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1 Preface

1.1 Background

In high-voltage technology one of the most important tasks for designing a high-voltage
device is to optimize electric field distributions in the device and around the surrounding
environment. The reason for this is that high electric field strengths usually lead to some
harmful phenomena, such as partial discharges along the surface of insulation materials,
accelerated material ageing of polymeric materials and even worse, breakdown of the mate-
rial and flashovers. To avoid such pitfalls, the optimization of the electric field distribution
is desirable during the design of a high-voltage device. There are different techniques to
reduce the electric field strength. The traditional field grading approaches, namely capaci-
tive, refractive and geometrical field grading, usually require additional space and material
leading to an over-dimensioned design and increased costs. An alternative approach is the
use of non-linear field grading materials, which have an electric field strength dependent
conductivity and change their electric state from insulating to conductive if the electric
field strength exceeds a certain value. As a result, local high electric field strengths can be
reduced.

This non-linear field grading approach has been used for decades for cable accessories
and end corona protection of motor stator bars. For these applications fillers such as
SiC (silicon carbide), carbon black and blends of different oxides are compounded into
polymeric materials to be a functional polymeric composite. However, the non-linearity
of these traditional field grading materials stems from particle-particle contacts and the
material properties are therefore quite sensitive to the production process parameters and
to a variety of external parameters such as humidity, contamination and pressure. Besides
that, these materials have rather moderate electrical non-linearities and electric loadings
[29]. Hence, the applications of these non-linear field grading materials are quite limited.

Another option to the traditional field grading materials is the use of microvaristor-
based composite materials. Different from the traditional materials, the non-linearity is
an intrinsic property of the interior of the microvaristor particle and the resistance of the
particle-particle contact is low. As a result, microvaristor-filled materials are much more
robust than the traditional field grading materials. As a spin-off product of ZnO (zinc

oxide) ceramic varistor materials, microvaristor material is powder-shaped and has similar
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fundamental properties. Mixed into an insulating or semiconducting material, microvaris-
tor particles can transfer their non-linearity to composite materials, resulting in a high
non-linearity of the final field grading composite material. Compared to the traditional
field grading materials, which have a non-linear coefficient! between 3 to 8, microvaristor-
filled composite materials have a much higher non-linear coefficient, typically varying from
20 to 30 [29]. With a higher non-linear coefficient the field grading effect can be improved
[16]. Despite the fact that the non-linearity is an intrinsic property of the microvaristor
particle, properties of the carrying matrix can also affect the properties of the final com-
posite material consisting of microvaristor powder and the carrying matrix. Other than the
high non-linearity, microvaristor-filled composite materials also have a comparable relative
permittivity to refractive field grading materials.

Because of the above described advantages of microvaristor-filled materials,
microvaristor-filled silicone composites have been successfully applied to cable termina-
tions at medium voltages for several years [122]. However, the study of the application of
microvaristor-filled materials in other high-voltage devices is still required. A grant research
AiF-project [33] was carried out from 2008 to 2010 to research the possibilities of applying
microvaristor-filled materials in high-voltage devices such as outdoor insulators [24][P2],
cable accessories [126] and electrical machines [22][125]. In this thesis, the further applica-
tion of the microvaristor-filled silicone rubber in outdoor insulators and the application of

the microvaristor-filled epoxy resin in gas-insulated bushings is investigated.

1.2 Direction of Research and Objectives

The focus of the present research can mainly be divided into three parts. The first part
is the application of microvaristor-filled silicone rubber to high-voltage outdoor polymeric
insulators. Polymeric materials have been widely used for outdoor insulators since the
1970s. Compared to traditional ceramic insulators, composite polymeric insulators have
many advantages such as light weight, easy transport and installation, low maintenance
costs, hydrophobicity of the material surface and excellent electrical performance, espe-
cially under moderately to heavily polluted conditions. However, polymeric insulators suf-
fer from a problem of material ageing. One of the primary factors causing the material
degradation is high electric field strength. Thus, optimization of electric field distributions
along the insulator surface is desirable for the polymeric insulator design. For this purpose,
the microvaristor-filled silicone rubber, which is expected to reduce the peak of the electric
field strength, is applied to outdoor insulators. In this thesis, the investigation of this appli-

cation is carried out using FEM (Finite Element Method) simulations, which allow fast and

IThe definition of the non-linear coefficient is given in chapter 2.
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cost effective determination of electric field distributions with substantial accuracy. Differ-
ent geometrical configurations for microvaristor materials are explored to get an optimized
field grading effect. Furthermore, the electric field distributions along the surface of the
insulators are calculated under different surface conditions, such as dry surface condition,
a few water droplets on the surface and in the presence of dry bands. Additionally, the
simulation results are also compared to experimental results, which are obtained in the
high-voltage laboratory at the Technische Universitat Darmstadt.

The second part of the thesis is the application of microvaristor-filled epoxy resin in
high-voltage bushings. One common method to reduce the electric field strength in crit-
ical regions is to enlarge the diameter (geometrical field grading). Another method is
the use of a shielding electrode (capacitive field grading). These two approaches lead to
an over-dimensioned design and higher material costs. Compared to that the use of a
microvaristor-filled epoxy resin layer allows for a compact design of bushings. By placing
the microvaristor layer in the appropriate position and choosing a suitable switching point,
the electric field strength in critical regions can be reduced. In this work, this idea is verified
via FEM simulations and experiments in a high-voltage laboratory. FEM simulations are
carried out to determine the suitable switching point and the position of the microvaris-
tor layer. Furthermore, the influences of the length and the thickness of the microvaristor
layer on electric field distributions along the surface of bushings are investigated. The pro-
totypes, which are determined by FEM simulations, are built and tested in a high-voltage
laboratory.

The third part of the research is about optimization algorithms using surrogate models.
Some geometrical and material parameters can be optimized to get a better field grading
effect. However, most of the high-voltage components considering high-voltage conductors
and grounded parts are large-scale and non-rotationally symmetric. Hence, a 3D (three di-
mensional) FEM simulation with a fine mesh and higher order ansatz-functions is required
to accurately calculate electric field distributions. However, a 3D accurate FEM simula-
tion for a large-scale problem is usually quite time consuming. In this case, the number of
3D accurate FEM simulations should be limited, due to time constraints. To do this the
Kriging method using one-then-two stage infill strategies is at first adjusted and tested to
optimize the corona ring for outdoor insulators. However, the number of these simulations
should be further limited with the increasing expense of a 3D simulation. For this purpose,
the Co-Kriging method, which combines information of 3D simulations and cheaper lower
quality simulations, such as reduced coarse 2D (two dimensional) simulations, is adopted
for the optimization of the large-scale high-voltage devices.

In short, the specific objectives of the present research can be outlined as follows:

i) To investigate the potential use of non-linear microvaristor-filled silicone rubber in
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outdoor insulators for controlling high electric field strength under different surface

conditions.

ii) To verify the idea that the use of the microvaristor-filled epoxy resin in gas-insulated

bushings allows for a compact design.

iii) To determine a suitable switching point and the geometrical parameters of the mi-

crovaristor layer.

iv) To choose and adjust suitable optimization algorithms, which allow for a faster, but

still accurate optimization process.

v) To test these algorithms with analytical functions and use them for the corona ring

design problem for outdoor insulators.

1.3 Organisation of this Thesis

This thesis is divided into eight chapters:

e Chapter 1 gives an overview about this thesis, including the motivation, the direc-

tion and the organisation of the thesis.

e Chapter 2 offers a review of the properties of microvaristor materials. The possible
influences of external parameters on the microvaristor-filled composite materials used

for this research are discussed.

e Chapter 3 introduces the information about FEM simulations for high-voltages
featuring non-linear field grading materials, including the electro-quasistatic approx-

imation and the simulation process.

e Chapter 4 presents the investigation of the possible use of the microvaristor-filled
silicone rubber in high-voltage outdoor insulators. The different application possi-

bilities of this material to insulators are compared and discussed.

e Chapter 5 proposes the design of compact bushings using microvaristor-filled epoxy
resin. The investigation using FEM simulations and measurements in a high-voltage

laboratory is presented.

e Chapter 6 proposes the optimization process using an adaptive Kriging method.
Further, the algorithm is tested with analytical functions and the corona ring design

problem for high-voltage insulators.
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e Chapter 7 presents the optimization of the corona ring design problem using the

Co-Kriging method.

e Chapter 8 gives general conclusions based on the findings of this research and

outlines some recommendations for future investigation.

At the end of this thesis is a bibliography divided into three parts: a) the usual references;
b) publications that were written while conducting research for this thesis are marked with
a capital P when cited; ¢) the supervised master thesis during the research work is marked

with a capital T when cited.



2 Properties of Microvaristors

2.1 Introduction

One of the most important properties of varistor (variable resistor) ceramics is its non-
linear electrical characteristic. These materials change their electrical state from insulating
to conductive in regions where the electric field strength exceeds a certain value. This value
is usually called switching point. Additionally, varistors also have a high energy absorption
ability. Functionally, varistors are analogous to two back-to-back Zener diodes, thus they
are usually applied to limit transient over-voltage in both polarities from a few volts in
electronics to 1000 kV in modern high-voltage systems [48]. Nowadays, varistors based
on doped ZnO ceramics are widely used to protect against lightning impulse or electrical
discharges [75].

As a spin-off from the metal-oxide varistor technology, microvaristors have been devel-
oped and used as a functional filler in an insulating or semiconducting matrix. In this case
microvaristor particles can pass their electrical non-linearity directly to the composites
[46], which lead to the versatility of mixing microvaristors with different matrices accord-
ing to different applications. Despite microvaristors having the fundamental properties of
varistors, the properties of the carrying matrix can also affect the final composite consist-
ing of microvaristor powder and the insulating matrix. In this chapter, the fundamental
properties of varistors and the characteristics of microvaristor-filled composite materials
are introduced. Besides, the possible parameters which may have influence on electrical

properties of microvaristor-filled materials are discussed.

2.2 Historical Background

The history of the original varistor ceramics can be traced back to the early 1930s. Bell
System developed the materials consisting of sintered compacts of SiC particles to protect
telephone systems [26]. In 1969 and 1971 Matsuoka published two papers [82][81] about
the non-ohmic properties of ZnO based varistors, which captured public attention. During
the two decades after the invention of the ZnO varistors, plenty of research was done,
which provided the scientific basis for varistors as well as many of the key technological

developments [18]. As a result, a number of products of ZnO varistors have been widely
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used for protecting the devices from over-voltages. Recently, new non-linear field grading
materials based on microvaristor fillers have become commercially available, which are
superior over the traditional composites based on fillers such as SiC, carbon black or
blends of different oxides [29]. Compared to those traditional varistor-type composites,
Zn0O microvaristors have a higher non-linearity coefficient. Besides, the non-linearity is an
intrinsic bulk property of the ZnO particles resulting in an easier adjustability and lower

sensitivity to percolation properties [16].

2.3 Fundamental Characteristics of Varistors

2.3.1 Electrical Properties
The most important property of the ZnO varistor is its non-linear current-voltage charac-

teristic, as illustrated in Fig. (2.1).

Figure 2.1: Double logarithmic illustration with three different regions of a typical non-linear
current-voltage characteristic of a varistor ceramic.
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Mathematically the following equation can be used to describe the current-voltage char-

acteristic of ZnO varistors:

1(U) = kU®. (2.1)

Sometimes this characteristic is also defined in [31][76] as

[(U) = (%)a (2.2)

where k£ and C are scalar values which can be determined by measurements and « is the
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non-linearity coefficient. The parameter « is generally defined in [18] as

~dIn(])
a= An(0) (2.3)

or in [15] as

_ dIn(J) _1 dIn(k)
T dmE) T dm(E)

where J is the magnitude of current density, F is the magnitude of electric field and « is

(2.4)

the electrical conductivity.

In Fig. (2.1) three regions can be distinguished in the current-voltage characteristic [48]:

A) Low-Current Linear Region: In the low-current region, which is also called pre-
breakdown or pre-switch region or Ohmic region, the varistors show a nearly Ohmic
and linear behavior. In this region, the AC (Alternating Current) leakage current is
about 2 orders of magnitude higher than the DC (Direct Current) current, which
is the result of the dielectric loss on application of an AC voltage [48]. The total
AC current consists of a capacitive current and a resistive current. This small leak-
age current caused by thermally excited electrons increases with rising temperature

according to the Arrhenius’ equation

—-F
Iocexp(k j‘f), (2.5)
B

where [ is the leakage current, E, is the activation energy, kp is the Boltzmann

constant and 7' is the absolute temperature in Kelvin. Hence in this region the

current is strongly temperature dependent.

B) Non-Linear Breakdown Region: If the voltage exceeds a certain value, which is called
the threshold or switching voltage, the ZnO varistor enters into the non-linear break-
down region in which the current increases rapidly for a small increase in voltage.
The typical a value of ZnO varistors varies from 30 to 100, whereas an « value of
conventional varistors such as SiC varistors does not exceed 10 [31]. In this region
the charge carriers move through the barriers between the grains and the current is

barely affected by the temperature.

C) High-Current Upturn Region: In this region, in which the current density is usually
greater than 10® A/cm?, the current-voltage characteristic is almost linear again,
similar to that in the low-current region. This region is determined by the bulk of

the doped ZnO grains.

Beside the non-linearity coefficient, an another important parameter for the current-

voltage characteristic for both the varistors and microvaristors is the threshold or switching
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voltage, sometimes also called switching point or switching electric field strength. However,
there is not a common definition available yet. In [31] and [24] the switching voltage is
defined as the point at which the current density 1 A /cm? is achieved. In [93] the switching
point is defined as the point with the current density 1 mA /cm?. In [4] the switching point
is given as the intersection point of the tangent of the steepest branch of the current-
voltage characteristic using a double logarithmic plot with the voltage axis. In [5] a linear
plot is used instead of a double logarithmic plot. In [91] the characteristic is plotted using
semi-logarithms with the voltage on linear axis, as shown in Fig. (2.2). In this case, the
two branches of the characteristic form nearly straight lines. Two tangents are drawn to
these two branches and the intersection of these two tangents is defined as the switching
electric field strength F.,,. Meanwhile, it is also common to define the switching point as a
certain switching electric field strength at which the resistivity begins to decrease greatly
[30]. Most manufacturers define the switching voltage at the point where a certain current
is achieved [35][92]. The manufacturer ABB Switzerland Ltd. defines the switching point
of microvaristor powders as the electric field strength at which the current density reaches
0.13 mA/cm? [79].

Figure 2.2: Definition of switching electric field strength using the semi-logarithmic plot in [91].
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To characterize the current-voltage curve in the three regions of the ZnO varistors dif-
ferent measurement techniques are required. The I — U characteristics below 100 mA /cm?
can be measured using a DC or 50 ~ 60 Hz AC electric source, whereas above 100 mA /cm?
the characteristics are usually measured by an impulse current source, whose waveform has

an 8-ps rise time and 20-us decay time up to one-half of the peak value, to avoid heat
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generation and thermal breakdown [31].

The electrical conductivity of ZnO varistors can be strongly affected by temperature.
As described in Eqn. (2.5), in the pre-breakdown region the leakage current is small and
temperature dependent. However, the temperature dependence decreases if the applied
voltage increases. In the breakdown region the temperature dependence vanishes almost
completely, as shown in Fig. (2.3). Beside the influence on the current, the high temperature
also affects the degradation process of the varistor. Under extreme conditions, especially at
elevated temperatures, the increase in leakage current leads to increased associated Joule
heating and consequently may cause thermal runaway of the varistor [13]. However, the
extend of degradation can be minimized and the degraded materials can be healed by an
appropriate heat treatment [104].

Another important electrical property of ZnO varistors is the dielectric property, which
is mainly caused by thin depletion layers at the grain boundaries. The relative permittivity
e, of ZnO is 8.5, while that of a ZnO varistor is about 1000 [31].

Figure 2.3: Double logarithmic illustration of current-voltage characteristic for different tem-
peratures [1].
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2.3.2 Chemical and Microstructural Properties

ZnO varistors are composed of ZnO and other metal oxides such as Bi, O, Sby,O4, MnO,,
Co50,, Cr,O4 and others as additives to get the desired characteristics of the varistors
[84]. To achieve the non-linear property of the ZnO varistors Bi,O, plays an essential
role because it becomes a layer of inter-granular material and supplies ions to the ZnO

grain boundaries, resulting in potential barriers at the grain boundaries. To dramatically
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improve the non-linearity coefficient additional metal oxides are also required. The more
detailed information about the chemical formulations and processes involved can be found
in [81][89].

ZnQ varistors are polycrystalline materials and consist of semiconducting ZnO matrix
grains, the bismuth-rich phase, the spinels (nominally Zn.Sb,0,,), and sometimes also the
pyrochlore phase (nominally Zn,Bi;Sb;0,,). The microstructure is formed during sintering
7Zn0O powder with small amounts of other metal oxides at a temperature in the range of
1100°C to 1300°C [84]. Although the microstructures of varistors vary from one manufac-
turer to another depending on different chemical formulations and processings, the typical
microstructure can be demonstrated in Fig. (2.4). The white regions between the ZnO
grains are bismuth-rich phases formed by solidification of the remnant liquid phase. The
size of the ZnO grains, which determines the switching voltage of the current-voltage char-
acteristics, is influenced by the usage of TiO, or BeO (to promote grain growth) and
silicon dopant (to suppress grain growth), sintering temperature and time [18]. The larger
the grains are, the smaller the number of grain boundaries become, which results in a lower

switching voltage [29].

Figure 2.4: Microvaristor particle under the SEM (Scanning Electron Microscope) [121].

ZnO grain

Bismuth-rich
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2.3.3 Physical Foundations

Compared to the conventional varistors such as SiC, whose electrical non-linear properties
stem from the particle-particle contacts, the non-linearity is an intrinsic property of the
ZmQO varistors. The physical basis of the non-linear electrical property of the ZnO varistors
is that the transport of the majority (electrons in the case of ZnO) crossing the charged

grain boundaries is voltage dependent. The conducting mechanism in the ZnO varistors is
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quite complicated and in the last four decades a large variety of models has been proposed
to explain this mechanism. In [31] the different models were summarized based on the
research conducted until 1989. The double Schottky barrier (DSB) model is considered to
be the most adequate to describe the grain boundaries of the ZnO microstructure. In the
pre-breakdown region the conducting mechanism is explained by means of energy barriers.
At each boundary between ZnO grains, a potential barrier is formed by the capturing of
electrons by acceptor impurities, resulting in a negative surface charge. The negative surface
charge is compensated by positively charged donors in a space charge region, which is
formed on each side of the grain boundary. The potential barriers are lowered if an electric
field is applied, resulting in flow of a small current through the barriers. This current is
temperature dependent because a high temperature increases the average energy of the
electrons. In this case, the electrons can pass the barrier more easily. However, this model
is limited to explain the phenomena such as the large non-linearities exhibited by varistors
at small voltages (about 3.5 eV) per grain boundary or the switching voltage being above
the band-gap of ZnO (3.3 eV) [18]. In [96] Pike showed that in the grain boundaries the
minority carriers (in this case holes) are generated by "hot” electrons in the depletion layer
at high electric fields. The minority carriers diffuse back to the grain boundaries because
of the electrostatic field and compensate some of the trapped negative charge, resulting in
lowering the potential barrier at the grain boundaries and consequently creating large non-
linearity coefficients. More details describing the varistor behavior merging the minority
carriers can be found in the research of Blatter and Greunter [7][45]. In the upturn region
the voltage drop across the ZnO grains is dominating and the behavior can be controlled

by means of doping the ZnO grains in order to adjust the grain resistivity.

2.4 Characteristics of Microvaristors

Microvaritors are powder-shaped ZnO varistors with the grain diameters in the range
from 30 to 120 um [44][46][122]. They are small sintered particles of doped ZnO with
strongly non-linear electrical properties, which are similar to those of the varistor ceramics
[28]. The main advantage of the powder form is that microvaristors can be mixed with a
variety of materials to be the functional composites. As a functional filler in an insulating
or semiconducting matrix the microvaritors can transfer their non-linearity and robustness
directly to the composites. Although, the idea of imparting the properties of ZnO varistors
to the composites can be traced back to the begin of the 1980s [49], the industrial feasibility
was only achieved when spray drying of the granules was introduced [123].

Since the switching voltage is mainly determined by the size of the grains inside the

particles, the size of the particles has a merely small influence on the switching voltage
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and no influence on the non-linearity [29]. However, because microvaristors are usually
used by mixing them into various insulating matrices, the properties of the matrix can
also influence the electrical properties of the composites. In this section the electrical
properties of the microvaristor-filled composites, using different insulating materials as the

matrix, are introduced.

2.4.1 Microvaristor Powder

The microvaristor powders are produced by spray drying of the ZnO particles and several
metal oxide dopants from a water-based slurry. Then the spray-dried granules are sintered
at the temperature above 900°C. By tuning the parameters of the sintering process, the
grain size is influenced, consequently the switching voltage. The larger the grains are, the
smaller is the number of grain boundaries is, and as the result the switching voltage becomes
lower. This allows to produce the microvaristors with the different switching voltages in
a wide range for different applications. Depending on the processing route the powders
may be slightly sintered together and a mechanical segregation may be required. Most

microvaristor particles, produced by this process, are spherical, as shown in Fig. (2.5).

Figure 2.5: Microvaristor particles under the microscope (source: ABB Switzerland Ltd.).

Unlike the traditional SiC varistors, whose non-linearity is based on the particle-particle
contacts, the non-linearity of microvaristors is an intrinsic property of each particle and
stems from the DSBs (double Schottky barriers), which are formed at the boundaries of the
ZnO grains, as illustrated in Fig. (2.6). The non-linearity based on particle-particle contacts
are hard to control since they are quite sensitive to some external parameters. Compared
to that, the non-linearity of microvaristors stems from DSBs at each grain boundary inside
the particles, which are at the origin of the highly non-linear current-voltage characteristics
[45]. Hence, microvaristor-based materials are much more robust than the materials based

on particle-particle contacts.

13



2 Properties of Microvaristors

Figure 2.6: Schematic illustration of the microstructural possible current path inside field grad-
ing materials based on SiC (left) and microvaristors (right). Red: particle-particle contact;
Orange: grain boundaries between the ZnO grains [28].
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Each microvaristor particle, which includes a few grain boundaries, has itself a non-linear
current-voltage characteristic. Each grain boundary along the current path contributes
about 3.2 to 3.4 V to the switching voltage [45]. A typical current-voltage characteristic
measured on a single microvaristor is shown in Fig. (2.7). This particle is measured by
micro-contacting at diagonally opposite positions and has 4 active grain boundaries in this
orientation. In [46] Greuter et al. also mention that the different switching voltages U, are
measured by contacting the same microvaristor particle randomly in different orientations.
However, U, is only less than or equal to 3 times of ~ 3.2 V. Besides, Greuter et al.
attempt to characterize the contact between two microvaristors A und B in air, which are
measured individually and being connected in series. The measured switching voltages are
Up(A) ~ 13V, Up(B) ~ 17 V and U,(A+B) ~ 35 V. These results indicate that a voltage
drop of AUg ~ 5 V may exist. Greuter et al. explain this phenomena as the results
of possible surface band bending and adsorbed layers, resulting in small extra barriers,
which may contribute to the overall current-voltage characteristics, especially for low field
composites.

To characterize the microvaristor powder a device is required that allows a dependable
contacting of the powder in a defined way [90]. In [90] an arrangement with guard ring
electrode and tempered electrodes, as demonstrated in Fig. (2.8), is adopted for the investi-
gation of powder. The adopted electrodes are made from solid aluminium and are mounted
on insulating plates, in which fluid ducts are integrated. This allows regulation of the tem-
perature of the electrodes using a recirculating cooling/heating device. In [33] the use of a
low viscous silicone oil is recommended to investigate the characteristics of microvaristor

powder. The temperature dependent electrical characteristic of the powder is investigated
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Figure 2.7: DC characteristics for a single microvaristor particle with the diameter 145 um.
The particle is measured by micro-contacting at diagonally opposite positions [46].
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in [90]. The measurement results indicate that the leakage current in the pre-breakdown
region increases approximately by one decade from 20°C to 80°C, which is also known to
hold for solid varistors. However, in the breakdown region the behaviors of the microvaris-
tor powder are quite different from the solid ZnO varistors as temperature increases. The
characteristic of solid ZnO varistors is almost independent of the temperature, whilst the
switching electric field strength of microvaristor powders decreases by approximated 15%
with rising temperature from 20°C to 80°C. The influence of the other external parameters
such as powder packing, materials of the electrode for the measurement and humidity can

be found in [91].

2.4.2 Microvaristor-Filled Silicone Rubber

Microvaristor powder can be mixed into a silicone matrix to be a functional material.
Today, microvaristors are typically applied in silicone rubber for field grading applications,
i.e., stress cones for cable terminations [9][44][126] and the field control layer for outdoor
long rod insulators [107][108]. The filler content of the microvaristor powder is typically at
40 volume percent. Depending on the filler content of the microvaristor compound the high
permittivity of the microvaristors (g, &~ 100...500) can be transferred to the compound.
Above the percolation threshold, which is almost 40 volume percent, the compound has a
resulting relative permittivity of e, ~ 12...16. Fig. (2.9) presents the non-linear £ — J

characteristics of two different microvaristor-filled silicone rubbers. In the silicone matrix
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Figure 2.8: Schematic view of the measuring arrangement for the investigation of microvaristor
powder [90].
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A: high-voltage electrode; B: measuring electrode; C: guard ring
D: polytetrafluoroethylene ring;  E: Spacer

the microvaristor particles are coupled to each other by the direct contact and/or capacitive
effect. This explains why the E — J curves measured under AC and DC are different.

To characterize the U — I or £ — J curve of microvaristor-filled silicone rubber, plan-
parallel electrodes are suggested to measure the disc-shaped samples. This use of the
measuring arrangement achieves a homogeneous electric field strength in the measured
samples. To avoid field disturbances and surface current effects, a guard ring is adopted as
described in the standard DIN IEC 60093 [60]. The measurement arrangement is shown in
Fig. (2.10). The DC characteristic is easier to measure. For the AC measurement a voltage
source generating a sinusoidal voltage without harmonics is required to separate the total
AC current into a capacitive and a resistive component [23]. As shown in Fig. (2.9), in the
pre-breakdown region the capacitive current is much more dominant than the resistive cur-
rent, while in the breakdown region the resistive current increases rapidly and is dominant
in the total current. Further, the resistive current in the pre-breakdown region under AC
voltage is greater than the current under DC voltage. However, in the breakdown region,
the compounds tend to be slightly more conductive under DC than under AC conditions
[23][29].

The current-voltage characteristic of microvaristor-filled silicone rubber compounds can
be affected by some external parameters. In [29] the influence of temperature is investi-

gated and the corresponding results are illustrated in Fig. (2.11). In the pre-breakdown
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Figure 2.9: Non-linear AC and DC characteristics of the two different microvaristor-filled sil-
icone rubbers. Blue: compound of the microvaristor powder with the switching electric field
strength at 500 V/mm; Red: compound of the microvaristor powder with the switching electric
field strength at 1000 V/mm. Here the switching point is defined at the point, at which the
current density reaches 1 pnA/cm? under DC [23].
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Figure 2.10: Sketch of measurement arrangement for disc-shaped samples [60].

T
= I
| / sample
|
|
—_
T

@ measuring electrode @ guard ring

@ high-voltage electrode

17



2 Properties of Microvaristors

region, from room temperature to 70°C, the resistivity decreases with increasing temper-
ature, which is similar to ZnO varistors. At 90°C the resistivity is again similar to the
value at room temperature. A possible explanation of this phenomenon is that from room
temperature to 70°C the effect of thermally activated transport of charges is dominant,
whilst above 70°C the effect of thermal expansion of the silicone matrix is dominant, result-
ing in less conductive paths through the composites and consequently a slight increase of
the switching electric field strength. In the mid field region the temperature-independent
resistivity can be explained by the combined effect of thermally activated transport and
thermal expansion of the silicone matrix. Similar results about the temperature influence

on the microvaristor-filled silicone compounds are also observed in [33].

Figure 2.11: Temperature influence on the resistivity of the microvaristor-silicone compound:
room temperature (circles), 70°C (triangles), and 90°C (squares) [29].
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Another important external parameter, which could affect the electrical behaviors of the
microvaristor-filled silicone rubber, is the mechanical stretching. This holds especially for
the application of these materials for cable accessories. Under mechanical stress the com-
pound is slightly less conductive in the pre-breakdown and the breakdown regions, whereas
in the high-current region the difference is almost negligible [29]. These results show an
advantage compared to the conventional field grading materials such as SiC and carbon-
black, whose electrical characteristics are significantly affected by mechanical stretching
effects.

Further, the treatment of the surface of microvaristor particles with a reactive silane has
an influence on the electrical properties of the microvaristor-filled silicon rubber. Without
the silanization microvaritor particles would fall out from the surrounding VMQ (Vinyl-

Methyl-Polysiloxan) matrix under a mechanical stress/stretch test, since they do not have
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adhesion and chemical connection to the VMQ matrix. This problem can be solved by
silanization of microvaristor particles before the compounding with silicone rubber. The
adhesions of the unsilanized and silanized microvaristor particles to the VM(Q matrix are
shown in Fig. (2.12). The silanised microvaristor-filled silicone compound shows a better

conductivity than the unsilanised one [107].

Figure 2.12: The adhesions of the microvaristor particles to the VMQ matrix without (left)
and with (right) silanization [107].
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2.4.3 Microvaristor-Filled Epoxy Resin

For some applications microvaristor powders are mixed into the epoxy resin. Since the
nature of the matrix can influence the electrical properties of the composites, differences of
the electrical properties exist for different composites based on the same filler but different
matrices. This can be seen in Fig. (2.13). The explanation of differences may be the degree
of mechanical stresses, which is high in epoxy resin (shrinkage during cross-linking) but
vanishes in the silicone oil. In this case, the packing and the contact properties of the
microvaristor particles are different [29].

Up to today, there are already a few research results about the characterisation of
microvaristor-filled silicon rubber composites and corresponding applications of these com-
pounds [5][24][30][44]. However, the amount of literature about the microvaristor-filled
epoxy resin is quite limited till now. The investigation of the electrical properties of
microvaristor-filled epoxy resins with different microvaristor contents and at different tem-

peratures will be described in the chapter 5.
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Figure 2.13: Effect of the matrix on the resistivity of ZnO microvaristor composites: epoxy
(circles) and silicone oil (triangles) [29].
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2.5 Summary

As a spin-off product of the traditional metal-oxide varistors, the powder-shaped mi-
crovaristors have similar electrical properties as the block-shaped metal-oxide varistors.
For practical applications, microvaristor powders should be mixed into a carrier-matrix,
such as silicone rubber, epoxy resin, silicone oil, etc., with a certain content above the
percolation threshold, to be functional composite materials. Despite the fact that non-
linearity of the microvaristors originates from the double Schottky contacts, which are
located at the ZnO-grains boundaries, the nature of the carrier-matrices also has an influ-
ence on the electrical properties of the microvaristor-filled compounds. This is the reason
why compounds with the same filler but different carrier-matrices show different electrical
properties and are variously affected by the external parameters such as temperature and
mechanical stress.

It should be noted that the switching points are differently defined by manufacturers
and scientists. The microvaristor manufacturers provide just the technical data sheet of mi-
crovaristor powder. For the different applications, microvaristor powders are compounding
into various matrices, resulting in the varying electrical properties as the original pow-
ders. Hence, investigations of the electrical properties of the different microvaristor-filled

composite materials are necessary for practical applications.
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Microvaristor-Filled Materials

3.1 Introduction

To computationally investigate possible applications of the microvaristor-filled compounds
in high-voltage devices, numerical simulations are carried out under problem related ap-
proximations to Maxwell’s equations. A finite-element-formulation based on the electro-
quasistatic (EQS) approximation is adopted to simulate electric field distributions in the
computational domain on unstructured meshes [118]. This formulation considers both ca-
pacitive effects and non-linear conductive effects in the insulation materials. Based on the
continuity equation, the partial differential equations describing EQS potential problems
yield non-linear transient systems of ordinary differential equations. Due to the non-linear
switching characteristics of the microvaristor-filled compounds, these systems of equations
are solved with time domain methods [19][32]. To solve this problem in time domain, a
Singly-Diagonal-Implicit-Runge-Kutta methods (SDIRK3(2)) is adopted [120].

In this chapter, the different methods to validate the applicability of EQS approximation
are introduced. Besides, the simulation process including pre-processing, FEM-calculation

and post-processing is summarized.

3.2 Electro-Quasistatic Approximation

3.2.1 Applicability of Electro-Quasistatic Approximation

In order to efficiently analyse electromagnetic properties of high-voltage devices, numerical
simulations can be run under problem related simplifications to Maxwell’s equations. For
many technical problems solutions of the full set of Maxwell’s equations, which consider
the coupling effects of electric and magnetic field, are not necessary. Beside that, most
numerical formulations for solving the full set of Maxwell’s equations become unstable if
the frequency of the excitation tends to zero [58]. Hence, suitable approximations can be
selected to solve for the electromagnetic fields related to different problems.

In the case of low frequency, respectively slowly time-varying fields, the electromagnetic

wave propagation can be neglected, if the calculation domain is much smaller than the
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distance an electromagnetic wave covers during the characteristic time of the device [120].
The characteristic time is estimated as the reciprocal of the highest frequency at which
the device is operated [27]. In this case, the slowly varying fields can be approximated in
the majority of cases by an electro-quasistatic field or a magneto-quasistatic field [119].
The electro-quasistatic (EQS) approximation, considering both capacitive and resistive
effects whereas neglecting inductive effects, is usually applied to electric field problems in
high-voltage technology [100][118], microelectronics [27], biological systems engineering and
medical engineering [101]. On the contrary, the magneto-quasistatic (MQS) approximation
is often applied to problems for which inductive and resistive effects need to be considered
and capacitive effects can be neglected.

The next three different methods, which are introduced in the different references
[27][54][119], can be adopted to classify EQS and MQS fields: 1) based on energy den-
sities; 2) based on the time constant; 3) based on material parameters and frequency.

Details about these three methods can be found in appendix A.

3.2.2 EQS Formulation for Non-Linear Materials

Under the electro-quasistatic approximation, the following Maxwell’s equations in time
domain can be obtained by neglecting the induced current density and the impressed

current density of the given source:

curlH = kE + %(55), (3.1)
curlE = 0, (3.2)

where H is the magnetic field, E is the electric field, x is electric conductivity and € is the
dielectric permittivity. If the premises of Poincare’s lemma are satisfied, which can usually

be assumed, then the following is valid:
curlE =0 < E = —grade, (3.3)

where ¢ is the scalar potential. Based on the Eqn. (3.1) the corresponding continuity
equation is given by
— a —
div(kE) + adiv(eE) = 0. (3.4)

By inserting the Eqn. (3.3) into Eqn. (3.4), the following equation can be obtained:
. J .
div(kgrady) + adlv(egradcp) = 0. (3.5)

For the in this work investigated high-voltage devices featuring non-linear microvaristor-
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filled composites the permittivity € for each materials can be considered as a constant,
while the conductivity of the microvaristor component is electric field dependent, that is
% = #(|E|). Then Eqn. (3.5) can be further modified into:

0
div (k(grady)grady) + adiv(egradcp) = 0. (3.6)

This non-linear partial differential equation (PDE) can be solved using diverse numeri-
cal techniques in space, i.e., the finite element method (FEM) [111], the finite integration
technique (FIT) [131] and the coupled FEM-BEM method [116]. In this work the finite
element method is adopted to simulate the high-voltage devices with microvaristor com-
ponents. For this, Eqn. (3.6) is discretized in space using a FEM formulation, resulting in

the matrix equation

d
K (®)® +B. & =0, (3.7)

where ® is the vector of the nodal scalar potential and K (®) and B, represent stiffness ma-
trices of the non-linear electrical conductivity and the linear permittivity, respectively. The
Eqn. (3.7) represents a matrix system of stiff ordinary differential equations in time do-
main. This can be further solved by time integration using an implicit Euler method [14] or
a stiffly accurate embedded Singly-Diagonal-Implicit-Runge-Kutta method (SDIRK3(2)),
which is a one-step method with s = 4 internal stages [21][73][120].

3.3 Simulation Process

To simulate high-voltage devices with non-linear microvaristor components, the entire pro-

cess can be divided into four parts:

1) Creation of CAD models.

2) Generation of unstructured meshes.

3) Computational calculation of the suitable PDE using the FEM method and an ap-

propriate time integrator.

4) Evaluation of the simulation results.

The schematic view of the simulation process is illustrated in Fig. (3.1).

3.3.1 Creation of CAD Models

The simulated models of investigated high-voltage devices can be created using computer-
aided design (CAD) software. It should be noted that CAD models for computational sim-

ulations are usually distinguished from CAD models for manufacturing. The CAD models
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Figure 3.1: Schematic view of the simulation process
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required for simulations should be more accurate (small tolerance) and should not contain
overlapping geometries.

To simulate infinitely extended air ambience, the boundary element method (BEM) can
be adopted to couple with the FEM [117]. However, because the in this work investigated
high-voltage devices are experimentally investigated in high-voltage laboratories which are
enclosed rooms with grounded walls, the air ambient region can be modelled as a finite vol-
ume. The size of the air-volume should be big enough, otherwise the electric field strength
could be overestimated to a much higher value than the real value. The bottom surface of
this air-volume (ground) is set to Dirichlet boundary condition of 0 V. The surfaces of the
air-volume, which cut the transmission lines off, are typically set to homogeneous Neumann
boundary conditions, since that is the simplest choice of the boundary conditions that are

consistent with the physical existing tangential field along the cables.
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3.3.2 Generation of Unstructured Meshes

In this work the software called CUBIT is adopted to discretise the CAD models into
tetrahedrons. CUBIT, which is developed by Sandia National Laboratories, is a software
toolkit for robust generation of two- and three-dimensional finite element grids. It also
provides mesh generation for second order triangular and tetrahedral elements, allowing

more exact approximation of curved geometries [129].

3.3.3 Computational Calculation using the FEM Method

The three dimensional simulation code MEQSICO (Magneto-/Electro-Quasistatic-
SImulation-COde) [20][118] and the two dimensional simulation code eqsLab2D, which
are developed using C++ and Matlab by the Chair of Electromagnetic Theory at the Ber-
gische Universitat Wuppertal, are adopted to simulate the electric field problems under

the EQS assumption. Before starting the computational calculation, the following steps
should be done first:

a) Verification of the applicability of the EQS assumption.
b) Definition of the materials parameters.

¢) Definition of the boundary conditions.

Then the simulation code MEQSICO and eqsLab2D based on FEM can calculate the
potential and electric field distribution of the simulated models. The whole process of the

calculation can be divided into the following parts:

e Translation of the boundary value problems into the variational formulation for par-

tial differential equations.
e Import the mesh file, which is generated by the mesh-generation software.

e Choosing an initial approximation guess solution in terms of nodal values of the

elements and interpolation functions.
e Deriving element stiffness matrices with the help of a Gauf}-Jacobi-Quadrature.
e Assembly of overall equations/matrices.
e Linearisation of the algebraic equation system.
e Solving the system of algebraic equation.
e Converting the electric potential solution to the electric field solution.

e Time integration.
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3.3.4 Evaluation of the Simulation Results

In this work ParaView and Matlab are used for the visualization of the simulation results.
ParaView is an open-source software and is able to visualise and analyse simulation results
using qualitative and quantitative techniques, such as slice plot, contour plot and plot over
a line. Matlab is used to plot the potential and electric field distribution along evaluation

lines, which are given by coordination of evaluation points within the calculation domain.

3.4 Summary

In this chapter three different methods are presented to classify problem related simplifica-
tions of Maxwell’s equations. For high-voltage devices with non-linear microvaristor-filled
materials, the EQS assumption is adopted to simplify the continuity equation. In this
work investigated devices are operated under 50 Hz and thus the propagation of an elec-
tromagnetic wave can be neglected. Further, these non-linear materials have a moderate
conductivity. Hence, the EQS assumption is applicable to the problems at hand.

Under the EQS assumption, the continuity equation can be simplified yielding non-
linear transient systems of ordinary differential equations. The simulation process is also

presented and mainly divided into four parts, as illustrated in Fig. (3.1).
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4 Investigation of Insulators with
Microvaristor-Filled Silicone Rubber

Components

4.1 Introduction

In 1963 composite polymeric insulators were first developed and are now widely used in
power systems because they have significant advantages compared to ceramic and glass
insulators: light weight, a higher mechanical strength, ease of transportation and instal-
lation, lower maintenance cost, better performance in outdoor service in the presence of
heavy pollution, hydrophobic properties and comparable or better withstand voltage [51].
However, composite insulators may be subjected to accelerated ageing caused by tracking
and erosion effects [109]. Tracking is the production of a resistive path by degradation of
the polymer usually because of deposition of carbon. Erosion is the loss of surface material
which arises mainly from electrical discharges or from electrochemical reactions in the layer
of a contaminant [78]. If tracking and erosion occurred, the final failure can appear by wa-
ter induced stress corrosion, cracking the glass fibre core, as shown in Fig. (4.1). One of the
most important factors leading to discharge and consequently degradation of the material
is a high electric field strength along the surface. Hence, minimizing the maximum of the
electric field strength along the insulator surface under wet and polluted surface conditions
is desirable for insulator designs.

In [34] positive effects of a semiconducting glaze on porcelain insulators are reported.
Using this glaze with a low conductivity affects the electric field distribution along the
insulator under rain and polluted conditions and allows the ”dry band arcing” performance
to be improved. However, it is difficult to produce reproducible electrical properties. Thus
using microvaristor-filled silicone rubber is an alternative option to control the electric field
distribution on the insulator surface.

In this chapter tangential electric field distributions of applying the microvaristor-filled
silicone directly on the surface of insulators with different geometrical configurations are
compared using different models of wet polluted surfaces. Additionally, the application
of the microvaristor-filled silicone layer under a protection silicone layer is investigated.

Tangential electric field distributions along the surface of insulators are evaluated under
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Figure 4.1: Final failure of polymeric insulators by water induced stress corrosion (Source:
Lapp Insulators GmbH).

the dry surface condition, with water droplets on the surface and on the presences of wet

polluted conductive surfaces.

4.2 The Role of the Electric Field Strength for Electrical

Discharges

The electric field distribution along the insulator surface plays a key role for the insulator
design. The principal task of designing insulators is to ensure that the electric field strength
along the insulator surface does not exceed critical values [95] which could lead to electrical
discharges in the form of corona discharges, dry band arcing and even worse flashovers [106],

which will be shortly discussed next.

4.2.1 Metal Electrode Initiated Corona

The electric field distribution along the polymeric insulator is usually non-uniform and the
highest value is normally at regions near the energized and grounded end fittings under dry
conditions [53][112]. If the local electric field strength reaches the air ionisation threshold,
a corona occurs. The corona discharge starts from the metal fittings on locations with
the greatest electric field strength, which is usually the so called triple junction point of
the metal fitting, the air and the polymeric material. Through secondary reactions ozone
and nitrogen oxides are generated, which, when dissolved in moisture, can lead to the

formation of acidic water on the polymeric surface [86]. In this case, the insulation surface
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is attacked by the acidic water by destroying cross-links in the polymeric compound, leading
to degradation of the material. In extreme cases this results in a cracking of the polymeric
sheds.

4.2.2 Water Droplet Initiated Corona

It is well known that water droplet coronas have been shown to generate audible noise,
radio noise and television interference in wet weather [43]. Beside that, water droplet
corona discharge is also a major cause of degradation of the silicon rubber material of
composite insulators [11][94]. Due to the high relative permittivity of water droplets, the
electric field strength is amplified nearby. This effect is shown at the triple point, which
is the junction point of water, air and polymeric material, if water droplets are stressed
under the tangential electric field strength, as shown in Fig. (4.2), and at the tip of the
water droplets if they are stressed under the normal electric field strength, as illustrated in
Fig. (4.3). These locations are also the locations for discharge activity reported in [87] and
[12]. Under the electric field strength, the water droplets vibrate (under AC) and elongate in
the direction of the electric field. This distortion shortens the insulating distance, enhances
the electric field strength and consequently results in corona discharges on the surface if
the electric field strength exceeds the corona inception onset. The water droplet corona
inception onset depends not only on the orientation of the electric field strength in terms
of tangential and normal components, but also on parameters such as droplet size and
shape, surface materials and atmospheric conditions [47][94][124]. If intense and continuous
discharge activities occur, the polymeric surface will lose its hydrophobicity®, consequently
leading to an increase in surface wettability, hence forming water films on hydrophilic
regions. More details about investigations of water droplet initiated corona discharges can
be found in [56] and [36].

4.2.3 Dry Band Arcing

As described in the last subsection, polymeric materials will lose their hydrophobicity under
intense and continuous corona discharges. This loss of hydrophobicity leads to the spreading
of water on the surface and the formation of dry bands [37]. Besides that, outdoor insulators
are usually contaminated by natural pollution (e.g. sea salt and sand), industrial pollution
(e.g. industrial dust), acid rain and gas, especially by sulphuric oxide (SOy) and nitric
oxide (NOy). In heavy polluted regions, the surface conductivity on outdoor insulators
can exceed the value of 100 uS, which leads to arcing development and eventually to

a flashover at a continuous operation voltage [17]. If the humidity has the opportunity

'Hydrophobicity is the ability of a surface to repel water droplets on the surface. On a hydrophobic
surface no water film will be formed.
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Figure 4.2: Equipotential contour lines of potential distributions for a static water droplet
under the tangential electric field strength.

Figure 4.3: Equipotential contour lines of potential distributions for a static water droplet

L

under the normal electric field strength.
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to wet the polymeric surface containing the contamination layer, continuous conductive
films are formed on the polymeric surface, which causes a leakage current flowing along
the creepage distance, resulting in Joule heating. This heating effect evaporates the water
from the conductive layer and dries out the wet polymeric surface. However, this process is
not uniform along the conductive path, leading to different drying rates of humidity. The
possibility of the formation of dry bands is high in regions of highest current density values
and dissipated power [52]. If a dry band appears, the flow of the leakage current is limited
and charges are gathering at the interface between the conductive film and the dry band,
resulting in a high electric field strength and consequently intense electric discharges that

bridge the dry region, as illustrated in Fig. (4.4).

Figure 4.4: Schematic illustration of dry band arcing

@ Silicone @Water Electrolyte Film (Pollution) @ARC

4.2.4 Flashover under Contaminated Conditions

Flashovers of insulators under contaminated conditions are a limiting factor for outdoor
power delivery [8]. Active discharge activities, which are results from metal electrode ini-
tiated corona, water droplets initiated corona and consequently dry band arcing, produce
considerable Joule heating that further dries the insulator surface [99]. In such cases the
dry bands widen and the electric discharges elongate. Depending on the layer resistance
and arc length local discharges may extend over multiple dry bands and can eventually

lead to a complete flashover [69].
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4.3 Application of Microvaristor-Filled Silicone Rubber

As described above, local high electric field strength is usually the main reason of certain
harmful physical phenomena, which should be prevented. For this reason, one of the most
important aspects of insulator design is to reduce the electric field strength along the
insulation surface, especially under wet polluted surface conditions. One option is the
use of semi-conductive glazes, which reduce the electric field strength and consequently
discharges on ceramic insulators. However, there is uncertainty regarding the stability in

the long term [103]. The semi-conductive glaze mainly has the following functions [80]:

e Drying the insulator by the Joule heating, which is generated by a continuous current

of about 1 mA flowing through the semi-conductive glaze.

e Homogenization of the voltage distribution along the insulator surface with the semi-
conductive glaze. It reduces the resistance of the dry bands and thereby reduces the

electric field strength across the dry bands.

However, it is difficult to produce the glazes with desired electrical properties. These
properties are strongly depending on the firing process during the production. In order to
obtain the desired conductivity, the firing process should be repeated many times, leading
to significantly increased costs. To get rid of this problem, another option is adopted to
locally reduce the electric field strength, namely the use of field dependent non-linear

microvaristor-filled materials.

4.3.1 Functional Principle

The microvaristor-filled materials, which have a non-linear conductivity, can be used to
homogenize the electric field by bypassing dry regions in the rain test and under the wet
polluted surface condition [127][P2]. The function principle of microvaristor-filled field-
grading material is explained by the simplified equivalent circuit in Fig. (4.5). The insulator
itself can be considered as a series connection of capacitors. The wet layers on the insulator
caused by rain or humidity in the surrounding ambience are equivalent to resistors with
low resistance which are connected in parallel to the capacitors. The electric field strength
at the places without wet layers are significantly higher. In this case microvaristor-filled
material becomes conductive and reduces the electric field strength at the dry regions and

consequently the occurrence of partial discharges.

4.3.2 Modelling of Wet Polluted Surfaces

It is not simple to model the wet contaminated layers on the surface of insulators since the

performance of insulators is strongly affected by the severity and type of pollution [2]. In
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Figure 4.5: Simplified equivalent circuits without and with microvaristor-filled composites for
the dry and wet insulators.
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the case of fog, tiny water droplets move slowly in random motion so that they can reach
the insulator surface from almost any directions. In this case, wet pollution layers can
be modelled as constant and uniform layers and the electric field is relatively uniformly
distributed along the surface of the insulator. In comparison to the fog condition, under
light or medium artificial rainfall, the areas which face the rainfall are considered to be
high wetting regions, whereas the regions under the shed surface are lowly wetted and are
assumed to be almost dry, as demonstrated in Fig. (4.6). The corresponding modelling of
wet surfaces is shown in Fig. (4.7). Due to the excellent hydrophobicity of the polymeric
insulator, wet layers can be simplified modelled as several separate water layers as in
[P2] (see Fig. (4.8)). In the highly polluted region the dew moistened polluted layers on
the insulator form an uniform conductive layer. However, the electric field strength is
higher under the shed to a certain extend [2], hence the water is faster vaporized from
the wet pollution layer in these regions. In this case, the dry bands usually appear under
each shed, as shown in Fig. (4.9). In this work, these different possibilities of modelling
the wet contaminated layers are adopted to investigate the possibility of application of
microvaristor-filled silicone rubber. Besides, these thin wet polluted layers can be modelled
as thin 3D volumes and as 2D surfaces. The use of 2D thin layer modelling results in the

reduction of simulation time and modelling complexity, as is shown in [128][130].

4.3.3 Material Parameters and Applied Voltage

In this subsection the material parameters and the applied voltage used for FEM simula-

tions are given.
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Figure 4.6: Subdivision of the pollution layer on the insulator under light and medium rain
conditions into the highly wetted and the nearly dry regions.

, Rainfall with
+* incident angle at 45°

H: highly wetted regions
’ L: lowly wetted regions
(dry regions)

Figure 4.7: Modelling of the wet layers on the surface of an insulator. The regions under the
shed surface are considered to be dry.

Dry zones

Wet layer

Figure 4.8: Modelling of the wet layers on the surface of insulator. Due to the hydrophobicity
of the polymeric material the wet layers are modelled as separate water rings [P2].

Wet layer

Insulator rod

Insulator shed
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Figure 4.9: Modelling of the wet layers on the surface of insulator. The dry bands appear on
the rod of the insulator under each shed.

Red: dry bands

Blue: wet pollution
layers

Material Parameters

The material parameters applied for FEM simulations are summarized in Table (4.1). The
high-voltage cables, corona rings, end fittings and the traverse are modelled here as perfect

electric conductors (PEC).

Table 4.1: Material parameters for insulators featuring microvaristor-filled silicone rubber

Material rel. permittivity ¢, conductivity «
Silicone 3.2 0.0
Glass-fibre reinforced plastic 4.0 0.0
Air ambient 1.0 0.0
Water droplets 81.0 50 uS/m
Wet polluted layer 81.0 100 uS/m
Microvaristor-filled silicone rubber 12.0 see Fig. (4.10)

Applied Voltage

The simulations are performed at different voltage levels. To simulate insulators operated
under nominal- and over-voltage, a sinus AC voltage with a frequency of 50 Hz is applied
in both cases. Due to a rapid application of the voltage to the non-linear microvaristor-
filled material, a switch-on effect can occur. In order to minimize the switch-on effect, the
sinusoidal voltage is multiplied with a linear increasing function for the first period. The
resulted normalized applied voltage profile is shown in Fig. (4.11). The results are evaluated

at the third period, where the switch-on effect is considered to have vanished.
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Figure 4.10: The non-linear electric conductivities of the microvaristor-filled silicon rubber
with different switching points. Here, the switching point is defined as the point, at which the
current density reaches 0.13 mA /cm?.
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Figure 4.11: Normalized applied voltage for the simulations.
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4.4 Investigation of Applications of Microvaristor-filled

Material Directly onto the Surface

There are different possibilities to apply microvaristor-filled silicone rubber to insulators.
For example, one option is to apply this material directly on the surface of insulators.
In this section the field grading effects of microvaristor material for different geometrical
configurations and under different surface conditions are investigated.

In the investigations, four variations of insulators with different geometrical configura-
tions, as shown in Fig. (4.12), are investigated: conventional insulator; with microvaris-
tor sheds and conventional rod; with microvaristor rod and conventional sheds; with mi-

crovaristor sheds and microvaristor rod.

Figure 4.12: Four variations of long rod insulators without and with microvaristor materials.

Microvaristor sheds
and conventional
rod

Conventional
sheds and
conventionalrod

Microvaristorrod
and conventional
sheds

Microvaristorsheds
and microvaristor
rod

4.4.1 Homogenization of the Potential Distribution under the Dry

Surface Condition

For this case, 170 kV insulators (U, = 170 kV) with the dry surface condition under the
nominal voltage and over-voltage are investigated first. The results are evaluated along
the surface of the insulator from the grounded end fitting to the energized end fitting.
In Fig. (4.13) the simulated 3D model and the evaluation line along the surface of the

insulator are illustrated. The 3D model consists of a grounded traverse with grounded end
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fitting, an insulator with 17 sheds, a corona ring for the energized side and the high-voltage

cable with energized end fitting.

Figure 4.13: The simulated 3D model of the 170 kV insulator (left) and the evaluation line
along the surface of the insulator (right).

FEM simulations under the electro-quasistatic approximation are carried out to simu-
late the potential and the tangential electric field distributions along the surface of the
insulators. In Fig. (4.14), the potential distributions from the grounded end fitting to the
energized end fitting at the peak value (Upeak = 139 kV) of the third period are presented.
The potential distributions along insulators with microvaristor components are almost the
same as for the conventional insulator. This indicates that the microvaristor-filled material
is insulating with the dry surface condition under the nominal voltage, which is expected
because the microvaristor component should be insulating under the nominal voltage to
avoid the increase of the leakage current and consequently preventing increasing energy
losses and thermal breakdown.

If over-voltage occurs in the power grid, local high electric field strengths may appear,
leading to partial discharges along the the surface of the insulators. In this case, the
microvaristor-filled silicone rubber is supposed to become conductive to reduce the high
electric field strengths. Fig. (4.15) illustrates the potential distributions along the surface
of insulators at over-voltage (Upeak = 594 kV). The results indicate that the potentials are
homogenized at the end of the energized end fitting by applying the microvaristor-filled
material to the rod of the insulator and to both the rod and the sheds of the insulator. If
the microvaristor-filled material is just applied to the sheds of the insulator, the potential
distribution is very similar to the one of the conventional insulator. For this reason, both
configurations, microvaristor applied on both the rod and the sheds and microvaristor
just applied on the rod, have a better performance. The homogenization of the potential

distributions at the energized side results in a reduction of the electric field strength, as
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Figure 4.14: The potential distributions of 170 kV insulators for the different geometrical con-
figurations at the peak value of the nominal voltage Upeax = 139 kV. The applied microvaristor-
filled silicone rubber has the switching threshold at 12.5 kV/cm. The vertical lines mark the
positions of the shed peaks.
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shown in Fig. (4.16). This homogenization effect is more obvious using the microvaristor-

filled silicone rubber with lower switching points.

4.4.2 Prevention of Water Corona Discharges

To investigate the field grading effect of microvaristor-filled silicone rubber at the triple
points of water droplets, a model with a static single water droplet on the silicone rubber
with and without microvaristor material is developed. In [T1] the behavior of water droplets
on silicone rubber, depending on the contact angles, the shape of the water droplets, the
distance between the two water droplets and the number of water droplets, is systematically
investigated. Fig. (4.17) shows the simulated models with and without the microvaristor-
filled component for a water droplet under the tangential electric field strength. The water
droplets are modelled as a hemisphere. The distance between the two parallel conductors in
Fig. (4.17) is 5 cm and the applied voltage is 30 kV. Fig. (4.18) shows that the high electric
field strengths at triple points of water droplets can be reduced by using the microvaristor
layer. Consequently, the water droplets corona discharges are reduced as well.

In [T1] a few water droplets are placed on the rod and the sheds of a 420 kV insulator
to investigate the field grading effect of the microvaristor-filled silicon rubber layer at the

triple points of the droplets. The simulated model is demonstrated in Fig. (4.19). The
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Figure 4.15: The potential distributions of 170 kV insulators for the different geometrical
configurations at the peak value of the over-voltage of Upeax = 594 kV of the third period. The
vertical lines mark the positions of the shed peaks.
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Figure 4.16: The electric field distribution at the energized side of the insulators at the over
voltage of Upeax = 594 kV. The vertical lines mark the positions of the shed peaks.
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Figure 4.17: The simulated models of a static water droplet under the tangential electric field
strength. Green: microvaristor layer; Magenta: silicone rubber; Blue: water droplet; Red line:
evaluation line.
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Figure 4.18: The field grading effect at the triple points of water droplets by using the mi-
crovaristor layer at the voltage of Upeax = 30 kV.
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results of the FEM simulations in Fig. (4.20) show that the maximal electric field strength
Frnax = 18.5 kV/cm at the triple points can be reduced to the FEy., = 15 kV/cm by the

application of the microvaristor-filled silicone rubber layer.

Figure 4.19: A few water droplets on the rod and the sheds of a 420 kV insulator.

microvaristor-filled
silicone rubber

4.4.3 Prevention of the Dry Band Arcing

The formation of dry bands on outdoor insulators is quite complicated. This process is
supposed to be dynamical and in this subsection, the simulated models considering the
water pollution are simplified. Under light rain conditions, the surface area on the insulator
facing the rainfall is exposed to water, whereas the downfaced areas located under the sheds
are assumed to be dry. The pollution layer is subdivided into two main regions namely:
a highly wetted area and a low wetted area. The moisture from the rain can easily reach
the highly wetted area without any obstacles. The low wetted regions are protected by
the sheds, consequently considered to be the nearly dry regions. For simulations the wet
polluted layers are considered to have a homogeneous material property. A section of the
170 kV insulator structure used for the simulations with the wet pollution layers is shown
in Fig. (4.21).

The simulation results at Uyns = 98 kV are plotted in Fig. (4.22). The tangential electric
field peaks for the insulator configurations with microvaristor material on both the rod and
microvaristor material on the rod and the sheds are reduced. As expected, the tangential

electric field strength at the over-voltage U, = 420 kV is significantly higher than at
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Figure 4.20: Simulated electric field distribution at the end of a 420 kV insulator in the pres-
ence of a few single water droplets at the voltage of U,,,s = 243 kV. Left: without microvaristor
layer; Right: with microvaristor layer [T1].
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Figure 4.21: The simulated insulator structure with wet pollution layers. The surfaces of
the insulator facing the rainfall are highly wetted regions. The surfaces under the sheds are
considered to be dry.
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Ums = 98 kV, as shown in Fig. (4.23). The dotted red horizontal lines mark the electric
field strength E = 30 kV /cm [102], at which the breakdown of the air may occur. Only for
the insulator with microvaristor material on the rod and the insulator with microvaristor
material both on the rod and the sheds, the tangential electric field strength does not exceed
this value. Besides, the configuration with microvaristor material on the rod and sheds
outperforms the other configurations. The corresponding potential distributions along the
surface of the insulators are illustrated in Fig. (4.24). These results also indicate the
homogenization effect of the potential by applying the microvaristor material on the rod
and on both the rod and the sheds.

Figure 4.22: Tangential electric field distributions along the surface of the insulator at U,,s =
98 kV. The red crosses refer to the positions of the shed peaks.
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In [P2] the investigation of a 420 kV insulator with 10 sheds and a length of 2930 mm in
rain test is carried out. The rain is modelled as separate conductive water rings on the wet
regions of the water-repellent composite insulator. The results also indicate the positive

effect of applying the microvaristor material at least on the rod of the insulator.

4.4.4 Experimental Results
Partial discharges

In the high-voltage laboratory at the Technische Universitat Darmstadt, the four configu-

rations of 420 kV insulators with and without microvaristor-filled material were built up

44



4 Investigation of Insulators with Microvaristor-Filled Silicone Rubber Components

Figure 4.23: Tangential electric field distributions along the surface of the insulator at U, =
420 kV. The red crosses refer to the position of the shed peaks. The dotted red horizontal lines
mark the electric field strength £ = 30 kV/cm, at which the breakdown of the air may occur.
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Figure 4.24: Potential distributions along the surface of the insulator at U, = 420 kV. The
black vertical lines refer to the shed peaks of the insulator.
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und investigated. Partial discharges were measured under the rain test. The experimental
results are shown in Fig. (4.25). For the insulator with microvaristor material on the rod
and sheds no discharges are visible, neither on the rod nor underneath the sheds. The
insulator with microvaristor material on the rod also performs well. For the conventional
insulator, there are obvious discharges under the last two sheds at the energized side. These
results indicate that the electric field strength is reduced by using the microvaristor ma-
terial, consequently the partial discharges. More information about the experiment can be
found in [24][107]. The experimental results show quite a good agreement with the FEM

simulation results shown in subsection 4.4.3.

Figure 4.25: Partial discharges along the insulators with different configurations [107].

I) microvaristor rod + microvaristor sheds
Il) conventional rod + microvaristor sheds
lll) conventional insulator

IV) microvaristor rod + conventional sheds

Testing of tracking and erosion

For outdoor applications, the tracing and erosion resistance of the insulation material
is very important. For this aim, an inclined plane test and a weather ageing test under
salt fog are carried out in [24]. The insulators with microvaristor-filled material show no
deterioration of the insulation material at all. However, in the inclined plane test the
microvaristor-filled silicone rubber shows rather good, but not sufficient tracking and ero-

sion resistance.
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To improve the outdoor applicability a microvaristor-filled silicone rubber with lower
switching point could be more suitable or a thin protection layer of silicone rubber can be
applied on the surface of the microvaristor-filled silicone rubber to avoid exposition of the

microvaristor material environmental stress.

4.5 Investigation of Application of the Microvaristor

Material under a Silicone Layer

As mentioned in the last section, to improve the outdoor performance of the insulator
featuring microvaristor-filled material, a protection layer of silicone rubber can be applied
on the microvaristor layer. In this section, the electrical behavior of insulators featuring a

microvaristor layer and a protection layer on top of it are investigated.

4.5.1 Simulated Insulators

The starting point of the investigation is a realistic 3D model of a 765 kV long rod composite
insulator, which is about 6 m long and has 20 sheds each at the energized and grounded
end fittings. The whole 3D model for the electrical simulations consists of a 38 m high
traverse, the insulator with corona rings and the attached transmission lines, as illustrated
in Fig. (4.26). The microvaristor material is modelled as a cylindrical layer along the
rod and covered by a silicone rubber protection layer. Near the energized end fitting the
microvaristor material is modelled as a cone-shape layer, which accommodates the high
field in these regions and allows better adhesion of the silicon rubber housing [3]. The
electric field distributions of the configurations of a 2 mm thick microvaristor-material
layer with a cone-shaped layer and without a cone-shape layer at the end of the insulators
are compared in Fig. (4.27) and Fig. (4.28). The results indicate that the configuration
without the cone-shaped microvaristor layer has a greater tangential electrical field strength
at the end of the insulator for both dry and wet surface conditions. Hence it is better to
use the cone-shaped microvaristor layer at the energized end of the insulator.

The whole model is located in a calculation domain with the dimension 16 m x 35.9 m x
45.2 m. The traverse, the grounded upper end of the insulator and the bottom surface of
the calculation domain are set to Dirichlet boundary conditions of 0 V. The transmission
lines, the lower end of the insulator and the corona ring are applied with a sinusoidal
volatage of U, = 765 kV, corresponding to a phase voltage with the effective value of
Uims = 442 kV. The surfaces of the calculation domain which cut the transmission lines

off are set to homogeneous Neumann boundary conditions.
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Figure 4.26: The simulated 765 kV insulator with a traverse and the transmission lines and a
cut-view of a section of the insulator with microvaristor layer [P7].
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Figure 4.27: The tangential electric field distributions for the configurations with and without
cone-shaped material layer under the dry surface condition [P7].
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Figure 4.28: The tangential electric field distributions for the configurations with and without
cone-shaped material layer in the presence of a few water drops on the surface [P7].

—without cone-shaped uVar-material layer
——with cone-shaped uVar-material layer

—
(o))
T

-
i
T

—
3]
T

—
(]
T

with cone without cone

D

e

Tangential electric field (KV/cm)
[05s]

N
T

1 ™ i ™ 1
g.5 5.55 5.6 5.65 57
Evaluation points near the energized end fitting (m)

4.5.2 Reduction of the Electric Field Strength for Dry Conditions

To better homogenize the potential distributions and consequently the electrical field
strength, the microvaristor-filled silicone rubber with lower switching points are inves-
tigated. In Fig. (4.29) the tangential electrical field distributions near the energized end
fitting using microvaristor-filled composite materials with different switching points are
shown. The switching points of these two composite materials are 4.5 kV/cm and 5.5 kV /cm
respectively, according to the definition of the manufacturer ABB, namely the point at
which the current density is 0.13 mA /cm?. The results demonstrate that the electric field
strength can be better damped using the lower switching point. However, the switching
point should not be too low. This is because the microvaristor material produces Joule
heating if it becomes conductive. Hence, the switching point should be above the nominal

electric field strength to avoid thermal instability and energy losses.

4.5.3 Prevention of Water Corona Discharges

The microvaristor layer can also reduce the high electric field strength at the triple points
of the water drops if they are on the surface of the protection silicon layer near to the
energized end fitting, as demonstrated in Fig. (4.30). For simulations, the water droplets

are modelled as a hemisphere which has a 90° contact angle with the silicon surface.
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Figure 4.29: The tangential electric field distributions of the dry insulators featuring mi-
crovaristor composite materials with different switching points.
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Figure 4.30: The tangential electric field distributions of the insulators featuring microvaristor
composite materials with different switching points, if a few water droplets are present on the
surface of the silicon protection layer.
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4.5.4 Effect of the Silicon Layer in the Presence of Dry Bands

As described in the subsection 4.4.3, the high electric field strength between the dry bands
on the insulator surface can be reduced by applying microvaristor composite material di-
rectly onto the surface of insulators, because the current flowing through the wet pollution
layers can bypass the dry bands through the microvaristor material when it becomes con-
ductive. However, if the microvaristor layer is applied under a protection silicon layer,
this effect is much less obvious. To investigate this phenomenon, a 420 kV insulator is
simulated and the dry bands are modelled as 1 cm wide rings and are located under the
sheds, as shown in Fig. (4.31). The wet polluted layers are 1 mm thick and have a relative
permittivity of 81 and a conductivity of 100 uS/m. The microvaristor composite material

with 5 kV /cm switching point is covered by a 2.5 mm thick silicone rubber layer.

Figure 4.31: The positions of the dry bands under the sheds. The width of the dry bands is
1 cm.

Wet pollution
layers

Dry bands

The simulation results are shown in Fig. (4.32) and compared with a conventional insula-
tor and the insulator with the microvaristor layer direct on the insulator surface. As seen in
the figure, the high electrical field strength appearing between the dry bands near the ener-
gized end fitting can be slightly reduced using the microvaristor layer under a silicone layer,
whilst the electric field strength can be damped much more by applying the microvaristor
material directly onto the insulator surface. The reason is that the protection silicone layer
can be seen as a capacitor Cj,s, which prevents the current from flowing through the mi-
crovaristor layer under the low frequency of 50 Hz. Equivalent circuit representations for
this are shown in Fig. (4.33).
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Figure 4.32: The tangential electric field distributions of the conventional insulator, the in-
sulator with microvaristor material under a silicone layer and the insulator with microvaristor
directly applied on the surface in the presence of dry bands under the each shed. The results
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Figure 4.33: The equivalent circuits for the explanation of the effect that the electrical field
strength is slightly reduced by applying the microvaristor layer under a silicone layer. R,;:
resistance of the wet polluted layer; Cy,,: capacitor of dry band; Cins: capacitor of the silicone
layer; R,var: non-linear resistance of the microvaristor layer.
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4.5.5 Influence of the Switching Point of the Microvaristor Layer

The influence of the switching point of the microvaristor-filled composite material for the
reduction of the electric field across the dry bands under every shed is investigated. In
Fig. (4.34) the tangential electric field distributions for insulators with the microvaristor
layer with two different switching points are presented. Using the microvaristor with lower
switching point can further reduce the electrical field strength in the critical regions near to
the energized end fitting for a few percentages. However, it is noticeable that the switching
point of the microvaristor should not be too low. The reason is that if the switching point
is too low, the microvaristor material is conductive under the nominal voltage. In this case,
a large leakage current will flow through the microvaristor layer resulting in certain energy

losses under permanent operation and consequently thermal damage to the material.

Figure 4.34: The tangential electric field distributions of the 420 kV insulator featuring mi-
crovaristor materials with different switching points. The peak of electric field appears across
the dry band under the last shed near the energized end fitting.
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4.5.6 Influence of the Thickness of the Silicone Layer

The thickness of the protection silicone layer may have an influence of the electric field
distribution along the surface of the insulator. In [P7] different geometrical configurations
of insulators with microvaristor layer are adopted for FEM simulations to investigate this
influence, under the dry surface condition and a few water droplets on the insulator sur-

face. As reported in [P7], the peak of electric fields can be better homogenized by the
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configuration using 2 mm thick microvaristor material covered by a 1 mm thick silicone
rubber layer than the configuration using 1 mm thick microvaristor layer covered by 2 mm
thick silicone rubber layer. This effect is much more obvious for the dry surface condition
than a few water droplets on the surface.

To investigate the influence of the silicone layer on the electric field distribution in the
presence of dry bands, a small insulator, which is almost 0.4 m long and has 7 sheds, is
adopted. The different geometrical configurations investigated are shown in Fig. (4.35).
The dry bands are 1 mm wide and located under each shed. The potential distributions
and electric field distributions are respectively presented in Fig. (4.36) and Fig. (4.37). As
seen in Fig. (4.36), the potential distribution is globally better homogenized if the silicone
protection layer is thinner. However, the locally high peak values of electric field strength,
which are at the edges of wet pollution layers, are not better damped using thinner silicone

protection layer.

Figure 4.35: Different geometrical configurations of the microvaristor layer and the silicone
protection layer.
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4.5.7 Experimental Results
Artificial Rain Test

For experiments in a high-voltage laboratory an insulator is produced with microvaristor-
filled silicone covered by an outer layer of conventional silicone rubber with an addition of

approx. 60% aluminium trihydrate (ATH) which is usually used to improve the outdoor
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Figure 4.36: Comparison of potential distributions along the investigated small insulator with
different geometrical configurations.
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Figure 4.37: Comparison of electric field distributions along the investigated small insulator
with different geometrical configurations.
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performance of polymeric insulators. The laboratory tests are carried out in the high-
voltage laboratory at the Technische Universitat Darmstadt. The partial discharges are
measured using an UV (Ultraviolet) daylight camera. The experimental results indicate
that the partial discharge activities can be reduced by using a microvaristor layer under

the silicone layer. For more information the readers are referred to [23][41].

Artificial Pollution Test

Artificial pollution tests are also carried out for insulators with microvaristor composite
materials under a protection silicone layer in the high-voltage laboratory at the Hochschule
Zittau/Gorlitz, according to the standard IEC 60507 [61]. The results indicate that the
insulator with microvaristors inside covered by the silicone protection layer has nearly no

improvement compared to a conventional insulator. More information can be found in [42].

4.6 Summary

In this chapter, the application of microvaristor-filled silicone rubber to outdoor long-rod
insulators is investigated. FEM simulations are carried out for insulators with different
geometrical configurations for the microvaristor material. If the microvaristor is applied
directly on the surface of the insulator, the local high electrical field strength can be
reduced well. This holds not only at the triple points of water droplets, but also across the
dry bands on the surface of the insulator. The laboratory test shows quite a good agreement
to FEM simulation results. However, this configuration shows quite a good field grading
effect, but not a sufficient tracking and erosion resistance in the laboratory test. Thus, this
configuration is not quite suitable for outdoor applications.

An option to solve this problem is to use a protection silicone layer above the mi-
crovaristor layer. Using this configuration the potential distributions along the surface of
dry insulators can be homogenized and the high electric field at the triple points of water
drops can also be reduced. This effect is more obvious if the protection silicone layer is
thin. However, in the presence of the dry bands on the surface of the insulator, the high
electric field strength across the dry bands can just be reduced slightly using this config-
uration. Even though choosing the microvaristor material with a low switching point can
further reduce the electric field between the dry bands by a few percents, the field grading
effect of the microvaristor material under a silicone layer is not as significant as for the
configuration with the microvaristor direct on the surface. By reducing the thickness of the
silicone layer, the potential distribution along the insulator is globally better homogenized,

but the peak values of the electric field at the edges of dry bands are not better reduced.
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5 Investigation of compact Bushings with

Microvaristor-Filled Epoxy Resin

5.1 Introduction

The gas-insulated bushing is an insulation device in power systems which allows a high-
voltage conductor to safely pass through a grounded barrier, for example the wall of a
transformer. One of the main tasks of the design of high-voltage bushings is to obtain an
optimal electric field distribution along the surface of the insulation materials, especially
in the air side. The dielectric strength of SFy (Sulphur Hexafluoride), used as a gaseous
dielectric medium inside the bushings, can be increased by raising the pressure. However,
the pressure in the surrounding air is considered to be constant. Hence, the obvious way
to prevent the breakdown of the air is to reduce the electric field strength near the surface
of the insulator. A common traditional approach to reduce the electric field strength is
geometrical field grading, which usually leads to an over-dimensioned product design as the
voltage increases [57]. Another solution is the so-called capacitive field grading approach,
which usually requires additional shielding electrodes, resulting in increased costs and
higher space requirements [16]. A new option is the use of non-linear resistive field grading
materials such as microvaristor-filled compounds in critical regions.

A non-linear microvaristor-filled epoxy resin component can be applied to design a com-
pact SFs-insulated bushing, which has a smaller diameter than conventional bushings. By
placing a microvaristor-filled epoxy resin layer in the critical region, i.e. around the area of
the grounded electrode, the electric field strength can be reduced and consequently partial
discharges as well. This concept is illustrated in Fig. (5.1). By choosing a suitable switching
point for the microvaristor-filled epoxy resin component, the diameter of 550 kV bushing
can be reduced by 30%. In this case, less SFy gas is required. Hence, this design concept
using microvaristor-filled epoxy resin leads to a more eco-friendly and economical product.

In this chapter, the non-linear electrical properties of the microvaristor-filled epoxy resin
are investigated for different parameters, such as microvaristor contents and temperatures.
Beside that, the application of this component in 550 kV compact bushings is computa-

tionally and experimentally tested and verified.
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Figure 5.1: Comparison of a conventional bushing (left) and a compact bushing (right) with
dl > dQ [P4]
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5.2 Electrical Properties of Microvaristor-Filled Epoxy

Resin

As mentioned in chapter 2, microvaristor powder can be mixed with different matrices
to be a non-linear functional field grading material. To get a better adhesion of the com-
pound to the GFRP (Glass Fibre Reinforced Plastic) composite, the microvaristor powder
is compounded into the epoxy resin. To systematically investigate the electrical properties
of microvaristor-filled epoxy resins, microvaristor-filled epoxy resin samples with differ-
ent microvaristor contents are produced and measurements of these samples at different

temperatures are carried out.

5.2.1 Setup of Measurement

To measure the £ — J curve of microvaristor-filled epoxy resin samples, plan-parallel elec-
trodes are adopted to achieve a homogeneous electric field strength in the measured sam-
ples. Besides, a guard ring is adopted to avoid field disturbances and surface current ef-

fects. This measurement arrangement is shown in Fig. (5.2).

5.2.2 Influence of Different Microvaristor Contents

To get a stable non-linear electrical property for microvaristor-filled epoxy resin com-

pounds, the microvaristor filling content should be above the percolation threshold in order
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Figure 5.2: Electrode configuration for measurements [P1].
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to form conductive particle-particle paths within the compounds. Compared to epoxy resin,
microvaristor powder is heavier and more expensive, which is a disadvantage for the ap-
plication in high-voltage devices. Hence, it is desirable to find the content of microvaristor
powder necessary for industrial applications.

For this aim, samples with 65 m%, 75 m% and 84 m% filler contents (m%: mass percent)
are investigated. To produce samples, microvaristor powder is mixed with epoxy resin and
hardener. Besides, a little amount of a thickening agent is added into the mixture to avoid
sedimentation. Then the mixture is evacuated and vacuum-cast into a planar mold with a
height of 2 mm. The results of measurements under AC at room temperature are shown in
Fig. (5.3). The results demonstrate that, if using microvaristors with 65 m% content, the
compound does not show the non-linear property. The probable reason for that is 65 m%
content is below the percolation threshold, resulting in sparse conducting paths through
the sample. Above 75 m% content the compounds have an obviously sharp transition
from insulating to conducting state. Hence, 75 m%, as suggested in [63], is a moderate
choice considering both the reasonable electrical non-linearity and industrial application
possibility.

However, if the microvaristor powder with a certain switching point Ej, powder is mixed
with the epoxy resin with 75 m% filler contents, the switching point of the composite

Ey composite 15 somewhat higher than the switching point of the powder E, powder-

5.2.3 Influence of Different Temperatures

Temperature can also have an influence on the E — J characteristics of microvaristor-filled
epoxy resin compounds. It is already well-known that the characteristics of microvaristor

powders are dependent on the temperature, especially in the pre-breakdown region [90].
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Figure 5.3: ¥ — J AC characteristics of the 65 m%, 75 m% and 84 m% microvaristor-filled
epoxy resin samples [P4].
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The leakage current increases with rising temperature, whereas the switching point of the
microvaristor powder decreases with rising temperature. However, if microvaristor powder
is mixed with epoxy resin as an insulating matrix, the thermal behavior of the epoxy resin
can also affect the temperature-dependent conductivity of the whole compound.

The E — J curves are measured at the different temperatures, 23°C, 30°C, 40°C, 50°C
and 80°C. A temperature chamber is adopted, as shown in Fig. (5.4), to get a constant
temperature in the samples and the surrounding environment. The measurement results
are shown in Fig. (5.4). As seen in this figure, the electrical conductivity increases in the
pre-breakdown region when the temperature rises from room temperature 23°C to 40°C. In
this case, the leakage current of microvaristor particles is thermally activated. However,
the electrical behavior is very similar to each other in the range from 40°C to 80°C. An
explanation could be that, above a certain temperature, the thermal expansion of the
epoxy resin matrix results in fewer contacts of the microvaristor particles which leads to
a reduced amount of conducting paths through the samples. This effect compensates the
thermal activation effect of microvaristor particles, whose conductivity increases with rising
temperature. The results also indicate that the switching points of the measured sample
are just slightly affected by the temperature in the range from 23°C to 80°C. Hence, this

composite material can be considered to be thermally stable.
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Figure 5.4: Measurement arrangement in a temperature chamber.

Figure 5.5: Double logarithmic plots of the measured E—J AC characteristics of microvaristor-
filled epoxy resin compound at different temperatures [P1].
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5.3 Computational Investigation

In this section the computational investigation of the application of microvaristor-filled
epoxy resin layer in compact bushings is discussed. Further, influences of the switching
point, thickness and the length of microvaristor-filled epoxy resin layer on the electric field

distribution are investigated.

5.3.1 The Simulated Bushing and Material Properties

The simulated bushing for this compact design is a 550 kV bushing which is almost 4.5 m
high and has 94 large and 93 small sheds. The diameter of this bushing is 340 mm. The
microvaristor material layer is applied on the outer surface of the GFRP tube, between the
GFRP tube and silicone layer. The rotationally symmetric 2D model (rz-geometric) of the
simulated bushing is shown in Fig. (5.6). The space between the high-voltage conductor
and the GFRP tube is filled with SF gas, which has a much higher dielectric strength

than air and hence is usually used as a gaseous dielectric medium.

Figure 5.6: The rotationally symmetric 2D model of the simulated compact bushing. The
microvaristor layer is placed between the GFRP tube and silicone layer.

Silicone

High-voltage

conductor Air

pVar-filled
R=112.5mm epoxy resin

&
<

Grounded
electrode

The applied material parameters for FEM simulations are summarized in Table (5.1).

The high-voltage conductor and the grounded electrode are modelled as PECs.
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Table 5.1: Material parameters for the bushing featuring microvaristor-filled epoxy resin

Material rel. permittivity ¢, conductivity x
Silicone 3.2 0.0
Glass-fibre reinforced plastic 4.0 0.0
Air ambient 1.0 0.0
SF; gas 1.0 0.0
Water drops 81.0 50 uS/m
Microvaristor-filled epoxy resin 12.0 ~ 16.0 non-linear

5.3.2 Choosing the Switching Point of the Microvaristor Composite

As known, the microvaristor-filled composite can produce Joule heat if it becomes conduc-
tive, which may lead to thermal breakdown of the material under the permanent opera-
tion. Hence, the microvaristor-filled epoxy resin should be insulating under the nominal
voltage but becomes conductive if an over-voltage occurs. FEM simulations are carried out
to determinate a suitable switching point of the microvaristor-filled composite. As shown
in Fig. (5.7), the maximal electric field strength, in the position where the microvaristor
layer is planned to be placed, is almost 11.5 kV/em under the nominal operation voltage
of Ums = 318 kV. Hence, the switching point of the microvaristor-filled epoxy resin should
be above the nominal electric field strength to avoid thermal instability. On the other
hand, the switching point should be less than the critical electric field strength in case of
over-voltages to reduce discharge activities. Considering both these aspects the switching
point can be e.g. 12 kV /cm.

Simulations are carried out to compare the electric field distributions for the bushings
with and without microvaristor-filled epoxy resin under the test over-voltage of Uy =
476 kV. As illustrated in Fig. (5.8), the electric field strength along the surface of the
bushing in the air near the grounded electrode can be reduced by almost 30 % at the
position where the microvaristor-filled epoxy layer is applied and becomes conductive. This
result verifies that the diameter of bushings can be reduced without the increase of the
electric field strength in the critical region, namely around the grounded electrode, if the

microvaristor-filled epoxy layer is applied.

5.3.3 Reduction of the Water Drop Corona on the Surface of
Bushings

Using the microvaristor-filled epoxy resin under the silicone surface in bushings can also
dampen the high electric field strength at the triple point of the water droplets, the

air and the silicone surface. This can be verified by the computational results shown in
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5 Investigation of compact Bushings with Microvaristor-Filled Epoxy Resin

Figure 5.7: The electric field strength distribution in the region, where the microvaristor-filled
epoxy resin should be placed, under nominal operation voltage. The results are evaluated at
the peak value of the voltage with Upeax = 449 kV.
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Figure 5.8: The electric field distributions for the bushings with and without microvaristor-
filled epoxy layer under the over-voltage. The results are evaluated along the surface of the
bushing in the air at the peak value of the voltage Upeax = 673 kV.
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Fig. (5.9). For simulations, just a few water droplets are placed on the surface of the sil-
icone, which are modelled as a hemisphere. The simulation results demonstrate that the
high electric field strength at the triple points of the water drop near the grounded elec-
trode can be reduced from almost 28 kV/cm to 18 kV/cm if the microvaristor layer is

applied.

Figure 5.9: The electric field distributions for the bushings with a) and without microvaristor-
filled epoxy layer b) in the case that a few water droplets are present on the surface of the
silicone surface of the bushing.

a) without microvaristor layer b) with microvaristor layer

5.3.4 Determination of the Necessary Length of the Microvaristor

Layer

In addition to the switching point, the length of the microvaristor-filled epoxy layer is also
investigated. Considering the material cost and the industrial application it is not necessary
to apply the microvaristor layer along the entire bushing. On the other hand the length
should not be too short. Otherwise high electric field strength can appear at the end of
the microvaristor layer. In Fig. (5.10) an example is given to show this effect. Simulations
with different lengths of microvaristor layer for the same switching point are carried out to
determine the necessary length. The applied length should be longer than this necessary
length to avoid a local increase of electric field strength at the end of the microvaristor
layer.

Also, the switching point has an influence of the necessary length on the microvaristor

layer. To investigate this influence simulations for a compact 420 kV bushing featuring
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Figure 5.10: An example of the effect that, if the microvaristor layer is too short, the local
high electric field strength can appear at the end of the layer.
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microvaristor-filled epoxy layer with different switching points are carried out. As shown
in Fig. (5.11), the necessary length of the layer should be 400 mm, if the microvaristor
layer with the switching point at 7.5 kV /cm is applied. Compared to that, the necessary
length of the microvaristor layer with the switching point at 6 kV/cm is about 600 mm,
as shown in Fig. (5.12). These results indicate that, using the lower switching point of
the microvaristor layer, the electric field strength can be better damped. However, for the
microvaristor layer with the lower switching point the necessary length is longer.

In addition, the design voltage also affects the necessary length of the microvaristor layer.
The higher the design voltage is, the longer the microvaristor layer should be. Hence, for
determination of the length of the microvaristor layer, both the chosen switching point
and the design voltage should be taken into consideration. Considering both aspects the
necessary length of the microvaristor layer for the 550 kV compact bushing can be deter-
mined by FEM simulations. The final length is decided by this necessary length plus a

safety factor.

5.3.5 Influence of the Thickness of the Microvaristor Layer

To investigate the influence of the thickness of the microvaristor layer on the electric

field distribution along the surface of the bushing simulations for the 550 kV compact
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Figure 5.11: Determination of the necessary length of the microvaristor layer with the switch-
ing point at 7.5 kV/cm for a 420 kV compact bushing.
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Figure 5.12: Determination of the necessary length of the microvaristor layer with the switch-
ing point at 6 kV/cm for a 420 kV compact bushing.
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bushing with 600 mm long microvaristor layer with different thickness are carried out. The
simulations are performed for the microvaristor layer with the switching point at 12 kV /cm
and under the over-voltage with U,,s = 476 kV. The results illustrated in Fig. (5.13) show
that the thickness of the microvaristor layer has no significant influence on the electric field

distribution along the surface of the bushing.

Figure 5.13: Influence of the thickness of a microvaristor-filled epoxy resin layer on the electric
field distribution along the surface of bushings. The results are evaluated along the surface of
the bushing in the air at the peak value of the voltage Upcax = 673 kV.
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5.4 Experimental Investigation

Prototypes of the compact 550 kV bushing featuring microvaristor-filled epoxy resin are
built and experimentally investigated in the high-voltage laboratory of Lapp Insulators
GmbH, Wunsiedel. The microvaristor layer is placed onto the GFRP tube near the
grounded electrode, as shown in Fig. (5.14). The tested compact bushing and the con-

ventional bushing as comparison are demonstrated in Fig. (5.15).

5.4.1 Partial Discharge Measurements

A partial discharge (PD) measuring system is adopted to measure the partial discharges of

bushings, according to the IEC standard 60137 [62]. The applied voltage is slowly raised
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Figure 5.14: Microvaristor-filled epoxy resin component placed on the GFRP tube [P4].

GFRP (Glass Fiber Reinforced Plastic)

Microvaristor-filled epoxy resin compound

Figure 5.15: Comparison of the 550 kV compact bushing and the conventional bushing in the
high-voltage laboratory of Lapp Insulators GmbH [P4].

Conventional
bushing

Compact
bushing
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to Upms = 710 kV, then is kept on this value for a few minutes. After that, the voltage is
decreased till zero. In the entire process, the partial discharges are less than 5 pC at an
over-voltage of U,,s = 476 kV. These results indicate that no partial discharges occur at
the voltage of U,,s = 476 kV. This specification should be fulfilled for designing a bushing!.
Without the microvaristor component the PD are much higher than 10 pC.

5.4.2 Temperature Measurements

Beside the partial discharges, the temperature on the surface of bushings is also observed.
For this observation an infrared camera is adopted. Under normal operation voltage no
increase of temperature is detected after 20 minutes. However, if the test over-voltage
with Upms = 476 kV is applied, the temperature increases from 23°C (room temperature)
to 30°C after approximate 10 minutes. This result is shown in Fig. (5.16). The increase
of the temperature indicates that the microvaristor layer becomes conductive under the

over-voltage as desired to reduce the electric field strength in the critical region.

Figure 5.16: Image of temperature increase after 10 minutes, taken by an infrared camera.
The indicated position is the position of the microvaristor-filled epoxy resin [P4].

5.5 Summary

In this chapter the application of the microvaristor-filled epoxy resin into the bushings
is investigated. The diameter of the compact bushing is smaller than the conventional

one leading to an increase of the electric field strength on the surface of the bushing and

! According to the IEC standard 60137, partial discharges should be less than 10 pC at the voltage of
Urms = 476 kV, for a 550 kV bushing.
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consequently to partial discharges at over-voltages. However, the partial discharges should
be less than 10 pC at the over-voltage of 476 kV for a 550 kV bushing, according to the IEC
standard 60137. To design a compact bushing, which has smaller diameter but still meets
the requirements of the standard, the microvaristor-filled epoxy resin layer is applied to
the critical region of bushings to reduce the electric field strength if an over-voltage occurs.

Since there is limited research about the electrical properties of the microvaristor-filled
epoxy resin, the investigation of this composite is necessary. Hence, samples are produced to
investigate the influences of the filler content and temperature on the electrical properties of
the composite. Based on the experimental results, the required content of the microvaristor
powder is about 75 m% to have an obvious switching transition. Further, the switching
point is almost unaffected by the temperature from 23°C to 80°C.

In addition, both non-linear FEM simulations and experiments in the high-voltage lab-
oratory are carried out for the investigation of application of the microvaristor-filled epoxy
resin layer in 550 kV compact bushings. Using the FEM simulations, the switching point,
the position, the required length and the influence of thickness of this composite layer can
be explored at low cost. The prototypes of this compact bushing, which is determined by
the FEM simulations, are built and tested in the high-voltage laboratory. Both theoretical
and experimental results demonstrate that the application of the microvaristor-filled epoxy
resin layer can effectively reduce the peak electric field strength in the critical region in the

air near the grounded electrode, consequently avoiding the occurrence of partial discharges.
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6 Optimization of HV Devices Using an
Adaptive Kriging Method

6.1 Introduction

In order to reduce the electric field strength in high-voltage (HV) devices diverse field
grading measurements are adopted for the design of a HV device. To get the maximal field
grading effect, some geometrical and material parameters can be optimized. Optimiza-
tion of complex design problems for large scale HV devices usually involve extensive use
of simulation based design and analysis tools, such as finite element analysis and other
computationally intensive models [10][114]. Since the high-voltage devices are usually very
large-scale and non-rotationally symmetric, the 3D accurate simulations usually require
a long time to evaluate a specific design. In this case, surrogate models are appropriate
to approximate the real-world model [25]. These allow to optimize very time-consuming
large-scale problems. These would be almost impossible to optimize using the standard op-
timization methods without surrogate models. For an accurate optimization, a surrogate

model with a good quality is required. The quality of surrogate model usually depends on:

e the topography of function being approximated.

the type of approximation technique.

the sampling strategy.

number of sample points available for approximation.

locations of sample points.

One of the most popular surrogate models is the Kriging model [74]. In this chapter the
use of an adaptive Kriging surrogate modelling for time efficient optimization of large-scale
high-voltage devices is discussed. Since these are time-consuming design problems, a new
problem specific adaptation of an so-called adaptive one-then-two stage Kriging method
[55] is proposed and tested. The described algorithm uses space-filling LHS (Latin Hyper-
cubes Sampling) and a one-stage approach, which is also called goal seeking, to get the

initial sample points to build the first surrogate model. Then a two-stage approach using
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the weighted expected improvement function is adopted to get further infill points. This
reduces the total number of computationally very expensive 3D simulations for the evalua-
tion of given parameter sets and hence speeds up the optimization process. This algorithm
is implemented using Python and tested with a few analytical test functions and a realistic
corona ring design problem for outdoor insulators. The results are also compared to an
other global algorithm without surrogate model, the DIRECT (DIViding RECTangles)
algorithm [65]. The content of this chapter is mainly based on [P3][P6].

6.2 Mathematical Background of the Kriging Method

One of the most popular methods to build a surrogate model of computationally expensive
deterministic simulations is the Kriging method [77]. This is because this method can not
only predict the shape of the expensive objective function based only on limited sample
points, but also estimate the accuracy of this prediction. The following mathematical
formulations are based on [39][65][68].

Suppose a set of sample data X = (x! x? ---,x") with observed responses y =
(y*, 92, -+ ,y") is given. The basic idea of the Kriging method is that the observed responses
are viewed as if they were from a stochastic process [68]. For the Kriging meta-modelling
a response value of the objective function is globally estimated by a known polynomial p

and a random derivation Z from this polynomial:

y(x) = p(x) + Z(x) , (6.1)

where Z(x) is assumed to be a realization of a random process with a mean of y and

variance of o2. The correlation of these random variables with each other is given by

cor[Z(x"), Z(x7)] = exp (— ZQ;]:E? — xﬂpl> , (6.2)

where d is the dimension of the variables, §; determines how fast the correlation drops off as

lth

one moves in the [** coordinate direction, and p; determines the smoothness of the function

in the ["" coordinate direction [65]. Then the n x n correlation matrix of the observed data

cor[Z(x'), Z(x")] -+ cor[Z(x'), Z(x™)]
R = : : (6.3)
cor[Z(x"), Z(x')] -+ cor[Z(x"), Z(x")]
and a covariance matrix
Cov(Z,7) = o’R (6.4)
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can be obtained. The distribution of Z depends on the parameters i, o2, 6; and p; (I =
1,---,d). To estimate the value of those parameters, the likelihood of the observed data

should be maximized. The likelihood function' can be written as

1 exp | (y — 1) Ry — 1p)
(2m)%(0?)% R 20° 7

L(6,p) = (6.5)

where 1 is the n x 1 vector with all elements equal to one. Eqn. (6.5) can be simplified using
the natural logarithm and further take derivatives, then the concentrated log-likelihood

function is obtained:
n o n
ConLL(0,p) = —§log(0 ) — §log(|R|) : (6.6)

Further the optimal values of 5% and [i can be expressed as function of R:

~ _ (y—1p)R7Y(y — 1)

_ 6.7
g n ) ( )
. 1Rly
A= TRT (6.8)

The concentrated log-likelihood function depends only on R and consequently only on
the correlation parameters §; and p; (I = 1,--- ,d). By maximizing the concentrated log-
likelihood function the optimal value of the correlation parameters are estimated. The

prediction 7(x*) of the objective function y(x*) at an unobserved point x* is given by
J(x") =n+rR7N(y —17) , (6.9)

where r is the correlation of the point x* to the other observed points X. The mean square

error (MSE) of the predictor at the point x* can be now written as

o 1 — r'Rr)?
s (x*) = o7 (1 —r'Rr + <1’R—11>) : (6.10)
For convenience the root mean square error (RMSE), s(x*) = 1/s%(x*), is used to represent
the predicted deviation of the Kriging model from the actual response. Obviously the
RMSE equals zero, if x* equals to any of the observed points.

As demonstrated in Fig. (6.1), using four sample points the Kriging surrogate model has
a bad approximation of the true function (left), whilst the surrogate model is well fitted
using eight sample points (right). Intuitively the question arises how many and where the

points should be sampled to assemble a well-fitted Kriging surrogate model. The different

LA likelihood function yields the probability of given observations in dependence of model parameters.
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strategies to generate the sample points will be introduced in the next section: initial and

infill sampling.

Figure 6.1: Comparison of two Kriging surrogate models using different sample points.
f(x) = xsin(x) -=-= f(x) = xsin(x)
e o  Observations o o Observations
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6.3 Initial and Infill Sampling

6.3.1 Initial Sampling

To generate a surrogate model using the Kriging method, a set of the initial sample points,
at which the expensive objective function is evaluated, is required and can be generated
by the experimental design [98]. However, because the shapes of the functions are usually
unknown and the problems to be solved are viewed as black box, it is most important
to get the space-filling initial points to avoid getting information from just a certain part
of the design domain [83]. Latin Hypercube Sampling (LHS) [115] is one of the popular
choices to accomplish that. However, a random generated LHS does not guarantee that
the samples are space-filling. Therefore, a so-called maximin LHS is adopted in which the
maximin metric, introduced by [64] and further extended in [88], is used to evaluate the
space-fillingness of a sampling plan.

Let dy,ds, - - - ,d,, be the set of the unique values of distances between all possible pairs
of points in a sampling plan X, which are sorted in ascending order. N;,i € {1,2,--- m},
defines the number of pairs of points in X separated by the distance d;. The most widely

used definition of distance is the p-norm of the space:

k 1/p
(05 = (1 - 1)
j=1

If p = 1, this is the rectangular distance, which also referred to as the Manhattan norm,
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while p = 2 yields the Euclidean norm. In this work, the Euclidean distance is adopted. An
LHD is called maximin when the separation distance min d(x(™), x(2)(i; # i5) is maximal
among all LHDs of given size n [59]. Morris and Mitchell [88] also define a scalar valued

criterion to rank competing sampling plans, which is defined as follow:

m 1/q
o, = (Z dejq> . (6.12)
j=1

The smaller the value of ®,, the better the space-filling property will be. By choosing
the value for the parameter ¢, Morris and Mitchell recommend minimizing ®, for ¢ =
1,2,5,10,20,50,100 and then choosing the best of the resulting plans according to actual
value of Eqn. (6.12). When using @, as a criterion to assess the quality of a Latin hypercube
sampling plan, a systematic means of optimizing this metric across the space the Latin
hypercubes is still required. In this work an algorithm based on evolutionary operation
(EVOP) [39] is adopted to determine an optimized Latin hypercube sampling plan. The

entire process of generating an optimized LHS plan can be summarized as follows:
1: A random generated hypercube as a starting point for the optimization process.

2: For each ¢ € {1,2,5,10, 20, 50,100} optimize ®, using EVOP:
— 2.1: In each generation the parent is mutated randomly for a number of times.

— 2.2: The sampling plan which yields the smallest ®, value among all offspring

and the parent is selected as the parent for the next generation.

— 2.3: Repeat the step 2.2 until the maximal number of generations is reached.

3: Choose the best sampling plan from the optimized sampling plans with different

values of ¢.

In Fig. (6.2) sampling plans with ten points using random LHS (left) and maximin LHS
(right) are demonstrated. This figure shows that the sampling plan using maximin LHS
is more uniformly distributed in the whole domain than the sampling plan using random

LHS.

6.3.2 Infill Sampling

Since the surrogate model ]?is just an approximation of the true objective function f which
should be optimized, it is necessary to improve the accuracy of the surrogate model using
further informations (infill points) in addition to the initial sample points [39]. There are
diverse strategies, which are categorized into two-stage and one-stage varieties in [65], to

choose these infill points.
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Figure 6.2: The comparison of a sampling plan using random LHS and using maximin LHS.
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Two-Stage Approach

For the two-stage approach a Kriging model is at first constructed by the current sample
points, and the next point to be sampled is found by optimizing an auxiliary function
based on this Kriging model. One popular utility function is the expected improvement
utility function [68] which is based on the RMSE predicted by the current Kriging model.
A parameter w can be added to the expected improvement function for better control of
the balance between searching globally in highly uncertain regions (explorative) and search
locally around the current minimum (exploitive) [113]. This modified function is called

weighted expected improvement utility function (WEIF) and can be expressed as

WHIFG — 4 09 ) + (1= w)ouG)], s =0
0

0, s(x) =

with
Ymin —
) _

o s(x) ’

where Yy, is the current minimum of the objective function values of the sample points,

u(x (6.14)

y(x) is the Kriging prediction at the point x given by Eqn. (6.9), s(x) is the root mean
square error in the prediction, and ¥(u(x)) and ¢(u(x)) are the normal cumulative dis-
tribution function and density distribution function, respectively. The value of the ad-
justable parameter w is between 0 and 1 and controls the balance of the two terms of
the Eqn. (6.13). If w = 0, the left term vanishes and all emphasis is placed on searching
exploratively, whilst w = 1 places all emphasis on searching exploitively, as illustrated in
Fig. (6.3). However, the research in [132] demonstrates that the choice of the optimal w

is very important and unfortunately it is problem dependent. Therefore, in this work a
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simple schema w = |sin (7/18 - i) |, where 7 is the iteration number, is adopted to vary w
between 0 and 1, so that some iterations are searching globally while some iterations are

searching locally.

Figure 6.3: The weighted improvement function values with the different values w.
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A main drawback of a two-stage method is the possibility of deception [65], because
the evaluation of the WEIF strongly relies on the root mean square error of the Kriging
predictor. If the initial sample is too sparse, it may give a highly misleading view of the
objective function, consequently leading to a bad choice of the next sample point. An
extreme case of this deception is shown in Fig. (6.4). To get over this problem the one-

stage approach is adopted, which is introduced in the next section.

One-Stage Approach

The main difference between the one-stage and the two-stage approach is that the one-stage
approach does not need any information from the Kriging model, which is constructed by
the current n observed points [65]. In the one-stage approach a hypothesis is made about
a new point x* that achieves the goal objective function value f*. Under this assumption a
new surrogate model can be constructed based on the n observed points and the conditional

hypothetical point (x*, f*). The corresponding conditional likelihood can be written as

1 Y —Tuw)C\(y - T
(2m)2(0%)2|C2| 20

(6.15)
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Figure 6.4: An extremly deceptive function [65]. The Kriging model fitted to those sample
points has the root mean square error s(x) = 0 everywhere, therefore the WEIF values are also
equal to zero everywhere.

f(x) = sin(x)
e o Observations
2t | = Prediction

where

C=R-rr, y=y—-r-f", rT=1-r.

Here R is the correlation matrix of the n sample points, which depends on the parameters
0 and p. The vector r describes the correlation between x* and n sample points. In this
case the matrix C is affected by three parameters: 6, p and x*. The Eqn. (6.15) can be

simplified using the natural logarithm to get the conditional log-likelihood function:

(¥ —tw)C (¥ — i)
202

. (6.16)

. n, . n
CLL(0,p.x") = —Slog(5*) — Slog (IC)) -

2

By taking the derivatives of the Eqn. (6.16) with respect to u and o and solving them

equal to zero, the following equations can be obtained:

. (F¥Cc'y)
L | (6.17)
and el =
o _ (V- ru)Cn (v —tn) (6.18)

The concentracted form of the conditional log-likelihood function can then be obtained by
substituting Eqn. (6.17) and Eqn. (6.18) back into Eqn. (6.16):

ConCLL(6, p,x*) = —glog(a2> - glog(\cy) . (6.19)

The next sample point x* is estimated by maximizing Eqn. (6.19). This approach can
avoid the problem of deception, from which the two-stage approach is suffering.

However, the one-stage approach has its own drawbacks: a) the choice of target values
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f* is crucial for the performance of the one-stage approach, which is reported in [50],
but the choice of this value can be difficult; b) the one-stage approach becomes more
computationally expensive than the two-stage approach, especially for high dimensional
problems. If the optimal function value f°P* or an appropriate goal is known, the target
value f* can be set to them. However, in practice the optimum is usually not available or
the goal is not clear. In this case, one solution is that several search points using several
values of f* < Ymin (Ymin is the current minimum of the objective function values of the

sample points) are computed in a single iteration as suggested in [65].

6.4 One-then-Two-Stage Algorithm

To overcome the drawbacks of the two-stage approach and one-stage approach a hybrid
one-then-two-stage Kriging model assisted algorithm is adopted [55], which mainly consists
of three parts: initialization of sample points, one-stage selection of points and two-stage

selection of points. The procedure of this optimization algorithm is shown in Fig. (6.5).

Figure 6.5: Procedure of the hybrid one-then-two-stage Kriging model assisted algorithm.
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Step 1: Initialization of Sample Points

In this step a small amount of initial sample points is generated using the maximin LHS.
Then the objective function values are evaluated on those points. On one hand, to reduce

unnecessary evaluations, the number of the points to generate should not be too large. On
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the other hand, the number should not be too small to avoid too low accuracy. In this

work 4d points (d: dimensions of the problem) are sampled at the beginning.

Step 2: One-Stage Selection of Points

In this step further points are chosen using the information of the 4d initial sample points
and the one-stage strategy. Since the Kriging response surface could be too inaccurate with
such a little amount of sample points, the use of the two-stage approach in such an early
stage may be unsuitable. The process of using a one-stage approach to find the next infill
point is repeated until 10d (d: dimensions of the problem) points are obtained, which is
suggested in [68], or the optimum is found (if the optimum value is known or the expected

improvement of the design product is archived).

Step 3: Two-Stage Selection of Points

If 10d observed points are available and the optimum is still not found in the previous
step, the two-stage approach is adopted to get further infill points. Choosing a suitable
stop criterion to determine when to stop the surrogate infill process is rather subjective
[39]. In this work, when the expected improvement is lower than one percentage of the
range of the objective function values, the surrogate infill process is stopped.

Estimating the optimal infill sample points x* in step 2 and step 3, and the system
parameters @ and p are optimization problems themselves. To solve those problems a robust
global optimization algorithm - the DIRECT method is adopted, which is introduced in

the next section.

6.5 DIRECT Optimization Method

DIRECT (DIviding RECTangles) method is an optimization algorithm developed by Don-
ald R. Jones et al. [67] to find the global minimum of a multi-variate function subject to
simple bounds. This algorithm yields a deterministic and unique solution, using no deriva-
tive information. The DIRECT method is a modification of the standard Lipschitzian
approach which eliminates the need to specify a Lipschitz constant [6]. One of the major
problems of Lipschitzian optimization is specifying the Lipschitz constant [67]. Mathemat-
ically, the Lipschitz constant K satisfies the relation

|f(z1) = f(z2)| < Kl|z) — 12]], 71,72 €R (6.20)

where f(x) is the objective function for the optimization problem. The Lipschitz constant

K is considered as a weighting parameter to place the emphasis on global or local search.
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In standard Lipschitzan methods, K is usually large, because it must equal or exceed the
maximum rate of change of the objective function. As a result, these methods place a high
emphasis on global search which leads to slow convergence [67]. In DIRECT algorithm this
problem can be solved by carrying out simultaneous searches using all possible constants
from zero to infinity. Thus, the algorithm searches both locally and globally, leading to a
great speed-up of the convergence.

An essential idea of the DIRECT algorithm is the subdivision of the entire design space
into hyper-rectangles of equal length for multidimensional problems [110]. Then the objec-
tive functions are only evaluated in the middle of the hyper-rectangles. This is advanta-
geous, because this method can be easily extended to higher dimensions without increasing
the number of objective function evaluations for each hyper-rectangle. Subsequently, for
each iteration the set of hyper-rectangles is selected and further subdivided, which are
most likely to achieve the lowest objective function. This is repeated until the termination
criterion is met.

An illustration of an one-dimensional optimization by the DIRECT algorithm is shown
in Fig. (6.6). At first, the center of the design space is sampled and the space is subdivided
into two domains. During the next iteration the centers of the sub-domains are sampled
and the objective functions are evaluated at these sampled points. The domains with the
lower objective function value are further subdivided and the center points of the new sub-
domains are sampled. This process is iterated until the termination criterion is reached.

This process can be easily extended to higher dimensional-problems. The main difference
in higher dimensions compared to one-dimensional problems is the division of the search
space. Fig. (6.7) illustrates the optimization using DIRECT algorithm in two dimensions.

The process can be summarized by the following steps:
1) Choose the center of the design space as the starting point.
2) Subdivide the rectangle into three rectangles along the longest side.
3) Evaluate the objective function values of the centers of new rectangles.
4) Identify the set of potentially optimal rectangles to be further subdivided.

5) Go back to step 2) until the maximum number of function evaluations is reached or

the termination criterion has been met.

More information about the DIRECT algorithm can be found in [66][67].
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Figure 6.6: Example of one-dimensional optimization using the DIRECT algorithm [110].
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6.6 Analytical Results using One-then-Two Stage Kriging

The proposed algorithm is tested with a few benchmark test functions, which are defined as
box-bounded unconstrained problems. The simple descriptions of these test functions are
given in Table (6.1). In the colume Domain, the lower and upper bounds for all variables
are shown. More information about those test functions can be found in [85]. Three

variants of the algorithms are tested using the test functions in Table (6.1):

1. One-then-two approach with the target value f* set to the global optimum (suppose
the global optimum of the function value is known in advance, just the position of

the optimum should be evaluated) in the one-stage approach.

2. One-then-two approach with the target value f* < y,» in the one-stage approach,

where ymi, is the current minimum of the sample points.
3. Plain two-stage approach with w = |sin(7/18 - )|, where i is the iteration number.

All tests terminate after a first global optimum is found. The initial sample points
for these three variants are generated using the maximin LHS. The results are shown
in Table (6.2). This method is efficient to locate the global minimum for most of the
functional test problems. The only case where the one-then-two approach is not able to

find the global optimum is a very complicated 2D Schwefel function [85], which is designed
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Figure 6.7: Example of two-dimensional optimization using the DIRECT algorithm and divid-
ing hyper-rectangles [40].
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Table 6.1: The box-bounded unconstrained test functions [85]

Function Name Dimensions Domain
Humps 1 [-5, 5]
Schwefel 1D 1 500, 500]
De Jong’s Function 2 [-5.12, -5.12] - [5.12, 5.12]
Branin 2 [-5, 0] - [10, 15]
Six-Hump Camel 2 -3, -2] - [3, 2]
Rosenbrocks valley 2 [-2.048, -2.048] - [2.048, 2.048]
Michalewiczs function 2 2 0, 0] - [, 7]
Schwefel 2D 2 500, -500] - [500, 500]

Table 6.2: Number of evaluations to get within 1% of the optimal value

Function One-then-two One-then-two Two-stage
(optimum is known) (optimum is unknown)

Humps 13 15 fails
Schwefel 1D 13 16 fails
De Jong’s Function 10 13 11
Branin 18 24 16
Six-Hump Camel 26 33 fails
Rosenbrock’s valley 22 22 18
Michalewiczs function 16 19 fails
Schwefel 2D fails fails fails
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to be an especially hard objective function for global optimization. In comparison, the
algorithm using plainly the two-stage approach is not sufficient for many problems. Besides,
the one-then-two stage algorithm is faster, if the optimal function value is known for the
target value f*. As examples the optimization processes of the one-dimensional Schwefel’s

function and Hump’s function are demonstrated.

6.6.1 Schwefel’s Function

Schwefel’s function is deceptive in that the global minimum is geometrically distant over the
parameter space from the next best local minima. Therefore, the optimization algorithms
are potentially prone to convergence in the wrong direction [97]. The one-dimensional

Schwefel’s function is defined as:

f(z) = — - sin (M) ,x € [~500,500] . (6.21)

This function has a global minimum located in (420.9687, —418,9892) and four local min-
ima. The results using the Kriging assisted algorithm with the one-then-two approach are
shown in Fig. (6.8). Four initial sample points (red points) are generated by LHS sampling
algorithm. Then the one-then-two approach is performed to further sample the infill points
(blue points). After a total of 13 points are sampled, the global minimum of the objec-
tive function is found. As comparison, the algorithm using the plainly two-stage approach
is also adopted to optimize the Schwerfel’s function. This algorithm stops, when a local

minimum is found.

6.6.2 Hump’s Function

The Hump’s function is a multi-modal test function which has two local minimums, where
the global minimum has a small area relative to the search space. The function is defined

as follows:

1 1

fla) =6~ (x—03)2+000  (¢—0972+004" |

—5,5]. (6.22)

The global minimum of this function is located in (0.299, —96.500). Both one-then-two
stage and plainly two-stage Kriging assisted algorithms are adopted to search the global
minimum. The results are illustrated in Fig. (6.10) and Fig. (6.11). After 13 sample points,
the global minimum is located using the one-then-two stage Kriging assisted algorithm,

while just the local minimum is found using the two-stage algorithm.
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Figure 6.8: Optimization process of the 1D Schwefel’s function using the one-then-stage Krig-
ing assisted algorithm.
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Figure 6.9: Optimization process of the 1D Schwefel's function using the plainly two-stage
Kriging assisted algorithm.
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Figure 6.10: Optimization process of the Hump's function using the one-then-two-stage Krig-
ing assisted algorithm.
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Figure 6.11: Optimization process of the Hump's function using the plainly two-stage Kriging
assisted algorithm.
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6.7 Optimization of the HV Corona Ring

6.7.1 The Use of Corona Rings for Insulators

There are diverse measures to reduce the electric field strength along the surface of insula-
tors [72]. An option is to use a corona ring at the grounded and energized end fittings of the
insulator, which locally reduce the electric field strength in critical areas [105]. Fig. (6.12)
shows the field grading effect of installing a corona ring at the energized end of a 250 kV
composite insulator. The corona ring should be correctly positioned to get the maximal
field grading effect. In this section three geometrical parameters, shown in Fig. (6.13) are
considered in an optimization procedure: the major ring radius Rpajor, the radius of the

ring tube Ryinor and the distance between the corona ring and the energized end fitting d.

Figure 6.12: Electric field distribution along the surface of the insulator with and without the
corona ring.
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The 3D FEM simulation code MEQSICO is used to accurately calculate electric field
distributions along the insulator for various corona ring design parameters. 250 kV high-
voltage is applied to the transmission line and the corona ring at the energized end fitting
of the insulator. For the dry surface condition of the insulator the electrostatic simulations
are carried out. These 3D simulations of large-scale high resolution insulator models that
realistically take into account coupling capacitances are very time-consuming. Perform-
ing such a 3D simulation takes from almost one hour to a few hours, depending on the
complexity and the accuracy of the mesh of the simulation model. Hence, the number of

simulation runs should be limited.
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Figure 6.13: Three geometrical parameters on the corona ring to optimize.
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6.7.2 Optimization Results for the Corona Ring Design Problem

The optimization algorithm was applied to the corona ring design problem. The aim of
this problem is to find the optimal geometrical parameters of a corona ring so that the
electric field at the energized end of the insulator is reduced as much as possible. The three
parameters Riajor, Rminor and d are optimized in the calculation domain [170 mm, 250 mm|
x [20 mm, 50 mm]| x [0 mm, 200 mm]. The software CUBIT is used to generate the mesh
for the simulated models. The simulation software MEQSICO is adopted to numerically
calculate the electric field distribution along the surface of the long-rod insulator. A script
programmed in Python is used as the central control of the entire optimization process. The
schematic process of the optimization is shown in Fig. (6.14). The results using the one-
then-two stage Kriging algorithm are also compared to the results using the DIRECT
optimization algorithm (see Table (6.3)). For comparable results the one-two-stage Kriging
algorithm just needs 39 simulations, whilst 157 simulations are required for the DIRECT
algorithm. Hence, the optimization process is speeded up with a factor of almost 4. Using
the optimal geometrical parameters of the corona ring, the electric field at the energized

end fitting is quite well reduced, as shown in Fig. (6.15).

6.8 Summary

In this chapter an adaptive Kriging model-assisted algorithm using one-then-two stage
infill strategies is presented, which combines the advantages of the one-stage approach

and the two-stage approach. This proposed algorithm is reimplemented using Python and
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Figure 6.14: Optimization process using different components and a python script as the main

control.
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Figure 6.15: Electric field distribution along the insulator with the optimal corona ring.
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Table 6.3: Results of the corona ring optimization using the one-then-two stage approach
Kriging and the DIRECT algorithms

Methods No. of simulations d Rminor  Rmajor Eopt
(mm) (mm) (mm) (kV/cm)
Kriging 39 108.33 49 248.26 2.84
(One-then-two stage)
DIRECT 157 107.41 48.33  248.52 2.82

successfully tested with some analytical functions. This method is efficient for locating the
global minimum for most of the functional test problems. Furthermore, the test for the
real world application also yields a good speed-up in the corona ring design optimization

process with an acceptable accuracy.
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7 Optimization of Large-Scale HV Devices
Using the Co-Kriging Method

7.1 Introduction

To evaluate the electric field distribution along the HV devices, electro-static simulations
are carried out for the devices with linear materials, whilst electro-quasistatic simulations
are carried out for the devices featuring the non-linear field grading material. Due to the
high number of degrees of freedom of non-rotationally symmetric discrete 3D FEM models
and highly non-linear material characteristics, the computational design and optimization
of HV devices is very time consuming. Thus, in real-world applications involving the design
of HV devices the number of runs of expensive accurate 3D simulations should be limited.

In chapter 6 an optimization algorithm using the one-then-two stage Kriging method
is adopted to optimize the geometrical parameters of the corona ring for insulators. This
algorithm shows a rather good speed-up and it still yields reliable results. However, for
problems which require a few days to run a simulation, i.e., non-linear electro-quasistatic 3D
simulations, the number of runs of expensive FEM simulations should be further limited,
but the ordinary Kriging method using just few coarse sample points usually results in
an inaccurate approximation. Hence, in this chapter the Co-Kriging method is adopted,
which combines the information of the slow but accurate 3D simulations (high level) and
extensively, reduced fast but crude 2D simulations (low level). Using this algorithm makes
it possible to optimize large-scale HV devices within a reasonable time and with sufficient

accuracy at the same time.

7.2 Mathematical Background of the Co-Kriging Method

Co-Kriging is an extension of Kriging methods that exploits the correlation between ac-
curate and coarse model data to improve the prediction accuracy [38]. In this work the
autoregressive model is adopted, which assumes that the data of high level evaluations are
correct and the different levels of the same model are correlated in some way [70]. This is
known as a Markov property, which means that no more can be learnt from the low level if

the value of the high level at this point is known. The following mathematical formulations
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are based on [38][39].

Supposed two datasets are given: the accurate, expensive to evaluate data with function
values y. at n, sample points X, (high-fidelity) and the coarse, cheap to evaluate data
with function values y. at n. sample points X, (low-fidelity) (X. C X,.). These data can

be concatenated to be a combined set of points:

X:(i) (7.1)

Then the values at the points in X are treated as they are from a stochastic process.

This can be denoted using the set of random vectors:

Yo (X
Y = (X) : (7.2)
Y€<X€)
Creating a Co-Kriging model can be interpreted as constructing two Kriging models in a
sequence [71]. Therefore, the expensive to evaluate data (high-fidelity) can be approximated

as the cheap to evaluate data (low-fidelity) multiplied by a scale factor p plus a Gaussian

process Zg:

Ze(X) = ch(X) + Zd(x) ) (73)

where Z,., Z,. represent the Gaussian processes of the low-fidelity and high-fidelity datasets
respectively, and Z; represents the Gaussian process of the difference between pZ,. and Z..

The covariance matrix is then given by:

cov{Ye(Xe), Yo(Xo)} cov{Ye<Xe>,Yc<xc>}> (7.4)
H. .

cov{Y(X),Y(X)} = < cov{Yo(Xe), Ye(Xe)} cov{Yo(Xe), Ye(X,)

with

COV{YC(XC), YC(Xc)} = COV{ZC(Xc)a ZC<XC)}

(7.5)
= JE‘IJC(XCa XC) )

COV{YG(X6)7 YC (XC)} = COV{pZC(X‘C) + Zd(XC>7 ZC(Xe)}
= pUCQ‘IIc(Xca Xe) )
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cov{Ye(Xe), Yo(Xe)} = cov{pZe(Xe) + Za(Xe), pZe(Xe) + Za(Xe) }

(7.7)
= p?02 W (X, X,) + 0504 (X,, Xo) .
Thus, the complete covariance matrix is:
oo [ oe¥XeXo) poe W (X, Xe) (78)
poe® (X, Xe)  PPo7W(Xe, Xe) + 03 Wa(Xe, Xe) ) '

where o2 denotes the variance of the process Z., o3 is the variance of the process Z,
and W (X, X,), for example, represents a matrix of correlations based on an exponential
correlation function between the data X. and X.. This exponential correlation function

between two points x* and x’ is given by

d
cor (X;,X;) = exp (— Z 0|z — x{|pl> : (7.9)
I=1

where d is the dimension of the variables. The Co-Kriging prediction of the expensive to

evaluate function at the x can be expressed as:

5u(0) = A+ TG (y - 1) (7.10)
with
2. (X,
- poo ¥ (X, x) (7.11)
p*o2W (X, x) + 020 4(X,, x)
and
. 1TC 'y
= — 7.12
A= TTaoig (7.12)

In Eqn. (7.10) there are five parameters to estimate: 8., 84, p., pq and p. The parameters
0., p. can be estimated by the Kriging model of the coarse dataset (X,,y.), while the
parameters 04, pg and p are determined by the Kriging model of the residuals (X., d) with

d=y.— py.(Xe), (7.13)

where y.(X,) are values of y. at the locations of X,. Thus, a Co-Kriging model can
be constructed by two separate Kriging models and performing two maximum likelihood
estimation (MLE) of each corresponding Kriging model. Since the cheap to evaluate data
is considered to be independent of the expensive to evaluate data, the optimal values of
the parameters 56 and P, can be estimated by maximizing the In-likelihood function based

on the cheap to evaluate data. Then the optimal value of 52 can be calculated using
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c_]-ACT\I’cXmXc -1 c_l/\c
33:(y fie) We( ) (e — 15c) (7.14)

Ne

with
1T (X, X))y

e = 179 (X, X, )11

(7.15)

where n. is the number of sample points for the cheap to evaluate data. Similar to the
estimation of the 8, and P., the optimal values of the the parameters éd, pq and p can
be obtained by maximizing the In-likelihood function based on the residuals (X, d). Then
the optimal value of 62 can be expressed as

" d — 179) T4 (X, Xe) Hyq — 170,

52 (d —1fa)” Wa(Xe, Xe) ™ (ya — 1ia) (7.16)

Tle

with
o 1T\Ild(Xe, Xe)_ld

P=9Tg (X, X,) 11

(7.17)

where n, is the number of sample points for the expensive to evaluate data. Further, the
estimated mean square error (MSE) §%(x) in the Co-Kriging prediction at the point x can
be calculated using

2

-~ 1-17C'r
Cx)=pet+or —r'Clr  —————

7.18
1TC-11 (7.18)

More detailed mathematical information about the Co-Kriging model can be found in

[38][39][70].

7.3 Optimization Procedure

As described above, the Co-Kriging model is based on at least two datasets. The schematic
view of the optimization process based on two datasets is illustrated in Fig. (7.1). The

proposed optimization algorithm using the Co-Kriging method can be summarized as:

1) Generate n. space-filling sample points X. using the maximin LHS strategy, which

is introduced in chapter 6.

2) Evaluate the cheap to evaluate objective function f. at the sample points X, to get
the low fidelity data (X, y.).

3) Choose n, sample points X, from the in 1) generated sample points X, using the

exchange algorithm described in [39].

4) Evaluate the expensive to evaluate objective function f, at the sample points X, to
get the high-fidelity data (Xe,ye).
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5) Assemble a Co-Kriging model based on the datasets (X, y.) and (Xe, ¥e)-

6) Search for the optimum x°P* of the Co-Kriging surrogate model using the DIRECT
algorithm.

7) Evaluate the expensive to evaluate objective function f, at the point x°P*.

Figure 7.1: The schematic view of the optimization process using the Co-Kriging method.
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7.4 Demonstation with a One-Variable Analytical

Function

In this section the proposed algorithm is tested with a one-variable analytical function to

demonstrate how the Co-Kriging method works. Given are a 1D Schwefel’s function

fo(x) = —xsin(y/]z), z € [=500, 500] (7.19)

and an approximated estimation of this function given by
fe(x) =0.5f.(x) + 0.3(x — 50) + 50. (7.20)

Assuming that Eqn. (7.20) is cheaper to evaluate than Eqn. (7.19), two datasets
(X, fe(Xe)) and (X, f.(X.)) can be obtained. In particular, for the cheap to evaluate
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function f.(x) twenty-one sample points are generated which are uniformly distributed
in the whole design domain. This yields the low-fidelity data (X, fo(X.)). The expen-
sive to evaluate function f.(z) is just estimated at four of these points with X, =
{—350,—150, 150,350} to get the high-fidelity data (X, f.(Xc)). Fig. (7.2) shows that
the graphs of the cheap and expensive to evaluate function are very similar to each other,
despite of having different global optimums. Hence, the functions f. and f. have some cor-
relation to some extent. As illustrated in Fig. (7.3), a Kriging model based on four sample
points (X, fo(X)) shows a poor approximation to this deliberately deceptive function,
whilst the Co-Kriging model is very close to the true function f., as shown in Fig. (7.4). In
this case, the surrogate model is significantly improved by additional twenty-one sample

points from the cheap to evaluate function.

Figure 7.2: The expensive function evaluations and the supposedly cheap function evaluations
of the one-variable Schwefel's function.
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In Fig. (7.5) the estimated MSE s*(x) in Eqn. (7.18) is shown. Just like for ordinary
Kriging, the estimated MSE is zero if x € X.. If x € X./X,, the difference between
pY(X,) and Y(X,) is simple, which can be characterized by low 6,. The estimated error

is also very low.
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Figure 7.3: The Kriging interpolation based on the four expensive sample points of the one-
variable Schwefel’s function.
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Figure 7.4: The Co-Kriging interpolation of the one-variable Schwefel's function. The Kriging
interpolation using four expensive sample points (diamonds) is significantly improved using
extensive sample points (circles) from the supposedly cheap to evaluate function [P5].
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Figure 7.5: The estimated mean square errors in the Co-Kriging prediction for one-variable
Schwerfel’s function [P5].
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7.5 Optimization of a Corona Ring

In this section a realistic practical problem from HV technology is given to verify the opti-
mization process using the Co-Kriging method. Three geometrical parameters of a corona
ring are to be optimized for large scale outdoor insulators, which are also adopted in the
chapter 6. To get the optimal field grading effect, three principle geometrical parameters,
the ring radius Rmajor, the radius of the ring tube Ryinor and the distance between the ring
and the energized end fitting d, can be optimized in the caculation domain [170 mm, 250
mm| x [20 mm, 50 mm] x [0 mm, 200 mm]|. The geometrical details about this real world
example are illustrated in Fig. (7.6).

As shown in Fig. (7.6), the whole simulated model including insulator, corona ring,
traverse and transmission lines is non-rotationally symmetric. Hence, a 3D model with fine
meshes and second order ansatz functions is required to accurately evaluate the electric field
strength along the surface of the insulator. This model results in almost 9 million degrees
of freedom in the discrete model and it takes almost 60 minutes to run a single simulation

including the mesh generation'. These 3D accurate FEM simulation results are considered

!The 3D simulation code MEQSICO is based on C++ and the computer system for these simulations is
a 2.8 GHz 48 cores AMD Opteron Linux system.
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7 Optimization of Large-Scale HV Devices Using the Co-Kriging Method

Figure 7.6: The simulated insulator model with corona ring. There are three geometrical pa-
rameters of the corona ring to be optimized. The traverse (grey) is grounded and the transmis-
sion lines and corona ring are at HV-level [P5].

L.

to be high-fidelity expensive to evaluate data. To get a well-fitted Kriging surrogate model
using plainly 3D expensive simulation results, a relative large number of sample points are
required. Since the simulations of the 3D model are quite time consuming, the number of 3D
function evaluations should be limited. In this case, in order to get the information in the
regions, where the accurate expensive simulations are not evaluated, the extensive points
are sampled and the reduced 2D simulations at these points are carried out. To obtain an
approximated cheap to evaluate model, the non-rotational components of the 3D model,
namely the non-rotationally symmetrical part of the traverse and transmission lines are
removed. Then the remaining part is further reduced into a 2D model, as illustrated in
Fig. (7.7). The main difference between the accurate 3D model and the reduced 2D model is
that the boundary conditions in the reduced 2D model are also supposed to be rotationally
symmetrical (see Fig. (7.8)). This reduced 2D model with first order ansatz functions has
just about 58777 degrees of freedom and leads to a significant reduction of computational
time?. Hence, a large number of sample points for 2D simulations can be chosen to get
more information about the evaluation function in the whole design domain. These 2D
coarse FEM simulation results are considered to be low-fidelity data. The information

about the accurate 3D model and the reduced coarse 2D model are compared and given

in Table (7.1).

2The 2D simulation code eqsLab is based on Matlab and the computer system for these simulations is a
2.67 GHz 2 cores Intel(R) Xeon(R) Windows system.
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Figure 7.7: The reduced 2D rotational symmetrical model for the corona ring optimization
problem [P5].

Figure 7.8: Boundary conditions for the reduced 2D model of the corona ring optimization
problem.

Neumann: v _ 0kv
dn

carona ring and part
of the cabile fitting:
Dirichlet: U = 250 kV

Neumann: 9 _ 0kV
an
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7 Optimization of Large-Scale HV Devices Using the Co-Kriging Method

Table 7.1: Information about the hight-fidelity data and low-fidelity data of the corona ring
optimization problem in comparison.

‘ Dimension ‘ Ansatz function ‘ DOF ‘ Evaluation time

High-fidelity data ‘ 3D ‘ second order ‘ 9 million ‘ 60 Min.
Low-fidelity data ‘ 2D ‘ first order ‘ 8777 ‘ 6 Min.

Table 7.2: Relative errors using different sample points nap for 2D reduced simulations [P5].

Nlop — 80
Nn3p = 10

Nop — 60
Nnsp = 10

Nlop — 40
N3p = 10

rel. error‘ 6.4% ‘ 2.48% ‘ 1.06%

The influence of the number of sample points for 2D coarse simulations on the accuracy
of the surrogate model is also investigated. In this work, different numbers of sample points
for reduced 2D simulations (nyp = 20, 40, 60, 80) are sampled in the design domain using
the space-filling maximin Latin Hypercube sampling strategy. Because of the expense just
ten sample points are chosen from these 2D sample points for the expensive accurate 3D
simulations using the exchange algorithm. As a reference, the DIRECT method, which
is introduced in chapter 6, is adopted to optimize the corona ring using just 3D accu-
rate simulations. The optimum of the electrical field evaluated by the DIRECT method
Eopt.air = 2.82 kV/cm is supposed to be the reference value for the optimum. Then the

relative modelling error of the Co-Kriging surrogate model can be calculated by

|Eopt,c0 - Eopt,dir|

rel. error = , (7.21)

| Eopt, dir|
where Fqp oo is the optimal value of the Co-Kriging surrogate model. The modelling error
using different 2D sample points nyp are shown in Table (7.2). Using nop = 80 sample
points for 2D simulations the relative error is nearly 1%. The results are also compared to
the ordinary Kriging method using the one-then-two stage infill strategy based on merely
3D simulations. For comparable results the optimization process using Co-Kriging method

has a rather good speed-up, as shown in Table (7.3).

7.6 Summary

In this chapter an optimization procedure using the Co-Kriging method combining high-
fidelity data and low-fidelity data is introduced. For the ordinary Kriging methods based
on the high-fidelity data, a certain number of the sample points should be sampled and

the expensive function evaluation are carried out at those sample points. If the function
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Table 7.3: Optimization results of the corona ring using different methods in comparison [P5].

Eoot location total time
Method Nn3p | N2p (kV/I;Hl) (mm) (h)
Rmajor @ 248.52
DIRECT 157 | - 2.82 Roinor : 48.33 157
d: 10741
Kriging Riajor : 248.26
(one-then-two-stage) 39 a 2.84 Rminor : 49 39
d: 108.33
Ruajor : 248.18
Co-Kriging 10 80 2.85 Rinor : 48.58 18
d: 108.29

evaluation at each sample point is time-consuming, i.e. very complex FEM simulations
of large-scale models, the total time of the optimization process could be very large and
unreasonable for industrial design processes. Compared to the ordinary Kriging method,
the Co-Kriging methods do not only use accurate expensive to evaluate data (high-fidelity)
but also extensive coarse cheap to evaluate data (low-fidelity) if low-fidelity data are avail-
able. In this case, the number of the sample points for the expensive function evaluations
can be reduced, and the information about the regions, where the expensive to evaluate
function is not sampled, can be obtained by the sample points for the coarse cheap to
evaluate function. Hence, the optimization process using the Co-Kriging method allows a
faster but still accurate optimization. This is demonstrated by the analytical function and
the realistic corona ring design problem in the previous sections. This method is specially
suitable for problems for which the acquisition of high-fidelity data is much more time-
consuming than that of low-fidelity data. This is usually the case for the optimization of
the large-scale high-voltage devices, especially for the devices with non-linear materials.
However, it is not always easy to acquire low-fidelity data, because the high-fidelity data
and the low-fidelity data should have a certain correlation with each other. For high-voltage
devices, sometimes an equivalent circle can be used to get the low-fidelity data. FEM
simulations with coarse meshes can also be used to the low-fidelity data. As shown in
the example of the corona ring optimization problem, the low-fidelity data can in that
case be obtained by a dimension reduced 2D model, despite the originally non-rotationally
symmetric model. The reduced 2D model is highly correlated with the 3D model, leading to
a high accuracy of the Co-Kriging surrogate model. This is because the main components
of the 3D model, the insulator and the corona ring are rotationally symmetrical. Hence,
the removal of the non-rotationally parts of the 3D model has no strong influence on the

electric field strength along the surface of the insulator. In this case, a large number of
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7 Optimization of Large-Scale HV Devices Using the Co-Kriging Method

sample points for the 2D simulations can be chosen to get more information for the design
domains.

However, if the evaluation of the low-fidelity data requires a significant cost, the choice
of n. should be more conservative. In this case, an infill strategy such as the one-stage-
approach, the two-stage-approach and the one-then-two stage approach can be adopted to

choose the sample points for the low-fidelity data.
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8.1 General Conclusion

Microvaristor-filled composite materials can be applied in high-voltage devices to reduce
the electric field strength if required. Compared to the traditional field grading materials,
microvaristor-filled composite materials have some advantages, such as robustness, less
sensitivity to external parameters and high non-linearity. However, the lack of sufficient
experience in the use of this material for high-voltage devices, especially regarding the
design parameters, material degradation process and long-term behavior, results in few
commercial applications until now. Hence, in this research the potential applications of
the microvaristor-filled composite materials in high-voltage outdoor insulators and gas-
insulated bushings are investigated.

In this work a review about properties of microvaristor and microvaristor-filled materials
was presented in chapter 2. The fundamental properties of ceramic varistor materials are
summarized. Furthermore, some external parameters affecting the electrical properties of
microvaristor-filled composite materials are discussed. As a spin-off product of ceramic
varistors, microvaristors have similar electrical properties as the varistors, such as electric
field dependent conductivity and intrinsic high non-linearity. The nature of the carrier-
matrices also have an influence on the electrical properties. It should be noted that the
switching points of microvaristor powder and microvaristor-filled materials are differently
defined by manufacturers and scientists. Most manufacturers provide just a technical data
sheet of microvaristor powders. If they are mixed into an insulating or semiconducting
material, electrical properties could be different to the original powders. In this case,
characterizations of microvaristor-filled materials using different carrier materials should
be carried out for the application.

The first investigation of this work was the application of microvaristor-filled silicone
rubber to high-voltage outdoor insulators (chapter 4). For this purpose, finite element
simulations based on electro-quasistatic approximations (chapter 3) were carried out to
calculate electric field distributions. The initial idea was to apply this material directly
onto the surface of insulators. For this option, the local high electric field strength can be
well reduced not only at the triple points of water droplets but also across the dry bands on

the surface of the insulator. However, this option does not show a sufficient tracking and
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erosion resistance in the laboratory test. As a result, this option is unsuitable for outdoor
applications. To solve this problem a protection silicone layer above the microvaristor layer
is adopted. Using this configuration the potential can be homogenized and the high electric
field at the triple points of water drops can be reduced as well. However, the high electric
field strength across the dry bands can just be reduced slightly in the presence of the dry
bands on the surface.

Another investigation was the application of microvaristor-filled epoxy resin to 550 kV
compact high-voltage gas-insulated bushings (chapter 5). Because of limited literature
about the microvaristor-filled epoxy resin, the investigation about this composite material
was carried out first. For this purpose, samples were produced to explore the necessary
filler content and the influence of the temperature. The experimental results showed that
75 m% filler contents are required to have an obvious switching transition of the £ — J
curve and the switching point is just slightly affected by the temperature from 23°C to
80°C. FEM simulations were performed to determine the suitable switching point and
geometrical parameters of the microvaristor-filled epoxy resin. Then the prototype of this
compact bushing, which was designed by FEM simulations, was built up and tested in the
high-voltage laboratory. Both theoretical and experimental results demonstrate that using
the microvaristor-filled epoxy resin allows for a compact design of bushings.

For the design of high-voltage devices, some geometrical parameters and material pa-
rameters can be optimized to yield better electric field distributions. For this purpose, an
appropriate optimization algorithm is required. One of the major obstacles to the use of
optimization is the time-consumption of FEM simulations of large-scale complex problems
and the lack of gradient information. In this case, a surrogate model can be adopted, such
as Kriging (chapter 6) and Co-Kriging (chapter 7), to speed up time-consuming simulations
using model approximation. In this research the Kriging method with one-then-two stage
infill strategies and the Co-Kriging method using different levels of datasets were studied
and adjusted to optimize large-scale high-voltage devices. Both methods were tested with
some analytical functions and applied to the corona ring optimization problem with three
geometrical parameters. The results demonstrate that both methods enable a faster but

still accurate optimization process.

8.2 Future Work

Based on the results of the present research, the following issues for future investigations
can be identified:

e Perform further investigation about the application of the microvaristor-filled epoxy

resin in high-voltage outdoor insulators. For example, choose a lower switching point
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and a better carrier matrix to apply the microvaristor-filled material directly onto

the surface.

In this work, the conductive layers on the surface of insulators are modelled as layers
with constant conductivities. However, the layers may have different humidities. In
this case the conductivities are not constant. This may have an influence on the
formation of dry bands. Thus, a better model is required to model dry bands and

conductive layers.

Research on thermal behavior of microvaristor-filled epoxy resin in high-voltage bush-

ings is required for the long-therm behavior.

The optimization algorithm using Kriging and Co-Kriging method is tested with a
problem with three geometrical parameters. The study about these methods for a

larger number of parameters is also desirable.
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A Classification of EQS and MQS

Approximations

Three different methods, which are introduced in references [27][54][119], are presented to

classify electro-quasistatic and magneto-quasistatic approximations.

Based on Energy Densities

For the selection of a suitable approximation for a slowly time-varying fields problem,
the governing electric and magnetic energy density w., and w,, can be used to classify
the approximation [54]. For the case w, > w,,, the electro-quasistatic approximation is
suitable, whereas the magneto-quasistatic approximation is applicable to the problems
with w,, > w.. However, for most application problems the electric and magnetic energy
densities are not known in advance. To estimate the energies the electric and magnetic
fields should be solved at first. Hence, this method is not practical if the electric and

magnetic fields are unknown.

Based on the Time Constant

To get over this problem, the classification based on the significant time constant is derived

in [54][119]. The time constant of dielectric relaxation is defined as

. = — Al
=< (A1)
and the time constant of magnetic diffusion is given by

T = pKLZ, (A.2)

where ¢ is the dielectric permittivity, x is the electric conductivity, p is the magnetic
permeability and [ is the characteristic spatial dimension of field problems. With that the

transit time 7., is given by the geometric average of 7, and 7,,:

T = T.Tm. (A.3)

em
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For slowly time-varying fields to be described with a quasistatic model, the characteristic

time constant 7 should be much greater than the transit time 7.,,:

2
(Tem> <1
T

(A.4)

With those definitions the wvalid domains for electro-quasistatic and magneto-
quasistationary approximations are classified with the corresponding boundaries, as
demonstrated in Fig. (A.1).

Figure A.1: Qualitative boundaries of electro-quasistatic fields and magneto-quasi-stationary
fields based on the characteristic time 7 of a given field problem [119].
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Based on Material Parameters and Frequency

In [27] the classification of the different approximations based on material parameters and
frequency is introduced. The upper angular frequency limit w, for the validity range of
slowly varying-field assumptions, respectively the quasistationary approximation, is given

by
c 1

Y=g~ d/ep’

where d denotes the diameter of a finite spatial domain €. In this case the displacement

(A.5)

current density of the induced field jwﬁi is negligible for the first Maxwell’s equation in the

frequency domain. This equation can be expressed by dividing the total current density J
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into several components:

with

curlH = J + jwﬁo = mﬁi + mﬁo + J:, + jwﬁo, (A.6)
-5,
E = —jwA —grado, (A.7)
\_"_/Hf_/
E; E,

where EZ-, E, respectively denotes the solenoidal and irrotational parts of the electric field

E , D, is the electric displacement field with D, = EE_;, J, is the impressed current density

of the given source, A is the vector potential and ¢ is the scalar potential.

The first Maxwell’s equation (A.6) can be now further simplified by neglecting one

of those de-composited components of the total current density J under different condi-

tions. These can be summarized into three classifications, as shown in Table (A.1):

a)

The quasistatic field:

|KEO| < |jwﬁo| S rKLwee ]l Kwr, (A.8)

In some references in literature, the term of a quasistatic field is used for a quasista-
tionary field. In [27] this term is reserved for slowly time-varying fields satisfying the
equations of electrostatics. This approximation is for the case that the conductivity
is small or that the frequency is high enough but still well below the upper frequency
limit w,. It leads to omission of the conduction current density produced by FE, and
E; in the Eqn. (A.6).

The displacement-current-free quasistationary field:
ljwD,| < |KE,| & we < k< wr, < 1 (A.9)

For good conductors and frequencies which are not too high, the quasistatic dis-
placement current density jwﬁo is negligible. This is sometimes also called magneto-
quasistationary (MQS) field.

The eddy-current-free quasistationary field:
|KE;| < | S| (A.10)

This approximation is also called electro-quasistatic (EQS) approximation. Com-
pared to the quasistatic approximation, in which both components kE, and KE; of

the conduction current density are neglected, the eddy-current-free quasi-stationary
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approximation considers the current density which is produced by E,. This approxi-
mation is often valid for conductors with moderate conductivity, i.e., semiconductors.
If the permeability p is constant, the range of the valid electro-quasistatic field in-
tensities can be strictly specified. The induced current density kE; can be neglected
if the following conditions are met everywhere in the field domain, additionally to
w << Wy

w<<w276(:>d<<5, (A.11)

where d is the diameter of the field domain 2 and § denotes the skin depth which is

5 = \/wz/m (A.12)

If the conductivity and the permittivity are not constant, the minimum of the di-

given by

electric relaxation time 7, constant cannot be greater than €,,4:/Kmaz-

Table A.1: Classification of the quasistationary fields under different material behaviours

Classification Conditions Equivalent Simplified First
Conditions Maxwell’s Equation
Quasistatic field | |xE,| < |jwD,| | x < we curlH = J, + jwD,
MQS jwD,| < |KE,| | we <k curlH = kE + J,
EQS |/1E] < |9 w <L Wi curlH = kE, + J, + jwD,
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