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The main objective of this research is to study the potential and electric field
distributions around a semi-conducting glazed standard post insulator for power frequency
opération, in the presence of lightning impulse (LI) and switching impulse (SI) voltages
under icing conditions. Those distributions are computed numerically using the finite
element method (FEM), The thicknesses and conductivities of the semi-conducting glaze,
the ice layer and the water film are varied and their effects are studied for the purpose of
improving the electrical performance of the insulator under icing conditions. The thin semi-
conducting glaze requires a very large number of elements for the FEM because of the open
boundary around the insulator. To reduce the number of elements, the open boundary is
simulated using a form of Kelvin transformation. The computation time is compared with
that of using an artificial boundary. It is found that this time is considerably reduced by
applying the Kelvin transformation to a wet ice-covered semi-conducting glazed insulator.

Simulation results are confirmed by laboratory experiments, and it is found that the
switching impulse is the limiting factor in the design of a semi-conducting glazed insulator
under icing conditions contrary to clean ones, i.e. ice-free conditions where the lightning
impulse is the limiting factor. Any wet ice, accumulated on the insulator, has very little
effect on the electric field distribution for a lightning impulse voltage, but has a major
effect on the electric field distribution and hence, on the flashover performance of the
insulator, for a switching impulse voltage. For the time instant of breakdown, the flashover
occurs after the peak voltage for the clean as well as the wet ice-covered insulator under the
lightning impulse voltage, and before the peak voltage for the clean insulator and after the
peak voltage for the wet ice-covered insulator under the switching impulse voltage.



Résumé

L'objectif principal de cette recherche est d'étudier la distribution du potentiel et du
champ électrique autour d'un isolateur de poste standard recouvert d'une couche semi-
conductrice à fréquence industrielle, en présence de chocs de foudre et de manoeuvre sous
des conditions givrantes. Les distributions sont calculées numériquement en utilisant la
méthode des éléments finis (FEM), L'influence des épaisseurs et de la conductivité de la
couche semi-conducttice, de la couche de glace et du film d'eau a été étudiée afin
d'améliorer la performance électrique des isolateurs recouverts de glace. La minceur de la
couche semi-conductrice exige un très grand nombre de mailles en raison de la frontière
ouverte autour de l'isolateur. Pour réduire le nombre d'éléments, la frontière ouverte est
simulée en utilisant une forme de la transformation de Kelvin. Le temps de calcul est
comparé à celui avec la frontière artificielle. On observe une économie considérable de
temps dans le cas de la transformation de Kelvin appliquée à un isolateur avec couche
semi-conductrice recouvert de glace humide.

Les résultats de simulation ont été confirmés par des expériences de laboratoire, et on
a trouvé que le choc de man�uvre est le facteur limite dans la conception des isolateurs de
couche semi-conductrice pour des conditions de glace, contrairement à des conditions
propres (sans la présence de glace sur les isolateurs et où le facteur limite est le choc de
foudre). La glace humide accumulée sur l'isolateur a très peu d'effet sur la distribution du
champ électrique quand cet isolateur est soumis aux chocs de foudre. Toutefois, s'il est
soumis aux chocs de man�uvre, la glace accumulée a un effet important sur la distribution
du champ électrique et, par conséquent, sur le comportement diélectrique de l'isolateur.
Sous chocs de foudre, l'instant du contoumement se produit après la crête de l'onde de
tension aussi bien pour un isolateur propre que pour un isolateur recouvert de glace
humide; sous chocs de man�uvre. Par contre, cet instant se produit avant la crête de l'onde
de tension pour un isolateur propre, et après celle-ci pour un isolateur recouvert de glace.
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CHAPTER 1

INTRODUCTION

1.1 Overview

The energized high voltage (HV) line conductor in a transmission system, has to be

physically attached to the support structure, but electrically isolated from it because it is at

ground potential. The insulator performs the dual functions of support and electrical

insulation. Insulators are recognized by the dielectric material used to construct them.

There are three main types of dielectrics used for outdoor HV insulator construction i.e.

porcelain, glass and polymer. These materials form the basis for the well-known

nomenclature of porcelain, glass and polymeric insulators. Porcelain insulators are also

known as ceramic insulators and include station post, suspension, distribution line post and

pin type insulators. Station post insulators are used for the substations. Polymeric

insulators are also commonly known by other names, such as, composite and non-ceramic

insulators and, in polluted conditions, a special type of porcelain insulator is used to

improve the electrical performance; this insulator has a semi-conducting glaze instead of

the insulating glaze used on normal porcelain insulators. Such insulators are called semi-

conducting or resistive glazed (RG) insulators. The power dissipated in the glaze raises the

surface temperature several degrees above the ambient to prevent wetting by condensation.

In this way a sufficient dry band is maintained and protected from condensation during

fog. The leakage current in the semi-conducting glaze makes the potential distribution

1
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almost linear along the insulator. In this work, the thickness and conductivity of the semi-

conducting glaze are varied and their effects on the potential and electric field distributions

have been studied in order to improve the electrical performance of the insulator under

icing conditions.

Electrical stresses on the insulator include the steady state stress caused by the power

frequency nominal operating voltage. Voltage surges generated by lightning or switching

operations impose a high and transient stress on the insulator. During flashover, an

insulator is subjected to a large fault current (several kA) at power frequency, in the form

of an arc called a "power arc". This persists until the protection isolates the fault.

Whether an insulator fails by surface flashover or puncture depends on the

magnitude and duration of the electric stress applied, insulator dimensions, and defects in

the material. Puncture breakdown occurs at the point where the voltage-time curve of

surface flashover intersects that of internal breakdown. Breakdown requires the formation

of an ionized channel, and this channel needs to be established within the duration of the

applied voltage. If the insulator is defective (i.e., has large voids or impurities), puncture

can be caused by extremely short duration, large magnitude pulses. Lightning surges,

which have a rise time in the microsecond range, do not cause puncture if the insulator is

sound. Similarly, switching surges normally do not cause puncture. Both lightning and

switching surges can cause flashover if they have adequate magnitude, even under dry

conditions. Longer duration stresses, such as those imposed by the power frequency

voltage, do not result in a puncture. A flashover is possible, however, in a wet and

contaminated environment.
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Voltage surges produced by the lightning and/or switching operations are major

factors to be considered in the electrical design of the insulator. Insulators should be

designed such that they do not fail at surge voltage magnitudes that are lower than the

value for which the power system apparatus has been designed. For higher magnitude

surges, the insulator should flashover. The determining values of these surges are defined

by the Basic Lightning Impulse insulation level (BIL) and Basic Switching Impulse

insulation level (BSL).

In many cases, the insulators function in an outdoor environment. In such

applications in cold climate regions, the HV insulator surfaces are exposed to atmospheric

pollution and also to the accretion of snow or ice of different natures. The performance of

a HV insulator under an ice-free condition is quite different from those under ice-covered

conditions. This is because, for a wet ice-covered insulator, the field distribution is

capacitive-résistive depending upon the severity of the ice, while for a clean ice-free

insulator the field is purely capacitive. Therefore, it is very important to know the changes

in the field distribution around an insulator caused by different severities of the ice-

accretion.

1.2 An Ice-covered Insulator

There are many parameters which control the type of the ice accumulated on the

insulator. The main parameters include the temperature of the insulator surface, the ambient

air temperature, liquid water content (LWC), the size & temperature of the water droplets

as well as the wind velocity.



Figure 1.1 shows a laboratory model of an insulator covered with a glaze ice. This

insulator has been simulated in this work.

Figure 1.1: An insulator covered with a glaze ice (laboratory model).

Flashover phenomena on ice-covered insulators have been reported from a large

number of cold climate countries, including Canada [l]-[4], China [5], [6], the former

Czechoslovakia [7], England [8], Finland [9], Japan [10]-[13], Norway [14], [15],

Switzerland [16], Sweden [17], [18], the U.S. [19]-[21], and the former Yugoslavia [22].

Flashover on the ice-covered insulator is a complex phenomenon as it involves many
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processes and mechanisms [23], Studies of flashover characteristics of insulators are

necessary to determine suitable insulator profiles for a particular application [24]-[27].

Flashover performance can be studied by computing the potential and electric field

distributions around the insulator.

The flashover voltage depends on the electric field distribution that is mainly

distorted by the presence of a water film and air gaps i.e. ice-free areas formed along the

ice-covered insulators. In the absence of a water film, the electric field distribution is also

distorted by the surface charge density within the dielectric material. The surface charge

density along the dielectric surface produces an electric field with two components, i.e. the

component acting inside the dielectric and that in the air surrounding the material. The

magnitudes of the field components depend on the surface charge density and the

polarization in the dielectric material. This surface charge dependent field distorts the

externally applied field and can lead to a flashover. The distribution of the surface charge

and hence the variation of the field along a given insulator surface is, to some extent,

dependent on the profile of the insulator surface. It is possible to study the flashover

voltage on the basis of surface field or charge distribution evaluations.

Theoretical models that compute the flashover voltage of ice-covered insulators are

useful for two main purposes: (i) for better understanding of the physical processes

responsible for the flashover, and (ii) if the model can be shown to be well correlated with

field or laboratory experiences, this could be used for the prediction of flashover voltages

over a wide range of field conditions; thus reducing the number of costly laboratory

experiments in the design of better insulators.



1.3 Numerical Techniques for Field Computations

The field distribution can be evaluated using numerical techniques, such as, the

boundary element method (BEM) [28], the charge simulation method (CSM) [29, 30], the

finite difference method (FDM) [31], and the finite element method (FEM) [32].

1.3.1 Boundary Element Method

The BEM offers advantage in that the dimensionality of the problem is reduced from

three to two, but this method is not very good for field problems with non-linear materials.

A hybrid solution employing BEM for the linear exterior source free region and the FEM

for the non-linear and source region holds promise as an economical technique.

1.3.2 Charge Simulation Method

Programming of the CSM is easy with highly attained precision. However, it is not

suitable for the considerably complicated fields. This method is applicable to fields

containing unbounded region, but it is not good for fields with many dielectrics or complex

electrode configuration, and for specific fields containing space charges or leakage

resistance.



1.3.3 Finite Difference Method

The FDM requires the domain to be discretized by grids at finite and equal distances.

It requires considerable memory and computation time for the complex geometries. Hence,

it is not used for complex geometries.

13 A Finite Element Method

The FEM is most convenient for a field with many dielectrics, inhomogeneous and

nonlinear materials, complex fields and a field containing the distributed space charges and

singular points. FEM is one of the most successful numerical methods for solving

electrostatics field problems because it involves discretization of the domain according to

the anticipated value of field distributions, i.e. fine mesh generation at critical regions and

course mesh generation at non critical regions, thus saving considerable memory and

computing time for the complex geometries. At the same time, a suitable discretization

mesh for the field domain is needed at the beginning of the calculation, which is not only a

discouraging preliminary step for the non expert, but also a cumbersome job for the expert.

Such mesh generation plays an important role in the finite element modeling and analysis

process because the quality of the computed results depends strongly upon the choice of the

meshes. The expense of generating a suitable mesh is often much more than that of solving

the equation system.



1.4 Objectives of the Thesis

The objectives of the thesis are:

1. To find out the effects of surface glaze (Semiconductor) coatings on the potential

distributions around the ice-covered insulators for the power frequency voltage.

2. To study the effects of Lightning Impulse (LI) and Switching Impulse (SI) voltages

on the potential and electric field distributions around the insulators under clean and

icing condition.

3. To compute the potential and electrical field distributions around an ice-covered

insulator i.e. an open boundary problem using a Finite Element Method based

approach, and compare the computation times required using an artificial boundary

around an ice-covered insulator and the open boundary around the insulator

simulated by a form of the Kelvin transformation.

4. To study the effects of semi-conducting glaze conductivity & thickness, water film

conductivity & thickness, and ice layer thickness on the electrical performance of

the insulator.

5. To study the fiashover performances based on the potential and electric field

distributions around the ice-covered normal glazed and semi-conducting glazed

insulators under various conditions. This will aid in the better design of insulators

under various conditions for the power transmission lines, and reduce the number of

costly laboratory experiments.



9

1.5 Statement of Originality

From the review of the literature presented in the next chapter, it is found that several

studies have been carried out for the flashover voltage and low frequency electric field

distributions around insulators under icing conditions, but none of them has considered the

effects of the glaze coatings on insulators. A thin layer of the semi-conducting glaze

coating on the insulator has major effects on the electric field distribution around the

insulator and this, in turn, affects the flashover performance of the insulator considerably.

In this work, effects of semi-conducting glaze coatings on the insulators, has been studied

in detail under various conditions.
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1.6 Structure of the Thesis

The following is the summary of the contents of various chapters presented in this thesis:

Chapter 2 deals in detail with the literature available regarding the ice and the field

computations around the insulators under various conditions and the studies conducted so

far by the various researchers in this field and the relevant discussions on them.

Chapter 3 presents the open boundary approximations applied to an ice-covered

insulator with a water film in the presence of an icicle and an air gap.

Chapter 4 discusses the proposed method for the computation of the electric field

distributions under the transient voltages around the clean and ice-covered insulators using

the Finite Element Method, and flashover performances of the insulators based on the

electric field distributions.

Chapter 5 presents the laboratory experiments done to validate the proposed model.

Chapter 6 discusses the proposed method for the computation of the potential

distributions under the sinusoidal voltages along the clean and ice-covered insulators using

the Finite Element Method, and flashover performances of the insulators based on the

electric field distributions.

Chapter 7 presents the important conclusions arising out of this work as well as topics

for the future research.

The next chapter presents a review of the literature on the studies conducted by

various researchers in the area of electric field computations around the ice-covered

insulators.



CHAPTER 2

LITERATURE REVIEW

The literature review is divided in five parts as follows:

1. Types of Ice,

2. Laboratory Model of an Ice-Covered Insulator,

3. Properties of Ice,

4. An Open Boundary around an Insulator,

5. Flashover Model of an Insulator.

2.1 Types of Ice

An ice accumulated on the insulator is divided into two categories, dry and wet. The

dry ice, of a relatively low density, whether hard rime or soft rime gets formed at a low

droplet size and with the ambient temperature below zero degrees centigrade. The wet ice

or glaze, which is the most dangerous type of ice for the electrical performance of the

insulator, grows in the presence of a surface water film. The density of the glaze is

relatively high, about 0.9 g/cm3. Table 2.1 and Table 2.2 show the names of different types

of ice and the atmospheric conditions favorable for the formation of each type of ice [33,

25].

11
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Table 2.1: Characteristics of the ice-formation OH structures

Type of Ice
Glaze

Hard Rime

Soft Rime

Density (g/cm3)
0.8 to 0.9

0.6 to 0.8

<0.6

_Aggearance
Transparent and

clear
Opaque

White and opaque

Shape
Cylindrical icicles

Eccentric pennants
into the wind
Feathery and

granular

Table 2.2: Atmospheric parameters for the formation of various types of ice

Type of Ice
Glaze

Hard Rime
Soft Rime

Air Temperature (°C)
0to-3

-3 to-15
-5 to -25

Wind Speed (m/s)
Ito20
5 to 20
5 to 20

2.2 Laboratory Model of an Ice-Covered Insulator

Ice in the laboratory can be produced under both wet and dry regimes [25]. In a dry

regime, ice is produced as a result of a small water-droplet (15 urn) spray that freezes

immediately upon impact on the surface. A surface temperature below 0°C will ensure the

instant thermal equilibrium between ice deposits and the ambient air, where the heat

disturbance is because of the impact of water droplets and forced convection. When dry ice

is produced, it has a low density of about 0.4 to 0.6 g/cm similar to natural light ice and it

is opaque in appearance [26].

Wet grown ice is produced by water droplets (50 to 80 urn), which are bigger than

those observed during the formation of low-density ice. These water droplets are not in a

frozen state before impacting the surface of the insulator in air and they reach the insulator
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in a supercooled liquid form. As a result, the ice will get accreted between the skirts of the

insulator in the form of icicles. The density of this type of ice is approximately 0.9 g/cm3

for the icicles and approximately 0.87 g/cm for the ice deposit on the surface of the

insulator. The color and transparency of the ice in this regime depend on the presence of air

bubbles in the ice.

Farzaneh et al. [26] studied an ice-covered insulator model in the laboratory. The

insulator was covered with a glaze ice for the experimental validation of the theoretical

results. Artificial ice was accreted on a station post insulator in a climate room at CIGELE.

The air temperature in the climate room was controlled with a precision of about ± 0.2°C.

A mesh-grid ceiling placed on the climate room facilitated quick exchanges of temperatures

and minimized the temperature gradient inside the climate room. De-ionized water was

used to spray the insulator that was placed vertically in the center of the climate room. The

electrical conductivity of the water was adjusted by adding sodium chloride.

The spray system had 4 air atomizing nozzles that were mounted on an oscillating

support parallel to the axis of the insulator. The oscillating movement helped to keep the

mean liquid water content approximately constant along the vertical axis of the insulator,

thus forming ice with a uniform thickness along the insulator string.

A uniform wind in the climate room was generated by a system of eight fans. The

fans were installed to generate the wind up to a speed of 50 km/h along the axis of the

insulator.

The density of ice accumulated on the insulator was determined by weight and

volume measurements. The volume was calculated by immersing an ice sample in light
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mineral oil. In order to prevent the penetration of oil into the pores of the ice, the sample

was covered with a thin film of Formvar, the volume of that was subtracted from the total

buoyancy measured.

The thickness of the ice accumulated on the insulator was found out by measuring the

thickness of the ice accumulated on a monitoring cylinder, 3.8 cm in diameter and rotating

at 1 rpm [26].

2.3 Properties of Ice

The water molecule has an electric dipole moment, and therefore if the water

molecules in ice can orient themselves when an electric field is applied, ice can have quite a

large electric permittivity. This fact is responsible for the most straightforward electric

properties of ice. However, unlike the situation in liquid water, the molecules are not free to

rotate in the field, and the mechanism by which they turn around introduces complications.

In addition to this dielectric effect, ice can also conduct a direct current of electricity, and

shows thermoelectric effects and other more complex electrical effects. Much work has

been done on these phenomena and some are relatively well understood, while others are

still the subject of controversy and study [34]. Many of the effects are profoundly affected

by small amounts of dissolved impurities in the ice. Surface effects have also confused the

situation, so care should be taken in using numerical data, especially if the ice type or size

of sample is very different from those to which the data apply.
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When an electric field is applied to a specimen of ice three distinct processes occur:

1. The individual molecules are polarized by the field. This involves displacements

of the electrons relative to the nuclei and small distortions of the molecules under

the restoring forces. These are the forces which occur in any material. The

response to a change in field is very rapid, so that the effects are independent of

frequency up to microwave frequencies [34].

2. The ice is polarized by the reorientation of molecules or bonds. The energies of

some of the proton configurations that are compatible with the ice rules are

lowered relative to others, so that in thermal equilibrium there is a net polarization

of the ice. The achievement of this equilibrium is a comparatively slow process,

requiring thermal activation and local violations of the ice rules [34].

3. With suitable electrodes a steady current flows in accordance with Ohm's law.

There is no detectable electronic conduction in ice and the observed current arises

from a flow of protons. Because the conduction process has features in common

with electronic conduction in semiconductors ice is sometimes referred to as a

'protonic semiconductor', but the protons do not share the quantum mechanical

properties that are an essential feature of the band theory of electrons in solids

[34].
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2.3.1 Complex Relative Permittivity of Ice

The complex relative permittivity of the glaze ice, sr, can be expressed in terms of

the volume conductivity of ice, Oy, and the real relative permittivity of ice, sr, as follows

[45],

er � br j ( 2.1

where s0 is the permittivity of free space, and a> is the angular frequency.

In this work, due to high conductivity of the semi-conducting glaze and the water

film, conductivity of the ice is neglected assuming that all the leakage current flows in the

semi-conducting glaze and the water film.

Hence the complex relative permittivity of ice,

*
F X P ( 1 7 \

is approximately equal to the real relative permittivity of ice.

2.3.2 Real Relative Permittivity of Ice with Frequency

The real relative permittivity of the ice, sr, depends on the frequency of the applied

voltage, according to the following expression [35],
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7
A~~T-ï , (2.3)

where,

Sr is the real relative permittivity of the ice,

Sao is the real relative permittivity of the ice at very high frequency,

8S is the static permittivity of the ice,

a> is the angular frequency, and

T is the relaxation constant.

The relaxation constant, T, is given by the following expression [35],

( E \

T = CT eXP! - ^ p j , (2.4)

where,

CTis a constant of value 7.7x10"16 s,

ET is the activation energy of value 9.29x 10" joules,

Fis the temperature (°K), and

K is the Boltzmann constant.
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2.3.3 High Frequency Permittivity ? s » , of Pure lee

The origin of the permittivity, sm , is the polarization of the molecules by

displacements of the electronic charge distribution and distortion of the molecules in the

electric field.

The limiting permittivity at frequencies above the Debye relaxation has been

determined in the course of normal dielectric measurements over the temperature range

200-230 °K by Johari and Jones [36], but for higher temperatures it was necessary to use

special measurements in the range 1-100 MHz [37]. A typical value is s» = 3.16 ± 0.02 at

253 °K, falling to 3.14 at 200 °K. Measurements by Gough [38] show a continual decrease

down to 3.093 ± 0.003 at 2 °K. Using a microwave resonator at 39 GHz Matsuoka et al.

[39] found that £"<» is anisotropic, which is equivalent to the ice being biréfringent. At 252

°K they obtained values of 3.1734 ± 0.0055 and 3.1396 ± 0.0049 for electric fields parallel

and perpendicular to the c-axis respectively. They also made measurements with a parallel

plate capacitor at 1 MHz. The anisotropy was independent of frequency and temperature,

but their 1 MHz values were higher (by about 0.044) than their values at 39 GHz.
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2.3.4 Static Permittivity, ^ , of Ice

The static value of the permittivity, i.e. the value for zero frequency, depends on the

crystal orientation, being quite markedly larger if the electric field is parallel to, rather than

perpendicular to, the c-axis (axis of symmetry in the hexagonal ice cell). The static value

also varies with temperature, increases as the temperature decreases.

Johari et al. [40] measured the static permittivity, Ss , of the pure polycrystalline ice,

and found out its values as a function of temperature, T, as shown in Figure 2.1.

200

150 175 200 225 250

Temperature, °K

275 300

Figure 2.1: Static permittivity, S^, of pare poIycrystaMine ice as a function of the temperature, T.
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2.4 An Open Boundary around an Insulator

The ice-covered insulator is an open boundary problem, and hence for studying the

effects of a semi-conducting glaze coating on the electrical performance by computing

potential and electric field distributions around the insulator using a finite element based

approach, an artificial boundary, far away from the device where electric fields are

effectively zero, is to be defined when the mesh is generated [41], At this boundary, it is

assumed that the electric fields fall off to zero. The position of the artificial boundary is

important because the entire interior region up to the boundary must be discretized, and this

increases the size of the problem without adding any useful information to the desired

solution. This approach may result in considerable memory and computation time for the

computation of the potential and electric field distributions along the semi-conducting

glazed insulator under icing conditions.

An ice-covered insulator problem may be solved without approximation by several

techniques, all having in common the idea that the open (infinitely extending) region is

subdivided into two portions,

® The interior portion,

� The exterior portion,

so that the interior part contains the structures and fields of principle interest. An

artificial, more or less arbitrary, boundary F is placed around the interior region £?,-,

separating it from the rest of space, the outer region Qo.
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As in finite regions, the essence of the finite element method is still to render

stationary a functional, typically,

3 ( £ 7 ) = I (VU.VU - k2U2 - gU )dn , (2.5)
a

where,

VU is the potential gradient,

k2 is a constant in the Hehnholtz equation, and

g is a driving function, assumed to be given,

the integral being taken over all space. The integral divides naturally into integrals

over the two regions Qi and Qo,

a,
- gU JdCl

~k2u2 - gu )da (2-6)

The inner region is amenable to treatment by standard finite element techniques. The

exterior region must adhere to the same general principles as the interior ones, but applied

to an infinite geometric extent. Thus, it must possess suitable approximating functions, able

to model the function behavior in the exterior adequately. At the exterior-interior interface

F, the principal continuity conditions must be satisfied. In an ice-covered insulator problem,

this means the potential function C/must be continuous across F.
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Three distinct techniques are available for constructing approximating fonctions for

the exterior region as follows:

1. Recursive growth (Ballooning),

2. Geometric transformation,

3. Implicit construction.

2.4.1 Recursive Growth Process

The family of recursive growth methods for modeling infinite regions, often also

called "balloon" algorithms [42], forgoes reaching true infinity and settles for a very large

though finite region instead. It uses standard finite elements as its fundamental building

blocks and it effectively constructs a huge mesh without writing down the corresponding

huge matrices.

Consider that a finite element model is to be built for the region of principal interest

iPK The problem is to construct a valid representation of the outside region, an infinite

element, whose interior edge will match both the shape and the type of approximating

functions of the interior model, making the complete geometric model seamless and the

potential continuous across FQ. The steps for the ballooning algorithm are shown in Figure

2.2.
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(a)

o

o
(c) (d)

Figure 2.2: The ballooning algorithm, (a) The region of principal interest Sr is aagmented by a
border of elements, (b) Bordering elements are condensed to form a single supereiement Si . (c)
superelement is scaled and attached to itself, (d) Condensation produces an enlarged saperelementp
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For the Helmholtz equation in the plane, two matrices are generated:

(2.7)

and,

S..= fVa.Va.dn,
y J * J (2.8)

where the region of integration i//e^ is the enlarged superelement. It is a proportional

enlargement of QfI), all linear dimensions [42] being multiplied by some scale factor p,

a j
n (le)

Q ( l e ) n
In two-dimensional problems, F thus scales by p ,

( l e ) ~ ( 1 ) 5

while in three dimensions, the scaling factor is p3,

do - P 1 go O

The matrix S in two dimensions is invariant [42],

f a a .d
(2.9)

(2.10)

(2.11)

o
( l e ) (2.12)
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but in three-dimensional problems it scales with length,

o ( le ) Û ( 1 ) * (2.13)

In summary, the matrices T and S for the enlarged superelement are obtained by a

simple scalar multiplication [42].

2.4.2 Geometric Transformations (Exterior Mappings)

Geometric transformations turn the exterior infinite region into a finite region. The

functional 3(£7) is transformed in this process, so the construction of element matrices for

the infinite region is replaced by the construction of element matrices for the transformed

functional, but over a finite region. The transformed region can be treated by a standard or

nearly standard finite element method.

There are two types of exterior mappings as follows:

1. Coordinate and functional transformation,

2. Kelvin transformation.



26

2.4.,2.1 Coordinate and Functional Transformation

In this transformation, a coordinate transformations is to be found that maps the

exterior region Qo into a finite transformed region Qt, subject to the requirement that the

separating boundary/1 must map into itself: 3 F= F. This transformation is shown in

Figure 2.3.

fit

Figure 2.3: Coordinate transformation 3 maps the outer region Si0 into a Smite region Q while
preserving the separating boundary r.

The finite element functional is written as the sum of two integrals, over the inner and outer

regions. Thus,

0

k2U2 -gU)dd. �1.14)
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The integral for outer region 3 o ( t / ) , is transformed to an integral over Qt under the

coordinate transformation 7 which carries the original coordinates x, y into new coordinates

x',y\

The derivatives in VU must be written in the transformed coordinates JC', y' as

follows,

dx' dy'
fix fix

dx' dy'
dy dy

dU
dx'
dU

dy'

dU
dx'
dU
dy'

where /denotes the Jacobian of the transformation.
The surface (or volume) integral transforms,

dQ = dxdy = J dxfdyf = J dQf

Hence,

vu.vu =/
~dU~
ôx'
ÔU

J

T

c

J

~dU~
ox'
du

L$v'J

\

/

(2.15)

(2.16)

(2.17)
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Ôx' dy'

TJ' J

du
ôx'
OU

The energy density Wis given by,

28

' 2.18 '

1
W = �E .D = �E .( s E ),

2 2
-s

ff = �V <j) . ( £~V <f> ) ,
(2.19)

V U .{ pV 'U ) J

where p represents the apparent tensor material property inx',y' coordinates,

p = (2.20)

Thus,

* 2 . . 2 g
�!� J

U2--2-U)\j\dÇl (2.21)

where the primes indicate that differentiation is to be carried out with respect to the

primed coordinates.
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Expressing 30(£/) as an integral over the transformed region,

30(tf)=f(V'tf.jpV'C/+~-«72-
Q. J J

(2.22)

This integral is easy to treat numericaily, because it covers the finite (transformed)

region of integration Qt.
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2.4.2.2 Kelvin Transformation
The Kelvin transformation [42] transforms the exterior of a circle into its interior, as

shown in Figure 2.4.

Figure 2.4: The Kelvin transformation maps the exterior of a circle onto the interior of another circle of
the same radius.

Using the Kelvin transformation, the entire x-y plane can be transformed onto the two

faces of a circular disk: the circular interior region onto one face, the exterior of this circle

onto the other.

In polar coordinates, coordinate transformation from r, 9 into r',6 ',

e (2.23)
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In polar coordinates, the gradient is given by:

vu =
' dr (2.24)

The Jacobian relates the incremental distances in the two coordinate systems. The

Jacobian of the Kelvin transformation is given by:

' dr1 '

r'd0'
= J

J =

R

r

0

dr

rdO

0

R

r

(2.25)

The Jacobian matrix equals the unit matrix with a multiplier. This property simplifies

both the mathematical development and computation. The important point is that the

Kelvin transformation makes the fictitious anisotropic material property p turn into,

P
TJ l J
J I2.26)

the identity matrix.
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The transformed exterior functional 3o(t/) therefore becomes,

= l \ vu.vu + k2(�fu2 - g(�fu \dci.
R R

In this work, to reduce the computation time and memory, a form of Kelvin

transformation has been used to simulate the open boundary around the ice-covered

insulators.

2.4.3 Implicit Construction of the Exterior Region

Implicit modeling methods are sometimes called hybrid methods. The differential

equation boundary-value problem in the outer region is reformulated as an integral equation

problem, so that integral-operator finite elements are used in the exterior. The

approximating functions used in the exterior are not explicitly known, except for their

values on the boundary F itself [42].
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2.5 Flashover Model of an Insulator

In general, researchers have focused on the computation of electric fields and

potential distributions along normal glazed (conductivity 0) insulators for power frequency

voltages under various conditions. Contributions in low frequency field computations for

pure as well as lossy dielectrics are as follows:

Asenjo et al. [31] proposed a method to solve low frequency complex fields in

polluted insulators in which o (the conductivity) is of the same order of magnitude as ms

(angular frequency x permittivity) by using the finite difference method. The approach was

based on a quasi-static approximation obtained by neglecting the electric field induced by

the magnetic field. The problem was reduced to finding a solution to Laplace's equation

that satisfies the usual boundary conditions.

Later Asenjo et al. [32] proposed an alternate scheme to compute the low frequency

complex electric field in the polluted insulators using the finite element method. The

method was based on a quasi-static approximation which permits the decoupling of

Maxwell's equations.

Sundararajan et al. [43] developed a dynamic model that computes the flashover

voltages of polluted insulators energized with a dc voltage. The salient feature of this model

was that it took into account the configuration of the insulator profile at every instant,

which plays an important role in the flashover process of dc polluted insulators.
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Farzaneh et al. [26] studied the natural ice accretion on HV insulators as well as

performing a laboratory investigation of the ac flashover performance of various types of

insulators covered with artificial ice, A method based on the standard IEC 507 methods,

was developed for measuring the maximum withstand voltage of ice-covered insulators.

They studied the effect of thickness and uniformity of the ice, as well as the arcing distance

of the insulators, and the conductivity of the freezing water.

El-Kishky et al. [29] used a modified charge simulation method for computing the

electric potential and field distributions along ac HV outdoor insulators. They modeled

non-ceramic and ceramic suspension insulators of various voltage ratings under clean and

dry surface conditions.

Chakravorti et al. [30] computed the capacitive-résistive field distribution around a

polluted insulator using the charge simulation method. They computed the electric field for

the power frequency voltage and also for the lightning and switching impulse voltages.

Guerrero [44] studied experimentally the flashover performance of a normal glazed

ice-covered insulator under impulse voltages. She considered the effects of the polarity of

the applied impulse voltage on the flashover performance of an ice-covered normal glazed

insulator and also how accumulation of the ice on the insulator affects the flashover voltage

of the normal glazed insulator under lightning and switching impulse voltages.
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Volât [45] computed the potential and electric field distributions along normal glazed

ice-covered insulators for the power frequency voltage using the Boundary Element

Method, He studied the effects of the number, size and position of the air-gaps formed on

the electric field distributions along an ice-covered insulator.

Farzaneh et al. [46] developed a model for predicting the flashover voltage of ice-

covered insulators energized with an ac voltage. The model takes into account the variation

of ice surface conductivity as a function of the freezing water conductivity. They also

determined the effects of the length of the arc on its own characteristics, as well as an ac arc

reignition condition, in a laboratory investigation using the triangular ice samples.

The next chapter discusses the two open boundary approximations applied to an ice-

covered insulator with a water film in the presence of an icicle and an air gap and also the

comparison of computation times and results using both the approximations.



CHAPTER 3

SIMULATION OF AN OPEN BOUNDARY
AROUND AN INSULATOR FOR FIELD

COMPUTATIONS

An actual ice-covered station post insulator, shown in Figure 1.1, has been simulated

in this work. It is assumed that the ice is accumulated uniformly on the insulator. The

potential and electric field distributions have been computed on a vertical plane cutting the

insulator into four symmetrical parts [45].

3.1 Low Frequency Fields around the Insulators

The general solution for the low frequency electromagnetic fields in insulating

systems can be obtained by solving Maxwell's equations, but this would be a formidable

task due to the coupling between the electric and magnetic fields.

However, Maxwell's field equations,

V x E = -jcojuH ( 3.1 )

V.eE = p (3.2)

VxH = oE + ja)£E (3.3)

0 (3.4)

36
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Where,

E = Complex electric field strength vector,

H = Complex magnetic field strength vector,

p = Volume charge density,

co = Angular frequency,

£ = Permittivity,

a = Conductivity,

ju = Permeability.

can be decoupled in the following situations:

a) When the frequency is low and a » we, it is possible to approximate the

time-varying field by a dc field (co = 0). In this case, Maxwell's equations are

reduced to the static approximation. In the proposed work, the water film and

semi-conducting glaze come in this category.

b) When me» a, the field is solved as in the electrostatic case. This implies

neglecting a relative to cos in (3,3), and also assuming cofjH = 0in (3.1),

which results in de-coupled fields. Since the term proportional to co is

neglected only in the second member of (3.1) and not in equation (3.3), this

solution could be called a quasi-static approximation. In the proposed work,

dielectric and ice come in this category.
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c) In some high voltage heterogeneous dielectric systems a « cos, the decoupling

is obtained by assuming (ojuH = 0 in (3.1).

To apply the finite element method, a functional based on the system energy is

defined that can be applied for the stated problem. Minimization of the system energy,

leads to a system of algebraic equations, whose solution, under the application of the

corresponding boundary conditions (Dirichlet, Neuman or mixed), supplies the required

node potentials, and then in turn electric field strengths can be calculated by the numerical

differentiation of the potential with respect to the distance at any point. Since numerical

differentiation can introduce a large error, in some cases, potential distributions along the

insulators have been computed in this work. By visible inspection of the potential

distributions, flashover performances have been studied.

3.2 Simulation Parameters

Table 3.1 shows the set of parameters used in the simulation work. The conductivities

of the ice and the porcelain are neglected assuming that all the leakage current flows in the

water film [45]. All the computations have been done using a commercially available

program based on the FEM by Infolytica Corporation, Montreal, Quebec, Canada.
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Tafele 3.1: Simulation parameters

Relative
Permittivity (8r)
Conductivity

(S/m)

Thickness
(mm)

6.0

0

75,0 for 60 Hz

0

25

81.0

0.030

3.0

3.3 An Open Boundary around an Insulator

Since an ice-covered insulator is an open boundary problem. There are two methods

considered in this work to compute the potential and electric field distributions around the

insulator.

1. An Artificial boundary

2. The Open Boundary Simulated by the Kelvin Transformation

3.3.1 Artificial Boundary

An artificial boundary is defined three to four times the device radius away from the

device. At this boundary, it is assumed that the electric fields fall off to zero. The position

of the artificial boundary is important because the entire interior region up to the boundary,
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must be discretized, and this increases the size of the problem without adding any useful

information to the desired solution. Figure 3.1 shows an ice-covered insulator model with

an artificial boundary.

Figure 3.2 shows the solution mesh for the computation of the potential distribution

along the insulator.

Artificial boundary

HV

Ice-covered insulator model

x
GND

Figure 3.1: An ice-covered insulator with an artificial boundary.
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Figure 3.2: Solutioa mesh for the computation of potential distribution using an artificial boumiary.
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Figure 3.3 shows the voltage contours around an ice-covered insulator with a water

film in presence of an icicle and an air gap computed by creating an artificial boundary

around the insulator and Figure 3.4 shows the voltage contours close to the HV electrode.

Figure 3.3: Voltage contours arouad an ice-covered insulator with a water fflm in presence of an icicle
and an air gap computed by creating an artificial boundary around the insulator.
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Figure 3.4: Voltage contours close to the HV electrode aroand an ice-covered insulator with a water
film in presence of an icicle and an air gap computed by creating an artificial boundary around the
insulator.
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3.3.2 Tie Open Boundary Simulated by the Kelvin Transformation

In the Kelvin transformation, the region between the domain of interest and infinity is

modeled simply by adding a circular boundary to the "interior" problem, a second mesh

having a circular boundary with the same boundary node distribution as the inner region,

and boundary constraints to force the equivalent boundary potentials on both regions to be

identical. Infinity lies at the center of the second mesh. In effect, the second mesh

represents the conformai transformation of all the space exterior to the first mesh into a

circle [47, 48]. Using this idea, no deep knowledge of analysis is needed; very little extra

computer time is necessary; and frequently fewer elements are required than for most other

approximation methods to compute the potential and electric field distributions along the

insulators under icing conditions.

The Kelvin transformation only transforms space and, strictly speaking, is not

applicable to three-dimensional or rotationally symmetric geometries. It does not of itself in

anyway transform the material properties. It is for this reason that an extra step in the

derivation is necessary when dealing with non-two-dimensional translational systems. As a

starting point, it is useful to consider the problem in network terms. Imagine a three-

dimensional model based on a spherical geometry, with a defined centre. The main region

of interest lies immediately around the centre and extends to a radius "a". Beyond that

radius there exists only non-electric, non-conducting material. The network model is built

up as a series of spherical shells. The outer region network could be rebuilt as a network

within a sphere of radius "a". The successive radii within the new network are to be the

transformed equivalent radii of the original outer network [47].
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To complete the model, the extra step is to modify the impedances of the network so

that the impedance seen looking into the new model from any pair of points, is identical to

the impedance seen looking out from those same two points, in the original model. This

change in impedance is achieved by applying a transformation to the material properties.

This was first done by Ciric and Wong [49, 50]. Their approach was based on algebraic

transformations, and they were able to effect great economy of effort in achieving solutions

for a range of basic geometries. Later Freeman and Lowther [47] developed the technique

to use an all enveloping sphere which can be applied to the solution of a general range of

field problems using finite elements.

The transformation of the material properties is given by Ciric and Wong [49] as:

, a2

' = � , (3.6)

r

where,

Sf is the permittivity at the transformed inner radius r ' ,

S is the permittivity at a radius, r.
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Table 3.2 shows the relative permittivities of a series of spherical shells for the ice-

covered insulator.

Table 3,2: Relative Permittivities of a series of spherical shells for the ice-covered insulator

Exterior 1
1

Exterior 2

Exterior 3

Exterior 4

Exterior 5

letettve WvmÊmtSf

1.28125

2.17014

4.51388

15.6250

500012.5

Figure 3.5 shows the insulator model for the computation of the potential distribution

by simulating an open boundary by a form of Kelvin transformation.
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Exterior 1

Exterior 2

Exterior 3

Exterior 4

Exterior 5

Figure 3.5: Insulator model for the computation of potential distribution using the Kelvin
transformation.
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Figure 3.6 shows the solution mesh for the computation of potential distribution by

simulating an open boundary by the Kelvin transformation.

Exterior Region

Interior Region

Figure 3.6: Solotion mesh for the computation of electric field distribution using the Kelvin
transformation.
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Figure 3.7 and Figure 3.8 show voltage contours around an ice-covered insulator with

a water film in the presence of an icicle and an air gap computed with an open boundary

around the insulator simulated by the Kelvin transformation.

Figure 3.7: Voltage contours around an ice-covered insulator with a water film in presence of an icicle
and an air gap computed with open boundary simulated by the Kelvin transformation.
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Figure 3.8: Voltage contours close to the HV electrode around an ice-covered insulator with a water
film in presence of an icicle and an air gap computed with open boundary simulated by the Kelvin
transformation.
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3.4 Results and Discussion

Using an artificial boundary, the time taken for the computation of the potential

distribution for a normal glazed ice-covered insulator using a Pentium 4 and 1.8GHz

computer was 22 min 52 seconds.

For the Kelvin transformation, an air-box of radius 1.1 times the device radius is

constructed to contain the model. Another circle with same radius represents the exterior

region between the air-box and infinity. The time taken using a Pentium 4 and 1.8GHz

computer for the computation of potential distribution using the Kelvin transformation was

8 minutes 38 seconds.

Figure 3.9 shows the comparison of the potential distributions computed using both

the approximations and it is seen that the results are in agreement but the computation time

is much less using the Kelvin transformation than that for an artificial boundary. The

computation time is more important when the effects of a very thin semi-conducting glaze

coating on the insulator for the potential and electric field distributions are studied. In some

of these cases, the computation time is more than 100 hours using a Kelvin transformation.
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100000
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60000

20000
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GND

Figure 3.9: Comparison of the potential distributions along an ice-covered insulator in presence of an
air gap and a water film on the surface, computed using an artificial boundary and an open boundary
simulated by the Kelvin transformation.

The next chapter presents the proposed method for the computation of the electric

field strengths at the four critical points in the radially outward direction from the axis of

ice-free and ice-covered semi-conducting glazed insulators using the Finite Element

Method under the lightning impulse and switching impulse voltages, and flashover

performances of the insulators based on the electric field distributions.



CHAPTER 4

FLASHOVER PERFORMANCE OF AN
INSULATOR BASED ON THE ELECTRIC FIELD
DISTRIBUTION FOR TRANSIENT VOLTAGES

4.1 Overview

The ice accretion on the surface of an insulator is asymmetric, but insulators, in

general, are axi-symmetric. Therefore, the field distribution around the insulator is really

three-dimensional. The development of an ice-covered insulator flashover model, which

can take into account the real experimental conditions, is little bit difficult, due to the

complexity of the involved phenomena. Such complexity is the result of the non-uniformity

of the ice deposits, the surrounding air temperature, the freezing water conductivity, the

type of ice formed, the icing process, partial arcs, and the presence of space charge during

the dry ice accretion. In order to develop such a model, many assumptions have been made,

including the absence of space charge and partial arcs. In the semi-conducting glazed

insulator, space charge does not have a major effect on the flashover voltage because of a

flow of the continuous leakage current in the glaze, hence in this work the effects of space

charge are neglected.

53
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4.2 Ice Geometries

Computations are carried out for the two ice geometries described below:

4.2.1 The First Ice Geometry

In this case, there are two air-gaps formed along the insulator. The first air-gap

appears near the HV electrode and the second near the grounded electrode. Figure 4.1 and

Figure 4.2 show the ice geometry close to the HV electrode and the grounded electrode,

respectively. The thicknesses of ice layer and the water film were 25.0 mm and 3.0 mm,

respectively.



Air gap

Figure 4.1: First ice geometry near the HV electrode.
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Air gap

Figure 4.2: First ice geometry near the grounded electrode.
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4.2.2 The Second Ice Geometry

In this ice geometry, there is only one air-gap formed near the HV electrode. This

was the basis for a second set of simulations. The thicknesses of ice layer and the water

film were 15.0 mm and 2.0 mm, respectively.

Figure 4.3 and Figure 4.4 show the ice geometry close to the HV electrode and the

grounded electrode, respectively.

Air gap

Figure 4.3: Second ice geometry near the HV electrode.
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Figure 4.4: Second ice geometry near the grounded electrode.
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4.3 Simulation Parameters

Table 4.1 and Table 4.2 show the simulation parameters for the first and second ice

geometries, respectively.

Table 4.1: Simulation parameters for the first ice geometry

Relative
Permittivity

(fir)
Conductivity

(S/m)

Thickness
(mm)

6.0

0

Semi-
cdndvetnig

16

0-2.20
(variable)

0.5-5.0
(variable)

Ice-
fayer

75.0 for 60 Hz
(variable)

0

25.0

Water
Mill

81.0
(variable)

0.030

3.0

Table 4.2: Simulation parameters for the second ice geometry

Relative
Permittivity

(Sr)
Conductivity

(S/m)

Thickness
(mm)

Porcelain

6.0

0

Semi-
conducting

Glan

16

2.20x10"; -
0.022

(variable)
0.5

Ice-
layer

75.0 for 60 Hz
(variable)

0

15.0

Water
film

81.0
(variable)

0.015

2.0
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4.4 Computation of the Transient Electric Field Strengths

Electric field strengths as a function of time under the transient conditions were

computed at the four critical points near the HV electrode in the radially outward direction

from the axis of the insulator. These points were considered because the electric field

strength was very high near the HV electrode. Figure 4.5 shows a critical point. The

coordinates of the four critical points are (0.15, 1.35), (0.16, 1.35), (0.17, 1.35), and (0.20,

1.35) meters, respectively.

There are two types of the transient voltages studied in this work,

1. The lightning impulse voltage,

2. The switching impulse voltage.
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0.15 m

A critical point

1.35 m

Figure 4.5: A critical point for the computation of the electric field strengths under the transient
voltages.
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Figure 4.6 shows the standard lightning impulse waveform (1.2/50 us) applied on the

HV electrode for the computation of the transient electric field strengths.

120000

0 1E-05 2E-05 3E-05 4E-05 5E-05 6E-05

Time (Seconds)

Figure 4.6: The lightning impulse waveform applied on the HV electrode.
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The standard switching impulse waveform (250/2500 us) is shown in Figure 4.7.

120000

100000 -

4» 80000 -

U)
(0

60000

40000

20000 -

0.000 0.001 0.002 0.003 0.004 0.005 0.006

Time (Seconds)

Figure 4.7: The switching impulse waveform applied on the HV electrode.
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4.4.1 Using the First Ice Geometry

A semi-conducting glaze of thickness 0.5 mm and of conductivity 0.022 S/m is

considered for the first ice-geometry.

Figure 4.8 and Figure 4.9 show the electric field strengths at the first critical point

(0.15, 1.35) for a clean i.e. ice-free and a wet ice-covered insulator under a lightning and a

switching impulse voltage, respectively.

1.200E+06

1.000E+06

"jT 8.000E+05 -

ûl

2 6.000E+05

|
in 4.000E+05

2.000E+05

0.000E+00

Ice-covered insulator (in
presence of a water film and
two air-gaps)

0 0.01 0.02 0.03 0.04 0.05 0.06
Time instants (ms)

Figure 4.8: Electric field strengths at the first critical point for a clean and a wet ice-covered insulator
for a lightning impulse voltage.
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1.400E+06

1.200E+06

2.000E+05

O.OOOE+00

0.5

Clean insulator

Ice-covered insulator (in presence
of a water film and two air-gaps)

1 1.5 2

Time instants (ms)

2.5

Figure 4.9: Electric field strengths at the first critical point for a clean and a wet ice-covered insulator
for a switching impulse voltage.
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Figure 4.10 shows the comparison of the electric field strengths at the first critical

point (0.15, 1.35) of a clean semi-conducting glazed insulator. It is observed that the

electric field strength is higher for a lightning impulse voltage than that for a switching

impulse voltage.

2.500E+05

2.000E+05

1.500E+05
UJ_

0)

5 1.000E+05

UJ

5.000E+04

0.000E+00

�Lightning impulse

'Switching impulse

0 0.05 0.1 0.15 0.2 0.25 0.3
Time instants (ms)

0.35

Figure 4.10: Electric field strengths at the first critical point near the HV electrode of a clean semi-
conducting glazed insulator for the lightning and switching impulse voltages.
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Figure 4.11 shows the comparison of the maximum electric field strengths at the three

critical points in the radially outward direction near the HV electrode of a clean semi-

conducting glazed insulator for the lightning and switching impulse voltages. It is observed

that the maximum electric field strength is higher for a lightning impulse voltage than that

for a switching impulse voltage.

220

160

Lightning impulse
Switching impulse

0.15 0.16 0.17

Radial distance (m)

Figure 4.11: Maximum electric field strengths for the lightning and switching impulse voltages near the
HV electrode of a clean semi-conducting glazed insulator.
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Figure 4.12 shows the comparison of the electric field strengths at the first critical

point (0.15, 1.35) of a wet ice-covered semi-conducting glazed insulator. It is observed that

the electric field strength is higher for a switching impulse voltage than that for a lightning

impulse voltage.

1.400E+06

0.000E+00

Lightning impulse

Switching impulse

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time instants (ms)

Figure 4.12: Electric field strengths for the lightning and switching impulse voltages at the first critical
point near the HV electrode of a wet ice-covered semi-conducting glazed insulator in the presence of a
water film and two air-gaps.



69

Figure 4.13 shows the comparison of the maximum electric field strengths at the three

critical points in the radially outward direction near the HV electrode of a wet ice-covered

semi-conducting glazed insulator. It is observed that the maximum electric field strength is

higher for a switching impulse than that for a lightning impulse voltage.

1400

1200

1000 -

800 -

* 600 -\
<o

400 -

200

0.15

I Lightning impulse
Switching impulse

0.16 0.17
Radial distance (m)

Figure 4.13: The maximum electric field strengths for the lightning and switching impulse voltages
near the HV electrode of a wet ice-covered semi-conducting glazed insulator in the presence of a water
film and two air-gaps.
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4.4.2 Using the Second Ice Geometry

Computations have been done for the two types of the semi-conducting glaze

(thickness 0.5 mm) with different conductivities.

4.4.2.1 The First Semi-conducting Glaze

The conductivity of the first semi-conducting glaze is 2.20x10"7 S/m.

Figure 4.14 and Figure 4.15 show the electric field strengths at the first critical point

(0.15, 1.35) for a clean and a wet ice-covered insulator under the lightning and switching

impulse voltages, respectively.
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LU 4.00E+05

3.00E+05 -

2.00E+05

1.00E+05

O.OOE+00

Clean insulator

Ice-covered insulator (in
presence of a water film and
an air-gap)

0.01 0.02 0.03 0.04
Time instants (ms)

0.05 0.06

Figure 4.14: Electric field strengths at the first critical point for a clean and a wet ice-covered insulator
for a lightning impulse voltage using the second ice geometry.
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1.20E+06

O.OOE+00

�Clean insulator

-Ice-covered insulator (in presence
of a water film and an air-gap)

0.00 0.50 1.00 1.50 2.00

Time instants (ms)

2.50 3.00

Figure 4.15: Electric field strengths at the first critical point for a clean and a wet ice-covered insulator
for a switching impulse voltage using the second ice geometry.
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Figure 4.16 shows the comparison of the electric field strengths for the lightning and

the switching impulse voltages at the first critical point (0.15, 1.35) near the HV electrode

of a clean semi-conducting glazed (conductivity 2.20x10~7 S/m) insulator.

1.50E+05

1.40E+05

1.30E+05

1.20E+05

1.10E+05

1.00E+05

5 9.00E+04

or
� 8.00E+04
4)
^ 7.00E+04

S 6.00E+04
UJ

5.00E+04

4.00E+04

3.00E+04

2.00E+04

1.00E+04 -

0.00E+00

0.00

Lightning impulse

Switching impulse

0.05 0.10 0.15 0.20
Time instants (ms)

0.25 0.30 0.35

Figure 4.16: Electric field strengths at the first critical point near the HV electrode of a clean semi-
conducting glazed insulator for the lightning and switching impulse voltages.
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Figure 4.17 shows the comparison of the maximum electric field strengths at the two

critical points near the HV electrode in the radially outward direction from the axis of a

clean semi-conducting glazed (conductivity 2.20x10"7 S/m) insulator. It is observed that the

electric field strength is higher for a lightning impulse than that for a switching impulse

voltage.

Lightning impulse

Switching impulse

0.15 0.2

Radial distance (m)

Figure 4.17: The maximum electric field strengths for the lightning and switching impulse voltages
near the HV electrode of a clean semi-conducting glazed insulator.
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Figure 4.18 shows the comparison of the electric field strengths at the first critical

point (0.15, 1.35) of a wet ice-covered semi-conducting glazed insulator.

UJ

O.OOE+00

0.00 0.10 0.20 0.30 0.40 0.50
Time instants (ms)

0.60 0.70 0.80

Figure 4.18: Electric field strengths for the lightning and switching impulse voltages at the first critical
point near the HV electrode of a wet ice-covered semi-conducting glazed insulator in the presence of a
water film and an air-gap.
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Figure 4.19 shows the comparison of the maximum electric field strengths at the two

critical points of a wet ice-covered semi-conducting glazed insulator. It is observed that the

maximum electric field strength for a switching impulse is higher than that for a lightning

impulse voltage.
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Figure 4.19: The maximum electric field strengths for the lightning and switching impulse voltages
near the HV electrode of a wet ice-covered semi-conducting glazed insulator in the presence of a water
film and an air-gap.
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4.4.2.2 The Second Semi-conducting Glaze

The conductivity of the second semi-conducting glaze is 0.022 Siemens/m.

Figure 4.20 and Figure 4.21 show the transient electric field strengths at the first

critical point (0.15, 1.35) excited by the lightning and switching impulse voltages,

respectively, for a clean and a wet ice-covered insulator.

1.000E+06

9.000E+05 -

8.000E+05 -

7.000E+05

UJ

1.000E+05

0.000E+00

Ice-covered insulator (in
presence of a water film and
an air-gap)

0.01 0.02 0.03 0.04
Time instants (ms)

0.05 0.06

Figure 4.20: Electric field strengths at the first critical point for a clean and a wet ice-covered insulator
for a lightning impulse voltage using the second ice geometry.
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Figure 4.21: Electric field strengths at the first critical point for a clean and a wet ice-covered insulator
for a switching impulse voltage using the second ice geometry.
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Figure 4.22 (this is the same as Figure 4.11 with additional data but just repeated for

convenience) shows the comparison of the maximum electric field strengths at the four

critical points of a clean semi-conducting glazed (conductivity 0.022 S/m) insulator.
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Figure 4.22: The maximum electric field strengths for the lightning and switching impulse voltages
near the HV electrode of a clean semi-conducting glazed insulator.
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Figure 4.23 shows the comparison of the electric field strengths at the first critical

point (0.15, 1.35) of a wet ice-covered semi-conducting glazed insulator.
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Figure 4.23: Electric field strengths for the lightning and switching impulse voltages at the first critical
point near the HV electrode of an ice-covered semi-conducting glazed insulator in the presence of a
water film and an air-gap.
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Figure 4.24 shows the comparison of the maximum electric field strengths at the four

critical points near the HV electrode of a wet ice-covered semi-conducting glazed insulator.

It is observed that the maximum electric field strength is higher for a switching impulse

than it is for a lightning impulse voltage.
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Figure 4.24: The maximum electric field strengths for the lightning and switching impulse voltages
near the HV electrode of an ice-covered semi-conducting glazed (conductivity 0.022 S/m) insulator in
the presence of a water film and an air-gap.
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4.5 Effects of a Change in the Ice Permittivity for the Impulse
Voltages

Figure 4.25 shows the comparison of the electric field strengths for a lightning

impulse voltage at the first critical point (0.15, 1.35) of a wet ice-covered semi-conducting

glazed (thickness 0.5 mm, conductivity 0.022 S/m) insulator using the second ice geometry

taking the ice permittivity to be 75 and 5.
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Figure 4.25: Comparison of the electric field strengths for a lightning impulse voltage at the first
critical point of an ice-covered semi-conducting glazed insulator in the presence of a water film and an
air-gap taking the ice permittivity to be 75 and 5.
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Figure 4.26 shows the comparison of the electric field strengths excited by a

switching impulse voltage at the first critical point of a wet ice-covered semi-conducting

glazed (thickness 0.5 mm, conductivity 0.022 S/m) insulator using the second ice geometry

taking the ice permittivity to be 75 and 40.
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Figure 4.26: Comparison of the electric field strengths for a switching impulse voltage at the first
critical point of an ice-covered semi-conducting glazed insulator in the presence of a water film and an
air-gap taking the ice permittivity to be 75 and 40.
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4.6 Results and Discussion

For the wet ice-covered insulator, it is observed from the Figure 4.12, Figure 4.13,

Figure 4.18, Figure 4.19, Figure 4.23, and the Figure 4.24 that the electric field strength is

higher for a switching impulse voltage than that for a lightning impulse voltage. Based on

the simulation results, it is concluded that a switching impulse is the limiting factor in the

design of a semi-conducting glazed insulator under icing conditions. It is also seen from the

Figure 4.20 and the Figure 4.21 that the time instants at the maximum electric field

strengths for the lightning impulse and the switching impulse voltages are 21.6 jas (peak

voltage 1.2 (J,s) and 550.0 \is (peak voltage 250.0 us), respectively. It is concluded that the

electric field strength becomes maximum after the peak voltage for the wet ice-covered

semi-conducting glazed insulator under a lightning impulse and a switching impulse

voltage. This is because of a change in the equivalent impedance of the system due to high

value of conduction current in the water film under icing conditions.

For the clean insulator, it can be seen from the Figure 4.10, Figure 4.11, Figure 4.16,

Figure 4.17 and the Figure 4.22 that the electric field strength is higher for a lightning

impulse voltage than that for a switching impulse voltage. Based on the simulation results,

it is concluded that a lightning impulse is the limiting factor in the design of a clean semi-

conducting glazed insulator. It is also observed from the Figure 4.20 and the Figure 4.21

that the time instants at the maximum electric field strengths for the lightning impulse and

the switching impulse voltages are 2.0 |as (peak voltage 1.2 jxs) and 200.0 us (peak voltage

250.0 |is), respectively. It is concluded that the electric field strength becomes maximum

after the peak voltage under a lightning impulse voltage, and before the peak voltage under
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a switching impulse voltage, for the clean semi-conducting glazed insulator. This is due to

the fact that a continuous leakage current flows in the semi-conducting glaze of the

insulator that has a major effect on the equivalent impedance of the system under ice-free

conditions.

It is also observed from the Figure 4.22 and Figure 4.24 that the wet ice, accumulated

on the insulator, has a little effect on the electric field distribution around the insulator for a

lightning impulse voltage, but it has a major effect on the electric field distribution for a

switching impulse voltage. This is because of the rise time of a lightning impulse is much

lower than that of a switching impulse voltage.

The next chapter deals in detail the flashover tests done in a climate chamber for the

ice-free as well as ice-covered semi-conducting glazed insulators under the lightning and

switching impulse voltages to validate the proposed model.



CHAPTER 5

EXPERIMENTAL VALIDATION

5.1 Overview

To verify the simulation results, flashover tests were done in a climate room of

dimensions 6.2x5.7x3.8 meter on a semi-conducting glazed insulator covered with a glaze

ice of thickness 1.5 cm in the presence of a water film and an air gap. The conductivity of

the water used to form the glaze ice was taken as 80 uS/cm. The dripping water

conductivity was measured after the flashover test and it was found to be 300 uS/cm. The

increase resulted from the salt (NaCl) that was deposited on the surface during the ice

accumulation process while the service voltage was applied. The length of the tested

insulator was taken as 80 cm. Flashover tests were performed for the positive and negative

lightning impulse and switching impulse voltages.
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5.2 Experimental Set-up

Figure 5.1 shows the experimental setup used during the ice deposit process.

Figure 5.2 shows the experimental setup used during the flashover performance test.

Impulse voltages were generated using a Marx generator and shaped to a standard lightning

impulse voltage (1.2/50 uS) and a switching impulse voltage (250/2500 [iS) using external

resistors. The test sample was kept in the climate room. The voltage was applied through a

bushing.
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Figure 5.1: The ice deposit process.
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Figure 5.2: The flashover performance test.
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5.3 Ice Deposit Method

Natural conditions were simulated as closely as possible by depositing artificial ice

on the energized insulators in the climate room. The testing conditions were also adjusted

to enable the growth of wet ice on the same insulators. This type of ice is associated with

the highest probability of flashover [27]. hi the climate room, parameters such as air

temperature and wind velocity, as well as both the vertical and horizontal components of

precipitation intensities, were controlled and kept constant following the instructions

provided in [24].

The service voltage was applied to the test insulator during the whole icing period.

This is necessary for a more realistic simulation of the natural icing of insulator equipment

in the field [24]. hi fact, the electric field affects ice accretion during its formation [23],

particularly the progression of icicles and, consequently, the formation of the air gaps i.e.

ice-free areas. The location, number, and length of these air gaps are major factors in the

electric field distortion [52, 53], and consequently, the flashover voltage level.

Table 5.1 shows the test conditions used for the experiments.

Table 5.1: The experimental test conditions

Chamber dimensions
Accumulation voltage
Test voltages

Accumulation temperature
Ice thickness
Type of ice
Conductivity

6.2x5.7x3.8 m
64 kV, 60 Hz, AC
Lightning and Switching Impulse, up-and-
down method (Vso%)
-12°C
15 mm
Glaze
80 uS/cm at 20°C
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5.4 Ice Test Preparation Prior to Flashover

A preparation period is needed between the end of the ice accretions at subzero air

temperature and the moment when the test voltage is applied for the flashover voltage

evaluation. The procedure may be adjusted according to two approaches, that is,

performing the test under the "icing regime" or under the "melting regime" [24].

In this work, testing was done under the "icing regime." The test insulator was

exposed to conditions as close as possible to those in the field (e.g. freezing rain

conditions).

Testing under the "icing regime" corresponds to the case where the flashover

performance test is carried out shortly after the ice accretion is completed and a water film

is still present on the ice surface [23]. In such a case, the preparation period is short,

typically about 2 to 3 minutes. This gives enough time for taking pictures, adjusting the test

setup and installing/removing the collector receiving dripping water from the test insulator.

Immediately after this period, the flashover test voltage is applied.
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5.5 Ice Test Flashover Performance Evaluation

High leakage currents from an appropriate power supply, including both partial and

flashover arcs, generally change the length and shape of air gaps i.e. ice-free areas formed

along the ice-covered insulator, modify the ice surface conductivity, and will sometimes

totally shed the ice deposit. These changes will affect the flashover voltages of the test

insulators [24]. Therefore, the flashover test under one condition was achieved for any ice

accretion sequence.
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5.6 Experimental Results

The flashover voltages and time instants of breakdowns under various conditions are shown

in Table 5.2, Table 5.3, Table 5.4 and Table 5.5.

Table 5.2: The flashover voltage under the lightning impulse voltage for the clean i.e. ice-free semi-
conducting glazed insulator

Test
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Peak voltage
(kV)
350.0
360.0
370.0
380.0
390.0
400.0
410.0
420.0
430.0
440.0
450.0
460.0
450.0
440.0
450.0
440.0
450.0
440.0
450.0
440.0
450.0
440.0
450.0
440.0
450.0
450.0
450.0
450.0
450.0
450.0
450.0
450.0
450.0
450.0

Time instant at
breakdown (jis)

12.21
32.74

14.59

23.08

17.63

19.99

20.44

22.08

16.56
13.95
19.20

34.35

15.12

State
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Breakdown
Breakdown
Withstand
Breakdown
Withstand
Breakdown
Withstand
Breakdown
Withstand
Breakdown
Withstand
Breakdown
Withstand
Breakdown
Withstand
Breakdown
Breakdown
Breakdown
Withstand
Breakdown
Withstand
Withstand
Breakdown
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Table 5.3: The flashover voltage under the switching impulse voltage for the clean semi-conducting
glazed insulator

Test
no.

l

2

3

4

5

6

7

8

9

10
11

12

13
14

15

16
17

18

19

20

21

22

23

24

25

26

27

28
29

Peak voltage
(kV)

480.0
490.0

500.0
510.0
520.0
530.0
540.0
550.0
540.0
530.0
540.0
550.0
540. 0
530.0
520.0
510.0
520.0
530.0
520.0
510.0
520.0
510.0
520.0
530.0
520.0
510.0
500.0
510.0
520.0

Time instant at
breakdown (us)

285.1
149.8

172.8
210.4
101.0
117.4

155.3
150.8

136.4

189.3
147.1
191.4

State
Withstand
Withstand

Withstand
Withstand
Withstand
Withstand
Withstand
Breakdown
Breakdown
Withstand
Withstand
Breakdown
Breakdown
Breakdown
Breakdown
Withstand
Withstand
Breakdown
Breakdown
Withstand
Breakdown
Withstand
Withstand
Breakdown
Breakdown
Breakdown
Withstand
Withstand
Withstand
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Table 5.4: The flashover voltage under the lightning impulse voltage for the ice-covered semi-
conducting glazed insulator

Test
no.

l
2

3
4
5
6
7
8
9

10
11
12
13
14
15
15
17
18
19
20
21
22

Peak voltage
(kV)

300.0
300.0

310.0
320.0
330.0
340.0
350.0
360.0
370.0
380.0
390.0
400.0
410.0
420.0
430.0
420.0
430.0
440.0
450.0
440.0
450.0
460.0

Time instant at
breakdown (fis)

27.7

19.5

17.9

State
Withstand
Withstand

Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Withstand
Breakdown
Withstand
Withstand
Withstand
Breakdown
Withstand
Withstand
Breakdown
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Table 5.5: The flashover voltage under the switching impulse voltage for the ice-covered semi-
conducting glazed insulator

Test no.
l

2

3
4

5

6

7

8
9

10
11

12

13
14

15
16

17

18

19

20
21

22

Peak voltage
(kV)

350.0
360.0

350.0
360.0
370.0
360.0
350.0
360.0
350.0
360.0
370.0
360.0
370.0
380.0
370.0
360.0
350.0
360.0
350.0
340.0
330.0
340.0

Time instant at
breakdown (us)

767.1

261.2
1035.0

521.8

414.9

375.1
292 .5
402.1

420.1
382.1
358.9

State
Withstand
Breakdown

Withstand
Withstand
Breakdown
Breakdown
Withstand
Breakdown
Withstand
Withstand
Breakdown
Withstand
Withstand
Breakdown
Breakdown
Breakdown
Withstand
Breakdown
Breakdown
Breakdown
Withstand
Withstand
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5.7 Determination of the 50% Flashover Voltage

The 50% flashover voltage for the semi-conducting glazed insulator is calculated

according to the following equation [54],

v £
Where,

Vt is an applied voltage level,

ni is the number of individual tests carried out at the same applied voltage level F},

N is the total number of "valid" tests.

The 50% flashover voltage for the studied semi-conducting glazed insulator is

calculated in the following conditions:

1. The clean insulator,

2. The ice-covered insulator.
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5.7.1 The Clean Insulator

5.7.1.1 The Lightning Impulse Voltage

The data in Table 5.2 are used to compute the 50% flashover voltage.

V50% = (460 x 1 + 450 x 16 + 440 x 6)/23 = 447.8 kV.

5.7.1.2 The Switching Impulse Voltage

The data from

Table 5.3,

V5QO/o = (550 x 2 + 540 x 3 + 530 x 4 + 520 x 7 + 510 x 5 + 500 x l)/22 = 524.1 kV.

5.7.2 The Ice-covered Insulator

5.7.2.1 The Lightning Impulse Voltage

The data from Table 5.4,

V50% = (430 x 2 + 420 x 1 + 440 x 2 + 450 x 2 + 460 x l)/8 = 440.0 kV.

5.7.2.2 The Switching Impulse Voltage

The data from Table 5.5,

V5QO/o = (330 x 1 + 340 x 2 + 360 x 8 + 350 x 5 + 370 x 4 + 380 x 1)/21 = 357.1 kV.
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5.8 Results and Discussion

Figure 5.3 shows the 50% impulse flashover voltages under the icing and clean

conditions for the test conditions mentioned in the previous sections. It is observed that the

switching impulse is the limiting factor in the design of the semi-conducting glazed

insulator under icing conditions. This is contrary to clean conditions where the lightning

impulse is the limiting factor.

It can be seen, from the Table 5.2, Table 5.3, Table 5.4, and the Table 5.5, that the

flashover occurs after the peak voltage for the clean as well as the wet ice-covered semi-

conducting glazed insulator under the lightning impulse voltage, and before the peak

voltage for the clean semi-conducting glazed insulator and after the peak voltage for the

wet ice-covered semi-conducting glazed insulator under the switching impulse voltage.

It is also seen from the Figure 5.3 that the wet ice, accumulated on the insulator, has a

very little effect on the flashover voltage of the semi-conducting glazed insulator under the

lightning impulse voltage, but it significantly reduces the flashover voltage under the

switching impulse voltage. All the trends in data are in agreement with the simulation

results.
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Figure 5.3: The impulse flashover performance of a semi-conducting glazed standard post insulator
(experimental results).

The next chapter discusses the proposed method for the computation of potential

distributions along the tip of sheds of ice-free and ice-covered insulators under the

sinusoidal voltages equivalent to lightning and switching impulses using the Finite Element

Method, and flashover performances of the insulators based on the potential distributions.



CHAPTER 6

FLASHOVER PERFORMANCE OF AN
INSULATOR BASED ON THE ELECTRIC FIELD

DISTRIBUTION WHEN SINUSOIDAL
VOLTAGES ARE APPLIED

6.1 Overview

In this chapter, computations have been done for the sinusoidal voltages equivalent to

the lightning and switching impulse voltages as those are faster computationally and avoid

long transient solutions but results are almost as useful. Flashover performance can be

studied by computing the electric field strengths around the insulator. When the electric

field strength, at any point, exceeds the corona onset field, discharges occur at that point

and may lead to flashover. Computation of the electric field strength, can involve a large

error, because of the numerical differentiation of the potential at any point. Hence potential

distributions along the insulators have been computed in this chapter. By visible inspection

of the potential distributions, flashover performance has been studied.

6.2 Computation of Potential Distributions for Power Frequency
and Impulse Voltages

The potential distributions have been computed along the Station Post insulator

surface starting from the HV electrode down to the grounded electrode for uniform ice

101
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accretions from the point of view of the surface flashover. Maxwell's equations are solved

with the usual boundary conditions (Dirichlet, Neuman or mixed) on the dielectric

interfaces. Computations have been carried out for power frequency as well as for

switching impulse (SI) and lightning impulse (LI) voltages in the whole domain for clean

(ice-free) normal glazed and the semi-conducting glazed insulators, as well as for insulators

covered with dry and wet ice (uniformly distributed) in the presence of air-gaps.

6.2.1 The Wet Ice-covered Insulator

6.2.1.1 The Power Frequency Voltage

Figure 6.1 shows the potential distributions along the insulator for a power frequency

(60 Hz) voltage with a peak of 100 kV using the first ice geometry. It is observed from the

figure that the conductivity of the semi-conducting glaze does not have a major effect on

the potential distribution for this excitation. This is due to the fact that the displacement

current is negligible in the ice layer for a low frequency voltage and there is a saturation in

the conduction current in the semi-conducting glaze and water film when the conductivity

exceeds a certain value. The potential distribution is almost same for both conductivities,

i.e. 0.022 and 2.2 Siemens/metre and there is no further improvement if the conductivity of

the semi-conducting glaze of thickness 0.5 mm exceeds 0.022 Siemens/m. Further

improvement can only be obtained by increasing the thickness of the semi-conducting glaze

to 5.0 mm with a conductivity of 0.022 Siemens/m.
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Figure 6.1: Potential distributions along the ice-covered insulators for the power frequency (60 Hz)
voltage.
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6.2.1.2 The Impulse Voltages

Next the sinusoidal voltages equivalent (same rise time) to impulse voltages are

considered [51].

For the switching impulse,

tr = 250 jus,

Feq =\/ntr=\3KHz. (6.1)

For the lightning impulse,

=\lntr =320KHz. (6.2)
r

Where,

tr is the rise time of the impulse,

Feq is the equivalent frequency of the impulse.

Figure 6.2 shows voltage contours around the normal glazed standard insulator

covered with glaze ice, in the presence of air-gaps, for a 320 KHz sinusoidal voltage

equivalent to a lightning impulse voltage using the first ice geometry. It is observed that

most of the voltage drops occur across the air gap and thus the possibility of electric

discharges near the HV electrode resulting in flashover is a maximum in this situation. This

is in agreement with previous results using the Boundary Element Method [45].
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Figure 6.2: Voltage contours around the normal glazed standard insulator covered with a wet glaze ice
in presence of air gaps for an equivalent lightning impulse voltage.
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The normal glazed insulator is coated with a glaze with zero conductivity and two

types of the semi-conducting glazed insulator have been considered for this excitation. In

the first type, the thickness of the semi-conducting glaze is 0.5 mm. In the second, the

thickness of the semi-conducting glaze is 5.0 mm. The conductivity of the semi-conducting

glaze varies from 0.022 Siemens/m to 2.2 Siemens/m. Figure 6.3 shows the comparison of

the potential distributions at the tip of the sheds for an equivalent lightning impulse voltage

using the first ice geometry. It is seen that a semi-conducting glaze coating of thickness 0.5

mm and a conductivity of 2.2 Siemens/m makes the potential distribution linear. A linear

potential distribution can also be obtained by increasing the thickness of the semi-

conducting glaze to 5.0 mm with a conductivity of 0.022 Siemens/m only.
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Figure 6.3: Comparison of the potential distributions along the normal glazed and the semi-conducting
glazed insulators using the first ice geometry for a 320 KHz sinusoidal voltage equivalent to a lightning
impulse voltage.
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The results for a 1.3 KHz sinusoidal voltage (equivalent to a switching impulse

voltage), for the above configuration are shown in Figure 6.4. It is seen that a thin semi-

conducting glaze coating makes the potential distribution less linear for an equivalent

switching impulse compared to an equivalent lightning impulse voltage because of a high

value of the displacement current in the ice layer for a high frequency voltage. It is also

seen that the conductivity of the semi-conducting glaze of thickness 0.5 mm has no further

effects if its value exceeds 2.2 Siemens/m. Further improvement can only be obtained by

increasing the thickness of the semi-conducting glaze to 5.0 mm with a conductivity 0.022

Siemens/m and it has no further effects if its value exceeds 0.022 Siemens/m.
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Figure 6.4: Comparison of the potential distributions along the normal glazed and the semi-conducting
glazed insulators using the first ice geometry for a 1.3 KHz sinusoidal voltage equivalent to a switching
impulse voltage.



110

The potential distributions along a semi-conducting glazed insulator under an

equivalent switching impulse voltage using the first ice geometry, for ice relative

permittivities of 40 and 75 (cf. equation 2.3), with the semi-conducting glaze thickness set

to 0.5 mm and the conductivity at 2.20 S/m are shown in Figure 6.5. It can be seen from the

figure that the permittivity of the ice does not have a major effect on the potential

distribution for a switching impulse voltage.
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Figure 6.5: Effects of the ice permittivity for a 1.3 KHz sinusoidal voltage equivalent to a switching
impulse voltage with the semi-conducting glaze of thickness 0.5 mm and conductivity 2.20 S/m.
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Figure 6.6 shows the potential distributions along the insulator for a power frequency

voltage, and the sinusoidal voltages equivalent to a lightning impulse and a switching

impulse, for the second ice geometry with a semi-conducting glaze conductivity of

2.20x10"5 S/m. It is observed that the potential distribution is more linear for a lightning

impulse than that for a switching impulse voltage because of a high value of the

displacement current in the ice layer for a high frequency voltage.
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Figure 6.6: Comparison of the potential distributions for a switching impulse, a lightning impulse and a
power frequency voltage for the second ice geometry with a semi-conducting glaze conductivity of
2.20X10"5 S/m.
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The results for the second ice geometry with a semi-conducting glaze conductivity of

0.022 and 2.2 S/m are shown in Figure 6.7 and Figure 6.8 respectively.
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Figure 6.7: Comparison of the potential distributions for a switching impulse and a lightning impulse
voltage for the second ice geometry with a semi-conducting glaze conductivity of 0.022 S/m.
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Figure 6.8: Comparison of the potential distributions for a switching impulse and a lightning impulse
voltage for the second ice geometry with a semi-conducting glaze conductivity of 2.2 S/m.
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The potential distributions for an equivalent lightning impulse voltage, for the second

ice geometry with the ice relative permittivities (cf. equation 2.3) set to 5 and 75, with a

semi-conducting glaze conductivity of 0.022 S/m are shown in Figure 6.9. It is seen that the

permittivity of the ice has a very little effect on the results.
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Figure 6.9: Effects of the ice permittivity for a lightning impulse voltage with a semi-conducting glaze
conductivity of 0.022 S/m.
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6.2.2 The Dry Ice-covered Insulator

In this case, there is no water film on the surface of an ice-covered insulator. All the

simulations have been done for the second ice geometry shown in Figure 4.3 and Figure

4.4, without a water film.

The comparisons of the results for power frequency and impulse voltages for the

second ice geometry without a water film for a semi-conducting glaze conductivity of

2.20x10"5 and 0.022 S/m are shown in Figure 6.10 and Figure 6.11 respectively. It is seen

that the potential distribution is more linear for a switching impulse than it is for a lightning

impulse voltage.
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Figure 6.10: Comparison of the potential distributions for the power frequency and the impulse
voltages for the second ice geometry without a water film for a semi-conducting glaze conductivity of
2.20x10 5S/m.
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Figure 6.11: Comparison of the potential distributions for the power frequency and the impulse
voltages for the second ice geometry without a water film for a semi-conducting glaze conductivity of
0.022 S/m.
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6.2.3 The Clean Insulator

The potential distributions along the clean insulator at the tip of the sheds, coated

with a semi-conducting glaze of thickness 0.5 mm and of conductivities 2.20x10"5,

2.20X10"4, 2.20xl0'3, and 2.20xl0"2 S/m are shown in Figure 6.12, Figure 6.13, Figure 6.14,

and Figure 6.15, respectively. It is observed that the potential distribution is more linear for

a switching impulse voltage than it is for a lightning impulse voltage.
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Figure 6.12: Potential distributions along a clean insulator coated with a semi-conducting glaze of
conductivity 2.20xl0*5 S/m for the lightning and switching impulse voltages.
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Figure 6.13: Potential distributions along a clean insulator coated with a semi-conducting glaze of
conductivity 2.20xl0~4 S/m for the lightning and the switching impulse voltages.
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Figure 6.14: Potential distributions along a clean insulator coated with a semi-conducting glaze of
conductivity 0.0022 S/m for the lightning and switching impulse voltages.
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Figure 6.15: Potential distributions along a clean insulator coated with a semi-conducting glaze of
conductivity 0.022 S/m for the lightning and switching impulse voltages.
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6.3 Results and Discussion

For the wet ice-covered insulator, it can be seen from Figure 6.3, Figure 6.4 Figure

6.6, Figure 6.7, and Figure 6.8 that the potential distribution is more linear for an equivalent

lightning impulse than that for an equivalent switching impulse voltage. This is because of

higher value of displacement current in the ice layer for an equivalent lightning impulse

than that for an equivalent switching impulse voltage. It is concluded that the switching

impulse is the limiting factor in the design of the wet ice-covered semi-conducting glazed

insulator.

For the dry ice-covered insulator, it is observed from the Figure 6.10 and Figure 6.11

that the potential distribution is more linear for a switching impulse than it is for a lightning

impulse voltage. It is concluded that the lightning impulse is the limiting factor in the

design of the dry ice-covered semi-conducting glazed insulator.

For the clean insulator, it can be seen from the Figure 6.12, Figure 6.13, Figure 6.14,

and Figure 6.15 that the potential distribution is more linear for a switching impulse than

that for a lightning impulse voltage. It is concluded that the lightning impulse is the limiting

factor in the design of the clean semi-conducting glazed insulator.

It is seen from the Figure 6.3, Figure 6.6, Figure 6.7, Figure 6.8, Figure 6.12, Figure

6.13, Figure 6.14, and the Figure 6.15 that the potential distributions for a lightning impulse

voltage both along the wet ice-covered semi-conducting glazed insulator and along the
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clean semi-conducting glazed insulator, are almost linear. It is concluded that wet ice

accumulated on the insulator has very little effect on the potential distribution along the

insulator for a lightning impulse voltage. It can also be observed from the Figure 6.4,

Figure 6.6, Figure 6.7, Figure 6.8, Figure 6.12, Figure 6.13, Figure 6.14, and the Figure

6.15 that while the potential distribution for a switching impulse voltage is not linear along

the insulator when it is covered with wet ice, it is linear when the insulator is clean. It is

concluded that the wet ice accumulated on the insulator has a major effect on the potential

distribution for a switching impulse voltage. This is because of the conduction current is

negligible in the ice layer and the displacement current is much higher for an equivalent

lightning impulse than that for an equivalent switching impulse voltage.

The next chapter gives the important conclusions arising out of this study and topics

for future research in the area of electric field computations under transient voltages around

the insulators.
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CHAPTER 7

CONCLUSION

The effects of the semi-conducting glaze coating on the potential and electric field

distributions along a standard HV post insulator for power frequency, lightning impulse and

switching impulse voltages under icing conditions, have been studied using the finite

element method. A thin semi-conducting glaze requires a large number of elements for

FEM analysis in the open boundary problems. To reduce the number of elements and hence

the computation time, the open region around the insulator is simulated by a form of Kelvin

transformation.

The conclusions from the core of the thesis presented, are divided in three parts as

follows:

1. Simulation of an open boundary around an insulator for the field computations,

2. Flashover performance of an insulator based on the electric field distribution for

transient voltages,

3. Flashover performance of an insulator based on the electric field distribution for

sinusoidal voltages.
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7.1 Simulation of an Open Boundary around an Insulator for
the Field Computations

There is a great savings in the computation time by using a form of Kelvin

transformation for the semi-conducting glazed insulator where the computation time in

some cases is more than 100 hours using a form of Kelvin transformation. Results from

both the methods are compared, and they are found to be in agreement, cf. Figure 3.9.

7.2 Flashover Performance of an Insulator based on the Electric
Field Distribution for Transient Voltages

1. For the wet ice-covered insulator, it is found that the electric field strength at the

mentioned critical point is higher for a switching impulse voltage than that for a

lightning impulse voltage. It is concluded that a switching impulse is the limiting

factor in the design of a wet ice-covered semi-conducting glazed insulator.

2. For the clean insulator, it is found that the electric field strength at the mentioned

critical point is higher for a lightning impulse voltage than that for a switching

impulse voltage. It is concluded that a lightning impulse is the limiting factor in

the design of a clean semi-conducting glazed insulator.

3. It is also found that the wet ice, accumulated on the insulator, has very little effect

on the electric field distribution around the insulator for a lightning impulse
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voltage, but the wet ice has a major effect on the electric field distribution for a

switching impulse voltage.

4. From the simulation results, confirmed by the experimental results, it is found that

the flashover occurs after the peak voltage for the clean as well as the ice-covered

semi-conducting glazed insulator under the lightning impulse voltage.

5. From the simulation results, confirmed by the experimental results, it is found that

the flashover occurs before the peak voltage for the clean semi-conducting glazed

insulator, and the flashover occurs after the peak voltage for the ice-covered semi-

conducting glazed insulator under the switching impulse voltage.
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7.3 Flashover Performance of an Insulator based on the Electric
Field Distribution for the Sinusoidal Voltages

1. All the simulation results (trends in data) of sinusoidal voltages are in agreement

with the equivalent transient solutions (trends in data) and experimental results

(trends in data) and hence it is concluded that the equivalent sinusoidal simulation

for impulse voltage produces good results and is an effective technique.

2. When the semi-conducting glazed insulator is covered with dry ice (no water

film), a lightning impulse is the limiting factor in the design of the semi-

conducting glazed insulator like the clean insulator because the potential

distribution is more linear along the studied semi-conducting glazed insulator for

a switching impulse voltage. It is due to presence of a water film and an air-gap

that the limiting factor changes from the lightning impulse to the switching

impulse for the ice-covered insulator.

3. Under clean conditions, whether or not the lightning impulse voltage should be

the limiting factor in the design of the semi-conducting glazed insulator depends

upon the conductivity of the semi-conducting glaze coating, as observed by the

simulation results. If the conductivity of the semi-conducting glaze coating

becomes lower than 2.20x10"5 S/m, cf. Figure 6.12, flashover voltages of the

semi-conducting glazed insulator are almost same for both the lightning and the
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switching impulse voltages. This is in agreement with the laboratory experiments

for the normal glazed insulator [44].

4. Under icing conditions, when the insulator is covered with a wet glaze ice in the

presence of the air-gap, it is found that most of the voltage drops occur across the

air-gap. In this case, the semi-conducting glaze coating makes the potential

distributions more linear along the insulator and hence improves the flashover

performance considerably, as confirmed by the laboratory experiments [55].

5. There is no further improvement in potential distribution along the studied

insulator if the conductivity of the semi-conducting glaze of thickness 0.5 mm

exceeds 2.2 Siemens/m for the impulse voltages, cf. Figure 6.4.

6. Further improvement in potential distribution is obtained by increasing the

thickness of the semi-conducting glaze and there is no further improvement in

potential distribution if the conductivity of the semi-conducting glaze of thickness

5.0 mm exceeds 0.022 Siemens/m for the impulse voltages, cf. Figure 6.4.

7. The conductivity of the semi-conducting glaze coating does not have a major

effect on the potential distribution along the insulator and hence does not have a

major effect on the electrical performance of the insulator for the power

frequency voltage.
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8. There is no further improvement in the potential distribution along the studied

insulator if the conductivity of the semi-conducting glaze of thickness 0.5 mm

exceeds 0.022 Siemens/m for the power frequency voltage, cf. Figure 6.1.
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7.4 Scope for the Future Research

The following are the topics, which the author wishes to emphasize for any future

research in the field computations around the ice-covered insulators:

� The impulse waveform could be transformed into a Fourier series, the field

computation could be done for each frequency using the master slave approach in

the parallel processing, where the master computer instructs each slave computer

to perform the field computation for a particular frequency. When the slave

computer finishes the field computation for a particular frequency, it informs the

master computer and then master computer instructs it to perform the field

computation for another frequency until the field computations for all the

frequencies are done. For each frequency, the permittivity of the ice is to be taken

as given by the equation (2.3). The electric field strength around the insulator

under the impulse voltage is the algebraic sum of the electric field strengths under

all the frequencies. Results could be compared with the results presented in this

thesis for the impulse voltages.

� The effects of the space charge and partial arcs on the dry ice-covered normal

glazed insulator have not been discussed in this thesis and this could form a topic

of another research study.
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APPENDIX A

A.I Error Analysis

A. 1.1 Experimental Results

All the experiments were done under the mentioned conditions for both positive and

negative impulse voltages and the results are compared and the trends of data are still

similar hence it is assumed that the experimental error is minimum and acceptable for the

comparison with simulation results.

A. 1.2 Simulation Results

Each case of the insulator was solved with the different mesh and solver options until

the results were converged and then all the parameters (mesh and solver options) were set

up for the comparison in that case.

Consider a wet ice-covered insulator (second ice geometry) coated with a semi-

conducting glaze of thickness 0.5 mm and of conductivity 2.2 S/m under a 320 KHz

sinusoidal voltage.
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Casel

Mesh parameters (maximum element size)

Insulator: 0.03 m

Semi-conducting glaze: 0.0075 m

Solver options

Polynomial order: 2

Conjugate gradient (CG) tolerance: 0.001 %

The potential distribution along the insulator is shown in Figure A. 1.
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Figure A.1: The potential distribution along the insulator.
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Case 2

Next the polynomial order is set to be 3 and all other parameters are same as Case 1.

The results are shown in Figure A.2.
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Case 3

Next the CG tolerance is set to be 0.0001 % and all other parameters are identical to

case 2. The potential distribution is shown in Figure A.3 and it can be seen that the results

are now converged.
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Case 4

Next the maximum element size of the insulator is set to be 0.003 m and all the other

parameters are same as case 1. The results are shown in Figure A.4.
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Figure A.4: The solutions generated with a different mesh.
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Case 5

Now the maximum element size of the semi-conducting glaze is set to be 0.00075 m

and all the other parameters are identical to case 4. The results are shown in Figure A.5.
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Figure A.5: The solutions generated with a very fine mesh and the polynomial order set to be 2.
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Case 6

Next the polynomial order is set to be 3 and all other parameters are same as Case 5.

The results are shown in Figure A.6.
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Case 7

Now the polynomial order is set to be 4 and all other parameters are identical to case

5. The results are shown in Figure A. 7.
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Case 8

Next the CG tolerance is taken as 0.0001% and other parameters are same as Case 6.

The solutions generated are shown in Figure A. 8 and the results are now converged and

similar to case 3.
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It can be seen from the figures that the mesh, polynomial order and CG tolerance

have major effects on the results hence all the solutions in this research have been

generated with a very fine mesh using fourth order polynomial approximations with

adaptations and CG tolerance is taken as lxlO"6 at the expense of a very high computation

time and also convergence of all the results have been verified in all the cases.
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