seal area can be
assumed; the size of the seal is of far less significance than the quality of the actual
sealing site.

Examples for the application of sealing rings are shown in Fig. 3.1-17. The groove pre-
vents the deformation of the gasket beyond permissible limits. Sealing rings, especially as
so-called O-rings, have proved extremely useful.
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Fig. 3.1-17
Arrangement of sealing rings

a) without groove; incorrect
b) with groove
¢) a construction example

b
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Fig. 3.1-18 Fixing porcelain housing over flat gaskets
a) cemented flange, b) cam-mounting

For seals between metal and insulating parts, O-rings can quite often not be used since
the required groove is not always feasible. Fixing porcelain on a metal component with
the aid of a cemented flange and with flat gaskets is shown in Fig. 3.1-18a. When a
cam-mounting is used according to Fig. 3.1-18b, special attention must be paid to ensure
that the socket holder on the porcelain is subjected preferably to compression only,
rather than bending under the action of the compressing force. Point loading of the
porcelain surface should be avoided by underlying the cam. If the porcelain housing is
ground, greater dimensional stability can be achieved; on the other hand when the porce-
lain is unground and glazed it shows distinctly higher mechanical strength.

An example for tight and rigid attachment of hardboard tubes is shown in Fig. 3.1-19.
The split metal flange 1 which at the same time is formed as a screening electrode, is
pressed by a screw joint radially against the insulating tube 2 which is supported on the
inside by a steel cylinder 3. The flat gasket 4 is compressed by tightening the screws 5
and seals off the entire front face.

The designs reproduced above can only give some indication of the numerous possibilities.
Correct dimensioning, good finish and careful checking of the seals are essential provisos
for the reliability of oil-insulated and gas-insulated high-voltage devices.
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Fig. 3.1-19 Fixing an insulating cylinder
made of hardboard

Fig. 3.1-20 Oil expansion system for power
1 metal flange, 2 insulating tube, 3 steel transformers

cylinder, 4 flat gasket, 5 screws

1 expansion chamber, 2 desiccator

3.1.4 Measures for air sealing oil-insulated devices

Transformer oil which is used in many high-voltage devices shows a temperature dependent
volume change of 7...8% for every 100 °C. Such large variations of working temperature
are not at all unusual for outdoor equipment. One is therefore compelled to take this
change of volume into account during construction [Lutz 1960]. In so doing it must be
remembered that the insulating oil, if in contact with the surrounding air, absorbs oxygen
and moisture, which results in accelerated ageing. The water content of oil-insulated
devices without air sealing is increased to a high degree by condensation on the container
walls.

In devices with a large volume of oil perfect air sealing is not possible. Fig. 3.1-20 shows a
solution typical for power transformers, namely with an expansion chamber 1. This has
the advantage that the exchange surface with air is small and the oil there has approxi-
mately the low temperature of the surrounding air, with the result that the exchange
mechanisms are retarded. With the addition of a desiccator 2 moisture is also kept away
from the oil. The desiccator contains a strongly hygroscopic salt (silica gel) which turns
from blue to red when it absorbs water.

In devices with an oil volume of up to a few 100% perfect air sealing can be achieved
which also keeps atmospheric oxygen away from the insulating oil. The changes of
volume can at the same time be controlled by systems which have proved successful in
various ranges of application.

Small devices with metal encapsulation can be constructed as in Fig. 3.1-21a with an
elastic housing. When the volume increases as a result of a rise in temperature, the side
walls of the sheet metal housing are deformed as a membrane would be. At the same time
the internal pressure remains almost constant. This type of construction predominates in
power capacitors.



3.1 Structural details in high-voltage technology 109

) . .?2 Fig. 3.1-21
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I'__ — ] |I == :_:.L:'_ :_ ":.__ insulated equipment
| i ] |~ | — — -] a) elastic housing
||‘_‘_‘.l [— — — | — = =] b) nitrogen cushion
a == Y Y c) bellows

Another solution is a nitrogen cushion to absorb the volume changes of the oil, as in
Fig. 3.1-21b. With an increase in temperature, the pressure within increases, the oil ex-
pands and the nitrogen gas is compressed. The system therefore works under variable
pressure. If the pressure increases, then according to Henry’s law, more nitrogen gas
dissolves until saturation pressure is reached. On rapid cooling super-saturation results
which, under specially unfavourable circumstances, can lead to gas release in the form of
bubbles which greatly reduces the electric strength. This can certainly be prevented in
equipment with oil at rest, as in instrument transformers and high-voltage capacitors, by
the right choice of dimensions for the nitrogen cushion [Kind 1959].

The volume change of the oil can be controlled equally well by introducing metal bellows
as in Fig.3.1-21 c. As in the case of elastic housing, the oil here is under constant pressure.
A disadvantage is the relatively high cost of bellows; yet the installation position of the
equipment (vertical or horizontal) is arbitrary for this solution. It is preferably applied in
instrument transformers and high-voltage capacitors. Bellows can also be made of plastic
materials, but here the diffusion of oxygen and water vapour must be taken into account.

3.1.5 Temperature rise calculation of insulation systems

Electrical insulating materials as a rule are poor thermal conductors; they can therefore
dissipate the heat loss in high-voltage conductors only when large temperature differences
exist. However, since the maximum permissible temperatures are relatively low, as dis-
cussed in Section 2.2.2, the temperature rise calculation is of great practical significance
to the design of high-voltage insulation systems and equipment. A few simple examples
shall be given here as an introduction.

Example 1: Adiabatic heating

For a copper busbar (length /, area of cross-section A), calculate the final temperature 9,
in the short-circuit case, given that the total switching-off time is 1s, the current density
S =120 A/mm? and the initial temperature 3, = 60 °C.

W _RI*t _»

_ = - P q
T el

For copper, we have:

N Q mm* _ Ws _ kg
p=0.0178 R ¢ =380 k—gK’ v=28920 pcy
It follows that:

9, =9, + A% = 60 °C +76 °C= 136 °C..
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Example 2: Thermal conduction

A high-voltage cable with an oil-paper insulation of length [ is laid underground at a
depth h=70cm and has specific losses P, = 40W/m. The outer diameter of the cable is
D = 15 cm, the conductor diameter d = 3 cm. How high is the conductor temperature 9,
at an ambient temperature 9y =20 °C?

The temperature difference A% between the conductor temperature and the ambient
temperature depends upon the total losses Py, of the cable which must be dissipated ra-
dially outwards, and also upon the sum of the thermal resistances ZR;. The thermal
current follows a rule similar to Ohm’s law [Happoldt, Oeding 1978].

8y — 0y =A9=P, IR, .

The specific thermal conductivity of the oil-paper insulation is A; ~ 0.2W/mK, and that
of soil A, = 1 W/mK. For concentric layers, the thermal resistance Ry, of the insulation
can be calculated from this according to the formula

1 D

Ru= 3271
For the soil, we have:
1 4h
Rip = R N 271D -

Thus we obtain:

A9 =PI (R +Rz) =40 (128K 4047 K ) =70

Oy =0y +A8=20°C+70°C=90"°C.

Example 3: Convection

A switch-box with heat dissipating surface A =4m? is provided with a plug-in panel
which, for a uniform distribution of the heat sources, causes a power loss P;, = 450 W.
Investigate whether at room temperature 9, = 30 °C the permissible box temperature 9
of 60 °C is maintained [BBC 1977]. We have:

Poutza'A'(’}s—gu) .
With o = 4 W/m? K, we have:

W
Pout =4 =~ 4m” - 30K =480W > Py, .

The permissible temperature in the box is therefore not exceeded.

Comprehensive thermal calculations, for example on cylindrical windings of transformers
in oil, are possible on the basis of more advanced literature [Richter 1963; VDI 1974,

van Leyen 1971].
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3.2 High-voltage capacitors!)

Capacitors are particularly frequently used in high-voltage circuits. Even for very high
voltages they can be built almost ideally i.e. low loss and without inconvenient self-
inductance. In high-voltage networks they are used as

Power capacitors for shunt compensation during inductive load,

Series capacitors for series compensation, especially in long transmission lines,
Coupling capacitors  for carrier frequency communication setups,

Divider capacitors for capacitive voltage transformers,

Filter capacitors for converter stations, especially in high-voltage d.c. (HVDC)

transmission systems,
Grading capacitors for voltage distribution in circuit breakers,
in laboratories as
Smoothing capacitors in the generation of high direct voltages,
Impulse capacitors in the generation of high voltage and current pulses,
Measuring capacitors  for voltage and dissipation factor measurement.
In addition, special high-frequency capacitors are used in oscillator circuits, for trans-
mitters for example.
A survey of the most important types and their construction shall be given in this section.

3.2.1 Basic configurations

High-voltage capacitors are always designed with as homogeneous a field as possible. For
the ideal parallel-plate capacitor of capacitance C, after Fig. 3.2-1, neglecting the edge-

field and with an alternating voltage U of angular frequency w, we have for the power:
2

P=U2wC=([—J) wepe A

s
and for the power density: T JA ‘
P'=E? wege; . ;
In an analogous manner, for direct
voltage U we have the energy: _T
2
1., 1 (U . .
W= EU C= Sis €€ As Fig. 3.2-1 Parallel-plate capacitor
A = electrode area
and the energy density: s = thickness of the dielectric
r_ 1 2
W = EE €€, .

1) Comprehensive treatment in [Sirotinski 1958; Alston 1968; Liebscher, Held 1968].
The most important properties of high-voltage capacitors are defined in [VDE 0560] as well as in
[IEC Publication 70].
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High power and energy densities are therefore obtained for a high dielectric constant €.,
but particularly for a high operating field strength,

The simple parallel-plate capacitor after Fig. 3.2-1 is a typical gliding configuration and
even for relatively low voltage discharges would occur at the electrode edges. For the
inception voltage U, under alternating voltage we have, after Section 1.3-4b, approxi-
mately

U ~Vs .

The corresponding field strength in the dielectric is:

The operating field strength E must naturally lie below the inception field strength E.,
so that damage of the dielectric is avoided. A high operating field strength can be attained
if the edge field is controlled by appropriate shaping of the electrode edges or by the
choice of a very thin dielectric. However, this has a low operating voltage of the parallel-
plate capacitor as consequence, as may be seen from Fig. 3.2-2.

An example of the application of capacitance grading are ceramic capacitors with pro-
truding edges, as they are designed for high-frequency circuits for voltages up to a few
10kV [Zinke 1965, Liebscher, Held 1968] (Fig. 3.2-3). Special compounds of titanium
dioxide with e, = 30...80 are usually used as dielectric.

The dissipation factor of these materials decreases with increasing frequency and reaches
values of tan8 < 107 at frequencies above 1 MHz; one can expect E4 = 100...200kV/cm
for the breakdown field strength. The electrode coatings are applied by metal spraying
methods. The connecting tabs are soft-soldered. In this type of construction the edge
field contributes a considerable part to the effective capacitance.

If large capacitances are to be realized at high voltages, the only means of obtaining high
operating field strengths is by choosing very low dielectric thickness. Dielectric and elec-
trodes are then in thin foil form, so that they can be wound to achieve a technically

§———————

Fig. 3.2-2 Inception voltage and inception
field strength of a parallel-plate capacitor
without capacitance grading

Fig. 3.2-3 Section through a ceramic
capacitor with capacitance grading

1 ceramic, 2 electrode, 3 connecting tabs
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Fig. 3.2-5 External series connection of capacitor
Fig. 3.2-4 Basic construction of a wound windings

capacitor (flat winding)
1,2 electrode foil, 3, 4 dielectric foil

a) flat winding, b) cylindrical winding
1 winding, 2 insulating material, 3 electrical
connection

Fig. 3.2-6
Internal series connection of capacitor windings

I 1 dielectric, 2 intermediate electrode,
3 connecting terminals

suitable shape. Fig. 3.2-4 shows the principle of a wound capacitor whose electrodes are
usually made of about 10 um thick aluminium foil. Several layers of impregnated paper or
of plastic films also find application as dielectrics. Due to the winding, each electrode is
used on both sides; the effective area of an individual winding can come to a few m?. The
external connections are made such that the electrode foils project on either side, as
shown in the figure, or by inserting connecting tabs.

Capacitor windings are manufactured by winding on a cylindrical mandrel. One distin-
guishes between flat and cylindrical windings depending on whether the winding, after
removal from the mandrel, is pressed flat or retains its cylindrical shape. The final shape is
obtained by pressing the winding or by hardening the impregnating or casting medium.
Since the voltage of a single-turn capacitor is limited because of the necessary small thick-
ness of the dielectric, a series connection of a large number of windings must always be
made in a high-voltage capacitor.

Flat windings are stacked one above the other as in Fig. 3.2-5a and are kept under com-
pression. For series connection of the windings galvanized copper foils, inserted either
between windings or connected to the overlapping electrode foils, are externally soldered.
Cylindrical windings can be wound quite tightly because of the insulating tube which
remains inside the winding; for electrical connection it is then sufficient, for example, to
bring the front sides, metallized by flame-spraying, directly into electrical contact as
shown in Fig. 3.2-5b. So that the height of such a stack of cylindrical windings does not
become too large, one can also provide an internal series connection in addition to the
external one. For this purpose several electrode foils are inserted into the winding one
after another, as indicated in Fig. 3.2-6. Only the first and last electrode foil is led out as
a terminal in each case.
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3.2.2 Design of wound capacitors

a) Capacitance of a winding

The basic manufacturing process of a wound capacitor is shown in Fig. 3.2-7. The tapes
comprising 4 layers for example, are wound one above the other on the mandrel. Let the
dielectric have a layer ‘thickness s and the overlapping width of both the metal foils
be B. For the capacitance of the winding, besides s and ¢, it is only B as well as the
length L of the upper metal foil, called the measuring foil, that are significant. Double the
effective capacitance is achieved by the winding process, so that for the winding capaci-
tance we have:

Fig. 3.2-7 Manufacture of a wound capacitor
1 metal foil, 2 dielectric, 3 mandrel

The edge spacing b is to prevent an external flashover and is usually chosen to be about
5..10mm.

b) Dielectric

Special capacitor paper of 10...20 um thickness combined with an impregnating medium,
plastic films (polypropylene, polyethylene, styroflex), or also a mixture of both, is used
as dielectric.

The individual layers cannot be made with an arbitrarily low weak spot probability; a
pervading weak spot in the dielectric would, however, have a breakdown as consequence.
To prevent this, numerous layers are always arranged one above the other. The probability
that in each one of the n layers a weak spot occurs at the same site is then only WY,
where W, is the probability that a certain elemental area of a layer represents a weak
spot. For plastic films one therefore chooses 2 layers if possible and for paper, on account
of its higher number of weak spots, 3 to 6 layers.

For measuring and coupling capacitors, to obtain low temperature dependence of the
capacitance, the use of mineral oil impregnated paper dielectric is preferred and one
achieves €, 4.2 and tand < 0.2%. With persisting overstepping of the inception voltage,
X-wax formation and ultimate breakdown at the electrode edges should be expected.

For power capacitors, paper or paper/foil dielectric is used, hitherto chiefly impregnated
with chlorinated diphenyl (askarel). The achievable power density, because €, ~ 5.5 and
due to the chosen slightly higher operating field strength, is significantly greater than that
for oil as impregnating medium, with about the same dissipation factor. With askarel
however, on account of the danger of hydrochloric acid formation at the metal edges,
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special attention must be paid to ensure that the inception voltage is not exceeded, even
for short durations if possible. Further, in place of askarel, other impregnating media
(e.g. isopropylbiphenyl), better from the environmental control viewpoint, are increasingly
being used, although they do have a substantially lower dielectric constant (e, = 2.7), yet
permit higher operating field strengths.

In impulse capacitors, in the interest of a high energy density, one tolerates short-dur-
ation overshooting of the inception voltage. Compared with mineral oil, castor oil has also
proved useful for the impregnation of the paper windings, when €, =~ 5 can be obtained.
The high dissipation factor of almost 1% does not interfere here.

In special cases even gases can be of technical significance as impregnating media, namely
when plastic films are used. For example with polyethylene films one achieves an extra-
ordinarily low-loss dielectric with tan8 < 10™* and €, ~ 1.5 [Brand, Kind 1972; Brand
1973].

¢) Operating field strengths of alternating voltage and direct voltage capacitors

The most important dimensional factor of a high-voltage capacitor is the operating field
strength E because it appears quadratically in the expressions for power and energy
density. For alternating voltage, besides the long-term ageing mechanisms, the inception
voltage determines the upper limit. An approximate calculation is given in Section 1.3.4b.
According to this, for a configuration in mineral oil at a pressure of 1 bar, we have:

§\0:5
U, =30 (F) inkV for sincm .

From this the inception voltage U, for a winding with oil-impregnated paper dielectric,
made of 5 layers each 10um thick and €. = 4.2, can be calculated to be U, &~ 1kV. The
effective operating field strength must, therefore, lie safely below 20V/um. Experience
shows that with askarel paper one can choose a slightly higher field strength than with oil-
impregnated paper.

For direct voltage, edge effects have no real significance; particularly for the behaviour
during direct voltage testing it is in general the breakdown voltage of the winding which is
more critical. Fig. 3.2-8 shows, for different thicknesses of the individual layers of an
askarel insulated paper dielectric, the breakdown field strength Ey as a function of s
[Guthmann 1954]). As the measurements indicate, for a given thickness s of the di-

300 c1| 8 T l
=0HMm
_k!. n\\ S °/10P o 16
mm ’ 4 5 pm
3 94 ol
200 LA Fe—>
o 0'3 o
1 v/ L
lly -~~~ Fig. 3.2-8 Breakdown strength E4
Eq / of askarel impregnated paper under
100 direct voltage
s = thickness of the dielectric
a = paper thickness
0 n = no. of layer
0 20 40 €0 80 pm 100
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electric E4 increases strongly with the use of thinner paper. The increase in Eq as a conse-
quence of lower weak-spot probability for a larger number of layers is also seen from the
measured values of the average breakdown field strength Eq4 during direct voltage testing
of askarel-impregnated paper windings [Liebscher, Held 1968]:

No. of layers 2 3 4
Eq4in V/um 100 170 230

The paper here is a type of density 1.2 g/cm® and thickness 10...60 um.

The requirement that the dielectric shall be subdivided as often as possible naturally
holds for all voltage stresses. With regard to their manufacture and processability, capacitor
paper is available down to a thickness of only about 6 um. One must therefore com-
promise between optimum utilization of the dielectric, by as thin a paper layer as possible,
and the manufacturing costs which increase strongly with decreasing paper thickness.

For alternating voltage applications the following effective field strengths are chosen:

Power capacitors

(askarel-impregnated paper) E=15..20V/um
(askarel-impregnated paper/foils) E =35..40V/um
Measuring and coupling capacitors

(mineral oil impregnated paper) E=10..15V/um

For direct voltage application an example for the usual operating field strength is:

Smoothing capacitors
(mineral oil impregnated paper) E = 80...100 V/um

The range quoted in each case indicates that the acceptable values depend very strongly
upon the construction used. The preparation of the dielectric in particular, discussed in
detail in Section 2.5, as well as the careful manufacture and connection of the windings
are very important. In new constructions it is always necessary to convince oneself, by
means of comprehensive life-time testing, of the correctly chosen operating field strength.

d) Design of impulse capacitors

The sudden discharge of a high-voltage capacitor constitutes high mechanical stressing of
the windings and their connections. This must be taken into account in impulse capa-
citors particularly, but also has practical significance for capacitors for direct and alter-
nating voltages in the event of an external flashover.

The electrostatic surface force shown in Fig. 3.2-9a can be calculated using the energy
equation:

;1
F =—2-eoe,E2.

If it is assumed that E = 75 V/um and €, = 4.2, it follows that F' ~ 10° N/m? = 1 bar. For
a sudden discharge this pressure, withstood earlier in the winding, vanishes very abruptly;
for an oscillating discharge pressure oscillations at twice the discharge frequency occur,
and the consequence is a strong mechanical alternating stress on the thin metal and
insulating foils.
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Fig. 3.2-9 Electro-mechanical forces in a wound capacitor

U, i instantaneous values of voltage and current, a) electrostatic surface force F’,
b) electromagnetic force F on the winding connections

Fig. 3.2-10
Oscillatory discharge of a capacitor

Ug = charging voltage
k = oscillatory factor
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Fig. 3.2-11 Lifetime of impulse capacitors with oil-impregnated paper
dielectric(k=0.8) 1:5=5°12um, 2:s5=4° 12 um

The electromagnetic forces indicated in Fig. 3.2-9b make it essential that the construction
of the winding connections be of high mechanical quality and strength. To keep the un-
avoidable magnetic fields induced by the discharge current i at a minimum, the impulse
capacitors must have direct axial current leads at each winding of the metal foils if
possible. Impulse capacitors are subject to operational oscillatory discharges as shown
in Fig. 3.2-10. For the stresses so produced the oscillatory factor k is of great significance.
In impulse capacitors for plasma physics experiments, it is usual to aim for a lifetime of
about N = 10,000 discharges for k = 0.8. Fig. 3.2-11 gives an idea of the relation between
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the operating field strength and the discharge number N to be expected up to breakdown
[Naglik 1973]. The values were obtained for oil-impregnated paper windings and are
valid for k = 0.8; for k = 0.5 one would expect about 4 times the number of discharges
to breakdown. It can be seen that a decrease in the operating field strength by 10% also
permits anticipation of a 4 times longer lifetime; for the choice of castor oil in place
of mineral oil, a further increase in the lifetime may be expected. Usual values of operating
field strength of impulse capacitors lie, as in direct voltage capacitors, at E =80...100V/um.

3.2.3 Types of design

Power capacitors are constructed preferentially with flat windings, pressed into cubic
packets and tightly enclosed in sheet metal housing. In this way good heat transfer is
guaranteed and the temperature dependent expansion of the impregnating medium is
taken up by the membrane effect of the housing walls. Since power capacitors are usually
required for medium voltages and with two-pole insulation, the leads for the connecting
terminals as well as the insulation of the windings against the housing can be managed
well. Fig. 3.2-12 shows, as an example, a unit for 10kV, 100kVA.

Coupling capacitors, as well as the capacitor parts of capacitive voltage transformers, are
required for voltages from 110kV upwards and for comparatively low power ratings, so
that heating up presents no problem. They are therefore mainly built in an insulated
housing type construction with porcelain housing. Fig. 3.2-13 shows an example of a
coupling capacitor for 110kV, 4400 pF. In place of the flat windings shown, cylindrical
windings with internal series connection are also chosen. The expansion of the dielectric
which is sealed off from the surrounding air is taken up either by a gas cushion, as shown
in the figure, or by bellows.
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Fig. 3.2-12 ; %{Z — '@? E
50 Hz power capacitor for 10kV, 100 kVA : i F 1;-_:
1 connecting bolt | |:| e =— .Iﬁ
2 porcelain bushing insulator |:'.r,'— —i
3 steel housing i . 1
4 flat winding | e — :
5 paper or pressboard insulation | e R
6 return lead ’ - :
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Fig. 3.2-13 Coupling capacitor for 110kV, Fig. 3.2-14 Low inductance impulse capacitor

4400 pF (MWB)

1 terminal bolt

2 porcelain housing

3 flat winding

4 pressing gibs

5 bushing insulator for low-voltage

40kV, 1.5 kWs (Siemens)

1 strip conductor terminal

2 bushing insulator

3 steel housing

4 flat winding

5 paper or pressboard insulation

connection

Impulse capacitors must have low inductance in the arrangement of windings and at the
terminals. Whilst in capacitors for impulse voltage generators in the voltage range over
200kV constructions with an insulated housing can still be found, impulse capacitors for
low inductance capacitive energy storage must be built with coaxial or strip terminals
[Liebscher, Held 1968). As an example Fig. 3.2-14 shows an impulse capacitor for 40kV
and 1.5kWs. This differs from the power capacitor shown above in that it has a low in-
ductance strip conductor terminal and current return via the housing.



120 3 Design and Manufacture of High-Voltage Equipment

3.3 Bushings and lead-outs?)

The problem to be solved in bushings and lead-outs, namely the insulated penetration of
one electrode by another has already been mentioned in Section 3.1.1 in connection with
insulator types (Fig. 3.1-7c and d). As a rule, an electrically safe high voltage carrying
conductor is to be passed through as small an opening as possible in an earthed plane and
a rigid mechanical connection is also very often required. Appropriate to their technical
significance, only designs for alternating and impulse voltages shall be discussed here. For
direct voltage the possibility of capacitive voltage control, well proven for time-variant
voltage, is naturally not available, but the risk of gliding discharges is appreciably lower.

3.3.1 Basic configurations

a) Bushings

The mutual interaction between insulating material and construction already emphasised
becomes particularly clear in the case of bushings. The same problem leads to completely
different solutions for different materials. Bushings for operating alternating voltages up
to about 30kV are made of porcelain or cast resin; for high voltages, insulating bodies
made of hardboard or soft paper in the wound construction and with porcelain housing
are preferred.

Fig. 3.3-1 shows the principle of gliding discharge suppression at the flange for a porcelain
bushing. The porcelain is provided with a conductive coating under the flange by a metal
spraying technique; the coating terminates in a protruding edge for field control purposes.
To prevent partial discharges in any air spaces between the shaft and the insulating
material, either sufficient clearance must be maintained between the shaft and porcelain
or, as shown in the figure, a conductive coating must be applied on the inside too.

In an insulating body made of cast resin as in Fig. 3.3-2, the shaft or its surrounding metal
tube, through which the current leads pass, is directly embedded; partial discharges on the

"‘;'..i'f.'}; I_B
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Fig. 3.3-1 Field control in a porcelain Fig. 3.3-2 Field control in a cast resin
bushing bushing

1 shaft, 2 inner conductive coating, 1 shaft, 2 insulating body, 3 extended
3 insulating body, 4 outer conductive electrode, 4 flange

coating, 5 flange

1) Comprehensive treatment in [Béning 1955; Sirotinski 1958 ; Philippow 1966].
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high-voltage conductor are thus prevented. The gliding discharge problem is solved by the
embedded protruding electrode. Then, with the proper choice of insulator profile, the
field strength at the inclined boundary layer to the air is decreased to permissible values.
With this arrangement, in contrast to the porcelain configuration, no pre-discharges occur
prior to flashover when the voltage is increased. On account of the easy embedding of
metals, cast resin offers diverse possibilities to the constructing engineer.

Bushings for rated voltages over 60kV are usually built with capacitive voltage grading by
intermediate electrodes, since otherwise a very large flange diameter would have to be
chosen. The principle of this kind of capacitive grading was expressed by R. Nagel in 1906
for transformer bushings. Here the potentials at the boundary layer between the insulating
material and the surrounding medium are capacitively graded by intermediate electrodes
(metal foils) inside the insulating material. Fig. 3.3-3 shows the effect of grading foils on
the potential distribution of a cylindrical bushing, where for reasons of clarity the radial
dimensions are disproportionately large. The diameter and length of the intermediate
electrodes must be designed so that the desired potentials on the metal foils are produced
by way of the partial capacitances. Calculation procedures for this are given in Section 3.3.2.

The principle of capacitive grading is at first glance independent of the type of insulating
material, but here too, the relation between the inception voltage at a sharp electrode
edge and the thickness of the insulating material underneath it, shown in Fig. 3.2-2, must
be noted. If one aims to avoid cumbersome screening electrodes for field control at the
edges between the electrodes, a small insulation thickness must be chosen.

This leads to a finely graduated capacitive grading which can practically only be realized
in insulating materials manufactured from thin bands by the winding technique. Apart
from certain exceptions, capacitive gradings are therefore only made of hardboard or soft
paper, and plastic films.
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Fig. 3.3-3 Potential distribution in cylindrical bushings
a) without intermediate electrodes, b) with intermediate electrodes (capacitor bushing)
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b) Lead-outs

In contrast to bushings, lead-outs by themselves cannot be thought of as a constructional
element since they are inseparably connected to a high-voltage apparatus. An important
example for this is the cable termination [Liicking 1981], which has the special difficulty
that it can be subjected to a high-voltage test only in conjunction with the cable on site.

Nowadays, for the medium voltage range, plastic cables are predominantly used. The
principle of a lead-out suitable for this purpose is shown in Fig. 3.3-4. In the region of the
termination the cable housing is removed and either a prefabricated conical insulating
piece is inserted over the conductor insulation or attached on site by winding plastic tapes
or sometimes, even by casting. By shaping the edge of the earthed foil appropriately, one
can achieve useful uniformity of the field strength at the insulator surface.

For operating voltages over 110kV, cable terminations are chiefly produced with a finely
graduated capacitive grading, whose basic construction is demonstrated in Fig. 3.3-5. The
termination is detached from the metal housing and a conical insulating piece is either
inserted over it or made on site. This contains a finely graduated capacitive grading made
by winding insulating tapes with metal foils interposed. The use of this kind of potential
grading allows the cable termination to have a relatively small external diameter, even for
very high voltages.

As an example for an equipment lead-out, the potential control of an instrument
transformer coil for high voltage, insulated with oil-impregnated paper, is shown in
Fig. 3.3-6. In the region of the core at earth potential, the high-voltage coil must have an
earthed conductive layer on the outer surface. So that no gliding discharges can occur at
its edge, this must be covered either with an earthed and bandaged control ring or the coil
must be given a finely graduated capacitive grading (see also Fig. 3.5-8).

:lﬁ n 5|:|ll T

. Fig. 3.3-4 Principle of a cable

m ot S e | lead-out without capacitive
or L e, r grading

.l
—£= RAEE: “ L] 'I_I 1 conductor
| | 2 cable without housing
=T | 3 insulating body
= I 4 wire bandage with edge electrode
5 2 1 :
S cable housing
23

— 2 I.'I LI Fig. 3.3-§
mﬁ__m '_:qll" F  Principle of a cable lead-out with
== 1 . __fj— capacitive grading
T H.| | | __I————____ | 1 conductor

= | | | 2 cable without housing

3 insulator with capacitive grading
4 cable housing




3.3 Bushings and lead-outs 123

l'|
f
JEE o 1 (N _I]_ - "

-
| [-7 . sum
' - |
75 % |]f .
e
1 | jit =i | ;
e | ] = E; i r
== o |
rrtL |_'—' TR 17
al N - bl P KL -!
Fig. 3.3-6 Lead-out of an instrument Fig. 3.3-7 Electric stress in bushings and
transformer coil lead-outs
a) with control ring 1 E, = radial field strength
b) with capacitive grading 2 E, = axial field strength

3.3.2 Calculation of capacitive gradings

The insulation of a bushing or lead-out is stressed, as shown in Fig. 3.3-7, radially and
axially, where above all the boundary surface between the insulating material and the
surrounding medium should be considered a critical area. The radial component E, of the
electric field strength can cause breakdown of the insulating material, whilst the axial
component E, can under certain circumstances lead to surface discharges along the
boundary surface. Since the electric strength of the insulating material stressed to break-
down limit is appreciably higher than that of the boundary layer stressed to flashover
limit, the axial stress is in general far more critical.

a) Calculation of inception voltage

In capacitive gradings, as a rule, the spacing of the layers is very much smaller than the
corresponding diameter; so one can apply the plane model of the electrode placed on the
surface, as in Section 1.3.4, to calculate the inception voltage. The a. c. inception voltage
for partial discharges at the edges of the conductive layers is calculated as in the case of
wound capacitors approximately to be

0.5
U.=K <€—S> inkV for s incm .
T

Here the following guiding values can be assumed for K [Boning 1955;Brand 1973]:

Configuration K

metal edge in air 8
in SF6 21

metal or graphite edge in oil 30
graphite edge in air 12




124 3 Design and Manufacture of High-Voltage Equipment

One should note that for the choice of resistive layers (graphite paper) with graphite edge
the inception voltage for alternating voltage can be appreciably increased, but the grading
of the impulse voltage may then possibly become impaired due to the large currents which
then flow in the axial direction [Kappeler 1968]. In every case the onset of high-energy
brush discharges should be calculated with K =80 approximately, these should not
even occur temporarily, e.g. during high-voltage testing, since then the insulating material
would become permanently damaged. For optimum utilization of the dielectric it is
recommended that the capacitive gradings be arranged so that the same partial voltage

is across two adjacent layers, where N is the total number of layers. This condition is
presumed in the following.

b) Double-sided capacitive gradings

Double-sided capacitive gradings are needed for bushings. The symbols in Fig. 3.3-8 shall
be taken for the calculation. The layers are numbered from the central bolt (n = 0) to the
flange (n = N). Let the spacing between the layers be

Spn =In " Tp-1 - bin an =t brn 4—1
n

IR ;nn_,
Fig. 3.3-8 n-1 n
Symbols for the calculation of %
double-sided capacitive gradings (9 T ')

If the edge overlap on the left side by, is equal to that on the right side b;,, a symmetrical
bushing is obtained. For different surrounding dielectrics however, bushings are required
with differently graded lengths on either side.

The main capacitance represented by the vertically hatched portion can be calculated,
neglecting the edge fields, to be:

2ME€g€r Ap
.=

" In Tn/Tat
Since all the capacitors C, are connected in series, these must be equal to one another
because AU = const:

C, =const.=C .
Now one must decide whether the potential should be graded in the radial or axial direc-
tion.
For radial grading, the radial field strength E, = AU/s, must be constant. This is satis-
fied for a constant layer spacing s,,. Assuming C,,+; = C,,, the recursion formula follows:
Inrp4q /14

dn+1 T A o
mE Tn/Ta-1



3.3 Bushings and lead-outs 125

For the plane approximation, with s,, =1, ~1,_; <15, we have:

~ Ina
dn+1 ~ap In

These recursion formulae permit the determination of the next layer from the data of the
preceding one. The innermost radius R, is usually given; from the maximum permissible
radial field strength E., the spacing s, is obtained for given voltage. If a, is also given,
then all further data can be calculated. The resulting envelope of the layer edges is hyper-
bolic in shape, as shown in Fig. 3.3-9 for an asymmetrical bushing.

For axial grading the axial field strength E, = AU/b, must be constant. It then follows
that the layer ends on each side must be displaced by the same length:

by, =const=b;, by, =const=b, .
For the length of the layer we then have:

an+1 =3, —b;—bp .

From the assumption Cp+; = C,, it follows:

Tn+1 2n+1 n I'n
n In an In-1 °
The plane approximation yields: Fig. 3.3-9 Bushing with radial grading
1 flange, 2 layers, 3 central bolt
n+1 In

oot 0 Ty ¢

The dimensions of the succeeding layers once again result from those of the preceding ones.
An example for the contour of the layers of this kind of bushing is shown in Fig.3.3-10.
The flashover length L indicated is calculated approximately as:

L~ Nb, .

Fig. 3410
Iusining =ach axizl grading

| flarge., 2 Layesrs, I wnied bal —

The large number of steps involved make a calculation scheme advisable. To calculate a
bushing with axial grading the procedure is as follows:

1. Choice of the number of layers N based upon the experience that the voltage across
two layers during a. c. test voltage U, shall be about 12kV.
For example, the test voltage for 110kV bushings is U, = 260kV; from this it follows
that the number of layers N = 22.

2. Choice of the flashover length L from the condition that at Uy, the average field
strength along the boundary surface must be limited. In air, one can assume about
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3..4kV/cm; under oil, depending upon the construction of the oil component, two to
four times higher field strengths are permissible [Kappeler 1968]. This and the previous
condition give the edge overlaps b, and b,.

3. As a rule, the bolt radius 1o and the total length a, are given. One then chooses an
initial value r; and continues to calculate with the recursion formula.

4. Finally, one must also make a few control calculations. On the one hand, the highest
radial field strength E; for the test voltage may not exceed the strength of the insulat-
ing material and, on the other hand, the highest permissible operating voltage must be
distinctly less than U,.

¢) One-sided capacitive grading

For the calculation of one-sided gradings, the symbols drawn in the scheme of Fig. 3.3-11a
shall be adopted. In addition to the main capacitance C,, (hatched region between ad-
jacent layers), stray capacitances Cg;, to the bolt also appear. With regard to the practical
significance, only axial grading with identical lengths for all the steps viz. b, =b and
agn = 3, shall be treated.

At the junction n in Fig. 3.3.-11b the current equation is:

AUwC, 4y =AUwWC, +nAUwCyq, .
It follows that
Che1 =Cp tnCyy
and then, applying the formula for a cylindrical capacitor, we have:
a, —b a, —ag nag

Intpe/tn,  Inrgfra Intgfrg

T an — """l ‘“‘l Cret

ll‘ LY

AT n-AUl AUl

-1 ™ Can Cn

Fig. 3.3-11 Calculation of one-sided capacitance grading
a) symbols, b) equivalent circuit

e/

ol

a)

If one takes into account that a,.; =a,—b + a,, then
Tn+1 _ an — b
Tn  an—ag . ag

Inrnftn g " In/to

In

can be used as a recursion formula.

The calculation is analogous to that for the two-sided axially graded bushing. First one
determines N and b. Then a; and a, are chosen. With given ry and chosen r; the calcula-
tion can begin.



3.3 Bushings and lead-outs 127

-

Fig. 3.3-12
Control diagram for calculations of one-sided
gradings

N

= ) -
e

Fig. 3.3-13 20kV porcelain bushing for Fig. 3.3-14 Indoor bushing for medium
outdoor/indoor application (Rosenthal/ voltage (20kV) with epoxy resin
Driescher) (Calor-EMAG)
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Fig. 3.3-15 Termination for 20kV PE Fig. 3.3-16 SF¢-outdoor bushing for
cable (Siemens) 110kV station (BBC)

1 connecting bolt
2 porcelain housing
3 support insulator
4 isolator terminal
5 tubular flange

To help recognize badly chosen initial values, one can draw the diagram represented in
Fig. 3.3-12. The layer spacings s, are plotted against the number of layers n. If the values
increase too rapidly (1), the bushing is too thick and the material poorly utilized. For
decreasing values (2), the radial field strength becomes too high. Curve (3) shows the best
behaviour since initial and final values s; and sy are approximately equal. For high-
voltage gradings, to save time, it is advisable to set up a computer programme.

3.3.3 Types of design

In the medium voltage range bushings are mostly required for switching stations. The
insulating material is porcelain; in the majority of indoor applications however, epoxy
resin is primarily chosen, which enables much smaller dimensions. Fig. 3.3-13 shows a
20kV porcelain bushing of the outdoor or indoor type. The conductor at high voltage
is introduced later and care must be taken to see that discharges in the air space around
the bolt are prevented during operation. The 30kV epoxy resin indoor bushing repro-
duced in Fig. 3.3-14 comprises a cast grading electrode in the region of the flange and a
metal tube through which the conductor can be introduced.

The termination for a 20kV PE cable as shown in Fig. 3.3-15 also solves the problem of
field grading by the embedded electrode; here, a pre-fabricated insulating piece of epoxy
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Fig. 3.3-18 Termination for
400kV oil-filled cable

Fig. 3.3-19
Cable lead-in for a 400kV transformer (Micafil)
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resin with a funnel-shaped grading electrode is inserted over the cable termination after
removal of the cable housing. Then the inner conductor is connected to the cable
terminal and the grading ring to the earthing terminal. Sometimes these lead-outs for
plastic cables are also made by winding on thermoplastic insulating bands on site.

In gas-insulated switching stations bushings even for voltages of 110kV can still be design-
ed without capacitive grading. Fig. 3.3-16 shows that by appropriate shaping of the
electrodes, a simple lead-out for SF -insulated substations can be realised.

In general, however, in the voltage range over 110kV, one can no longer do without
finely graduated capacitor grading; the construction engineer is then obliged to use an
insulating body manufactured by the winding process. A typical example is the 110kV
transformer lead-out as in Fig. 3.3-17. A hardboard roll with capacitor foils is surrounded
by outdoor porcelain housing and the clearing gap filled with an insulating compound
which prevents discharges in the housing interior. The 400kV termination for an oil-
filled cable shown in Fig. 3.3-18 is designed similarly. On the cable termination freed of
its cable housing, a soft paper roll containing the capacitor grading is inserted or wound
on site. The entire arrangement is then impregnated and filled with oil.

Finally, Fig. 3.3-19 shows how much space can be saved when a high-voltage cable is
connected directly to a transformer. The avoidance of air gaps in the transformer bushing
as well as in the cable termination is of great importance, particularly for indoor in-
stallations, as in the case of unit transformers in underground power houses.

3.4 Transformer windings

For the dimensions of power transformers the magnetic, electric and thermal fields are
important. The transformer actually works by the combined action of the windings and
the iron core. Particularly in the region of the windings strong electric fields develop in
transformers, where high temperatures and short-circuit forces can also act simultane-
ously. The insulation system must therefore not only guarantee sufficient electric strength
but also be able to take up the mechanical forces and dissipate the loss heat.

In this section a few special insulation problems of transformer windings shall be discussed,
where, besides plastic insulation systems, above all oil-impregnated paper insulation
systems deserve our interest in view of their great practical significance. As a prerequisite
for the design of transformers a few properties of the magnetic circuit and windings shall
be discussed first.

3.4.1 Design factors for magnetic circuits

In this section some basic relationships for the design of alternating current circuits with
magnetic windings will be given. Here, only the fundamental component of the time-
variant quantities shall be considered in each case!).

a) The laws of induction and magnetomotive force

The simplest form of a winding with a closed magnetic core is shown in Fig. 3.4-1. An
alternating voltage U applied to a winding of w turns results in a magnetizing current I,.

l) Comprehensive treatment in [Kiichler 1966; Philippow 1966; Richter 1967; Taegen 1970].
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This current excites a magnetic flux ® in the core with a constant effective iron cross-
section qg and a mean iron path /g; flux leakage shall not occur. The magnetic induction
or flux density B in the core for uniform distribution over qg is:

) [

& p—

E:

Winding with a closed magnetic core L —

r N
| l
L-
Fig. 3.4-1 Y :I: w {
||

For sinusoids with angular frequency w =2nf, it follows from the law of induction, in
complex notation,

U=wqgjwB.

Normally, the peak value is quoted for the magnetic induction. So for the modulus we have:
s _ U
B=v2B=V2 g

For f=50Hz, UinV and qg in m?, we have:

Ulw
222 qE

U/w is the voltage between turns. As a rule the iron core of transformers consists of grain
oriented magnetic sheets of 0.35 mm thickness made of silicon-iron alloys. The lamina-
tion causes qg to be somewhat smaller than the geometrical iron core cross-section; the
space factor is about 0.96.

The permissible rated flux density B, in equipment has an upper limit due to the iron
losses, the inrush current, as well as the magnitude and distortion of the magnetizing
current. The following values are chosen:

B= inT.

in power transformers 1:3,, =15..18T,
in testing transformers B,=12.15T,
in inductive voltage transformers B, =0.7..1.2T.

In current transformers the flux density depends on the current to be measured and the
load; further, the flux density at rated current and rated load depends on the proposed
application of the transformer (see Section 3.5). Here we have:

B,=003..03T.

The law of magnetomotive force relates the magnetic field strength H to the magnetizing
current Iy . For sinusoids we have:

Iow=Hlg.
It follows:
H/
Ip= =E )

w
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The relation between H and B is the magnetization characteristic of the core material.
For the moduli both the representations

B = f(H)
or

B=pou,HV2
with

My = “r(ﬁ) s

are used; po is the permeability of vacuum.
Using these quantities, the modulus of the magnetizing current is calculated as follows:

g Ulg
#o#;W_wWZunop, ’

I, =B

The magnetization characteristic of common ferromagnetic core materials is highly non-
linear. For sinusoidal induction therefore, an extremely distorted magnetizing current
results. In addition B and H are not in phase on account of the magnetizing losses. This
can be accounted for by the formulation!)

H=H, —jH,
Y
Fig. 3.4-2 H~1,
Phasor diagram of electric b Hy~low
and magnetic quantities —
Hp ~lop B

where H,, is the component of H in the direction of U (Fig. 3.4-2); the same represen-
tation is also valid for the magnetizing current Iy = Igy, —jIgp. The angle § shown in the
figure is designated the iron loss angle and corresponds to the dielectric loss angle of an
insulation. We have

Iow = Io sinBE , IOb = Io COS(SE o
The magnetizing losses Py, of the core are obtained from the electrical quantities

Pp. =Ulow = wBHy Ig g5 .
For the specific losses referred to unit mass of density v it follows:

PFe 1 wB H
For silicon-iron alloys one can take y=7600kg/m?, for nickel-iron alloys y=8100...8700
kg/m®. In the manufacturers’ data B = f(H) and P, = f(B) are usually given; the real
component of the magnetizing current can then be calculated as:

Hl PE, !
Io E\/—FGE

wa

1) The separation of components representation shown here is preferred to the other possibilities for
accounting for iron losses, such as the statement pp = ' —ju".
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The curves B = f(H), Py, = f(B), 6 = f(B) and y, = f(B) are reproduced in Appendix 4
for a few important core materials. One typical example for a grain oriented silicon-iron
alloy and for a nickel-iron alloy respectively was chosen. Practical designs must naturally
be based on more exact values for each of the materials used [e.g. Vakuumschmelze 1977].

b) The short-circuit impedance of windings

Transformers possess at least two windings through both of which the main flux passes.
Fig. 3.4-3 shows the basic construction of a transformer with two coaxial cylindrical
windings (1,2) and a stepped laminated core (3), as well as the corresponding circuit
diagram.

'
et

I . 3
o
T 1-- —2 U
¥
bl

Fig. 34-3
Two-winding transformer

a) sectional view
b) equivalent circuit

The 4-pole equivalent circuit of this simple two-winding arrangement contains lumped
effective resistances and inductances. It can be represented, as in Fig. 3.4-4a, using an
ideal transformer to account for the transformation given by the number of turns w,; and
w2, or by referring all the elements to one of the windings as in Fig. 3.4-4b. Z, follows
from the components of the magnetizing current!) calculated in a).

For the components of the impedances of the equivalent circuit attributed to both
windings the following relationships are valid:

Z,=R; +jXs;
Z, =R, +jXg; .

The magnitudes of R; and R, are obtained from the effective resistances of the windings,
taking the additional losses due to current displacement into consideration (skin effect).
In solid conductors of large cross-section these can assume impermissibly high values,
for which reason twisted conductors are often used in such cases.

l) The T-equivalent circuit used here is strictly only valid in the case that the entire leakage flux can
be distributed unequivocally between both windings; this is not so in technical transformers. Never-
theless, consistent with the literature [e.g. Schlosser 1963; Richter 19631, it shall be employed for
the simple considerations of this book.
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The values of the leakage reactances Xg; and Xg, are derived from the leakage flux. For
the calculations, not reproduced here, one assumes that at the front sides of the core, at
the level of the yoke, magnetically infinitely good conducting planes exist [Tazegen 1970].
The flux lines of the leakage field produced during short-circuit are then parallel to the
core axis. Now part of the leakage flux can be attributed to each winding, where the
distribution is effected arbitrarily at half the width of the leakage canal between windings.
Using the symbols of Fig. 3.4-3a, we have, approximately;

_ Mo w’ITDm(S al> 2

ST T e 20 3/

Mo ™D (5 22\ ,
K= 2028 (303 el

The abbreviations used here are:

1
hm =_2'(h1 +h,)
and
1
Dy =§(D1 +D;).

The total short-circuit reactance referred to the primary side is:
Mo wrD a; ta
= (5 + 2 )wf .
hpy 3
Finally, for the relative short-circuit voltage it follows with rated values of voltage Uy,
current I, and conductor losses Poyg:

Xs =Xg) +Xs; =

q XS In
reactive part  uy = T
n
real part u = (R; * Ra)ln = Peun
' Ul‘l Un In ’

apparent value u =vu?Z +u? .
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Due to the assumptions made in the derivation, the above relationships for the leakage
reactances are only approximations; the resulting deviations rarely lie above 10%. More
exact methods for the calculation of the short-circuit reactances even of complicated
arrangements are given in the literature [Richter 1963; Philippow 1966].

The circuit of Fig. 3.4-4a can be extended to multi-winding transformers, even when
the windings do not have a common potential. In this manner the short-circuit reactances
of testing transformers and inductive potential transformers in cascade connection, for
instance, can be calculated from the values of the individual stages [Kind 1972]. For more
exact investigations of multi-winding transformers, it is necessary to devise other equi-
valent circuits [Schlosser 1963].

3.4.2 Assembly and connection of windings

The windings of a transformer must be magnetically closely coupled to one another. If
windings around the same core are arranged axially they are called disc windings; if they
lie radially, cylindrical windings (Fig.3.4-5). In each case, because of the electromagnetic
forces on short-circuiting, the winding arrangement must be symmetrical.

Fig. 3.4-5
Assembly of transformer windings
i a) disc winding
b) cylindrical winding
1 high-voltage winding
) 2 low-voltage winding
: — | i 3 core
i t ! ! : | 4 vyoke

For about the same conductor cross-section, the high-voltage winding requires larger
insulating clearances to the yokes and also between individual turns. The lower stacking
factor so caused is indicated in Fig.3.4-5 by different winding cross-sections. In high-
voltage transformers, for reasons of insulation expense, in general only cylindrical windings
are used and these shall be discussed in the following.

In fact, high-voltage windings can be built up of individual coils or individual layers, each
connected in series. In the first case the coils are arranged axially and in the second case
the layers are arranged radiaily.

The most important assemblies of coil windings are shown in Fig. 3.4-6. In the singie-coil
connection, completely identically wound coils are connected in series, where passing the
connecting lead through the space between the coils raises special insulation problems;
between the two coils the full voltage of each single coil lies at points with the same
radius. In the preferred double-coil connection the problem of the connecting lead does
not arise, but the voltage between two points on adjacent coils with the same radius varies
from zero to double the coil voltage. In contrast to the single-coil connection, the in-
dividual coils of a double-coil connection cannot be wound continuously but must
be wired subsequently. An important special case of coil windings is the (inverted)
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Fig. 3.4-6

Assemblies of coil windings

a) single-coil connection

b) double-coil connection

c) three stages during the manufacture of
a coil winding with one turn per layer

a) b} (inverted winding)
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winding shown in Fig. 3.4-6¢. It is used when the conductor cross-section permits every
coil itself to consist of individual windings wound directly over each other. The three
phases of manufacture shown are: continuous winding of two coils; rearrangement
(“inversion™) of the second coil, for which purpose its turns on the winding former must
be loosened; reconstruction of the second coil in reversed conductor sequence. In this
manner one obtains coil windingsin double-coil connection without soldered connections.
The most important assemblies of layer windings are shown in Fig. 3.4-7. Once again one
must differentiate between a series connection along the shortest path, corresponding to
the doubledayer connection shown, and a return lead to the opposite side. It is not ex-
pedient to pass the connecting leads between the layers as in the single-layer connection
with inner connections, but rather on the outside with outer connections.

It should once more be noted that for the double-layer scheme, twice the layer voltage
appears between two layers at the sides lying opposite the connection.

i

Fig. 3.4-7
I Assemblies of layer windings
a) double-layer scheme

b) single-layer scheme with inner connections
c) c) single-layer scheme with outer connections

a)
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3.4.3 Insulation of high-voltage windings

In the insulation of cylindrical windings against the core and other windings, essentially
three characteristic insulation problems occur for which certain denotations are usual:

high-voltage winding against low-voltage winding:
major or Jeakage canal insulation,
high-voltage winding against yoke:
yoke or end insulation,

high-voltage winding against high-voltage winding for three-phase construction:
window insulation.

These three areas are designated winding insulation because here the high-voltage winding
as a whole appears as an electrode to be insulated. The purpose of the layer insulation or
coil insulation is to insulate the individual layers or coils against one another. Finally,
one must also remember the insulation of individual turns, described as the inter-turn
insulation.

Power transformers are predominantly insulated with oil-impregnated paper, the good
properties of which, especially for large power ratings and high voltages, are not achieved
by any other insulation. For medium voltage and indoor applications dry transformers
with epoxy resin insulation are often used as well, since oil transformers in the event of
damage are a great fire risk. In the following, exclusively oil transformers shall be discussed.

To insulate the turns, for small cross-sections up to a few mm?, varnished copper wires
with circular or rectangular cross-section are used. For larger cross-sections a paper
insulated rectangular conductor is always used. For large currents stranded conductors
made of varnished partial conductors with a common paper insulation are also used, to
prevent additional losses. As paper insulation for the individual conductors, 0.02...0.2mm
thick paper tapes for example are suitable, wound in semi-overlap.

To insulate the layers or coils, one chooses pressboard or soft paper with oil ducts for
heat disposal. During a.c. test voltage stresses of about 50...100kV/cm in the oil ducts are
permissible.

For the winding insulation, laminated insulations made of pressboard or soft paper with
oil ducts are common. Dimensioning is such that for a temporary breakdown of the oil
duct the remaining dielectric can still withstand.

Hardboard is avoided for high voltages where possible since pressboard (transformer
board) possesses high mechanical strengths too and at the same time very good electric
strength.

An example for the winding insulation of a transformer is shown in Fig. 3.4-8. Between
the high-voltage and low-voltage windings 1 and 2 lies the leakage canal which is sub-
divided by pressboard tubes 3 so that no continuous free oil duct develops. A circular
shielding electrode 4 is placed on each of the windings to make the electric field at the
front end of the windings uniform. These shielding rings are at the potential of the last
turn and must either be split or made of resistance material so that they do not con-
stitute a short-circuited winding. They are bandaged with soft paper. The winding and
pressboard tubes are secured mechanically by barrier-like angle rings 5 made of press-
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Fig.3.4-8

Example for winding insulation of an oil transformer
1 high-voltage winding

2 low-voltage winding

3 pressboard tubes

4 shielding rings

5 angle-rings

6 spacer blocks

board and spacer blocks 6. Since oil circulation must be guaranteed, these are arranged at
the appropriate spacing.

3.4.4 Impulse voltage performance and winding construction

a) Estimation of the initial voltage distribution

High-voltage windings of transformers are intricate structures, being weakly damped net-
works comprising capacitances, self and mutual inductances. If an impulse voltage appears
across the terminals of the transformer, characteristic oscillations are excited which
can result in impermissibly high local stresses of the insulation inside the windings. For
this reason, extensive investigations have been carried out to determine the voltage
distributions occurring in different types of winding [e.g. Miiller 1975 and the literature
quoted therein].

A greatly simplified, but still useful assumption is that in the first instant of stress with a
steep impulse voltage only the capacitances of the network are effective. A simple equi-
valent circuit for the calculation of the initial distribution is shown in Fig.3.4-9. It is a
homogeneous iterative network containing only the main capacitances C as well as the
earth capacitances C, of a high-voltage winding [Strigel 1955]. The voltage distribution
along the winding after applying a step voltage Uy is calculated for the earthed neutral
point (U, = 0) as follows:

sinh (n — v)a

Uy =Uo sinh n &

For the free neutral point (I, = 0) we have:

cosh (n — v)a

Uy =Uo coshn &

In these expressions a=+/C./C.

l I | ]__' l Fig. 3.4-9
C, Uv n
Capacitive equivalent circuit to
o calculate the initial distribution

0 n

V—
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Fig. 3.4-10 Initial distribution with earthed neutral point

To demonstrate, let us introduce the resultant earth capacitance C, e =nC, and the
resultant main capacitance Cres = C/n. We then have:

- _na_1 / Ceres
Tes ~ - 0
C1'es

Theoretical initial distributions for various values of oy for earthed neutral point are
shown in Fig. 3.4-10. (Usual values are oges = 2...10.)

If the maximum stress on a section of the winding is calculated, we have, approximately,
(sinh oyes & cosh ayes) for the earthed neutral point and for the free neutral point:

(dU,,) _(dU,,> U
v/ TN/ T n s

max v=0

Here, aes is immediately evident as a factor of the overstress on the first winding section
compared with the ideal linear voltage distribution which reappears as the normal oper-
ating condition after a transient mechanism has faded out. When designing a transformer
winding it is therefore necessary to aim for as small a ratio of the earth capacitance to the
main capacitance as possible.

The deviation of the initial distribution from the final distribution is of great significance
to the impulse voltage stressing of a winding during the subsequent transient mechanism.
Since damping of the oscillations is not possible because of the low losses required during
normal operation, one must aim not to excite dangerous oscillations at all. The less the
initial and final distributions differ from one another, the smaller the possibility of oscill-
ations occurring. One speaks in such a case of a low-oscillation transformer.

b) Measures to improve the impulse voltage performance

Estimation has shown that the input turns of the winding are overloaded. One would
therefore initially think of reinforcing the insulation of the input turns. This measure
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should be regarded with caution however, since the capacitances between the relevant
turns would then be simultaneously reduced and the component voltage would increase.
A measure which is advantageous in every case is to augment the coupling capacitances of
the input turns to the high-voltage electrode with the aid of the shielding rings shown in
Fig. 3.4-8, or with additionally arranged insulated shields connected to high-voltage
potential. The most effective measure, however, is augmentation of the main capacitance
by using a shielded layer winding or, for coil windings, by so-called interleaved winding.
Moreover, in layer windings one can achieve an additional increase of the main capa-
citance by a doubly concentric construction of the winding, with one low-voltage winding
inside and one outside, as shown in Fig. 3.4-11. A type of construction usual in power
transformers for high voltages are interleaved coil windings, whose schematic arrangement
is shown in Fig. 3.4-12. Besides the series connection of each run schown, parallel con-
nections are also possible. Naturally, the frequent crossover which becomes necessary
causes additional construction work and this considerably affects the manufacturing costs
of transformers.

A normal inverted winding, as in Fig. 3.4-6c, has o, = 12; with interleaved windings,
as in Fig. 3.4-12, one obtaines values of age =4 and in special designs up to oues =2
[Brechna 1958].
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Fig. 3.4-11 Scheme of a doubly- Fig. 3.4-12 a) Scheme of an interleaved
concentric layer winding winding with 2 runs (the numbering
1 high-voltage winding corresponds to the successive windings)
2 low-voltage winding b) Current paths in the high-voltage

3 winding axis windings

3.4.5 Types of transformer winding

For the insulation of transformer windings several designs are chosen depending on the
degree of stress to which the windings are subject. The design details will be described
here using the example of two transformers whose insulation is of oil with barriers and
oil-impregnated paper. In the first example we have chosen a coil winding and in the
second a layer winding.
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Fig. 3.4-13
Transformer with angle-ring insulation and
coil winding

1 iron core
low-voltage winding
high-voltage winding
pressboard cylinder
wooden rods
support cylinder
spacer bars
pressure rings
angle-rings
10 spacer blocks
11 pressboard discs
12 shielding rings

oo~ Wbk WwN

Fig. 3.4-13 shows a transformer section with angle-ring insulation and coil winding,
taken through the iron core 1, the windings 2 and 3 of a phase and a window. The main
insulation is of oil and oil-impregnated pressboard cylinders 4 which surround the low-
voltage and high-voltage windings and have an angular profile to ensure oil entry at the
front end. The support cylinder 6 of the low-voltage winding 2 is propped radially against
the core 1 by the wooden rods 5. The low-voltage winding itself is supported radially by
spacer bars 7 against the support cylinder. These spacer bars, which also lie between the
low-voltage and high-voltage windings, must possess cooling oil ducts between the neigh-
bouring construction elements and be in a position to sustain the electromagnetic forces
acting between the windings during a short-circuit. Under short-circuit the windings try to
enlarge the leakage canal between them. The clamping force which the pressing rings 8
exert on the windings should be about as large as the contracting force of the windings in
the axial direction acting during short-circuit, so that the winding composite cannot
loosen itself. The windings are further supported by pressure rings 9, spacer blocks 10 and
pressboard discs 11, the diameter of which must be larger than that of the spacer blocks,
since otherwise short creepage paths could be caused. The pressure rings, usually made of
pressboard, approximately follow the equipotential lines of the electric field. The shielding
rings 12 effect a reduction of the field at the front ends of the winding.

Instead of pressure rings for the insulation of the windings one may aiso choose a soft
paper insulation system, the so-called splayed flange. Fig. 3.4-14 shows a transformer
section with splayed flange insulation and layer winding. The low-voltage winding 2 con-
sists of two layers and the high-voltage winding 3 consists of four layers. In the layer
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Fig. 34-14
Transformer with splayed flange insulating

iron core
low-voltage winding
high-voltage winding
pressboard cylinder
wooden rods
support cylinder
spacer bars

pressure rings
splayed flange insulation
10 spacer blocks

11 pressboard discs

12 shielding rings
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windings assumed here more sophisticated internal insulation is necessary than in a
comparable transformer with coil winding. During the manufacture of a splayed flange
the ends of the wound paper cylinders are cut axially and arranged around the ends of the
windings. Thus this insulation can be given an optimum fit to match the shape of the
equipotential surfaces.

3.5 Instrument transformers!)

The tasks of an instrument transformer are to transform currents and voltages to be
measured into conveniently measurable secondary quantities, and to isolate the potential
between the primary circuit and the secondary measuring circuit.

In voltage transformers the usual secondary rated voltage is 100V or 100//3 V, whereas
in current transformers very often a secondary rated current of 5 A or 1A is specified.
This standardization allows equipment for connection to such transformers (indicating or
recording devices, energy meters, protective equipment) to be designed in a similar
manner, independent of the value of the primary quantity.

Instrument transformers can be classified depending on their tasks as transformers for
measuring purposes (operational and commercial measurements) and as transformers for
protective purposes. The highest accuracy is demanded for commercial measurements:

1) Summary in [Bauer 1953; Hermstein 1969; Zinn 1977]. The most important properties of instru-
ment transformers are specified in [VDE 0414 Part 1 to 5; IEC Publ. 185, 186, 44 —3 and 44 —4].
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such transformers are made in the classes 0.1, 0.2 and 0.5. According to the verific-
ation laws they are, as a rule, subject to a verification test in electrical testing centres.
More frequently these transformers are required to supply protective circuits. Here
particularly in current transformers very high demands are made on their working range,
since they must carry a multiple of the rated current depending upon the short-circuit
current at the installation site.

The desire to be independent of external energy sources and the demands for high measur-
ing performance makes the application of unconventional transformers, e.g. opto-
electronic transformers, very difficult. Despite considerable efforts, see e.g. [Miller 1972],
these transformers are therefore employed in only isolated cases: it is for this reason that
only those types of instrument transformer generally used today are discussed here.

3.5.1 Inductive voltage transformers

The inductive voltage transformer functions like a lightly loaded transformer. The work-
ing range lies between 0.8 and 1.2 times the rated voltage as a rule. Transformers for pro-
tective purposes must however still comply with certain error limits, even for 0.05 and
1.9 times the rated voltage.

a) Circuitry

The circuit symbol and the circuit diagram of voltage transformers in a 3-phase network
are shown in Fig.3.5-1. One differentiates between single-pole and two-pole voltage
transformers. The terminal denotation is standardized by VDE, as shown. Single-pole
voltage transformers are simpler to construct than two-pole transformers because of the
use of stepped insulation, since in the latter the entire high-voltage winding must be
insulated against the earthed housing for the full test voltage. Two-pole transformers are
therefore only used for rated voltages up to 30 kV, whereas single-pole transformers to-
day are built for the highest voltages.

Single-pole voltage transformers in 3-phase networks, besides the measuring winding, have
as a rule another winding for earth fault recognition, as shown in Fig. 3.5-2. During
normal operation there is no voltage across the terminals of the series connection of the
earth fault windings (ZU = 0). However, if an earth fault occurs on one of the phases, a
voltage U three times the value of the phase voltage U, is generated. This voltage serves
to excite or trigger the earth fault relays. The rated voltage of the earth fault winding is
usually chosen so that for an earth fault 2U reaches the same value as the line-to-line
secondary voltage.

U u
| “
a) b) ) X

Fig. 3.5-1 Voltage transformer
a) circuit symbol, b) 1-pole and 2-pole designs

—na

L

[=
<



144 3 Design and Manufacture of High-Voltage Equipment

R
s
!
T U U [3)
X X X
1
u u u =
e o =
‘ ‘ i ,leu
al 0 n n3

Fig. 3.5-2 Voltage transformer with earth fault winding in 3 phase network

a) circuit diagram, b) phasor diagram

b) Error calculation
The calculations for inductive voltage transformers are done on the basis of the trans-
former equivalent circuit (Fig. 3.5-3) discussed in Section 3.4.1; the quantities are trans-
posed to the secondary side. The load impedance (burden impedance) Z;, comprises the
impedance of the measuring system and that of the corresponding leads;
Zy =Zy, (cos B +j sin f)
= Rb +j Xb .
The error F is defined here as a complex quantity:

L B0 U U
- U U
Going round the loop once we have:

U, ~Ui=~10Zy ~ 12 (Z1 +Z2) ,

and so

Fig. 3.5-3 Equivalent circuit of inductive

, voltage transformers

F__loz,_lz 7 +7
Ergog @)

From the relationship derived in Section 3.4.1 for the magnetizing current it follows,
with Ug = U, :
Ui wwigg ot
=
Io g

Since the error is very small in instrument transformers, one can neglect errors of the
second order and substitute:

1, 2, ~ U,
The error equation then simplifies to:
Z, Zi+Z,
F=—r —==——=Fo (U1) +Ep (Rp, Xp) .

= Lo Zy
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The open-circuit error Fq contains the magnetizing current and is coupled to the voltage
U, via the magnetization characteristic. The loading error Fy depends only on the
burden and thus on the loading of the transformer. To represent the phasor F in the
complex plane it is expedient to choose the direction of Uj as the real axis (U; = Uy).
The real component so obtained is designated the voltage error F, and the imaginary
component the phase angle error Fs;:

E = Fu +j F&u .
The aim of the error calculation of an instrument transformer is now to determine Fy

and Fg, from the material properties with the geometrical parameters for various oper-
ating conditions (U, , Ry, Xp,). With the iron loss angle 6, one obtains as in Section 3.4.1

Iy =1y (sindg —jcosbg)
and from this:
Zo =Zo(5indg +j cosdg).
As an abbreviation let us introduce:
Z; =R, +jXg
Zi+Z,=R+jXg .
The complete error equations in algebraic form are now;
B R, sinbg + Xg; cos b _ R cosf + Xg sin

Fy = A A
5 Xg1 sindg —Ricosdg Xg cosf—Rsinf
su Zo Zb

The phasor diagram of Fig. 3.5-4 shows the position of the most important voltages and
currents with respect to one another as well as the error triangle indicated by hatching.
The end point of the phasor of the voltage U,, and with that the error F, is usually
described in polar coordinates by F, in % and the error angle 8u in minutes. Since an
angle of 360° = 21,600’ corresponds in radians to the value 2 7, we have:

27:0.01 =21,600: 34.4'
1%=344".

Fig. 3.5-4
Phasor diagram of the terminal voltages
of an inductive voltage transformer
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For the specified accuracies the errors are very small. To make the errors visible the
phasor diagram should be very large. In the voltage transformer diagram according to
J. A. Méllinger, shown in Fig. 3.5-5, the voltages U} and U, are therefore drawn parallel
and, moreover, all the phasors are referred to U} . The origin of the coordinate system and
the real axis coincide with the end of the phasor U] . The voltage error F, is positive if
U, >Uj; the phase angle error is positive if U, leads the voltage Uj; hence positive
values of Fg,, should be plotted to the left.

The open-circuit error Fo depends only on the magnitude of the voltage U, . The loading
error Fy, is proportional to the secondary current I,. Variation of the burden angle § for
constant secondary current causes a rotation of the phasor F;, around the open-circuit
point, so that the error follows the circular locus shown.

Fu Fu «1%
~-—F,
[
- \ ! ospet
B . AN N
N E o 40’ 4 & | -0
N Ep -8 3
A AN
N Yy cosf=05
N v
=1%
Fig. 3.5-5 Error representation in the Fig. 3.5-6 Voltage transformer diagram with
voltage transformer diagram error limits according to class 1

In this kind of diagram one can indicate the error limits, as done in Fig. 3.5-6 for a
voltage transformer of class 1, according to VDE 0414. By simple geometrical operations
it is possible to determine exactly the effect of variation of the burden. If, for example, in
the voltage range of 0.8 to 1.2 times the rated voltage, class 1 shall be maintained with
cos 8 between 0.5 and 1.0, it is sufficient to specify the three open-circuit errors (points
1, 2, 3), and a further error (point 4) for any arbitrary known burden, to be able to draw
the whole diagram.
The burden is usually not quoted as an impedance but as a reactive power which the im-
pedance Z,, consumes at rated voltage on the secondary side. Let a burden of P,, = 120VA
in a single-pole transformer with a secondary rated voltage U,, = 100//3 V serve as an
example. The impedance is then:
2
Zy= Uzn =28Q.
P2n
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c) Designs

The constructional type of inductive voltage transformer depends on the value of the
operating voltage and on its site of installation. For indoor applications measuring trans-
formers usually have epoxy resin insulation, where as a rule all windings, and sometimes
even the iron core, are embedded in the insulating material. The construction example of
a single-pole insulated 10kV voltage transformer is shown in Fig. 3.5-7.

i E] 2 1

1 '.l IlII s i
WY u—
m.-_ P [ —— Fig. 3.5-7
R Singlepole insul
o Al gle-pole insulated epoxy

Bz | resin voltage transformer for
= g 10kV (AEG)

I 1

primary terminal
a 2 primary winding
3 secondary windings
(measuring winding and
auxiliary winding for
earth fault recognition)

G] -, epoxy resin body
| \Jn S core
bt e ' 6

e secondary terminal box

S

For outdoor operation epoxy resin transformers have as yet only been introduced for not
too high rated voltages. Single-pole transformers with oil-impregnated paper insulation
find application here up to the highest voltages. Depending upon the arrangement of the
active parts (cores and windings), one differentiates between a metal tank type and an
insulated housing type of design. The advantage of the insulated housing type of design
lies in its smaller constructional height; but, in contrast to the metal tank design, one
must use porcelain housings with larger diameter. As an example, Fig. 3.5-8 shows a
110kV voltage transformer in metal tank construction with metal bellows to take up the
temperature dependent oil expansion [Hermstein 1959]. Fig. 3.5-9 represents a 800kV
voltage transformer in the insulated housing design: a peculiarity of this transformer is
its construction as a four-stage cascade, where each coil is designed for only a quarter of
the total voltage and the core lies at mid-potential. For very high voltages the cascade
connection offers the possibility of subdividing the transformer into individually trans-
portable stages.

An important special case are voltage transformers for metal encapsulated SF-insulated
setups; they are built either with epoxy resin insulation or with gas-impregnated foil
insulation. Fig. 3.5-10 shows an epoxy resin insulated voltage transformer for an SFe-
insulated switching station.
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Fig. 3.5-8 110kV potential transformer Fig. 3.5-9 800kV voltage transformer
in metal tank design (Siemens) in cascade connection (Ritz)

1 primary terminal 1 primary terminal

2 porcelain housing 2 porcelain housing

3 core with windings 3 core with windings

4 bellows 4 bellows

5 capacitor grading S lead-out

6 secondary terminal box 6 secondary terminal

3.5.2 Capacitive voltage transformers

At rated voltages greater than about 110kV capacitive voltage transformers are often
used instead of inductive voltage transformers, for economic reasons. Special features of
these devices shall therefore be briefly discussed here.

a) Circuitry

A capacitive voltage divider can be represented as an active two-pole with capacitive
internal resistance referred to the secondary terminals (Fig. 3.5-11). On application as a
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iy Fig. 35-10
T Voltage transformer for SF¢-insulated 110kV
substation (MWB)
110 BT R e 1 epoxy resin insulation
I 2 primary winding
! : 3 secondary winding
: . 4 plug connector
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| i ] Fig. 3.5-11
Uy [ ‘ Capacitive voltage divider
C l |C|+I3;IJ *@ a) circuit

b) equivalent circuit
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I_ | Circuit diagram of a capacitive voltage transformer
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voltage transformer the burden to be connected would have an impermissible feedback on
the secondary voltage. The capacitive internal resistance can, however, be compensated
by the series connection of a resonant inductance for a definite measuring frequency;
the performance of capacitive voltage transformers is based upon this principle.

As will be shown futher on, pure capacitive division of high-voltages down to the standard
secondary voltages is uneconomical. Therefore, in capacitive transformers one uses an
inductive intermediate transformer in series connection. The primary voltage is initially
subdivided capacitively to about 10kV to 30kV and then transformed down to the
standard secondary voltage (Fig. 3.5-12). With regard to the capacitive divider, these can



150 3 Design and Manufacture of High-Voltage Equipment

only be in single-pole construction. An earth fault winding can also be provided in exactly
the same way as in inductive transformers.

b) Error calculation

The equivalent circuit of the capacitive voltage transformer, referred to the secondary
side of the intermediate transformer, is shown in Fig. 3.5-13.

The voltage U; is obtained from the transformation ratio of the capacitive divider and the
transformation ratio m of the inductive intermediate transformer as

U’ =U _&__1
=t7=l ¢c,+C,m"

Further, with C = C; +C,, we have:
C'=m?C and L'=L/m?.

Fig. 3.5-13 Equivalent circuit of a capacitive
voltage transformer (as an approximation,
Zg is assumed parallel to Zy,)

The inductance L is equal to the sum of the inductance of the resonance coil and the
short-circuit inductance of the intermediate transformer. R' and Z; are the effective
resistance and the paralle]l impedance determined by the magnetizing current of the inter-
mediate transformer, both referred to the secondary terminals.

The error F of the capacitive voltage transformer, as in an inductive voltage transformer,
consists of the sum of the open-circuit error Fo and the loading error Fy,. Since only the
last-named component represents a peculiarity in capacitive transformers, this alone shall
be discussed here. From the definition of the error, we obtain from Fig. 3.5-13:

L . R +j (wL'——l—,>
T (R' +jwl +j——> ~—

wC
wC’ Zy

When the error is calculated, deviations Aw from the rated frequency wo must be taken
into account:

wW=wg +Aw, where Aw<w, .
Then the following expressions result:

wL' =weL' + AwL'

1 1 ~ L ( _ é@_)

wC'  (wo + Aw)C'  woC’ wy /-

The inductance L is now chosen so that at rated frequency the reactive component of the
loading error is just compensated. The balance condition then reads:

1
(Doc ’

woL=
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Finally for Fy, we have:

_R'+j24wl
b Zb 0
Both components of the loading error arise due to ohmic losses in the circuit and the
assumed frequency deviation. But resonance mis-matching can also occur as a conse-
quence of the deviations of the inductance L and the capacitance C from the corre-
sponding nominal values. In capacitive transformers the adherence to certain error limits
is therefore specified for a certain frequency range.

As a measure of the cost of capacitive dividers as in Fig. 3.5-11a we can take its reactive
power rating:

C.C,
C;+C; -~
Using the equivalent circuit given in Fig. 3.5-13, for the maximum frequency dependent
imaginary component of the loading error we obtain the expression:

200Uz 1 G
We Zy Py C ’
This relationship clearly shows the effect of Py, as well as of the division of the total

voltage between the capacitive divider and the intermediate transformer. A small fre-
quency dependence necessitates high reactive power and high tapping voltage.

Py = U wo

Fps =

The error diagram (Fig. 3.5-5) derived for the inductive voltage transformer, as well as the
statements made in Section 3.5.1b about the determination of the open-circuit point, are
also valid for capacitive voltage transformers.

c) Designs
The usual design of a capacitive voltage transformer for high voltages is shown in Fig. 3.5-14.
The series connected capacitor windings with oil-impregnated paper dielectric are arranged
in a slim porcelain housing. The resonance coil and the inductive intermediate transformer
are housed in a metal chamber. The terminal X can either be directly earthed or serve to
couple carrier frequency systems to the power line. In this case the series connection of
C, and C,, effective as coupling capacitance, must possess a certain minimum value of
e.g. 4400 pF.

Fig. 3.5-14

Basic construction of a capacitive voltage transformer
1 primary terminal

2 porcelain housing

3 high-voltage capacitor

4 resonance coil

5 intermediate transformer
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Capacitive voltage transformers are as a rule cheaper than inductive voltage transformers
for high rated voltages greater than about 110kV, particularly if they are used simultan-
eously as coupling capacitors. Decisive disadvantages, however, are primarily due to the
non-linear main inductance of the intermediate transformer. Ferro-resonant oscillations
can lead to appreciable over-voltages and to impermissible heating of the magnetic cores
and windings. To damp these oscillations damping elements are necessary, which should
not however affect the true response of the measuring systems even for very fast events
[Gertsch 1960; Rosenberger 1966]. In addition, compensating elements are necessary
since the capacitance of the capacitors cannot be determined in advance as accurately as
the instrument transformer accuracy demands.

Finaily, one should also point out that during momentary breaking of a faulty network
the line with only capacitive voltage transformers retains its static charge. On remaking
the circuit this can result in high switching over-voltages. In contrast, inductive voltage
transformers can discharge the line without risk. One therefore uses inductive voltage
transformers, even for high voltages, although capacitive voltage transformers represent
the more economical high-voltage technical solution by virtue of the simple construction
of their insulation.

3.5.3 Current transformers

The operation of current transformers almost corresponds to that of a short-circuited
transformer. The working range in current transformers for measuring purposes often
extends from 0.05 to 1.2 times the measuring current; current transformers for protec-
tion purposes must usually be capable of working at up to more than 10 times the rated
current.

a) Circuitry

Fig. 3.5-15 shows the circuit symbol of a current transformer with two cores as well as
the corresponding circuit diagram. Current transformers are frequently provided with
several cores each of which carries a secondary winding and is excited from a common
primary winding. In this way the properties of the cores can be optimally matched to
suit the different purposes of measurement and protection.

,,,_f?—c?__ e Fig. 3.5-15

Current transformer with 2 cores
a) circuit symbol
a) bl 1k w2k 21 b) circuit diagram

In order to be able to use a given current transformer over a larger range of rated currents,
the primary winding is often subdivided into a large number of groups connected in
series or in parallel. The rated transformation ratio can then vary, for example,as 1:2:4,
yet the rated current linkage and with it the error performance remain unchanged.
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b) Error calculation

For calculation of the error of current transformers the transformer equivalent circuit of
Fig. 3.5-16 is useful.
The error F is defined as:
L-L L-L

L L
Taking the parameters of the equivalent circuit and neglecting errors of second order we
have:

E:

L L

b) B=-j8

Fig. 3.5-16 Current transformer. a) equivalent circuit, b) phasor diagram

Thus the error is equal to the magnetizing current referred to the primary current. Except
for the special types for protection purposes, current transformers are constructed with a
closed iron core. On account of the non-linearity of the magnetization curve, the error is
also equally non-inear with respect to Z; and so a simple error diagram cannot be de-
veloped for current transformers as it can for the case of voltage transformers.

When the secondary terminals are opened the normally small magnetizing current becomes
equal to the primary current and the core is saturated. At the open secondary terminals
a greatly distorted high alternating voltage appears which, on account of the rapid time-
variation of the magnetic flux shows high-voltage peaks during current zero. Therefore
current transformers must always be operated with a low ohmic burden or in short-circuit.

To calculate the error the magnetizing current is referred back to the design parameters of
the circuit. Fig. 3.5-16a gives:

Uo
L= Zy +Zy
with
Up =jww,qe B

according to the law of induction.
From the law of magnetomotive force it follows:

_HE B

!

207wy T Wo Moy
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When drawing the phasor diagram (Fig. 3.5-16b), it is expedient to keep the induced
voltage in the direction of the real axis (Up = Uyg). Then we have:

Io =1 (sinég —jcosdg)

mit
Uy lE
Iy=—7—"—
WW1 qg MokMy
or
Uo lg

© " ww] Qe Hokr

If the abbreviation
Z,+Z,=2=R+jX

is introduced, on substitution we obtain:
Ig

WW3 QE Mok

The error can once again be divided into a current error F; and a phase angle error F;:
F=F;+jFs .

For both error components it follows:

F=— (sindg —jcosSg) (R +jX) .

Ig
F;=———=————(Rsindg + X cosd
i p——" £ )

Ig
WW3 qE Mokr

The modulus of the error is

Fsi= (X sinéE—RcosﬁE) .

Ig
- WW;3 qg MoMy

From this some important relationships can be recognized which are significant for the
design of the current transformer. The error is proportional to the length of the iron path
Ig and inversely proportional to the iron cross-section qg . An increase in /g which would
be desirable to reduce the electric field strength in the insulation requires a quadratic in-
crease in core volume, if the error is to remain unchanged. It is therefore necessary to aim
for a very compact type of construction in order to obtain as small lengths of iron as
possible. The most important influencing parameter is, however, the rated current linkage
@®, of the transformer. We have:
BOn =ljnw; Iy wy .

Since the secondary rated current is a fixed parameter the change in the error is inversely
proportional to the square of the rated current linkage. This shows that one must choose
the rated current linkage and hence, for a given primary rated current, the primary num-

ber of turns as large as possible to keep the error small. However, during a short-circuit
this leads to large dynamic stress due to the magnetic forces in the windings.



3.5 Instrument transformers 155

In a practical calculation one must proceed stepwise and first determine approximately
the induction which is proportional to the current, using given values of Z;, and cosf,
neglecting Z, and also with an assumption of w,. From this we then obtain, for the
chosen kind of iron via u. = f(B), a point-by-point calculation of the error. Having
determined the main data, a complete calculation can then finally be made.

For current transformers of high accuracy one preferably chooses nickel-iron alloys,
which already show high permeability even at low induction values. Disadvantageous,
however, is the steep drop in permeability at relatively low induction. In current trans-
formers for protection purposes, in which accuracy takes second place in favour of an
extended measuring range, one uses silicon-iron alloys instead which have a high saturating
induction. In Appendix 4 magnetic properties required for dimensioning current trans-
formers are compiled for typical core materials.

c) Performance under overcurrent

The overcurrent performance of current transformers is described by the overcurrent
factor n. The magnitude of the primary current, for which certain error conditions must
still be satisfied, is called the error limit current nl,,. Fig. 3.5-17 shows the dependence
of the secondary current I =, w,/w; (referred to w;) upon the primary current I,,
where only the moduli of the currents are represented. An ideal transformer would
correspond to the dashed straight line, whilst the real transformer has the continuously
drawn characteristic because of the iron saturation. For measurement purposes one
usually operates in the linear region of this curve. Protective current transformers should
only go into saturation at a later stage; they have a high overcurrent factor e.g. n = 10;
current transformers for service measurements, on the other hand should go into satur-
ation earlier to protect the connected equipment against overload; they therefore have a
low overcurrent factor,e.g.n=35.

Actually in the overcurrent region the time curve of the secondary current of current
transformers with closed iron core deviates appreciably from the sinusoidal form. The
effective magnetizing current referred to the primary current is denoted the total error Fg:

T

1 (... .

T J(lg—ll)zdt.
0

Here i, and i; are the instantaneous values of the currents and T is the periodic time.

Approximately only, we have:

-1
5L

Fg~ =|Fl.

/ i
T ll 1 (
v -1

Fig. 3.5-17
Current transformer
under overcurrent
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n nlln !
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According to existing standards for measuring cores (M = measuring) the error limit current
Fy = 15%; the class designation 0.5/MS5 signifies, for example, that the error limits
correspond to 0.5% and n=35. In protection cores (P = protection), the designation
10P 20 signifies, for example, that for n = 20, the total error F; must be < 10%.

d) Designs

Corresponding to the number of primary windings, one differentiates between single con-
ductor current transformers and wound current transformers. The design with the
primary winding as a straight bar conductor results in a specially simple, short-circuit
proof construction; however, it has the disadvantage that higher measuring efficiency for
economical core dimensions can usually be obtained only at rated currents greater than
about 1000 A.

As in inductive voltage transformers even for current transformers the construction with
epoxy resin insulation dominates for indoor applications up to 110kV rated voltage. It
has supplanted the earlier commonly adopted construction using porcelain in the medium
voltage range due to the higher short-circuit strength of the windings which are com-
pletely embedded in the insulating material.

According to the design, see Fig. 3.5-18, one differentiates between support and bushing
current transformers. A section through a 10kV support current transformer is reproduc-
ed in Fig. 3.5-19.

-
L

[ ] L -';I
: i = =1 e e
Fig. 3.5-18 il A
Designs of epoxy resin impregnated L 3 : m | =
current transformers : g I W
a) support current transformer as a < m |
wound current transformer ! | i 1
b) bushing current transformer as a e T o
single conductor current transformer ’ al F

1 core
2 primary winding
3 secondary winding

Fig. 3.5-19

Support current transformer with epoxy
resin insulation for 10kV (AEG)

1 primary terminal

2 primary winding

3 secondary windings

4 epoxy resin body

5 core

6 secondary terminal box

240




3.5 Instrument transformers

o

Fig. 3.5-20

a) metal tank type

c) overhead type

winding

Fig. 3.5-21
400kV overhead current transformer (MWB)

(=AW I PUR S

cores
re-connectable primary windings
capacitively graded secondary lead-out
nitrogen cushion

primary terminal

secondary terminal

Design of outdoor current transformers
b) insulating cylinder type

1 core, 2 primary winding, 3 secondary
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1%, o

Fig. 3.5-23 Current transformer for SF¢-insulated
110kV substation (BBC)

1 tube inner conductor as primary winding
2 ring cores with secondary windings

3 shielding electrode

4 tube outer conductor as housing

5 secondary terminal box

6 gas-tight bushing plate

K730

Fig. 3.5-22
500kV current transformer with a U-type
primary conductor (MWB)

1 cores
2 capacitively graded primary lead-out
3 nitrogen cushion
4 primary terminal
I 5 secondary terminal

Current transformers for high-voltage outdoor stations are built with oil-impregnated
paper insulation and porcelain housing. Depending upon the arrangement of the active
parts (cores, windings), one differentiates between the metal tank, the insulated housing
and the overhead types of construction (Fig. 3.5-20). Current transformers of the last
kind have the advantage of shorter leads in the primary circuit for high rated and short-
circuit currents, as may be seen in the 400kV current transformer shown in Fig.3.5-21.
For high voltages and currents, by means of a U-type construction for the primary
conductor, a particularly well arranged layout of the insulation can be achieved as in the
example of the SO0kV current transformer shown in Fig. 3.5-22.

In coaxial insulation systems as in cables, transformer bushings or SF-insulated busbars,
it is often possible to construct single conductor current transformers without special
insulation. Here very often a ring core with the secondary winding uniformly wound on it
is inserted over the insulation, whereby the outer earthing layer must be led out of the
current transformer. Fig. 3.5-23 shows a ring core current transformer in a SF¢-insulated
substation.
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Appendix 1

Utilization factors for simple electrode configurations

For many configurations of spherical or cylindrical electrodes the utilization factor n
according to Schwaiger, i.e. the ratio of mean to maximum field strength,

- Em ean

Emax

can be written as a function of one or two quantities known as “geometrical charac-
teristics”. These quantities are:
_str _R
p=—7 and g=7 .

Here s is the gap spacing, r and R are the radii of the electrodes. For a particular case,
with an applied voltage U at the electrodes, the maximum field strength is then calculated

as:
U
Euax =57 -

Utilization factors for a few simple electrode configurations are listed in the following:

A 1.1 Spherical configurations
Table A 1.1: Utilization factors for different spherical configurations

2rpaSmi2e ~:k2§‘s 2r m 2R
RN s
4 77777 ‘ r
P q=1 q=1 q= q=p
1 1 1 1 1
1.5 0.850 0.834 0.732 0.667
2 0.732 0.660 0.563 0.500
3 0.563 0.428 0.372 0.333
4 0.449 0.308 0.276 0.250
5 0.372 0.238 0.218 0.200
6 0.318 0.193 0.178 0.167
7 0.276 0.163 0.152 0.143
8 0.244 0.140 0.133 0.125
9 0.218 0.123 0.117 0.111
10 0.197 - 0.105 0.100
15 0.133 — - -
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Fig. A 1.1-1 Utilization factors for different spherical configurations as a function of p (cf. Table A 1.1)



Utilization factors for simple electrode configurations

161

A 1.2 Cylindrical configurations

Table A 1.2: Utilization factors for different cylindrical configurations

s

m

et

m
p q:l q=2 q=3 q=5 q:lO q=20 q=o
1 1 1 1 1 1 1 1
1. 0.924 0.894 0.884 0.878 0.871 0.864 0.861
2 0.861 0.815 0.798 0.783 0.772 0.766 0.760
3 0.760 0.702 0.679 0.658 0.641 0.632 0.623
4 0.684 0.623 0.595 0.574 0.555 0.548 0.533
5 0.623 0.564 0.538 0.513 0.492 0.486 0.468
6 0.574 0.517 0.488 0.469 0.450 0.435 0.419
8 0.497 0.447 0.420 0.401 0.377 0.368 0.349
10 0.442 0.397 0.375 0.352 0.330 0.324 0.301
15 0.349 0.314 0.296 0.277 0.257 0.249 0.228
20 0.291 0.263 0.248 0.232 0.214 0.202 0.186
50 0.1574 - — - - - 0.0932
100 0.094 — - - - - 0.0537
300 0.038 - - - - - 0.0214
500 0.025 — - - - - 0.0138
800 0.0168 - - - - - 0.00922
1000 0.0138 - - - — - 0.0076
2R 2R
ﬁ 27
P q=p q=3 q=3 q=10 q=20
1 1 1 1 1
1. 0.811 0.831 0.847 0.855 0.857
2 0.693 0.717 0.735 0.748 0.754
3 0.549 0.549 0.582 0.604 0.614
4 0.462 — 0.478 0.507 0.521
5 0.402 = 0.402 0.439 0.454
6 0.358 — = 0.386 0.404
8 0.297 = — 0.310 0.331
10 0.256 = = 0.256 0.281
15 0.193 = = = 0.204
20 0.158 = = — 0.158
50 0.0798 — = = =
100 0.047 — = = —
300 0.019 = — — -
500 0.0125 — = = -
800 0.0084 = = = =
1000 0.0069 — = = -
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Fig. A 1.2-1 Utilization factors for different cylindrical configurations as a function of p (cf. Table A1.2)
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A 1.3 Point and knife-edge configurations

Rotational configurations Translatory configurations
points knife-edges
Electrode
configuration AN e T 0
s s |~
7777?”4_4 777777} |7
R1 R2 T1
Designation confocal hyperboloid rounded right | confocal hyperbolic
paraboloids against plane angular parabolic knife-edge
knife-edge cylinder against plane
against plane
Utitization 1
factor arccot
n = £(p) _n@p-D | In(/p+/p-1) S = vp-1
see diagram 2(p-1) Vp@-1) 1++/2p-1 Jp-1

Fig. A 1.3-1 Geometry and utilization factor of rotational point configurations and translatory knife-
edge configurations

Bibliography: [Prinz, Singer 1967; Vajda 1966; Dreyfus 1924]
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Fig. A 1.3-2 Utilization factors for translatory knife-edge configurations as a function of p

(cf. Fig. A 1.3-1)
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Fig. A 1.3-3 Utilization factors for rotational point configurations as a function of p (cf. Fig. A 1.3-1)
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A 1.4 Circular ring configurations

Ra Ra
. = 2ryl%— | Ri
Ri ﬂ
4 | i3 i
6;3 GRS 1 N
2r,;
K4 K5
-Rie T
p= Ra ar r =%
- Ra -Ra =B = Ra - Ra
9% R 9%R; =R = Ri Rt
VE 10(2-1)
AT ipl ing R B U '(P_)
JED e e pi1-(p-1) |0
pel In —L Inq AT \/(p.1) (p-1)
V (p -1) s ] qelnp . Ing
i LS . -1 -1
1 VP Teip-1) Vp?-T-ta-1) —-—z“1 (‘ - Vﬂp ‘) -1-(g-1) o=l fa-
\/ 1-(p-1) in tn 24 +i9-D
Mg 2 'J{' Vq?-1-(g-1)
p?-1 ‘l--d-
Fig. A1.4-1 Geometry and utilization factor of circular ring configurations [ Morva 1966]
The maximum field strength can appear at A or B
"o ~—
04 [ —
Ll
03
" 2 3 4 5 6 7 8
p——»

Fig. A 1.4-2 Utilization factors of a configuration comprising a circular ring round a cylinder as a
function of p (configuration K1 in Fig. A 1.4-1)
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Fig. A 1.4-3 Utilization factors of a configuration comprising a circular ring inside a cylinder as a
function of p (configuration K2 in Fig. A 1.4-1)
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Fig. A 1.4-4 Utilization factors of a configuration comprising a circular ring and a plane as a function
of p (configuration K3 in Fig. A 1.4-1)
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Appendix 2

Electric strength of gas-insulated configurations

A 2.1 Breakdown voltage in the homogeneous field

According to Section 1.2.2, the breakdown voltage U4 in a homogeneous field is constant
if the product ps is held constant. This Paschen law is satisfied up to certain limits of
the product ps. For all gases, the function Ugq = f(ps) has a typical form with a distinct
minimum. Paschen curves for air, SF¢, H, and Ne are represented in Fig. A 2.1-1
[Ganger 1953 ; Dakin et al. 1974 ; Hess 1976].

The curves are valid for 20 °C corresponding to To = 293 K. For an absolute temperature
T differing from that, the required breakdown voltage should be read at the abscissa value

To
of ps -
102 =
pd
/'
7
Y 7
1 U <2
102 D4 b4
.4
V. W
7
/ Id
7
W ’
«Iol I/ // / E
Ud VAW,
oV
// 1 /’
L~ daP% LS
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10° 1~ C’ P
i i = - ',
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10"
03 10°2 107 10° 10! 102 barmm 10°
psS ——»

Fig. A 2.1-1 Paschen curves for various gases
1 SFe, 2 Air (*N,), 3 Hy, 4 Ne
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A 2.2 Breakdown field strengths of plate, cylinder and sphere electrodes

The breakdown field strength E4 of gases depends not only upon temperature, pressure
and type of gas but also upon the geometrical dimensions of the electrodes. For practical
application it is generally sufficient to take the geometry into account by comparison
with simple configurations. Therefore, in the following the breakdown field strengths of
plate, cylinder and sphere electrodes are listed for various gases and geometries [Schumann
1923; Nitta, Shibuya 1971 ; Mosch, Hauschild 1978].

The diagrams are valid for the pressure po = 1013 mbar and absolute temperature Ty =293K.
For different values of p and T, in the range of 1...10 bar, we have approximately:

o
By =Eqp <%/%) with @=0.7..08 .

In technical configurations at high pressure, unevenness of the electrodes (sharp points,
edges, grooves) and particles (dust, metal filings) effect a reduction of the breakdown
voltage.

160
p 1]
140 1 is
T 7
- \\
N
N
100
\ ‘11\
Eq \\
60 \\i
\‘\
40 S~
\ 3 \\
20 S N S — ]
\i
oso'z 107! 10° 10' cm 102

§ —n

Fig. A 2.2-1 Breakdown field strength Ed of variousgases in the homogeneous field of plate electrodes
at 20 °C and 1013 mbar

1 SF¢, 2 Air, 3 Hy, 4 Ne
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Fig. A 2.2-2 Breakdown field strength between electrodes with cylindrical surfaces at 20 °C and
1013 mbar. The values hold for paraliel cylinders (enclosed, adjacent), or crossed cylinders, where
for unequal cylinders r is the radius of the smaller cylinder. 1 Air, 2 SFg¢
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Fig. A 2.2-3 Breakdown field strength between electrodes with spherical surfaces in the range s/r = 0.1...1
at 20 °C and 1013 mbar. 1 Air, 2 SFg

In a weakly inhomogeneous field, the breakdown field strength B4 depends upon the
sphere radius r and the gap spacing s. In the representation Eg4 = f(r) with s as para-
meter, series of curves appear lying within the hatched region in the diagram for s/r=0.1...1.
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A 2.3 Breakdown voltage of rod gaps in air

The breakdown behaviour of large gap spacings in a strongly inhomogeneous field deter-
mines the space requirement of outdoor stations. Since the inception voltage U, in these
cases lies appreciably below the breakdown voltage Uy, the shape of the electrodes is less
significant. On the other hand, the voltage stress as a function of time has a significant
effect on Uy as a consequence of long formative times.

Rod gaps show about the same qualitative and quantitative breakdown behaviour as
other configurations with a strongly inhomogeneous field at the same gap spacing s.
The relationship U4 = f(s) for rod gaps is therefore suited for the design of comparable
air clearances.

The values are valid for standard atmospheric conditions (1013 mbar, 20 °C). For con-
version to other values of pressure p and absolute temperature T, we have, approximately:

Ug ~p/T.
The effect of the humidity of air can be approximately taken into account by a correction

factor as in IEC Publ. 60-1, the reference humidity is 11 g/m*, the correction factor lies
between 0.9 and 1.1.
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Fig. A 2.3-1 Breakdown voltage de_so of a rod-rod configuration for different types of voltage
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Properties of insulating materials

The following tables compile the essential physical properties of a number of insulating
materials which are important to high-voltage technology. The numerical values were
obtained from [Hiitte 1955; Brinkmann 1975; Oburger 1957; Saure 1979], as well as
from manufacturers’ data. Characteristic values for other materials not listed here may be
obtained from the quoted sources.

Table A 3.1: Thermal properties of materials

Specific heat ¢ Thermal conductivitity A | Linear thermal expansion

in J/kg K inW/K m in107%/K
Copper 390 393 16.2
Aluminium 920 221 23.8
Porcelain 800 1.5..2.5 4..6
Glass 800 0.7..1.1 3..9
EP-unfilled 1350 0.20 65
EP-filled 2150 0.95 35
PE 2100 03..04 150 ...320
PVC 1000 0.17 70 ...190
PTFE 1000 0.25 120
Water 4180 0.60 -
Transformer oil 1800 0.15 -
Air 1000 0.026 -
Hydrogen 14212 0.179 -
SFe 633 0.019 -

Table A 3.2: Properties of gases for 20 °C, 1013 mbar

Breakdown
Density | Ionization | field strength | Specific Thermal Boiling point
¥ voltage U; | Eqats=1cm heat ¢ conductivity A-

in g/dm3 in V inkV/em | inJ/kgK | in 1073W/Km in °C
Air 1.21 = 32 1000 25.6 -
N, 1.17 15.8 33 1038 25.5 -195.8
(07) 1.33 12.8 29 915 26.0 —183.0
CO, 1.84 13.7 29 820 16.0 — 1785
H, 0.08 15.4 19 14212 179 -252.8
He 0.17 24.6 10 5225 149 —269.0
Ne 0.84 21.6 2.9 1030 48.3 —246.0
Ar 1.66 15.8 6.5 523 17.5 —185.9
Kr 3.48 14.0 8 = 9.4 -152.9
Xe 5.50 12.1 = = 5.5 -170.1
SF¢ 6.15 15.9 89 633 18.8 — 63.8
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Table A 3.3: Properties of inorganic insulating materials

Quartz Clay
Glass fibre | porcelain porcelain | Steatite

Property Unit Glass (Eglass) | KER 110.1 { KER 110.2 | KER 220
Breakdown field
strength Eq kV/mm 10...50 - 20...40 20...40 25...40
Volume
resistivity p Qem |[10'2.10 | 10'® 10'2 102 10'2
Dielectric
constant ey - 45..7 6 6 6 6
Dissipation factor
(1 MHz) tan § - 1021072 | 107° 5-10% | 5-107% | 5-107*
Tracking index - KA 3¢ KA 3c KA 3c KA 3c KA 3c
Density g/em® | 2.2..26 25 23.2.4 | 25.26 | 26.27
E-modulus kN/mm?> 60...90 70 50..100 50..100 80--120
Bending strength N/mm2 30..120 - 60...100 100..140 | 120..150
Tensile strength N/mm2 50..100 2500 25..40 40...60 60...90
Compressive
strength N/mm? 800 - 250...500 | 400..700 |800...1000
Thermal
conductivity A W/Km 0.7..1.1 1.1 1.5.2.5 1.5..2.5 2.4
Linear thermal
expansion 10-6/K 3.9 5 4.6 4.6 6..9
Specific heat ¢ J/kgK 700...800 800 800 800 800
Arc withstand
index - L6 - L6 L6 L6

Table 3.4: Properties of liquid insulating materials

Chlorinated Silicon

Property Unit Mineral oil diphenyls oil
Breakdown field strength E4 kV/mm 25 20 10
Volume resistivity o Qcm 10* 1014 108
Dielectric constant er — 2.2 5.5 2.8
Dissipation factor (1 MHz) tan § - 1073 1073 2:107%
Density g/em> 0.89 1.5 0.97
Thermal conductivity A W/Km 0.14 0.1 0.16
Specific heat ¢ J/kgkK 1800 - 2000
Thermal stability limit °C 90 = 150
Flash point °C >130 = > 300
Neutralization number (acidity) mg KOH/g <03 - -
Saponification number mg KOH/g <0.6 - =
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Table A 3.5: Properties of thermoplasts

High- Low- Cross-
Property Unit pressute PE | pressure PE | linked PE { Hard Soft | PTFE
(LDPE) (HDPE) (XLPE) PVC PVC

Breakdown field
strength Eg kV/mm 75 100 50 30 10 25
Volume
resistivity p Qem | 5-10"7 5-10"7 10 10 | 10'* | 10'7
Dielectric
constant e; - — 23 24 2.3 55 2.1
Dissipation
factor - 2-107* 1073 1073 |2-107%] 107! | 107*
(1 MHz) tan &
Tracking Index: - KA 3b KA 3c KA 3¢ KA 3a KA1 | KA3c
Density v glem® 0.92 0.95 0.92 14 |12.13 2.15
E-modulus kN/mm? 0.15 0.7 0.1 3 005 | 05
Bending
strength N/mm? 15 30 - 100 - 15
Tensile
strength N/mm? 12 15 20 50 15.30 | 20
Thermal
conductivity A W/K m 0.3 0.4 0.3 0.17 0.17 0.25
Linear thermal
expansion 107/K 320 150 320 70 190 120
Thermal
stability limit °C 70 80 90 65 50 250




176 Appendix 3

Table A 3.6: Properties of cast-resin mouldings

Property Unit EP-mouldings PUR
FS FS FS FS
1000-0 | 1000-6 1021-0 1021-6
Resin component EP-solid | EP-solid | EP-liquid | EP-liquid —
resin resin resin resin
Hardener!) PSA PSA HH PSA HH PSA -
Filler % Si04 0 60 0 65 -
Hardening temperature °C 120 120 60/90 60/90 -~
Breakdown field
strength Egq kV/mm 15 15 15 16 15
Volume resistivity o Qcm 1014 1014 1014 1014 1013
Dielectric constant ey 3 4 4 4 4
Dissipation factor
(1 MHz) tan & 1072 1072 1072 102 [2-1072
Tracking index KA 3a KA1 KA 3c KA 3¢ | KA 3¢
Density v g/em? 1.2 1.8 1.2 1.9 1.2
E-modulus kN/mm? 4 12 2.5 12 0.5
Bending strength N/mm? 140 135 120 110 =
Tensile strength N/mm? 80 90 60 75 3
Thermal
conductivity A W/Km 0.2 0.8 0.2 0.8 0.24
Linear thermal
expansion 10-6/K 65 35 65 35 200
Thermal stability
limit °C 125 130 130 130 80
Arc withstand
index L1 L1 L4 L1 -~

1) PSA: Phthalic acid anhydride; HHPSA: Hexahydrophthalic acid anhydride
According to DIN 16946, Part 2, the following designations mean:
FS 1000-0: unfilled moulding of solid EP
FS 1000-6: 60% filled moulding of solid EP
FS 1021 : liquid EP
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Appendix 4

Properties of magnetic materials

The essential parameters for dimensioning equipment with iron cores are the magnetic
properties of the core materials. The non-linear relationship between the flux density B
and the field strength H can be described by the magnetization characteristic B = f(H)
or by the permeability u, = f(B). We have:

o Vs

6 YS
0 Am
The losses in the iron core can be represented by the iron loss angle 8 = f(B) or losses
referred to unit mass Py, = f(B). Both these quantities are related in the magnetization
characteristic according to the following equation:

B=2puou, HV2 with po=04n1

Pr.(B)Y v = density
HB)wBA/2  w =angular frequency

These characteristics are measured for appropriate samples by the manufacturer and
published. A typical example was chosen from this data for a grain-oriented silicon-iron
alloy (1, TRAFOPERM N2) and a nickel-iron alloy (2, MUMETALL) [Vakuumschmelze
1977].

The cores can be made of wound tape (wound ring core) or built of laminated sheets.
Wound ring cores have different values for the characterising parameters than laminated
cores. The curves shown are valid for 50 Hz alternating voltage and sheet thicknesses
between 0.2...0.35 mm.
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High-voltage engineering is a field of electrical engineering deeply rooted in physics
and the application of which is closely connected to industrial practice. High-voit-
age engineering is concerned with physical phenomena and technical problems
pertaining to high voltages.

Knowledge of the properties of gases and plasmas, as well as of fluid and solid di-
electrics, is of fundamental importance to high-voltage technology. Despite all
progress in theoretical work, the physical phenomena in these materials are still
not sufficiently understood. Hence experiment is the basis of scientific work in
this field. It follows that experience in experimental work is essential for the
successful treatment of numerous problems.

Recognition of this fact is the conceptual basis of this book. |t is not only aimed
at students of electrical engineering but also at practising engineers and physicists.
Its purpose is to equip the reader for the experimental investigation of important
questions in high-voltage technology. Significant practical problems of testing bays
and research laboratories are described, and possible solutions indicated.

The theoretical considerations are introduced hand in hand with a detailed descrip-
tion of twelve experiments of a high-voltage practical. Design data of high-voltage
component elements are supplemented by scaled sectional drawings to assist work-
shop construction.

The book thus covers the indispensable basic theory, the setup and performance of
high-voltage experiments. {t intends to bridge an obvious gap in the scientific and
technical literature.




