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Summary

In the 1960's, gas insulated switchgear (GIS), gas insulated busbar (GIB) and other gas
insulated substation components were developed to overcome several disadvantages
of air insulated substations. Gas insulated substations, although more expensive than
the air insulated counterparts, are almost insusceptible to atmospheric conditions such
as precipitation, pollution and ice formation. Moreover, the surface area of gas insulated
substations is significantly smaller than that of air insulated substations at the same
voltage level and power rating. The direct influence of gas insulated substations on the
environment is also small compared to air insulated substations because of the lack
of corona and thus audible noise and radio frequency interference, especially in wet
weather conditions.

From the above mentioned advantages it seems that gas insulated substations are
advantageous with respect to air insulated substations. However, the main disadvan-
tage, next to the construction costs, is the fact that almost all GIS is filled with sulphur
hexafluoride (SF¢) as an insulation gas, which has a very high global warming potential
of roughly 23,000 times that of CO,. The global warming potential of SF4 has resulted
in strict governmental regulations on the usage and storage of SFe. Therefore, the urge
from the industry to replace SF¢ with a more environmentally friendly insulation gas has
become very strong over the past years.

Unfortunately, most readily available and environmentally friendly insulation gases
have a relatively low electrical breakdown strength, which would require the operating
pressure or the dimensions of GIS to be significantly increased. Increasing the operating
pressure or the dimensions of GIS would be unfeasible. Therefore, the main challenge in
the field of GIS is to improve the electrical breakdown strength of GIS without increasing
the size or raise the operating pressure above the current design limits.

The investigation into the improvement of the breakdown strength of GIS has taken
two main paths. Firstly, ongoing research is being conducted to develop a new replace-
ment gas which has a breakdown strength comparable to that of SFs. This research has
recently led to several replacement candidates. Secondly, research has shown that the




Summary

breakdown strength of GIS can also be improved by the introduction of a dielectric coat-
ing layer on the electrodes inside GIS. This thesis focusses on the improvement of the
breakdown strength of GIS with the application of a coating layer.

In this thesis the lightning impulse breakdown voltage of gas-coating insulation
systems is evaluated with the use of lightning impulse breakdown tests on a rod-plane
electrode configuration. These tests include a wide variety of coating materials with a
wide range of material properties and are mainly conducted in dry air as an insulating
gas. Next to the breakdown tests, a range of material characterisation experiments are
performed to obtain more information on the coating material structure and to find a
relation between the coating material parameters and the breakdown strength of the
gas-coating insulation system. The material characterisation experiments include dielec-
tric spectroscopy, surface roughness measurements, conduction current measurements,
electrical breakdown tests and optical microscopy.

The results of the above mentioned experiments have shown that a significant im-
provement of the lightning impulse breakdown voltage of GIS can be obtained with
the application of a coating. The maximum obtained improvement is 34% for 1 cm
thick coating layers and 15% for thin coating layers with a thickness smaller than 1T mm.
Furthermore, a set of requirements has been determined, with respect to the coating
material characteristics, which should be met to obtain an effective improvement of the
lightning impulse breakdown strength of GIS. Another important observation is the fact
that gas-coating insulation can in some cases exhibit temporary self-restoring and im-
proving behaviour. In these special cases the breakdown voltage of a gas-coating insula-
tion is not reduced to the level of an uncoated gas insulation after the first breakdown
has occurred. The breakdown voltage is even higher with an increase in the number of
breakdowns after the first breakdown.

Finally, four breakdown models were developed with which the 50% lightning impulse
breakdown voltage of several GIS configurations can be predicted. These GIS configura-
tions include both uncoated configurations and configurations coated with a coating
layer of at least 1 cm thickness. The models are able to predict the breakdown voltage of
GIS filled with dry air and SFs. The verification of the breakdown models with lightning
impulse breakdown tests has shown that the models have an inaccuracy ranging up to
6.3%, depending on the applied gas type, gas pressure and electrode configuration.




Samenvatting

In de Jaren ‘60 zijn gasgeisoleerde schakelaars en spanningsrails ontwikkeld om verschil-
lende nadelen van openlucht schakelstations weg te nemen. Hoewel gasgeisoleerde
schakelstations duurder zijn dan de openlucht varianten, zijn deze vrijwel ongevoelig voor
atmosferische condities zoals neerslag, vervuiling en ijsvorming. Daarnaast is het ben-
odigde grondoppervlak van een gasgeisoleerd schakelstation relatief klein in vergelijking
met openlucht schakelstations voor hetzelfde spanningsniveau en vermogen. De directe
invloed van gasgeisoleerde schakelstations op de omgeving is ook klein in vergelijking
met openlucht schakelstations, in het bijzonder in natte weersomstandigheden, dankzij
het ontbreken van corona, hoorbare ruis en radiofrequente interferentie.

Op basis van bovenstaande voordelen lijkt het dat gasgeisoleerde schakelstations
gunstig zijn ten opzichte van openlucht schakelstations. Echter, het grootste nadeel,
naast de bouwkosten, is het feit dat bijna alle gasgeisoleerde schakelaars gevuld zijn met
zwavelhexafluoride (SF¢) als isolatiegas. Dit gas heeft een aardopwarmingsvermogen
(GWP - Global Warming Potential) welke 23.000 maal groter is dan die van CO,. Het
aardopwarmingsvermogen van SFy heeft ertoe geleid dat strenge regels en richtlijnen
zijn opgesteld inzake het gebruik en de opslag van SFs. Daarom is de drang om SF4 te
vervangen door een milieuvriendelijker isolatiegas zeer sterk geworden in de afgelopen
jaren.

Helaas hebben de meeste beschikbare milieuvriendelijke isolatiegassen een relatief
lage elektrische doorslagsterkte, wat zou vereisen dat de gasdruk significant verhoogd
wordt. Daarom is de belangrijkste uitdaging in dit vakgebied het vergroten van de
doorslagsterkte van gasgeisoleerde schakelaars zonder de afmetingen aanzienlijk te
vergroten of de gasdruk te verhogen tot boven de ontwerplimiet.

Het onderzoek met betrekking tot de verbetering van de doorslagsterkte van gasgei-
soleerde schakelaars is twee hoofdwegen ingeslagen. Ten eerste wordt voortschrijdend
onderzoek uitgevoerd voor het ontwikkelen van een nieuw vervangingsgas welke een
met SF¢ vergelijkbare doorslagsterkte heeft. Dit onderzoek heeft recentelijk verschillende
mogelijke vervangingsgassen opgeleverd. Ten tweede is uit onderzoek gebleken dat de




Samenvatting

doorslagsterkte van gasgeisoleerde schakelaars verbeterd kan worden door het aanbren-
gen van een diélektrische coating op het oppervlak van de elektrodes. Dit proefschrift
richt zich op de verbetering van de doorslagsterkte van gasgeisoleerde schakelaars door
middel van het toepassen van een ‘coating’

In dit proefschrift wordt de doorslagspanning van gas-coating isolatiesystemen geéval-
ueerd met behulp van bliksemstootspanningsproeven aan een staaf-plaat elektrodecon-
figuratie. Deze proeven omvatten een reeks coatingmaterialen met een grote variatie in
materiaaleigenschappen en worden uitgevoerd in droge lucht als isolatiegas. Naast de
doorslagproeven wordt ook een scala aan materiaalproeven uitgevoerd teneinde meer
informatie te verkrijgen omtrent de materiaalstructuur en om een correlatie te vinden
tussen de materiaalparameters en de doorslagspanning van de gas-coatingisolatie. De
materiaalproeven omvatten diélektrische spectroscopie, oppervlakteruwheidsmetingen,
lekstroommetingen, doorslagproeven en optische microscopie.

De resultaten van de hierboven genoemde experimenten hebben aangetoond dat
een significante verbetering van de doorslagspanning van gasgeisoleerde schakelaars
kan worden behaald door het toepassen van een coating, in het geval van bliksemstoot-
spanning. De grootst behaalde verbetering is 34% in het geval van 1 cm dikke coatings
en 15% in het geval van dunne coatings met een dikte kleiner dan 1 mm. Daarnaast is er
een lijst van voorwaarden opgesteld, met betrekking tot de materiaaleigenschappen van
een coating, om een effectieve verbetering van de doorslagsterkte onder bliksemstoot-
spanning van gasgeisoleerde schakelaars te kunnen realiseren. Een andere belangrijke
waarneming is het feit dat, in een aantal gevallen, gas-coating isolatiesystemen zelfher-
stellend en zelfs verbeterd doorslaggedrag laten zien. In deze bijzondere gevallen is de
doorslagspanning niet verminderd tot het niveau van een ongecoat isolatiesysteem na
het optreden van de eerste doorslag. De doorslagspanning neemt zelfs toe met een
toename van het aantal doorslagen.

Verder zijn er een viertal doorslagmodellen ontwikkeld waarmee de 50% doorslag-
spanning van een aantal gasgeisoleerde configuraties voorspeld kan worden, in het
geval van bliksemstootspanning. Deze configuraties betreffen zowel ongecoate syste-
men als systemen met een coating van tenminste 1 cm dikte. De modellen kunnen de
doorslagsterkte voorspellen van gasgeisoleerde schakelaars gevuld met SFq of droge
lucht. De verificatie van de modellen met bliksemspanningsproeven heeft laten zien dat
de onnauwkeurigheid van de modellen kleiner of gelijk is aan 6.3%, afhankelijk van de
gassoort en de elektrodeconfiguratie.
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Introduction

1.1 GAS INSULATED SUBSTATIONS

Gas insulated substations are in use in built-up areas due to fact that the required surface
area is relatively small compared to open air substations, which require a relatively large
amount of surface area. Further advantages of gas insulated substations compared to air
insulated substations are the relative insusceptibility with respect to atmospheric condi-
tions (e.g. wind, precipitation and ice formation) and the possibility of incorporating a
substation inside an office building or construction of a substation underground. The
main disadvantage of gas insulated substations is the construction and operating costs
which are significantly higher than that of open air substations. Therefore, a trade-off is
made between construction costs, the available surface area and the corresponding land
prices.

In metropolitan regions the available surface area is very small and the power con-
sumption is continuously increasing, as is the case in other regions. Therefore it is neces-
sary to increase the system voltage to limit the increase in losses which coincide with
the increase in power consumption. To accommodate a higher system voltage, the gas
insulated switchgear (GIS) in the gas insulated substation should be upgraded, which
can be difficult due to the limited space available.

Next to the increase in power consumption, the size constraints of gas insulated
substations are becoming more strict. Less land area is available for construction of new
substations due to the increase in the population density. Therefore, the development of
GIS with smaller dimensions is favourable. The desired reduction of GIS dimensions and
the desired increase in system voltage are conflicting. The solution of this conflict should
be found in the improvement of the breakdown strength of GIS without significantly
increasing the size of GIS.

17



Chapter 1

1.2 REPLACEMENT OF SF; AS AN INSULATION GAS

In GIS the most commonly used insulation gas is sulphur hexafluoride (SF). The reason
why this gas is so often used can be found in the electrical and thermal properties. Firstly,
the electrical breakdown strength is relatively high due the strong electronegativity of
the gas. Secondly, the arc extinguishing and cooling properties are good compared to
other insulation gases. Next to the favourable electrical and thermal properties, the gas
is also non-toxic, is not ozone depleting and has a relatively low boiling point compared
to other electronegative gases.

Unfortunately, SFq also has some disadvantages. Firstly, the gas has a Global Warming
Potential (GWP) which is 23,000 times higher than that of CO, [1]. Because of this, the
legal regulations on emission of SF¢ are now very strict. Users of SFg, such as grid opera-
tors and high voltage laboratories, are obligated to keep a detailed record of the amount
of SFe in storage. Secondly, the gas is dissociated into harmful by-products during arc-
ing. These by-products can damage spacers and can be toxic. Thirdly, the production
costs are relatively high and the disposal and handling costs are high due to the above
mentioned regulations.

Therefore, itis favourable to replace SFq with an alternative gas which is environmentally
friendly and relatively inexpensive. Unfortunately, most readily available environmentally
friendly alternatives, such as dry air, CO, or N, also show a relatively low breakdown
strength.

1.3 IMPROVEMENT OF THE BREAKDOWN STRENGTH OF GIS

In sections 1.1 and 1.2 it was explained that it is favourable to increase the breakdown
strength of GIS because of the desired size reduction, system voltage increase or replace-
ment of SFs as an insulation gas. Currently, the latter is the strongest factor in the desire
of an improved GIS.

The breakdown strength of GIS filled with an alternative gas could be improved with
two methods. Firstly, an alternative gas can be developed which is environmentally
friendly and has a breakdown strength comparable to that of SF,. Research related to the
development of such a gas has recently delivered suitable replacement candidates such
as G gas developed by Alstom [2] and C5 FK gas developed by ABB [3]. G gas consists of
CO, gas mixed with 3M Novec 4710, which is a fluoronitrile and C5 FK gas consists of dry
air mixed with 3M Novec 5110, which is a fluoroketone.

This thesis does not cover the development of a replacement gas. Instead, the focus is
on inexpensive and readily available gases such as dry air or N,. The second method to
improve the breakdown strength of GIS, while using such an environmentally friendly but

18



Introduction

weak insulation gas, is the application of a dielectric coating on parts of the electrodes
inside GIS. Prior research has shown that the application of a dielectric coating on (parts
of) the electrode surfaces inside GIS can lead to a significant increase in the breakdown
strength of GIS [4]-[26].

1.4 CHALLENGES IN THE FIELD OF GAS-COATING INSULATION

Up to now it has been shown that there is a potential for an improvement in the
breakdown strength of GIS by application of a coating layer on (parts of) the electrode
surfaces. The range of applied dielectric coating materials in literature has been limited to
roughly insulator grade epoxy, silicone rubber and polyethylene[5], [9]-[12], [20], [26]. To
find a suitable coating material for the improvement of GIS it is necessary to significantly
increase the range of materials used in experiments.

Although the improving potential of coatings in GIS has been shown [5], [9]-[12], [20],
[26] it is not clearly known which physical factors influence the breakdown strength of
a coated gas insulated system. Consequently it is also unknown what the influence of
the coating material parameters is on the possible improvement of GIS. Therefore, the
influence of the coating and gas parameters on the breakdown strength of gas-coating
insulation has to be investigated. This investigation should include possible self-restoring
properties of coating-gas insulation because up to now it is assumed that gas-coating
insulation is always non-self-restoring.

Following on the above mentioned investigation into the influence of material param-
eters on the breakdown behaviour of coated GIS, it is interesting to investigate the pos-
sibility of developing a mathematical model which can predict the breakdown strength
of coated and uncoated GlIS, based on coating material and gas parameters and the GIS
geometry. Up to now several attempts were made to develop such a model. However,
these models either lack the influence of electrode surface roughness, prediction of the
breakdown path or the addition of a coating material on the electrode surface.

1.5 THESIS GOALS AND APPROACH

The main objectives of this thesis are threefold. The first objective is to find one or more
suitable coating materials with which the breakdown strength of GIS can be successfully
improved. The second objective is to obtain more insight into the material requirements
of a suitable coating for the improvement of the breakdown strength of GIS. Finally, the
third objective is to develop a mathematical model which can predict the breakdown

19
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voltage of coated and uncoated GIS filled with either dry air or SFs. The model should
include the prediction of the breakdown path.

To accomplish the first objective, a large amount of breakdown voltage measurements
are performed on both uncoated and coated GIS configurations. The breakdown voltage
measurements include a wide range of coating materials to maximize to probability of
finding one or more suitable coating materials.

The second objective will be accomplished by extending the above mentioned
breakdown experiments with a wide range of coating material characterisation measure-
ments. The coating material parameters of interest are the relative permittivity, dielectric
losses, electrical conductivity, surface roughness, layer thickness and electrical break-
down strength. The relative permittivity and dielectric losses are evaluated with dielec-
tric spectroscopy and the electrical conductivity is evaluated with conduction current
measurements. Moreover, the roughness profiles of the coating material surfaces and
uncoated electrode surfaces are obtained with tactile surface roughness measurements.
The coating layer thickness is measured using a thickness gauge of the eddy current type
and a micrometer screw gauge and the coating. Finally, the breakdown strength of the
coating materials is evaluated with breakdown experiments on coating material samples.

The third objective is accomplished by developing a breakdown model from the avail-
able theory on gas breakdown and theory on the breakdown of coating-gas insulation.
Subsequently, the model is validated and tuned using breakdown voltage measure-
ments on coated and uncoated GIS configurations, filled with dry air or SF¢ at varying gas
pressures. The GIS configurations include a wide range of coating materials.

1.6 THESIS OUTLINE

This thesis consists of 7 chapters including the introduction. Chapter 2 describes the
background theory on the improvement of GIS with the application of a coating layer
on (parts of) the electrode surfaces inside GIS. The measurement setups, equipment and
procedures used for the breakdown tests on coated and uncoated GIS configurations
and the material characterisation measurements are presented in Chapter 3. In Chapter
4, the results of the breakdown voltage tests on coated and uncoated GIS configura-
tions are presented and discussed. Chapter 5 describes the material characterisation
measurement results. This chapter also contains an in-depth discussion on material char-
acterisation including the correlation with the results of the breakdown measurements
on coated and uncoated GIS configurations, presented in chapter 4. The development
of the breakdown model is described in Chapter 6, including the tuning and validation
with extra breakdown voltage measurements on GIS configurations. Finally, Chapter 7
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contains the conclusions on this research and the recommendations for future research,
the application of coatings in GIS and the application of the breakdown model.

21






2

Gas insulated switchgear with coated electrodes

In this chapter several methods of improving the breakdown strength of gas insulated
switchgear (GIS) with the help of coatings are discussed. Section 2.1 contains an over-
view of the available literature on coatings in gas insulated systems. In section 2.2 the
dielectric performance of available alternative gases and gas mixtures is described.

In section 2.3 it is explained how the electric field distribution in the gas gap can be
modified with the application of a coating. The breakdown strength of the system can be
increased by correctly modifying the electric field distribution. Section 2.4 describes the
influence of coatings on electron field emission and ionization in the gas gap. Both physi-
cal phenomena have a large influence on the electrical breakdown of gases. Section 2.5
describes the influence of coatings on particle movement inside GIS. The presence of
particles near spacers and other critical locations is an important cause of switchgear
failure. Particle contamination and the subsequent movement of particles thus have a
large influence on the breakdown strength of GIS.

2.1 LITERATURE SPECTRUM

In literature, a wide range of sources can be found on the improvement of the breakdown
strength of GIS. The available sources can be categorized in several subjects related to
the physical phenomena which influence the breakdown strength of a gas insulated sys-
tem. These sources also describe how coatings can be used to improve the breakdown
strength of GIS by influencing these phenomena.

Physical Phenomena

To improve the breakdown strength of GIS the electric field strength in the gas should
be reduced. Two main physical parameters can be modified to accomplish this. First,
under normal operating conditions the electric field in the gas can be reduced by apply-
ing a dielectric coating of sufficient thickness on the electrodes where the electric field
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is most divergent [1-3]. Second, when a unipolar voltage is applied, such as lightning
impulse or DC voltage, charges can accumulate on the coating surface. The electric field
generated by these charges can reduce the electric field in the gas, provided that the
charges are of opposite polarity with respect to the applied voltage. Furthermore, the
polarity, magnitude and location of the surface charges are dependent on the applied
electric field distribution. The largest charge magnitude can be found at locations where
the electric field is most divergent. Electrode surface charges can therefore also cause a
homogenization of the electric field [4-8].

The breakdown strength of GIS can also be improved by reducing electron field emis-
sion and ionization in the gas. The roughness of electrode surfaces has a direct influence
on ionization in the gas gap, especially at high gas pressure. Furthermore, the roughness
of the cathode surface also directly influences electron field emission. Covering the
electrodes with a coating can reduce the surface roughness and subsequently reduce
both ionization and field emission [6, 9-11]. Electron field emission from very smooth
electrodes can also be reduced by the application of a dielectric coating [12, 13].

Another important factor in the breakdown of GIS is particle contamination. Small
metallic particles present in critical areas such as a spacer surface can significantly reduce
the breakdown strength of gas insulated systems. It is not possible to completely prevent
particle contamination. Therefore, the probability that a particle appears in a critical
region should be minimized. Coatings can be used to reduce particle motion inside GIS
and thus reduce the probability of a particle causing a breakdown [14-16].

Coating Types

The available literature sources can also be categorized in two approaches with different
layer thickness. Coatings with a layer thickness of three millimetres and larger are referred
to as “thick coatings” In [2-5, 7, 8, 17-23] thick coatings are used in breakdown tests and
surface potential measurements. Coatings with a thickness up to roughly one millimetre
are referred to as "thin coatings” Thin coatings are used in breakdown tests and surface
potential measurements in [6, 9-13, 24-29].

Voltage Waveforms

In literature, the results of breakdown tests, withstand tests and surface potential mea-
surements on coated and bare electrodes in gas filled test arrangements are reported.
During these experiments a variety of voltage waveforms is applied on the electrodes.
Standard lightning impulse voltage is most frequently applied [1-10, 17-29]. Several
papers also include the use of AC voltage (50 or 60 Hz) [1, 9, 11, 23, 29]. DC voltage is
appliedin [4, 5, 11-13]. Results of breakdown tests using standard switching impulse can
be found in [15].
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Electrode Arrangements

Several different electrode arrangements are used in literature for breakdown tests, with-
stand tests and surface potential measurements. The most commonly used electrode
arrangements are rod-plane [1-3,7,8,10, 11, 18-20, 22, 23], coaxial cylinders [2, 6, 24-27,
29], sphere-plane [9, 17, 21, 28] and parallel flat plates [4, 5, 12, 26]. Also electrodes with a
Rogowski profile [29] and configurations containing a spacer [25, 26] are used.

Gas Types

In literature, a variety of insulating gases and gas mixtures is used. The current standard
insulating gas in GIS is SFs. Breakdown test results and surface charge measurements
in SF¢ can be found in [1-3, 6, 8, 10, 11, 23-28]. The performance of alternative gases in
coated and uncoated systems is also evaluated. These gases include dry air [1, 4, 5, 7,
17-22,24-26,28],CO, [1,9, 25, 26, 29] and N, [9, 24-26]. Gas mixtures such as SFs/N, (5%,
10% and 50% SFg), SF/air (50%) and N,/O, (20%, 40% and 60% O,) are tested in [24-26].
In[12] and [13] a vacuum is applied instead of an insulating gas.

Coating Materials

Theoretically, any dielectric material can be used to increase the breakdown strength
of GIS. In practice only a small range of dielectric materials is used as a coating because
these materials should be suitable to be applied to the electrode surfaces by either
spraying, casting or dipping. The most frequently used coating material is epoxy [1-3,
6,8-11, 17,19, 21, 23-29] followed by silicone rubber [1, 4, 5, 7, 18, 20-22]. Note that
epoxy and silicone rubber represent a variety of related materials with varying material
properties. The exact type of epoxy or silicone rubber is rarely mentioned in literature.
Other materials used in literature include polyethylene [3, 24], silicon monoxide [12, 13],
polyamide 6,6 [26], polyimide [8] and polystyrene [15].

2.2 ENVIRONMENTALLY FRIENDLY GASES

In gas insulated systems SF¢ is generally in use as an insulating gas. The urge to find a
suitable replacement gas for SF4 is becoming stronger because of the environmental
constraints.

Forareplacement gas to be suitable for use in GIS, certain constraints should be fulfilled.
First, the gas should be environmentally friendly and non-toxic. The gas should have no
oronly a very small global warming potential and the gas should not be ozone depleting.
Second, the boiling point of the gas should be low enough to prevent condensation at
operating temperatures. Third, the dielectric strength should be high enough to mini-
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Figure 2.1: SF, replacement candidates with dielectric strength and boiling point [34].

mize the size increase of GIS designs containing the candidate gas. Possible replacement
gases are shown in Figure 2.1.

Figure 2.1 shows a range of gases which are readily available. Newly designed gas mix-
tures, such as Alstom G® and ABB C5 FK gas are not included. From the figure it can be
seen that the gases which have a higher dielectric strength than SFg are either toxic, ozone
depleting or are greenhouse gases. These gases are therefore unsuitable to replace SFs.

The gases which fulfil the environmental constraints are air, N,, CO,, H, and inert gases.
Inert gases are however expensive and show a very low dielectric strength. Hydrogen is
highly flammable, which makes it unsuitable for switchgear operation. Thus, only air, N,
and CO; can be considered as replacement candidates when Alstom G® and ABB C5 FK
are excluded.

2.2.1 Dielectric performance

As can already be seen from Figure 2.1 the replacement candidates show a low dielectric
strength compared to SFs at equal gas pressure. In several papers the dielectric perfor-
mance of air, N,, CO, and mixtures of those gases including small concentrations of SFs
is investigated.

In [25, 26] the lightning impulse (LI) breakdown strength of air, N,, CO, and N,/O,
mixtures with varying oxygen concentrations is compared. The results are shown in
Figure 2.2.
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Figure 2.2: Comparison of the lightning impulse breakdown strength of various gases and gas mixtures
[19]

For their comparison, lightning impulse breakdown tests were performed on a coaxial
electrode arrangement. The gas pressure was kept constant at 0.5 MPa and the rough-
ness of the electrodes was 4 um. Both positive and negative polarity impulses were
applied on the inner electrode.

In Figure 2.2 it can be seen that the dielectric strength at negative lightning impulse
is in all cases lower than at positive lightning impulse. Only the negative polarity results
will thus be considered. The results show that the dielectric strength of N, and CO, was
roughly 7% lower than the dielectric strength of air. When the O, concentration of the N,/
O, mixtures was 20% a small increase of the dielectric strength above that of air is visible.
For an O, concentration of 40% the dielectric strength is roughly 5% higher than that of
air. When the oxygen concentration is increased to 60% the dielectric strength is equal to
that of air. It seems that there is an optimal concentration of oxygen for N,/O, mixtures
which is 40% at 0.5 MPa gas pressure.

The LI breakdown strength of SF¢/N, gas mixtures is also evaluated in [19]. Figure 2.3
shows the comparison of the LI breakdown strength of air and SF¢/N, gas mixtures. Nega-
tive lightning impulse voltage is applied in the breakdown tests.
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Figure 2.3: Comparison of the LI breakdown strength of air and SF¢/N, gas mixtures [19]

Figure 2.3 shows that an SF¢/N, gas mixture with an SFs concentration of 5% has a di-
electric strength which is 15% higher than that of air at 0.6 MPa gas pressure. The highest
dielectric strength is obtained when the SF4s concentration is increased to 10%. In this
case, the increase with respect to the dielectric strength of air is roughly 28%.

The dielectric performance of SFs, CO,, N, and an SF¢/N, gas mixture with 10% SF
is also evaluated in [35]. For this evaluation, lightning impulse breakdown tests were
performed in a coaxial electrode arrangement. The pressure of the alternative gases
varies between 0.6 and 1.1 MPa. In Figure 2.4 the 50% breakdown electric field strength

100%SFg (-)

10%SFg + 90%N 5 (+)

100%C05 (+)
100%CO, (-)

100%N, (+)

50% breakdown electric field, kV/ecm

I 0.45 MPa 0.9MPa
O ! | | L |
0 0.5 1.0 15
gas pressure, MPa

Figure 2.4: 50% BDE of SF,, CO,, N, and SF¢(10%) /N, gas mixture [35]
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(BDE) of the alternative gases is shown as a function of gas pressure. The 50% BDE of pure
SFe is also included.

In the figure it can be seen that the dielectric strength of an SF¢ (10%)/N, mixture with a
gas pressure of roughly 0.9 MPa is equal to the dielectric strength of pure SFg at 0.45 MPa
pressure. Therefore, to replace pure SF¢ by an SFy (109%)/N, gas mixture the gas pressure
should roughly be doubled. Unfortunately, for CO, the 50% BDE at 0.9 MPa is roughly 40%
lower than that of pure SF¢ at 0.45 MPa. The 50% BDE of N, is even lower than that of CO..

When the results from Figure 2.4 are translated into the design of a coaxial busbar
arrangement, the dimensions and applied pressure should be modified for each gas type
to obtain a comparable dielectric strength. Table 2.1 displays the necessary dimensions
for the use of an alternative gas in a coaxial busbar.

Table 2.1: Comparison of busbar dimensions, LI = Lightning Impulse [35]

SF(100%) SFe(10%) + N»(90%)  CO,(100%) N(100%)
Gas Pressure (%) 100 200 200 200
Electric Strength (%) 100(LI-) 100(LI+) 62(LI-) 47(L1+)
Inner diameter of tank (%) 100 100 160 210

From the table it can be seen that the dimensions of a busbar filled with the SFs/N, mix-
ture can be equal to the dimensions of an SF¢ filled busbar when the pressure of the gas
mixture is twice the pressure of SFs. When CO, or N, is applied at twice the pressure of SF4
the electric strength will be 62% or 47% of the electric strength of SFs respectively. When
CO, or N, is used as an SF4 substitute, the inner diameter of the tank(outer electrode)
should be 1.6 or 2.1 times larger than the diameter of an SF filled tank, respectively. With
these dimensions and twice the gas pressure of SFg, a coaxial busbar filled with CO, or
N, will have the same electric strength as an SF; filled busbar. Note that the lightning
impulse polarities shown in Table 2.1 represent the critical polarity, which is the polarity
with the lowest measured breakdown strength for the corresponding gas type.

Summarizing, the results from literature show that air, CO, and N, are good substitutes
for SF¢ with respect to environmental and economic constraints. However, the dielectric
strength of these gases is much lower than that of SFs resulting in a size increase of
GIS designs which would not be favourable. Furthermore, the usage of SFs/N, mixed
gases would not be favourable because of the fact that, despite of the significantly lower
quantity, SFy is still necessary. Existing regulations regarding SF¢ handling would in that
case still apply removing the advantage of lower handling costs.

Fortunately, the application of coatings on the electrodes inside GIS might be a solu-
tion to overcome the problem of the inferior dielectric strength of these alternative gases.
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2.3 IMPROVEMENT OF THE ELECTRIC FIELD DISTRIBUTION

In section 2.2 it was shown that most alternative gases have a low breakdown strength
compared to SFs. Therefore, GIS filled with such alternative gases would require a larger
size to obtain a comparable dielectric strength with respect to SFs filled GIS. Because
increasing the size of GIS would be unfavourable, the breakdown strength needs to be
improved.

One of the possibilities to improve the dielectric strength of GIS, without increasing the
size, is to reduce the electric field in the gas gap. In this way, the withstand voltage of GIS
can be increased. In this section, two methods are described to improve the electric field
distribution in gas insulated systems.

2.3.1 Modification of the capacitive electric field distribution

In the case of AC voltage the electric field distribution is dependent on the permittivity of
the insulating media. This type of electric field distribution is also known as a capacitive
electric field distribution. With the application of a thick dielectric coating layer on one or
multiple electrodes in GIS the electric field distribution in the gas gap can be improved.

Consider a rod-plane electrode arrangement as shown in Figure 2.5. The length of the
gas gap between the tip of the rod electrode and the plane electrode is set at 23.31 mm.
The radius of the rod electrode is 15 mm and both electrodes are uncoated.

[

Figure 2.5: Simple rod-plane electrode arrangement
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The electric field distribution along a straight line between the rod tip and the plane is
represented by the dotted blue line in Figure 2.6. The parameter D on the horizontal axis
represents the position in the gas gap. The rod tip is located at D = 0 mm and the surface
of the plane electrode is positioned at the right end of the horizontal axis (D = 23.31 mm).
The local electric field strength E in kV/mm is displayed on the vertical axis.
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Figure 2.6: Electric field distribution in a rod-plane configuration with and without coating [5]

The highest electric field strength of roughly 28 kV/mm is located at the tip of the rod
electrode where the electric field is most divergent. The electric field near the surface of
the plane electrode is more homogeneous. There, the lowest field strength of roughly 9
kV/mm is found.

When a 10 mm thick dielectric coating with a relative permittivity of 5.3 is applied on
the surface of the rod electrode the electric field distribution changes. Now, the electric
field distribution is represented by the solid green line.

In a capacitive electric field distribution the electric field is pushed into regions of low
permittivity. Therefore, the electric field at the electrode surface in the coating is lowered
because the coating has a higher permittivity than the gas. Furthermore, at the coating-
gas interface the electric field strength shows a jump which again is caused by the higher
permittivity of the coating.

Even with the jump in the electric field strength at the coating surface, the maximum
electric field strength in the gas is lowered with respect to the uncoated situation. The
maximum electric field strength in the uncoated situation is roughly 28 kV/mm and in
the coated situation it is 24 kV/mm.
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The reduction of the maximum electric field strength in the gas is even stronger when
the relative permittivity of the coating is lowered as can be seen from the dashed red line
in Figure 2.6. Because the difference between the permittivity of the coating and the gas
is smaller, the step increase in the electric field strength at the interface is also smaller.
This results in an even lower maximum field strength in the gas.

The hypothetical best case would occur when the relative permittivity of the coating
is equal to the permittivity of the gas. In this case, the electric field distribution in the
gas would be equal to the blue dotted line between D = 10 mm and 23.31 mm. The
maximum electric field strength in the gas is then roughly 12 kV/mm which is 43% of the
maximum field strength in the uncoated system. Note that, with a lower relative permit-
tivity of the coating, the electric field strength inside the coating is increased. Fortunately,
solid dielectric materials have a high electric breakdown strength compared to insulating
gases. The best coating candidate would therefore have a relative permittivity which is
as close as possible to one.

Itis important to see that this modification of the capacitive electric field distribution
is only significant when a thick coating is applied. For thin coatings there is no significant
change in the capacitive electric field distribution in the gas. Furthermore, this effect is
only present in electrode arrangements with an inhomogeneous electric field distribu-
tion such as a rod-plane or coaxial arrangement.

2.3.2 Charge accumulation on the coating surface

The electric field in the gas gap can also be reduced with the intentional use of ac-
cumulated surface charge. Consider the parallel plane configuration shown in Figure 2.7.
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Figure 2.7: Parallel plane configuration with coated electrodes [24].
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In this configuration, the electrodes represented by the black lines are covered with a
coating layer represented by the grey areas. The gas gap is represented by the white
area. Both electrodes are covered with the same coating material. The terms €. and g,
represent the permittivity of the coating layers and the gas respectively. The conductivity
of the coating material and the gas is represented by o. and g,

When a unidirectional electric field is applied between the electrodes, available free
charges in the gas will move in or opposite to the direction of the applied electric field.
These charges will accumulate on the coating surfaces. In this case negative charges will
move upwards and accumulate on the coating surface of the top electrode and positive
charges will accumulate on the bottom coating surface.

These accumulated charges generate an electric field in the gas opposite to the ap-
plied electric field. The total electric field in the gas is equal to the applied field plus the
charge induced field. Therefore, the field strength in the gas is reduced. As is clear from
Figure 2.7, the electric field generated by the surface charges enhances the total electric
field strength in the coatings. Fortunately, the breakdown strength of solid insulators is
usually significantly higher than that of insulating gases.

The magnitude of the charge induced electric field is positively dependent on the
surface charge density designated by p. and py, in Figure 2.7. Therefore, the reduction of
the total electric field strength in the gas is dependent on the amount of accumulated
charge.

In Figure 2.8, the amplitude of the total electric field in the gas and in the coating is
displayed as a function of the surface charge density for the configuration displayed in
Figure 2.7. As long as there is a finite electric field in the gas gap and there are enough free
charges available in the gas, charges will continue to accumulate on the coating surfaces
until the electric field in the gas equals zero. In this case the system is in equilibrium and
the total applied voltage is carried by the coatings only. The accumulated surface charge

density is then equal to peq in Figure 2.8.

In this equilibrium the accumulated surface charge density pe, is given by the following

equation [24].
Eoéc
Peq = 2d,

In this equation V represents the applied voltage between the parallel plates and d. is the
thickness of the coating layers. The required surface charge density to reach zero electric
field in the gas gap is dependent only on coating material parameters. To minimize the
amount of surface charge necessary for equilibrium the permittivity of the coatings
should be as close as possible to one and the thickness of the coatings should be as
large as possible.
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The accumulation of surface charge is not instantaneous. These charges accumulate
with a certain time constant depending on the original source of the charges. The graph
in Figure 2.8 thus also represents the change of the electric field in the gas and in the
coating over time. In the figure, two further interesting points can be seen. First, the
surface charge density necessary to obtain a uniform field strength in the entire arrange-
ment is designated by r,.. Second, the surface charge density accumulated in a resistive
electric field distribution is designated by ry.. In a resistive electric field distribution the
electric field strength in each medium is dependent only on the conductivity of the
materials (in this case o. and o). More information on resistive electric field distributions
can be found in [36].

Charge sources and transport mechanisms

Free charges in the gas can originate from several different sources. Natural ionization
caused by background radiation provides a stable source of charged species. The ion and
electron generation rate is in this case relatively low. Electric field dependent processes
such as gas ionization and electron field emission from the cathode are also important
sources of ions and electrons. When the electric field strength reaches the critical field
strength for gas ionization the field dependent processes are the main sources of ions
and electrons. In this case the generation rate is relatively high.

Charge transport mechanisms also play an important role in the accumulation of
surface charge. Charges can either be transported to the coating surfaces by conduction
along the surface of the coatings or by bulk conduction through the coatings. Further-
more, charges can also be transported through the gas by diffusion and drift of ions
and electrons. Generally, bulk conduction through a coating is a relatively slow process
depending on the conductivity of the coating material. Electron and ion drift can be a
very fast transport mechanism depending on the electric field strength in the gas and
the mobility of the charged species.

The time constant of surface charge accumulation is dependent on both the charge
generation rate of the different sources and the charge transport velocity of the different
transport mechanisms. The field reducing effect of surface charge accumulation for dif-
ferent voltage types, such as AC, DC or lightning impulse, is thus dependent on this time
constant. For example, consider the application of a DC voltage for several days. In this
case, both slow processes, such as natural ionization, bulk conduction and diffusion, and
fast processes, such as electron drift and gas ionization can be useful for the accumula-
tion of surface charge. When a lightning impulse is applied only fast processes such as
electron drift and gas ionization will play a significant role in the accumulation of surface
charge.
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Active insulation

Surface charge accumulation could be used as an adaptive form of insulation. The ac-
cumulated amount of charge is dependent on the applied voltage. A change in applied
voltage is counteracted by a change in accumulated surface charge. To illustrate this
effect, several situations will be described.

Consider the parallel plane configuration in Figure 2.7 in which a fast rising voltage is
applied. Because there is insufficient naturally available charge in the gas the electric field
in the gas gap will also rise. The electric field will continue to rise until the electric field
in the gas reaches the critical field strength for ionization. At this instant new charges are
generated in the gas and transported to the coating surfaces by the drift mechanism
resulting in a reduction of the electric field in the gap. The system is thus self-stabilizing.

In general, the system will try to reach an equilibrium in which the electric field in
the gas gap is zero. Normally, this equilibrium is not reached because of a lack of avail-
able charges. When the electric field is again below critical and all the newly generated
charges have accumulated on the surfaces not enough charge remains in the gas to
obtain a zero electric field. If the voltage is still rising, the electric field again reaches the
critical value, ionization occurs and once more the electric field strength is reduced to
below critical. This phenomena can be present in the front of a lightning impulse and is
called a depositing discharge [24].

If a steady state DC voltage is present between the electrodes and the coatings have
an ideal conductivity of zero the accumulated charge will remain on the coating surfaces.
The electric field in the gap is below critical, so no ionization occurs. The system is in a
local equilibrium. However, most coating materials show a very low conductivity. Over
time, accumulated charge is removed from the surface via bulk conduction through the
coating layer to the electrodes. When charge is drained from the surface, the electric
field in the gas will rise until the critical value is reached. lonization will then be present
in the gas resulting in the accumulation of new charge on the coating surfaces. The
accumulated surface charge is thus restored to the original amount which is called a
restoring discharge [24].

When the voltage is removed or reversed, the accumulated surface charge represents
a field enhancement. Locally, the electric field can be higher than critical resulting in a
partial discharge of the coating surfaces. This phenomena can be present in the tail of a
lightning impulse and is called a relaxing discharge [24].

Measurements

To investigate the theory on the charging of coating surfaces several experiments were
performed in [24]. In these experiments a parallel plane electrode configuration, coated
with a 3 mm thick layer of silicone rubber, was stressed at AC, DC or lightning impulse
voltage. The voltage was applied on the top plane and the lower plane was earthed via
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a shunt to measure any currents flowing from the bottom plane to earth. With these
current measurements discharge activity in the gas could be recorded.

When a slowly rising AC voltage was applied, intense discharge activity was recorded
when the electric field in the gas reached the critical field strength. The discharge activity
remained until the voltage was again lowered. No influence of the coating or charge
accumulation was visible.

In the second experiment [24] a slowly rising DC voltage was applied. The DC volt-
age was increased until discharge activity occurred. After several minutes the discharge
activity vanished which can be related to depositing discharges. Next, the voltage was
further increased until new discharge activity was visible. After another several minutes
the voltage was increased again. With this slow stepwise increase, DC voltages between
50% and 250% higher than the voltage level necessary to obtain a critical electric field
strength in the gas, according to the capacitive field distribution, were reached within
the range of applied gap distances.

At high voltage levels recurring discharges were visible. These discharges can be clas-
sified as restoring discharges, which are present due to the increased leakage current
through the coating layers. Charge drained from the surfaces is replaced. At the highest
voltage levels the discharge activity was continuous, which represents a continuous
supply of new charge from the gas to replace the continuously draining surface charge.

For lightning impulse voltage a comparable procedure was used in which each voltage
level represents a sequence of five equal impulses. With this method, voltage levels be-
tween 70% and 350% higher than the voltage necessary for a critical field strength in the
gas, according to the capacitive field distribution, were reached. In further experiments a
depositing discharge was recorded on the front of each lightning impulse including the
first impulse in a sequence. If the amplitude of the impulse was sufficiently high a train
of multiple discharges of opposite polarity was visible on the tail of the impulse. These
discharges can be classified as relaxing discharges.

Homogenization
Another important property of active insulation is the fact that free charges experience
an electrostatic force in the direction of the area with the highest and most divergent
electric field. More charge will accumulate in these regions, which usually are weak spots.
Surface charge accumulation will therefore result in a homogenization and reduction
of the electric field at this weak spot. The breakdown voltage of the entire system is
subsequently increased.

In [24], the applied electric field was in all cases homogeneous. Experiments with an
inhomogeneous field distribution were performed in [26]. In this work, discharge activity
was recorded in a rod-plane arrangement using current measurements and video im-
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ages. The rod electrode was covered with a 3 mm thick layer of silicone rubber. Lightning
impulse of positive and negative polarity was applied.

The decay of surface charges on the rod electrode after the voltage was removed was
measured with a field mill [26]. The profile of the surface potential along the entire length
of the rod was also recorded with a field mill.

2.4 REDUCTION OF ELECTRON FIELD EMISSION AND IONIZATION

In section 2.3 it was shown that the dielectric strength of GIS can be improved by reduc-
ing the electric field strength in the gas gap. The breakdown strength of GIS can also be
improved with the modification of the starting conditions for an electrical breakdown in
the gas gap.

In this section, it is explained how the roughness of the electrode surface can influence
these starting conditions. Furthermore, it is explained how the starting conditions can be
modified with the application of a coating to obtain an increased breakdown strength.

2.4.1 Electron field emission

Electrical breakdown in gases is initiated by impact ionization of gas molecules or atoms.
Impact ionization occurs when electrons with sufficient kinetic energy collide with
neutral gas atoms or molecules. Therefore, ionization requires the availability of a free
electron in a region of sufficient electric field strength in the gas gap. This minimum
electric field strength is called the critical field strength and the region in the gas gap in
which the electric field is critical is named the critical region.

Consider the rod plane electrode configuration shown in Figure 2.5 and the corre-
sponding electric field distribution shown as a blue dotted line in Figure 2.6 in section
2.3.1.When the applied voltage on the rod electrode is increased above a certain critical
level a critical region will be present in the gas at the tip of the rod electrode. lonization
will start when a single free electron appears inside this critical region.

Free electrons can originate from different sources. First, electrons can be generated
by natural ionization of gas molecules due to the presence of background radiation.
Second, irradiation of a gas with light can cause ionization of gas molecules resulting
in the generation of free electrons. This process is called photo-ionization, because of
the collisions between photons and gas molecules. Sources of light can be UV-radiation
from the sun or light emitted by gas discharges. Third, electrons can be emitted from the
cathode surface.

Electron emission from the cathode is driven by three main processes. First, photons
from incident radiation can strike the cathode surface. When these photons have suf-
ficient energy, electrons can be freed from the electrode metal, a process known as
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photoemission. Second, when the temperature of the cathode is sufficiently high elec-
trons can gain enough thermal energy to be freed from the metal. This process is called
thermionic emission and is used in x-ray generators or cathode ray tubes. Third, electrons
in the cathode can also be emitted into the gas when the cathode voltage is sufficiently
high. This process is known as electron field emission. Note that the applied voltage in
GIS usually is far lower than required for field emission. However, microscopic protrusions
at the electrode surface cause electric field enhancements of sufficient magnitude for
electron field emission. This effect is explained in section 2.4.2.

In GIS, photo-emission and photo-ionization are negligible because the tank in which
the electrodes are located is a dark chamber. Furthermore, thermionic emission is
negligible because the conductor temperature is far lower than required for thermionic
emission. Therefore, electron field emission and natural ionization are the main sources
of free electrons in GIS.

When a negative voltage is applied to the rod electrode in the rod-plane configuration,
the rod electrode becomes the cathode. In this case the critical region at the tip of the rod
electrode is adjacent to the cathode surface. Electrons are thus emitted from the cathode
directly into the critical region. Electron field emission then becomes the main source of
electrons which implies that field emission is in this case the main factor in breakdown
initiation. Inhibition of electron field emission from the cathode can therefore increase
the breakdown strength of GIS.

Application of a coating on the cathode surface can inhibit electron field emission [28].
In [28] the DC breakdown strength of a vacuum gap between coated and uncoated elec-
trodes is evaluated. In this work, a parallel plane configuration is used with a gap distance
of 0.2 mm and stainless steel electrodes. In the coated system the cathode is coated
with a 2 um thick layer of SiO. The pressure of the vacuum is in the order of 107 mbar.
Because the test tank is a dark chamber and the electrodes are at room temperature,
thermionic emission, photo-emission and photo-ionization are negligible. Furthermore,
natural ionization is negligible in a high vacuum. Therefore, electron field emission is the
main source of electrons.

The breakdown test results are shown in Figure 2.9. The white dots represent the break-
down field strength for the uncoated situation and the black dots represent the system
with a coated cathode. It can be seen from the figure that the application of the coating
on the cathode increases the breakdown strength with roughly 100%.

The figure also shows results from [29], which are represented by the triangles on
the right side. In this case an aluminium cathode with a Rogowski profile was used and
the coating consisted of a 3 um thick silicon oxide layer. The gap distance was varied
between 3 and 8 mm for the coated cathode and was fixed at 6.3 mm for the uncoated
cathode. With a gap distance of 3 mm the coated cathode shows an improvement of
roughly 130%.
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Figure 2.9: Breakdown strength of a vacuum gap with a coated and uncoated cathode [28]

As mentioned in [28], the improvement decreases when the gap distance is increased.
This might be caused by the total voltage effect described in [28] and seems to be only
present in vacuum systems due to the fact that the electron mean free path is several
orders of magnitude longer in vacuum than in a pressurized gas filled system.

Improvement factor
In [28] the expected improvement of the breakdown strength in a vacuum gap with
a coated cathode is determined as a function of material parameters. Because in this
system electron field emission is the most important cause of breakdown, the expected
improvement in breakdown strength is determined by this process.

The current density due to electron field emission can be described by the Fowler-
Nordheim tunnelling equation [28], [371:

_ L E? 32 4 2 (2)
J=foexp(—g@*2Z) [A/m?]

In this equation, f and g are constants and u is a correction factor proportional to E/®”.
The terms E and O are the electric field strength at the cathode surface and the height of
the potential barrier respectively. The field emission current is determined by the height
(®) and slope of the potential barrier at the metal surface. The potential barrier slope is
proportional to the electric field (E) at the metal surface.
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In the uncoated case, electrons need to tunnel directly to the vacuum level. In this
case the potential barrier height (®) is actually the work function of the cathode metal.
The work function is the difference in energy level between the conduction band of the
metal and the vacuum level.

When a coating is applied on the cathode surface, the electric field at the metal surface
is reduced with a factor of 1/¢, in which €, is the relative permittivity of the coating. The
slope of the potential barrier is effectively reduced which results in a reduction in emis-
sion current.

Furthermore, the potential barrier height is reduced by the energy difference between
the vacuum level and the coating conduction band. This energy difference is the electron
affinity (x) of the coating material.

In total, the expected improvement in the breakdown voltage of the vacuum gap can
be described by an improvement factor, y, which is the ratio between the gap voltage
of a coated cathode and an uncoated cathode with equal field emission current. The
improvement factor is given by the following equation:

3
y= Vcoated — Sr((b - X) /2 (3)
Vuncoated b 3/2

The ratio y is thus the predicted increase in breakdown voltage of the vacuum gap when
a coating is applied. From the equation it can be seen that the best coating candidates
should have a high relative permittivity €, and low electron affinity x. Note that the need
for a high relative permittivity in this case opposes the need for a low relative permittivity
in the cases mentioned in section 2.3.

2.4.2 Electrode surface roughness

In section 2.4.1 it was described that the occurrence of a free electron in the critical region
in the gas gap is necessary to initiate a breakdown. In the critical region the electric field
is above the critical value, which is 8.84 [kV/mm bar] for SF¢ [38].

In section 2.4.1 it was always assumed that the surface of the electrodes is smooth.
However, in general the surface of the electrode metal is not smooth at a microscopic
scale. Grooves and protrusions can be seen through the microscope.

These microscopic protrusions cause local electric field enhancements. Consider a
flat plate electrode with a smooth surface on which a voltage is applied. The electric
field near this flat plate is homogeneous and the corresponding electric field strength is
designated by E,. When a hemispherical protrusion is present on the electrode surface,
the electric field strength at the hemisphere is 3 times higher (3E,) [39].

The presence of microscopic electric field enhancements at the electrode surface
can cause local ionization at an applied electric field strength below critical. The critical
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value of the macroscopic electric field near the electrode is consequently decreased. This
decrease in the critical electric field strength can result in a reduction of the breakdown
strength of the system.

In Figure 2.10, the critical electric field strength for SF¢ is shown as a function of the
product of gas pressure and electrode surface roughness. As can be seen from the figure,
the critical electric field strength decreases when the product of the gas pressure and
the coefficient related to the maximum surface roughness R, according to the JIS B 0601
standard [40], is increased. When the gas pressure is kept constant the critical electric
field strength is only dependent on R,

Note that below a threshold of roughly 40 [bar um] there is no influence of the surface
roughness on the critical field strength. Furthermore, this dependence of the critical field
strength on the surface roughness is only present in strongly electronegative gases such
as SFe due to the short attachment length. This dependence is discussed in more detail
in chapter 4.
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Figure 2.10: Critical electric field strength as a function of gas pressure and surface roughness [38]

Specification of surface roughness

In order to evaluate and compare the influence of electrode surface roughness on the
breakdown strength of gas gaps, the surface roughness should be clearly defined ac-
cording to standards. In [6, 9-11] the mean surface roughness R, of the electrodes is
defined according to standards [40], [41]. To determine the value of R, the measured
track is divided into 5 equidistant parts. The distance between the highest peak and
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deepest valley R, of each part is calculated. R, represents the mean value of these five
distances as shown in the next equation [9].

5
1
R, = 5_2 Ry (4)
i=1

Results from literature

In [10, 11] the breakdown voltage of rod-plane configurations as a function of electrode
surface roughness was investigated. The applied gas was SFg with a pressure in the range
of 0.4 to 0.5 MPa absolute. The plane electrode was in all cases polished to a mean rough-
ness R, of 5 um, while the roughness of the rod electrodes was varied between 5 and 80
um. The rod electrodes have a diameter of 60 mm and the gap distance ranges from 10
to 50 mm.

In Figure 2.11 the breakdown voltage as a function of surface roughness is shown in the
case of positive lighting impulse voltage. The polarity refers to the polarity of the rod
electrode. It can be seen from the figure that the breakdown voltage decreases with an
increase in surface roughness, which is consistent with the theory of Pedersen [38]. Also
in the case of positive DC voltage a comparable negative dependence of the breakdown
voltage on the surface roughness of the rod electrode was shown [9].
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Figure 2.11: Normal distribution of breakdown voltage including 95% confidence intervals, positive LI volt-
age, s =40 mm, variation of R, , uncoated [10]
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Figure 2.12 shows the breakdown voltage as a function of surface roughness in the
case of negative lightning impulse voltage [10]. In this case, the lowest breakdown volt-
age can be found for a surface roughness R, of 15 um. The electrode with a surface
roughness of 50 um shows a significantly higher breakdown voltage. The breakdown
voltage of the polished electrode is only highest for quantiles higher than 50%. These
results are not consistent with the theory of Pedersen [38]. In [9], comparable results were

found for negative DC voltage.

Another interesting result from [10] is the fact that the breakdown voltage is also
dependent on the applied surface treatment method. In Figure 2.13 it is shown that
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Figure 2.12: Normal distribution of breakdown voltage Uy including 95% confidence intervals, negative LI
voltage, s =40 mm, variation of Rz, uncoated [10]
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Figure 2.13: Normal distribution of breakdown voltage including 95% confidence intervals, negative LI
voltage, s =50 mm, Rz = 15 um, varying surface treatment, uncoated [10]
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there is a significant difference in breakdown voltage between an electrode blasted with
corundum and an electrode blasted with glass pearls, despite the fact that the surface
roughness of both electrodes is equal (R, = 15 um).

Coatings

The application of a coating can theoretically reduce the influence of electrode surface
roughness on the breakdown strength of gas gaps. During application the coating mate-
rial fills up the unevenness of the electrode surface as shown in Figure 2.14, provided
that the layer thickness of the coating is sufficient. The surface of the coating at the
coating-gas interface should be significantly smoother, effectively removing the micro-
scopic electric field enhancements from the gas. These field enhancements are now
present in the coating material, which usually has a higher dielectric strength than the
gas. Furthermore, due to the permittivity of the coating, the electric field at the metal
surface is reduced, as explained in section 2.4.1.

Ir

Rt

X

Figure 2.14: Schematic drawing of the cross-section of a coated electrode surface [11]

In [10, 11] the breakdown voltage of epoxy coated rod electrodes was also investigated
and compared to uncoated electrodes. For the design of GIS components the 10% quan-
tile of the breakdown voltage is the most important parameter. Figure 2.15 displays the
10% breakdown voltage of coated and uncoated electrodes under positive and negative
lightning impulse voltage. As can be seen from the figure, at positive lightning impulse
voltage the application of a coating results in a reduction of the 10% breakdown voltage.
For negative lightning impulse voltage an increase of roughly 8% was found for a coated
electrode. Note that the surface roughness of the coating is always between 6 and 10
pm.
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Figure 2.15: 10% quantile with 95% confidence intervals, epoxy coated and uncoated electrodes, Rz = 15
um, s =40 mm, coating thickness is 300 um, positive and negative LI [10]

For DC voltage, comparable results have been found [9]. In this paper it has been shown
that the breakdown voltage of coated electrodes is roughly independent of the surface
roughness of the underlying rod electrode.

In [11] the breakdown strength of a coaxial electrode arrangement as a function of
surface roughness and coating thickness has been investigated. The used gas type is SFq
ata pressure of 0.5 MPa absolute. The inside of the outer electrode is always polished to a
roughness of 5 um and is uncoated. The inner electrode is either polished (R, = 5 um) or
trowalized (i.e. barrel finishing, R, = 25 um) and is either uncoated or coated with epoxy.
The epoxy coating has a layer thickness ranging from 25 um to 120 um. The gap distance
sissetat 30 mm.

The lightning impulse breakdown voltage shows a different behaviour with respect to
the rod-plane arrangement. First, From Figure 2.16 and Figure 2.17 it can be seen that in
this case the breakdown voltage for uncoated electrodes is lower at positive polarity than
at negative polarity lightning impulse.

Second, at both polarities the uncoated polished electrode shows a significantly higher
breakdown voltage than the trowalized electrode. Third, for both polarities the applica-
tion of a thin coating layer results in a significant increase of the 10% breakdown voltage,
independent of the surface roughness of the electrodes.
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Figure 2.16: 10% quantiles of breakdown voltage with 95% confidence intervals, negative LI, polished and
trowalized electrodes, epoxy coated([11]
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Figure 2.17: 10% quantiles of breakdown voltage with 95% confidence intervals, positive LI, polished and
trowalized electrodes, epoxy coated [11]

2.5 INHIBITION OF METALLIC PARTICLE MOVEMENT

In section 2.3 and 2.4 it is shown that the breakdown strength of GIS can be improved by

either reduction of the electric field in the gas gap or reduction of electron field emission

from the cathode. In these cases it was assumed that gas insulated systems are clean

inside. However, GIS can be contaminated with small metallic particles. The presence of

these small conductive particles is a major cause of breakdown in GIS. Nearly 50% of all
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failures of gas insulated substations is caused by particle induced breakdown[30]. In this
section it is explained how the application of a coating can reduce the effect of metallic
particle contamination on the breakdown strength of GIS.

2.5.1 Influence of particles on the breakdown strength of GIS

Consider a conductive particle present on the bottom of the tank of a horizontal coaxial
electrode arrangement in which the tank is the outer electrode. When an electric field
is applied on the system, the particle can acquire charge through the outer electrode. If
the particle is charged, electrostatic forces can cause the particle to move in the system.

When the electrostatic force in the radial direction is sufficiently high, the particle can
lift-off from the bottom of the tank against the gravitational force. The particle can fully
cross the gap and make contact with the centre electrode changing into a protrusion on
the electrode surface. This protrusion represents a field enhancement which effectively
reduces the breakdown strength of the system. Furthermore, the particle can hover in
the high field region near the centre conductor. Also in this case the particle causes a
local electric field enhancement in the gas, resulting in a reduction of the corona onset
and breakdown voltage.

In literature, extensive research can be found on the influence of particle contamina-
tion on breakdown initiation in GIS. For example, the breakdown voltage of contaminated
coaxial electrode arrangements is investigated as a function of particle shape, size and
material in [35-37]. In these papers the contamination consists of free moving metallic
wire particles or spheres with a diameter ranging from 0.1 to 12.7 mm. Both aluminium
and copper particles are used. The length of the wire particles varies between 0.8 and
50 mm. Also the diameter of the inner and outer electrode of the coaxial arrangement
is varied.

Results obtained in [35-37] show that in the case of wire particles the breakdown
voltage has a clear negative dependency with respect to the wire length, as shown in
Figure 2.18.The presence of a“sharper” particle results in a lower breakdown voltage. For
comparison, the figure also shows the breakdown voltage of a clean system.
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Figure 2.18: Breakdown voltage as a function of gas pressure and wire length, (0.4 mm diameter copper
wire particles, AC voltage, 150/250 mm coaxial arrangement)[42]

The wire diameter has a different influence on the breakdown voltage. In [35, 37] it is
shown that in most cases the breakdown voltage is reduced when the wire diameter
is increased. Therefore, the presence of thicker and thus “less sharp” particles does not
imply a higher breakdown voltage. However, these results also show that the breakdown
voltage mostly has a negative dependency with respect to particle size (length and
diameter). For spherical particles it is found in [35, 37] that the breakdown voltage is
reduced when the particle diameter is increased.

Next to free moving particles, the effect of particles adhered to a spacer surface is
also investigated [25, 26, 371. In these papers, particles are fixed to the surface of either
a post spacer [25, 26, 37] or a cone spacer [25, 26]. The number of fixed particles and the
location varies.

The results in [44] show that in the case of wire particles attached to a post spacer, the
breakdown voltage strongly decreases with an increase in wire diameter. Furthermore,
the shape of the post spacer and the particle position have a significant influence on the
breakdown voltage which is related to the corresponding local electric stress.

Figure 2.19 shows the three different types of post spacer used in [44]. These three
spacer types all have a withstand voltage of 560 kV peak AC voltage when there is no
particle contamination. Eight copper wire particles with a diameter of 0.45 mm and a
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Figure 2.19: Three types of post spacer tested in [44].

length of 5 mm were fixed to the surface of the three spacers. The particle position X,
depicted in Figure 2.19, was varied between 0 and 75 mm. The breakdown voltage was
then measured as a function of particle position and is shown in Figure 2.20.

As can be seen from Figure 2.20, the presence of particles on the spacer surface can
significantly reduce the breakdown voltage. Furthermore, the particle position has a
large influence on the breakdown voltage. For example, the breakdown voltage of spacer
A-bis the maximum 560 kV peak when the particle is close to the high voltage electrode

400
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]
0 40 ao
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Figure 2.20: Breakdown voltage as a function of particle position for three post spacer types [44].
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and is even lower than 200 kV peak when the particle is relatively close to the ground
electrode (position X is 60 mm).

Figure 2.20 also shows that the breakdown voltage-position curve (Vgp-X) is significantly
different for each spacer shape. This difference can be clarified by observing the electric
stress distribution along the spacer surface, which is shown in Figure 2.21. In this figure
the solid lines represent the total electric stress E, on the spacer surface. The dashed lines
represent the tangential component of the electric stress E,,.

Figure 2.21 and Figure 2.20 show that there is no correspondence between the maxi-
mum electrical stress E, and the minimum breakdown voltage for each spacer. However,
the variation in tangential stress component E, shows a relation with the breakdown
voltage. For example, the maximum breakdown voltage of spacer A-c occurs at X = 30
mm. At this location the tangential stress E, is minimal. It seems that the tangential stress
component has a large influence on the surface breakdown of a contaminated spacer.
However, the total electric stress is also an important factor in the breakdown process. In
[25, 26] it is shown that breakdown of a contaminated cone spacer always originated at
the particle location with the highest total electric stress.

relative stress (p.u.)

particle position X (mm)

Figure 2.21: Electric stress distribution on spacer surfaces [44]
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2.5.2 Dynamics of particle movement

In section 2.5.1 it was shown that both free moving particles and particles attached to a
spacer surface can have a detrimental effect on the breakdown strength of a gas insu-
lated system. Unfortunately it is not possible to fully prevent particle contamination of
GIS. Therefore, to improve the breakdown strength of GIS, the negative effect of particles
should be diminished.

Particle contamination is most harmful when the contamination is present at specific
locations in GIS as described in section 2.5.1. To diminish the negative effects, it should be
prevented that particles move to these locations. It is therefore important to understand
particle movement in GIS.

Consider a coaxial gas insulated bus, which is contaminated with metallic particles.
Generally, the particles are present on the bottom of the outer enclosure. When a voltage
is applied, the particles acquire a charge Q via the outer enclosure, which is in this case
the earth electrode. Because of the charge, the particles experience an electrostatic force
in the direction of the centre high voltage electrode. The electrostatic force opposes the
gravitational force on the particle as shown in the following equation [30].

E,=k-Q-E—m-g (5)

kis a correction factor between 0 and 1,

Qs the particle charge

E is the applied electric field at the location of the particle
m is the particle mass

g is the gravitational constant

When the applied electric field is strong enough the particle will lift off from the bottom
of the tank. The corresponding electric field strength is the lift-off field E,o. When the
applied electric field at the enclosure remains below the lift-off field the particles will not
move and potentially cause a breakdown of the system.

Therefore, to improve the breakdown strength of a gas insulated system the particle
lift-off field should be increased. This can be accomplished by applying a dielectric
coating on the outer enclosure[14-16, 38]. When a coating is applied on the inside of
the outer enclosure the acquired charge of the particles will be smaller than in a bare
enclosure provided that the applied electric field is equal. The coating is effectively an
insulator which reduces the charging current.

Figure 2.22 shows an equivalent circuit diagram representing the charging of a particle
on top of a coating layer. The lift-off field is in this case dependent on the coating capac-
ity, resistivity and thickness as shown in the following equation [30]. As can be seen from
the equation, the lift-off field is proportional to the square root of the coating thickness
and resistivity.
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Figure 2.22: Model of particle charging through a coating layer [30].
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Where K is an arbitrary constant

Measurement results from [45] show that the lift-off field is significantly increased
when a coating is applied. Figure 2.23 displays the lift-off field for 1.5 mm aluminium
spheres on an anodized aluminium electrode in an SF¢ filled enclosure as a function of
gas pressure and anodized layer thickness. Note that anodized aluminium is actually alu-
minium with an insulating aluminium oxide layer. Several manufacturers have produced
GIS with anodized enclosures.

The particle jump height is also an important parameter which gives information
on particle movement inside a gas insulated system. After lift-off, a particle can reach
a certain height from the bottom of the tank which is also described as the maximum
radial distance. The particle jump height is positively dependent on the particle charge
and the applied electric field. The drag force that the particle experiences when moving
and the particle mass reduce the jump height. The drag force on a moving particle is
proportional to the particle velocity and gas viscosity.

For example, increasing the gas pressure results in an increase in gas viscosity and thus
drag. Consequently, the particle jump height will be reduced. Because the application
of a coating on the bottom of the enclosure reduces the acquired charge of a particle,
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Figure 2.23: Lift-off field as a function of coating thickness and gas pressure. 1.5 mm diameter aluminium
spherical particles on an anodized electrode [45].

the particle jump height is also reduced provided that the applied voltage remains
unchanged.

Measurements and simulations of particle motion inside a gas insulated bus (GIB) or
transmission line (GITL) including jump height can be found in [14-16]. In these papers
the motion of metallic particles is measured or calculated for uncoated and coated
systems with varying coating thickness and material. Also the particle metal and the

applied voltage is varied.

Note that there are also other methods suggested in literature to reduce the motion of
particle contaminants in a gas insulated system. Examples of these methods include the
application of adhesive coatings, electrostatic trapping and radiative discharging [30].
Another option to control particle induced breakdown of GIS is to monitor particle
motion inside the tank. Charging and movement of metallic particles inside a GIS enclo-
sure produce low intensity partial discharges in the gas caused by the strongly enhanced
electric field close to the particle. These partial discharges can be recorded by sensors
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or UHF electromagnetic sensors (antennas). Extensive research on partial discharge and
particle movement detection with UHF systems in GIS can be found in [46].
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Experimental Methods

This chapter describes the applied experimental procedures, equipment and test
specimens. Section 3.1. contains a detailed description of the test setup and equipment
used for the gas and gas-coating breakdown tests. In section 3.2 it is shown which test
electrodes are used in the breakdown tests. Section 3.3 describes the selected coating
materials including material properties. The application procedure of the coatings is also
described. Section 3.4 contains an explanation of the applied test procedures and pa-
rameters. Section 3.5 describes the material characterisation tests including equipment,
procedures and material samples.

3.1 TEST SETUP AND GASES

To investigate the improvement of the electrical breakdown strength of gas insulated
switchgear with the application of coatings on (parts of) the electrodes, a special test
setup was designed in cooperation with Alstom. The setup mainly consists of a GIS
enclosure and bushing as shown in Figure 3.1.

The centre vessel is filled with SF¢ and is used in combination with a bushing to transfer
the test voltage to the test chamber on the right. The test chamber can be filled with any
type of gas which is not corrosive to the spacer material or the aluminium enclosure. The
maximum gas pressure is 1.0 MPa.

For the electrical breakdown tests, a rod-plane electrode arrangement is placed inside
the test chamber. The aluminium plane electrode is fixed inside the enclosure and is not
easily removed or replaced. The test voltage is applied to the plane electrode.

The test setup has a revolver assembly which can hold up to 12 small size rod elec-
trodes. The electrode arrangement is displayed in Figure 3.2.

57



Chapter 3

Figure 3.1: Picture of test setup GIS enclosure

~de | o \\
L \ \\
_ 33:':|§ s \\\\ S|
I
™ @ gﬂ ) 1
| - 4
A S |
- s e \\ ] = L,
[l = I 3 ’
= |
= I - 4
R 22 mm
— b |
/] I

Figure 3.2: Rod-plane electrode arrangement with revolver assembly for the rod electrodes.
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In the figure, number 1 represents the plane electrode. On the left side the revolver as-
sembly can be seen. The rod electrodes are represented by number 3 and are all located
within another plane electrode represented by 2. Thus, before commencing a breakdown
test there are no rod electrodes present in the gas gap (4). The gas gap between the
planes is 60.1 mm.

The rod electrodes are mounted on pneumatic pistons which can be actuated by
applying gas pressure on the intake valve of each piston. When a certain rod electrode
is selected for a test, the corresponding piston is actuated and the rod electrode will
be pushed into the gas gap resulting effectively in a rod-plane arrangement. The actual
gas gap will then be reduced to a distance between roughly 15 and 25 mm depending
on the length of the rod electrode. The ends of the pistons are equipped with a thread.
Therefore, the resulting gap distance can be controlled by varying the distance the
electrode is screwed onto the piston end.

For the breakdown tests two different revolver assemblies are used. For small elec-
trodes with a diameter up to 48 mm an assembly is used in which 12 electrodes can
be mounted. This assembly is shown in Figure 3.3. For electrodes with a diameter up to
90 mm another assembly is applied which can hold up to 4 electrodes and is shown in
Figure 3.4. When changing from small electrodes to large electrodes with a diameter
larger than 48 mm the revolver assembly in the tank is removed and replaced by the
other assembly. The applied rod electrodes are described in section 3.2.

Figure 3.3: Revolver assembly for small rod electrodes.
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Figure 3.4: Revolver assembly for large rod electrodes.

The coating materials are applied to the rod electrodes. With the revolver assemblies it
is possible to test up to 12 samples without evacuating and opening the tank, which
results in a significant time gain.

3.1.1 Gases

As explained, the test tank can be filled with any non-corrosive gas up to a pressure of
1.0 MPa. The breakdown tests are conducted in SF¢ and dry air, which is considered as a
possible replacement gas for SF. For practical reasons the gas pressure of dry air is set
to 0.9 MPa for the breakdown tests. Note that it is not expected that the gas pressure in
gas insulated systems will increase in the future due to cost constraints related to the
required mechanical strength of the enclosure and spacers.

To obtain a good comparison between the breakdown test results in SFs and dry air
the SF4 gas pressure is set at 0.34 MPa. At this pressure the dielectric strength of SF¢ is
theoretically equal to that of dry air at 0.9 MPa. For the determination of the desired SF
gas pressure, the relative dielectric strength is assumed to be 2.65, which was empirically
determined with breakdown tests at Alstom. More information on gas breakdown and
relative dielectric strength can be found in chapter 6.

For the verification of the breakdown model in chapter 6, extra breakdown tests were
performed in SF4 with a pressure between 0.34 and 0.6 MPa. Extra verification tests were
also performed in dry air with a pressure of 8.0 and 9.0 MPa. To obtain reproducible break-
down test results in dry air, the tank is in all cases filled with unused gas from the bottle
before the test is commenced. After each test, the dry air is released into the atmosphere.
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3.2 ROD ELECTRODES AND GAP DISTANCE

The rod electrodes used in the rod-plane test setup are all aluminium rods with a hemi-
spherical tip which has the same radius as the cylindrical part of the rod. Three different
sizes were used for the breakdown tests as shown in Figure 3.5.
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Figure 3.5: Dimensions of the three rod electrode types.

All three electrode types have a total length of 55 mm. The small electrode has a radius
of 12.5 mm resulting in a width of 25 mm. The radius of the medium size electrode is 24
mm resulting in an electrode width of 48 mm. Finally, the large electrode has a radius of
35 mm and a width of 70 mm. The electrode dimensions and applied gap distance are
based on the electric field distribution inside a 420 kV GIS as follows.
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The electric field distribution can be represented by the field utilization factor f. This
factor is equal to the average electric field strength divided by the maximum electric field
strength present in a gas gap as shown in the equation below. Therefore, a field utiliza-
tion factor of one represents a homogeneous electric field whereas a field utilization
factor close to zero represents a strongly inhomogeneous electric field.

f= (7)

For the determination of the correct electrode dimensions and gap distance, the field
utilization factor of certain locations inside the 420 kV GIS is calculated with the use of
Finite Element Analysis (FEA). With the obtained utilization factor the correct electrode
radius and gap distance are calculated. The test setup then has the same field utilization
factor as the corresponding location inside the 420 kV GlIS.

For example, consider the area surrounding a cone spacer inside the 420 kV GIS as
shown in Figure 3.6. The location with the highest electric field strength is present in this
area. To determine the field utilization factor in this area, the electric field is calculated
with the use of FEA and a simulation voltage V;,, of 420 kV applied to the conductor. The
enclosure potential is set at 0 V.

Enclosure

109

Conductor

Figure 3.6: Sketch of the area surrounding a cone spacer inside a 420 kV GIS.

The calculation results show that the maximum electric field strength is 8.5 kV/mm.
The average electric field strength is determined by dividing the applied voltage by the
smallest gap distance d, which is 109 mm as shown in Figure 3.6. The field utilization
factor is then calculated with the equation shown below.
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420 [kV]
Eqy d 109 [mm] (8)
= = = = 0‘45
f Emax  Emax 8.5 [kV/mm]

The field utilization factor is thus 0.45 for the considered region.

To obtain a comparable electric field distribution in the rod-plane test setup with re-
spect to the above mentioned 420 kV GIS, the correct electrode radius R and gap distance
d should be calculated from the desired utilization factor of 0.45. This calculation can be
performed with an equation determined by Azer and Comsa for a rod-plane geometry
[47]. The equation is rewritten in the form shown below.

09716 |1
d=R ]—C —1.1377 (9)

The electrode radius R is set at 12.5 mm because of the size constraints related to the
holes in the electrode holding plane and the range of possible gap distances. It should
be possible to apply a dielectric layer of 10 mm thickness on the electrodes as described
in section 3.3. Now the gap distance is calculated with an R of 12.5 mm and an f of 0.45.
The calculation results show a required gap distance of 22 mm.

For the medium and large electrodes a comparable procedure is applied. Inside the
420 kV GIS there are also regions with a more homogeneous electric field distribution
where breakdowns have taken place. Therefore it was desirable to include the field utili-
zation factor of these regions in the tests. Also, the electrode surface area is larger than for
the small electrodes which might result in a higher probability of defects in the coating
layer. Furthermore, there is a larger gas volume in which ionization can occur. These two
factors can reduce the breakdown strength of the system.

Unfortunately, the formula derived by Azer [47] is only valid for field utilization factors
between 0.043 and 0.61. Therefore, a new formula was necessary for the medium and
large size electrodes. Furthermore, the formula of Azer was derived in the 1970's with
finite element analysis using a computer with limited computational power. The element
size was relatively large resulting in a rough calculation of the electric field. With modern
equipment and software the equation can also be refined.

The new formula was derived by performing electric field calculations in Lorentz-E
(version 6.2, Integrated Engineering Software), which is also an FEA program. The electric
fleld and the field utilization factor was calculated for a range of electrode radiuses R
and gap distances d. The factor d/R was varied between 0.1 and 40 resulting in a field
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utilization factor between 0.043 and 0.92. The obtained formula is shown in the equation
below.

d d
f=0.7063- e %®°%F 4 0.2221 - e 0%3%R (10)

The medium size electrode with a radius of 24 mm and a gap distance of 22 mm has a
field utilization factor of 0.60. The field utilization factor of the large size electrode with a
radius of 35 mm and a gap distance of 22 mm is equal to 0.68.

3.3 COATING MATERIALS

This section describes the dielectric coatings which are applied on the rod electrodes
presented in section 3.2. Three different types of coatings can be distinguished. First, thin
coatings with a layer thickness between 25 and 570 um. Second, double layer coatings
consisting of two thin layers with a total thickness ranging from 340 to 590 um. Third,
thick coatings with a fixed thickness of 10 mm. These coatings are tested in the rod-plane
electrode arrangement described in section 3.1.

3.3.1 Thin coatings

For the gas-coating breakdown experiments described in section 3.4, a total of seven dif-
ferent thin dielectric coating materials are applied on the rod electrodes. These materials
are shown in Table 3.1. All thin coatings are produced by an external company.

Table 3.1: Thin dielectric coating materials.

Coating Thickness [um]

Epoxy-A 320
FP-1 420
FP-1I 560
FP-1lI 25
FP-IV 40
PA11 250
Semiconductor A 450
EP-I

EP-lis a thermoset polymer based on epoxy resin and has a green colour as shown in
Figure 3.7. For the application of the material on the rod electrodes the electrodes are
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first degreased and sandblasted. Next, the coating is applied by dipping the electrodes
in a bath containing the liquid resin. The resin is then polymerized at a temperature
between 180 °C and 230 °C.

Figure 3.7: EP-| coated small size electrodes.

FP-I

FP-l is a thermoplastic fluoropolymer based on ECTFE (Ethylene ChloroTriFluoroEthyl-
ene) which is a copolymer of ethylene and monochlorotrifluoroethylene and is generally
used in highly corrosive environments. The material is applied by electrostatic spraying at
a temperature between 270 °C and 300 °C. Before spraying the electrodes are degreased
and sandblasted. The material has a greyish green colour as can be seen in Figure 3.8.

Figure 3.8: FP-I coated small size electrodes
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FP-II

FP-Il'is also a thermoplastic fluoropolymer based on ECTFE. However, this material con-
tains an electrically conductive filler and has a black colour as shown in Figure 3.9. The
material shows a high resistance to corrosive chemicals and is anti-static. The application
procedure consists of electrostatic spraying at a temperature of 270 °C. The electrode
pre-treatment consists of degreasing and abrasive blasting.

Figure 3.9: FP-Il coated small size electrodes.

FP-III
FP-IIl consists of a thermoset resin loaded with PTFE filler and pigments resulting in
a light blue colour as displayed in Figure 3.10. This material is generally used for dry

Figure 3.10: FP-lIl coated small size electrodes.
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lubrication, electrical insulation and high temperature operation (up to 280°C). Electrode
pre-treatment consists of degreasing and abrasive blasting. The material is applied by
pneumatic spraying (not electrostatic) and cures at a temperature of 180 °C to 220 °C.

FP-IV

FP-IV consists of a bottom adhesion layer and one or more topcoat layers which consist
of FEP (Fluorinated Ethylene Propylene) reinforced with mica particles. This material is
anti-adhesive and non-wetting and is suitable for food contact. The colour of the material
is in this case olive green as shown in Figure 3.11. The production process consists of
pneumatic spraying after which the material cures at a temperature of 400 °C. Electrode
pre-treatment consists of degreasing and micro-abrasive blasting.

Figure 3.11: FP-IV coated small size electrodes.

PA11

PA11 is a thermoplastic material based on polyamide 11, which is produced from cas-
tor beans. PAT1 can therefore be seen as a bioplastic, although it is non-biodegradable.
The material is used for the electrical insulation of cables and has a very smooth surface
suitable for lubrication. The smooth surface is also used because of the aesthetic finish.
The coating can have any colour from the RAL colour scale. In this case the colour is white
as shown in Figure 3.12.

The production process consists of dipping in a bath filled with liquid material. The
corresponding production temperature ranges from 260 °C to 450 °C. Electrode pre-
treatment consists of degreasing, abrasive blasting and the application of a primer.

67




Chapter 3

Figure 3.12: PA11 coated small size electrodes.

Semiconductor A
Unfortunately, the contents of this material are classified. However it is disclosed that
this material has semiconductive properties. The colour of the material is green as shown

in Figure 3.13.

Figure 3.13: Semiconductor A coated small size electrodes.
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Table 3.2: Thin double layer coating materials.

Coating Total thickness [um]

FP-Il + FP-I 590
FP-Il + PA11 340

3.3.2 Double layer coatings

Next to the thin coatings, also double layered coatings were tested in the rod-plane test
setup. These coatings are shown in Table 3.2.

As can be seen from the table, for both materials the base layer consists of FP-Il which
can be seen as a semiconductor. For the top layer either PAT1 or FP-1is used as shown
in Figure 3.14 and Figure 3.15 respectively. The reason to test these coating types was to

Figure 3.14: FP-Il + FP-I coated small size electrodes.

Figure 3.15: FP-Il + PA11 coated small size electrodes.
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reduce the influence of the electrode surface roughness underneath the coating on the
breakdown initiation voltage. This method can be compared with the application of a
semiconductor layer between the conductor and the insulation of a power cable.

3.3.3 Thick coatings

Four different thick coating materials, which all have a thickness of 10 mm, are applied

Table 3.3: Thick dielectric coating materials.

Coating Filler APS
Neat Epoxy No Filler o
Epoxy nanocomposite A 0.2 vol.% hBN 70 nm
Epoxy nanocomposite B 0.2 vol.% cBN 150 nm
Epoxy Nanocomposite C 0.6 vol.% hBN 70 nm

on the rod electrodes for the gas-coating breakdown experiments. The coatings are
nanocomposites based on Huntsman Araldite epoxy resin type CY225 combined with
hardener HY225. The coatings are produced at Delft University of Technology according
to the production procedure described below. The materials are shown in Table 3.3.

As can be seen from Table 3.3, neat epoxy has no filler and thus only consists of the base
material used for the nanocomposites. Nanocomposites A and C are filled with Hexago-
nal Boron Nitride (hBN) particles with an average particle size (APS) of 70 nm supplied
by mk-NANO. The volume concentration of hBN particles in nanocomposite A is 0.2%
whereas nanocomposite C has an hBN volume concentration of 0.6%. Nanocomposite
B is filled with Cubic Boron Nitride (cBN) particles with an APS of 150 nm supplied by
PlasmaChem. Due to the relatively large APS this composite can also be considered a

Figure 3.16: Neat epoxy coated small size electrodes.
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Figure 3.18: Nanocomposite C coated small size electrodes.

mesocomposite [48]. The volume concentration of cBN particles in nanocomposite B is
0.2%. Figure 3.16 shows two samples of small size electrodes coated with neat epoxy.
Electrodes coated with nanocomposite B and C are shown in Figure 3.16 and Figure 3.17
respectively. Nanocomposite A has the same appearance as nanocomposite C.

The reason to choose nanocomposites is the fact that it is possible to decrease the relative
permittivity of epoxy with the addition of low concentrations of BN nanoparticles [48].
Decreasing the relative permittivity of epoxy would be favourable in terms of breakdown
voltage as explained in section 2.3. Furthermore, at Delft University of Technology exten-
sive research was conducted on nanocomposites for high voltage applications and this
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application would show that it is possible to produce nanocomposites with a relatively
large volume compared to the generally used test samples.

BN nanoparticles are favourable for electrical applications because of the low electrical
conductivity, high breakdown strength, high thermal conductivity and low relative per-
mittivity of the particles[48]. The main reason to select cubic BN particles is the fact that
these particles have higher thermal conductivity than hexagonal shaped BN particles[48].

Production procedure

The production of neat epoxy coatings starts with the combination of the correct quanti-
ties of resin and hardener in a mixing cup followed by thorough manual mixing with a
stir bar. The mixture contains a large amount of air bubbles due to the mixing. Therefore,
after mixing the epoxy coating is degassed in a vacuum oven for at least 2.5 hours until
the air bubbles are visibly removed.

In the case of small size electrodes, the degassed epoxy is poured into the mould
shown in Figure 3.19 and Figure 3.20. With this mould it is possible to produce 16 coated
small size electrodes in one batch. The correct volume of epoxy is calculated and poured
into the cavities in the bottom part of the mould, which is displayed in Figure 3.19. Before
pouring the epoxy, silicone release agent is sprayed on the cavity surface to ensure a
successful release of the coated electrodes. Furthermore, the mould is preheated to 75
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Figure 3.19: Mould for small size electrodes, bottom part.

72



Experimental Methods

Figure 3.20: Mould for small size electrodes, top part, 4 electrodes mounted.

oC prior to pouring to prevent mechanical stress in the epoxy due to expansion of the
mould during heating in the oven.

After pouring the epoxy, the bottom part of the mould is placed in the vacuum oven
for 1 hour of degassing to remove the air bubbles formed during pouring. After the sec-
ond round of degassing the preheated top part, shown in Figure 3.20, is placed gently
on top of the bottom part.

The epoxy is now cured inside the oven at a temperature of 140 °C for 3 hours after
which the electrodes remain in the mould in the oven at the same temperature for 17
hours of post-curing. After a total duration of 20 hours the oven is automatically switched
off to let the mould cool down slowly to a temperature of 110 °C in 3 to 4 hours to
prevent excess mechanical stress. When the mould has cooled down to 110 °C, the
coated electrodes are removed from the mould. The coated electrodes are then placed
in a vacuum desiccator to minimize moisture ingress. When all coatings are produced,
the electrodes are placed back in the vacuum oven for a round of conditioning at 140°C
for 24 hours to remove absorbed moisture.

For the medium and large size electrodes comparable moulds are used which can
provide up to 4 coated electrodes per batch. The bottom and top part of the large size
mould are shown in Figure 3.21 and Figure 3.22 respectively.
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Figure 3.21: Mould for large size electrodes, bottom part.

Figure 3.22: Mould for large size electrodes, top part, one electrode mounted.
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The production procedure for the nanocomposites A through C is the same with respect
to the pouring and curing in the mould. The production of the liquid resin is however
more complicated compared to neat epoxy.

Nanocomposite production starts with an evaluation of the morphology and crystal
structure of the supplied nanoparticles. The particle shape and size distribution of the
nanoparticles were evaluated with Transmission Electron Microscopy (TEM). The applied
TEM device is a Philips CM30T electron microscope. The results of the TEM analysis for
hBN and cBN nanoparticles are shown in Figure 3.23 and Figure 3.24 respectively.

The results of the TEM analysis show that the hBN particles either have a quasi-spherical
or an elongated shape. Moreover, the particle size distribution is broad with a range from
30to 300 nm and the APS is equal to 70 nm. In the case of cBN particles the results show
that the particle size ranges from 10 to 300 nm with an APS of 150 nm. The particle shape
shows sharp edges.

Figure 3.23: TEM analysis of hBN nanoparticles [48].

Figure 3.24: TEM analysis of cBN nanoparticles [48].

The crystal structure of the nanoparticles was characterized with X-Ray Diffraction (XRD)
measurements using a Bruker AXS D8 Advance Diffractometer. The results of the hBN
and cBN particles are displayed in Figure 3.25 and Figure 3.26 respectively. The value of
2q was varied between 5° and 90° with steps of 0.02°. The XRD spectrum of hBN shows a
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Figure 3.25: XRD spectrum of hBN nanoparticles [48]
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Figure 3.26: XRD spectrum of ¢cBN nanoparticles [48]

match with the spectrum of a hexagonal crystal structure whereas the XRD spectrum of
BN matches with the spectrum of a cubic crystal structure [48].

The second step in the production of the nanocomposites is the modification of
the nanoparticle surfaces with a suitable coupling agent to increase the compatibility
between the epoxy matrix and the filler[48]. In this case the applied coupling agent is
(3-GlycidoxyPropyl)trimethoxySilane (EPPS) which is an epoxy silane coupling agent. The
amount of EPPS coupling agent used to modify the surface of both the hBN and ¢BN
particles was 3 wt.% [48].
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The determination of the correct amount of coupling agent for the modification of the
nanoparticle surfaces is described in [48]. The successful modification of the nanoparticle
surfaces was evaluated with Thermogravimetric Analysis (TGA) using a TGA/SDTA851e
analyser from Mettler Toledo and Diffuse Reflectance Infrared Fourier Transform Spec-
trometry (DRIFTS) using a Bruker IFS 66 FT-IR spectrometer [48].

The final step in the production of the liquid nanocomposite resin is the mixing of the
functionalized nanoparticles and the epoxy resin and hardener. The nanoparticles were
directly mixed with the epoxy resin for 15 minutes in a speedmixer, which is in this case
a DAC 150.1 FVZ speedmixer. Next, the correct amount of hardener was added to the
mixture and the mixing continued for another 5 minutes. During the mixing process
zirconia balls with a diameter of 1.95 mm were added to improve nanoparticle dispersion
and distribution. The remaining production procedure, consisting of degassing, mould-
ing, curing and post-curing, is the same as for the neat epoxy samples. Other possible
nanocomposite synthesis techniques such as the solvent and nanomizer technique are
explained in [48].

3.4 GAS BREAKDOWN EXPERIMENTS

In this section the experimental procedure is explained for the gas and gas-coating
breakdown tests conducted in the rod-plane arrangement described in section 3.1.
Furthermore, it is described which breakdown tests have been performed regarding the
combination of materials, electrode sizes and gas types.

3.4.1 Test procedure

For the gas and gas-coating breakdown tests in the rod-plane arrangement it was de-
cided to only apply standard lightning impulse (LI) voltage according to IEC standard
60060-1 [49]. The wave shape of the standard LI voltage is presented in Figure 3.27.
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Figure 3.27: Standard Lightning Impulse wave shape including time parameters [49].

The main parameters which determine the shape of the LI voltage are T, and T,. The front
time T, indicates the steepness of the wave and is determined by first measuring the
time difference T between the instant when the voltage reaches 30% of the peak value
and the instant when the voltage reaches 90% of peak value (point A and B in the figure
respectively). The front time T, is now calculated by dividing T by 0.6. The time to half-
value T, is determined as the time interval between the virtual origin O, and the instant
when the voltage has decreased to half the peak value. In a standard LI voltage the front
time T, should be 1.2 ps with a margin of £30% and the time to half-value T, should be
50 ps with a margin of £20%. When a breakdown occurs during an LI breakdown test
the recorded wave shape is different, as depicted in Figure 3.28. On the left side of the
figure the wave is chopped by a breakdown on the tail (after the peak). In this case the
wave shape is characterised by the front time T1, which is determined in the same way
as described above, and the chopping time Tc (time-to-breakdown), which is the time
between the virtual origin O; and the time instant at which the wave is chopped (point
ain the figure). On the right side of Figure 3.28 the wave is chopped on the front (before
the intended peak of the lightning impulse). In this case the wave is characterised only
by the chopping time Tc.

For impulse voltages both positive and negative polarity can be applied. In this case it
is decided to only apply negative lightning impulse voltage. Although the test voltage is
applied on the plane electrode in the rod-plane arrangement, the mentioned polarity al-
ways refers to the polarity of the rod electrode. In the breakdown tests the rod electrode
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Figure 3.28: Left: Standard lightning impulse wave shape with a breakdown occurring on the tail, Right:
Standard lightning impulse wave shape with a breakdown occurring on the front of the wave

is therefore always the cathode. The actual applied LI voltage on the plane electrode
always has positive polarity.

The reason to only apply negative polarity standard LI voltage is the fact that for this
voltage type, at SFs gas pressures above 0.3 MPa and a dry air pressure of 0.9 MPa, the
lowest breakdown voltage was measured in the rod-plane arrangement and in Alstom
420 kV GIS. Negative LI is thus the worst-case situation for these systems and gas pres-
sures. The 420 kV GIS is dimensioned to withstand this type of overvoltage. Consequently,
the highest improvement in breakdown strength with the application of coatings can
be expected for negative LI. The corresponding size reduction of GIS is in this case
maximized. Also, by selecting only one voltage polarity and wave shape the available
measurement time can be utilized to test a large range of promising coating materials.

To generate the desired test voltage, a Haefely impulse voltage generator is used as
shown in Figure 3.29. This generator is a multistage Marx type generator with 20 stages
of 200 kV each, reaching a maximum charge voltage of 4 MV. For the breakdown experi-
ments in this research only 10 stages are in use, limiting the maximum charge voltage
to 2 MV. The reason for this is the fact that the charging voltage of the capacitors is too
low for the desired output voltage when all stages are in use. Reducing the number of
stages to 10 ensures simultaneous firing of the sphere gaps in all active stages and thus
the successful generation of a lightning impulse.

For the determination of the breakdown voltage of the gas gap between the rod
and the plane electrodes and the breakdown voltage of the coating-gas combinations,
several test procedures are available. For breakdown tests on the uncoated (bare) rod
electrodes, test procedure D in section 7.3.1.4 of IEC standard 60060-1 [49] is applicable.
Test procedure D is suitable for the determination of the 10% or 50% breakdown voltage
of self-restoring insulation types.
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Figure 3.29: 20-stage Haefely impulse voltage generator.

Test procedure D provides three possible test methods (classes) for the determination
of the 10% or 50% breakdown voltage. The first test method is the Multiple-Level (Class
1) test in which at least 10 consecutive impulses of equal voltage level are applied after
which the applied impulse voltage is raised to the next level and another set of 10 im-
pulses is applied. This procedure is repeated until at least 5 voltage levels have been ap-
plied. The voltage difference DU between the levels should be between 1% and 6% of the
expected 50% breakdown voltage. Next, the discharge frequency is calculated for each
voltage level by dividing the recorded number of disruptive discharges (breakdowns)
by the number of impulse applications for each voltage level. The calculated discharge
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frequencies are then fitted to a suitable probability distribution function. Finally, the 50%
breakdown voltage can be obtained from the determined probability function.

The second test method is the up-down (Class 2) test. This tests starts with a group of
n impulse applications at a voltage level close to the expected breakdown voltage. If no
disruptive discharge occurs in that group, the voltage level is raised with DU. If a disrup-
tive discharge occurs, the voltage level is directly lowered with DU. After the voltage level
is changed, a new group of impulses is applied. This process is repeated until the desired
number of stresses has been reached.

The number of impulses (n) in a group is selected for the desired breakdown prob-
ability. For the determination of the 10% breakdown voltage the value of n should be
7 and for the 50% breakdown voltage n should be 1. Figure 3.30 shows a schematic
representation of a 10% up-down test in which nis 7. The voltage difference between the
levels DU should be between 1% and 3% of the expected (i.e. 10% or 50%) breakdown
voltage. For the calculation of the 10% or 50% breakdown voltage only the accepted
groups are taken into account. An accepted group is a group with a voltage level which
occurs at least twice in the test procedure. For example, in Figure 3.30 the groups with a
voltage level of 100 kV and 85 kV are not accepted because these levels occur only once
in the test. For a correct 50% up-down test the total number of accepted groups (m)
should be at least 20.
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Figure 3.30: 10% Up-Down (Class 2) Test (n =7, m = 14, DU = 3 kV). Circles represent impulse applications
without disruptive discharge, crosses represent disruptive discharges [49].

The IEC standard presents a formula to calculate the 10% or 50% breakdown voltage. In
this research, the withstand and breakdown voltages in the accepted groups in a 50%
up-down test are fitted to a suitable probability distribution function from which the
breakdown voltage of the desired breakdown probability can be determined.
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The third test method is the progressive stress (class 3) test. This test starts with the
application of an impulse with voltage level U, The voltage level of the consecutive
impulses is increased step-wise until a disruptive discharge occurs. After the disruptive
discharge this step-up to breakdown process is repeated, again starting at Uo. For a cor-
rect test, the number of disruptive discharges (n) should be at least 10. Therefore, at least
10 step-up to breakdown sets are required. The acquired breakdown voltages U, to U,
are fitted to a suitable probability function. The voltage step size DU should have a value
between 1% and 3% of the expected 50% breakdown voltage.

The test procedure for the breakdown tests on the bare rod electrodes was selected
by performing a series of breakdown tests using the three different test procedures. The
three procedures were evaluated by comparing the acquired 50% breakdown voltage
and the time needed to perform a correct test. From the results it was decided to select
the 50% Up-Down test as the most suitable test method for the bare electrodes. The
results of these preliminary tests are presented in chapter 4.

In the case of coated electrodes a different test procedure should be selected because
the gas-solid insulation is non-self-restoring. The IEC standard [49] presents several test
procedures for non-self-restoring insulation. Unfortunately, these test procedures are in-
tended to provide pass/fail results and are thus not suitable for the evaluation of the 50%
and 10% breakdown voltage. However, the progressive stress (class 3) test in procedure
D could also be applied to non-self-restoring insulation. In this case, the sample would
be replaced after the disruptive discharge at the end of one step-up to breakdown series.
This test procedure is similar to the step-by-step tests in IEC standard 60243-1 [50].

When the progressive stress test is applied to the coated electrodes the breakdown
behaviour after the first disruptive discharge is not evaluated. It might be possible that
for one or more of the selected materials the breakdown voltage is not reduced after the
occurrence of the first disruptive discharge. Therefore, to observe the breakdown behav-
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Figure 3.31: Combined test with step-up to breakdown and 50% up-down (the circles represent impulse
applications and the crosses represent disruptive discharges).
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jour of the coated electrodes after the first breakdown a combined test was composed.
The combined test starts with one step-up to breakdown with the same parameters as
the progressive stress test. After the first breakdown the test continues with a standard
50% Up-Down test as shown in Figure 3.31.

Waiting time

In the IEC standards no requirements are defined for the waiting time between impulse
applications in lightning impulse tests. However, in literature it is stated that the wait-
ing time between impulses can influence the breakdown behaviour of the system [51].
When a gas gap is in an equilibrium it is filled with neutral and charged species such
as gas molecules, electrons and negatively and positively charged ions. These species
are homogeneously distributed over the gap volume. Electrical breakdown starts with
impact ionization of neutral gas molecules by collisions with electrons. The source of
these electrons can be free electrons in the gas or negatively charged ions from which
the excess electrons are detached through collisions, provided that the gas is electro-
negative. In equilibrium, there is a certain concentration of negatively charged ions and
electrons available to start ionization.

Consider the application of a lightning impulse on the system without causing a dis-
ruptive discharge. During the impulse application electrostatic forces cause the charged
species to move quickly to the oppositely charged electrode. The charged species are
then neutralized upon collision with the electrode surface. Thus, directly after the ap-
plication of the impulse the gas gap is effectively charge free.

The reestablishment of the equilibrium concentration of charged species directly
starts through processes such as photo-ionization and photo-emission by background
radiation, electron attachment and recombination processes. The reestablishment of
equilibrium is not instantaneous and the related time constant in an SFs gap of 26 cm is
found to be 2.5 minutes [51]. Therefore, the reestablishment of 90% of the equilibrium
concentration takes 6 minutes.

To obtain a test in which the ion concentration is always close to equilibrium just before
each impulse application, the waiting time between impulses should be 6 minutes. If the
waiting time is significantly shorter than 6 minutes most impulses are effectively applied
on a gas gap with a low ion concentration resulting in a higher breakdown voltage [51].

Forthe tests in the rod-plane gap the difference in breakdown behaviour between tests
with 1 minute and 6 minutes waiting time was investigated. This investigation showed
that in the rod-plane gap there is no significant difference in breakdown behaviour.

The difference with the experiment in [51] is the fact that the rod-plane gap is a factor
10 shorter. It might be the case that in such a short gas gap the time constant of equilib-
rium reestablishment is much shorter than 2.5 minutes. The results of the investigation
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are presented in chapter 4. Thus, for the gas and gas-coating breakdown tests described
in this section the waiting time between impulses is set at 1 minute.

3.4.2 Performed tests

The gas and gas-coating breakdown test performed in the rod-plane arrangement are
summarized here.

Determination of test procedure

For the determination of the most suitable test procedure and waiting time between
impulses the tests shown in Table 3.4 were performed on small size bare electrodes with
a machined finish in dry air at a pressure of 0.9 MPa. The waiting time between impulses
is 1T minute.

As explained in section 3.4.1, the number of disruptive discharges in the progressive
stress test is represented by the term n, which is in this case 10. The number of impulses
in each group in the up-down tests is also represented by n, which is 1 or 7 for the 50%
and 10% up-down tests respectively. The number of accepted groups in the up-down
tests is represented by the term m, which is 25 for the 50% up-down tests and 15 for the
10% up-down test.

Table 3.4: Tests on small size bare electrodes with machined finish in dry air, T min. waiting time.
Progressive stress test (n = 10) 2
50% Up-Down test (n= 1, m = 25) 2
10% Up-Down test(n=7,m = 15) 1
Multiple Level test 1

Material tests on small size electrodes

For the investigation on the breakdown behaviour of the coated electrodes the tests
displayed in Table 3.5 were performed on small size electrodes in dry air at 0.9 MPa using
the combined test procedure.

84



Experimental Methods

Table 3.5: Tests on small size coated and bare electrodes in dry air, combined test procedure.

Coating Number of tests

Bare, machined finish (reference) 2
Bare, sand blasted finish (reference) 2
EP-I 6
FP-I 6
FP-Il 6
PAT1 12
FP-IV

FP-1I

Semiconductor A

Neat Epoxy (thick coating)
Nanocomposite A (thick coating)

Nanocomposite B (thick coating)

D OO O O O O O

Nanocomposite C (thick coating)

Determination of impulse waiting time

To investigate the difference between the breakdown behaviour in tests with a 1T minute
and 6 minutes waiting time the tests listed in Table 3.6 were performed on small size
electrodes in dry air at 0.9 MPa using the combined test procedure with a waiting time

of 6 minutes.

Table 3.6: Tests on small size electrodes in dry air, combined procedure, 6 min. waiting time.

Coating Number of tests

Bare, machined finish 3
FP-I 3
FP-II 3
Bare, machined finish (multiple-level test) 1

Extra material tests on small size electrodes

Some materials showed interesting breakdown behaviour compared to the other ma-
terials in the breakdown tests with small size electrodes. Therefore, extra tests were per-
formed to investigate this behaviour. The results of these tests are presented in chapter 4.
The tests were performed on small size electrodes in dry air at 0.9 MPa and are displayed
in Table 3.7.

85



Chapter 3

Table 3.7: Extra tests on small size coated electrodes in dry air, combined test procedure.

Coating Number of tests

FP-II, used (tested)
FP-II, new (50% up-down test)
Neat Epoxy, used (tested)

3
3
6
Nanocomposite A, used (tested) 6
Nanocomposite B, used (tested) 6

6

Nanocomposite C, used (tested)

Breakdown model verification tests

For the verification of the breakdown model described in chapter 5 the tests shown in
Table 3.8 were performed on small size bare electrodes with a machined finish. The verifi-
cation tests listed in Table 3.9 were performed on medium and large size bare electrodes
with a machined finish.

Table 3.8: Verification tests on small size bare electrodes.

Gas type Gas Pressure Test Procedure Number of tests
SFe 0.34 [MPa] Combined 3

SFe 0.4 [MPa] Combined 3

SFe 0.5 [MPa] Combined 1

SFe 0.5 [MPa] 50% Up-Down 2

SFe 0.6 [MPa] 50% Up-Down 3

Table 3.9: Verification tests on medium and large size bare electrodes.

Gas type Gas Pressure Test Procedure Number of tests
Dry air 0.9 [MPa] Combined 2 Medium, 2 Large
Dry air 0.8 [MPa] Combined 2 Medium, 2 Large
SFe 0.34 [MPa] Combined 2 Medium, 2 Large
SFe 0.4 [MPa] Combined 2 Medium, 2 Large
SFs 0.5 [MPa] Combined 2 Medium, 2 Large
SFe 0.6 [MPa] Combined 2 Medium, 2 Large

Material tests on medium and large size electrodes

The influence of the electrode surface area on the breakdown behaviour of coated
rod electrodes in the rod-plane arrangement was assessed with the breakdown tests
on medium and large size rod electrodes presented in Table 3.10. With these tests the
contribution of the electric field homogeneity with respect to the breakdown behaviour
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Table 3.10: Tests on coated medium and large size electrodes in dry air, combined test procedure.

Coating Electrode size Number of tests
PAT1 Medium 8
PAT1 Large 8
Neat Epoxy Medium 8
Neat Epoxy Large 8

was also evaluated. The breakdown tests were performed in dry air at 0.9 MPa using the
combined test procedure.

3.5 MATERIAL CHARACTERISATION

The gas and gas-coating breakdown tests described in section 3.4 were conducted to in-
vestigate the breakdown behaviour of coated electrodes and the possible improvement
in breakdown voltage with respect to uncoated electrodes. In chapter 2 it is explained
that the coating material properties can have an influence on the breakdown behaviour
of coated electrodes and the corresponding improvement in breakdown voltage. To
investigate the relation between the material properties and the breakdown behaviour
it is necessary to define these properties with suitable measurements. This section de-
scribes the applied test equipment and procedures to evaluate the applicable material
parameters.

3.5.1 Electrode and coating surface roughness

In section 2.4 it is explained that the electrode surface roughness can have a significant
influence on the breakdown voltage of a gas insulated system. To investigate the in-
fluence of the electrode surface roughness on the breakdown test results, the surface
roughness of the rod electrodes should be determined. The surface roughness of the rod
electrodes is measured with a Mitutoyo Surftest SJ-301. This device is a tactile surface
roughness tester which measures the surface roughness by moving a mechanical detec-
tor (stylus) along a straight line on a selected part of the electrode surface.

The device output consists of a roughness profile as shown in Figure 3.32. The figure
shows the roughness profile of a bare rod electrode with a machined finish. The total
length of the profile is 4 mm divided in 5 sampling lengths of 0.8 mm. To obtain the
roughness profile without including long wave components, the input signal is filtered
with a cut-off wavelength I. of 0.8 mm.
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Figure 3.32: Surface roughness profile of a bare electrode with a machined finish.

The measurements are performed according to the JIS B 0601-1994 standard [40] which
is comparable to the ISO 4287 standard [41]. Next to the roughness profile the measure-
ment device determines several surface roughness parameters of which two are of inter-
est. First, the maximum height R, which represents the difference between the height of
the highest peak and the depth of the lowest valley with respect to the average line in
one sampling length. Second, the ten point average roughness R,, which is determined
by the sum of the five highest peaks and the five lowest valleys in a sampling length
divided by five. Thus, R, represents the mean value of R, in a sampling length. The device
calculates the average value of R, and R, over the five sampling lengths.

With the method described above the surface roughness is evaluated for bare
electrodes with a machined and a sand blasted finish. As explained in section 2.4, the
application of a coating on the electrode surface can fill up the roughness of the metal
surface resulting in a possible increase in breakdown voltage. However, the surface of
the coating material also has a certain roughness which could have an influence on the
breakdown behaviour of the gas-coating insulation. Therefore, the same surface mea-
surement procedure is also applied on the coated rod electrodes.

3.5.2 Coating Thickness

In chapter 2 it is shown that the thickness of the coating layer can have an influence on
the breakdown voltage of the system. Therefore it was desirable to measure the thick-
ness of the coatings on the rod electrodes.

Furthermore, for the evaluation of the breakdown strength of the coating materials
several samples were produced by spraying the coating material on a flat aluminium
substrate. To correctly evaluate the breakdown strength of these coating materials the
electric field strength at the breakdown locations should be acquired. Thus, the thickness
of the material at these locations should be measured. The coating breakdown tests are
described in section 3.5.5. Furthermore, for the dielectric spectroscopy described in sec-
tion 3.5.3 and the conduction current measurements in section 3.5.4 the thickness of the
coating layer on the flat samples is also required.
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The coating layer thickness of the coated rod electrodes was measured with two
different measurement methods. Firstly, the coating thickness was measured with a mi-
crometer in two steps. In the first step the diameter of the bare electrodes was measured.
The production tolerance of the rod electrodes regarding the rod diameter was found to
be within 5 um.

In the second step the diameter of the coated electrodes was measured at 4 to 6
locations depending on the unevenness of the coating layer. Next, the average diameter
was calculated from the measured diameters. Finally, the diameter of the bare electrodes
was subtracted from the average diameter of the coated electrodes and divided by two.

Secondly, the coating thickness was measured with a coating thickness gauge of the
eddy current type. This type of thickness gauge was selected because the rod electrodes
and the flat samples are aluminium which is conductive and non-ferromagnetic. The
applied thickness gauge is a DeFelsko [T-826M-1250. Note that for the flat samples only
the thickness gauge was used because the thickness of the aluminium substrates was
unknown.

3.5.3 Dielectric spectroscopy
The permittivity of the coating material is an important factor with respect to the break-
down behaviour of a coated gas insulated system as explained in chapter 2. Therefore, the
relative permittivity of the coating materials was measured using dielectric spectroscopy.
The permittivity of a material is related to the different polarization processes in the
material such as dipole relaxation, ionic relaxation and electronic polarization. These
processes are frequency and temperature dependent. The dielectric response is the
result of these polarization processes and is therefore also dependent on frequency and
temperature. The dielectric response can be represented by the relative complex permit-
tivity €(w, T) as shown in the equation below. The real part of the complex permittivity €’
is the relative permittivity of the material which is the material parameter of interest. The
imaginary part €" represents the dielectric losses in the material.

e(w,T) = ¢ —je" (am

The complex permittivity was measured as a function of frequency and temperature
using a Novocontrol dielectric spectrometer. The spectrometer mainly consists of
an impedance analyser (Alpha-A Mainframe combined with a ZGS sample cell) and a
temperature control system (Quatro Cryosystem). The impedance analyser measures the
complex impedance of the material test specimen according to the measurement circuit
depicted in Figure 3.33.
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Test Specimen

G © rl] ©

Figure 3.33: Circuit diagram of the impedance analyser.

During a measurement the AC voltage U is applied to the test specimen which is placed
between two parallel plane electrodes in the sample cell. The two phase-sensitive
voltmeters measure the amplitude and phase of the voltage across the test specimen
and the current through the specimen. The resistor R is a shunt resistor for the current
measurement. With the measured voltage U and current | the complex impedance can
be calculated with the equation below.

7 =

U
i (12)

From the complex impedance Z the capacitance C can be calculated. Because the test
specimen is located between two parallel planes the complex permittivity can be cal-
culated from the capacitance C, the surface area of the electrodes A and the dielectric
material thickness d with the equation below.

d
,T — I el — I
g(w,T) = & —je o (13)

These calculations are automatically performed by the dielectric spectrometer. For the
amplitude of the applied voltage either 1V or 3 V can be selected. The frequency of
the applied voltage can be varied between 3 uHz and 20 MHz to obtain the desired
frequency spectrum of the complex permittivity. The impedance measurement range of
the analyseris 10”to 10" W,

The permittivity can also be strongly dependent on temperature. Therefore, the
spectrometer system is equipped with a cryostat and temperature control system to
accurately control the temperature of the sample cell. The temperature control system
and the cryostat are displayed in Figure 3.34.
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Figure 3.34: Schematic representation of the temperature control system and cryostat [52].

The temperature of the sample is controlled by a flow of nitrogen gas through the
cryostat. The nitrogen gas source is a Dewar vessel filled with liquid nitrogen. With a
resistive heating element the nitrogen gas flow can be regulated by evaporating liquid
nitrogen and building up the desired gas pressure in the Dewar. Channels 1 and 2 mea-
sure the temperature and gas pressure inside the Dewar respectively. The Dewar output
controls the evaporation rate of the liquid nitrogen. The gas heating module regulates
the nitrogen gas temperature and channels 3 and 4 measure the gas temperature and
sample cell temperature respectively. With the Quatro cryosystem the temperature of
the sample cell can be controlled between -160 and 400 °C with a sensitivity of 0.01 K.

Measurement procedure

For the coating materials the frequency spectrum of the relative permittivity € and
dielectric losses €"is measured within a frequency range of 1 Hz to 1 MHz. The frequency
spectrum is recorded for temperatures between -40 °C and 120 °C with a step size of 20
°C. Thus, for each material nine spectra are obtained.

To evaluate the temperature behaviour of the relative permittivity and dielectric losses
in more detail, temperature ramp tests were conducted. In a temperature ramp test the
applied frequency is fixed and the temperature is increased from -40 °C to 120 °C with a
ramp of 1 K/min while recording the relative permittivity and dielectric losses. The output
of these tests is a temperature scan of the dielectric losses and relative permittivity at a
fixed frequency. The temperature scan is recorded for frequencies between 1 Hz and
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1 MHz with a step size of one decade. Thus, the total number of temperature scans
obtained per material equals seven.

3.5.4 Conduction current

In section 2.3 it is explained that also the electrical volume conductivity of a coating
material can have an influence on the breakdown behaviour of a coated gas insulated
system. The volume conductivity of a material can be evaluated with a conduction cur-
rent measurement.

In a conduction current measurement a material specimen is placed between two

parallel plane electrodes as shown in Figure 3.35. Between the electrodes a high DC
voltage is applied which causes polarization processes to occur in the material. These po-
larization processes give rise to a small polarization current which decreases in amplitude
and disappears over time when the material is fully polarized.
When the polarization current has disappeared a steady state conduction current
remains which is directly related to the DC resistance and thus the volume conductiv-
ity of the material. The polarization and conduction current can be measured with an
electrometer which is a very sensitive current meter capable of measuring currents in
the order of 10 A.

The HVDC source is connected to the high voltage electrode through the resistor Ry to
protect the electrometer from overcurrents in case the material specimen breaks down
during the measurement. The resistance of Ry is 660 MW. To effectively measure the
conductivity of the material specimen only the current through the specimen should be
recorded. However, currents may flow between the high voltage and measuring elec-
trode along the specimen surface. These currents are also measured by the electrometer
resulting in an error in the measurement of the volume conductivity. Therefore, guarding
electrodes are located around the measuring electrode to direct the surface currents to

— 1
R dc
@HVDC — 151
11 specamen
SERRER Guard .~
Hectrode =
-Electrometer

L

Figure 3.35: Schematic drawing of the conduction current setup.
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ground instead of the measuring electrode. In this setup the HVDC source is a Heinzinger
40 kV/15 mA power supply and the electrometer is a Keithley 617.

The volume conductivity o was calculated from the steady state conduction current
density Ji; and applied electric field E, with the equation below, which is Ohm’s law.

_ s

o=
E, (14)

The applied electric field E, was calculated by dividing the applied voltage by the thick-
ness of the specimen. With the electrometer the steady state conduction current I was
measured. The conduction current density was then calculated by dividing the measured
current by the surface area of the measuring electrode A, as shown in the following
equation.

= — 15
Jss 2 (15)

The steady state conduction current can be seen when the polarization current has
disappeared. When testing a material the time to reach steady state depends on the
applied electric field and the temperature. The current is recorded from the time instant
just before the voltage is applied up to 30 hours to observe the polarization current. The
steady state conduction current is determined by fitting a curve to the measurement
trace and extrapolating this curve to 100 hours. The current value at 100 hours is then
taken as the steady state conduction current.

3.5.5 Coating breakdown tests

The final parameter of interest with respect to the breakdown of a coated gas insulated
system is the breakdown strength of the coating materials. As explained in chapter 2,
the electric field in the gas gap can be modified when a coating is applied on one of the
electrodes. Ideally, the electric field in the gas is reduced with respect to the uncoated
system because the gas is considered the weakest part of the gas-coating insulation.
However, when the electric field in the gas is reduced, the electric field in the coating is
enhanced.

When the enhanced electric field strength in the coating is relatively close to the
breakdown electric field strength of the coating material, a breakdown might occur in
the coating. Consequently, a full breakdown of the gas-coating insulation is very likely to
occur due to the increased amount of ions in the gas caused by the breakdown of the
coating.
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The combination of both the breakdown strength of the coatings and the calculated
electric field strength in the coatings can provide information on the location where the
breakdown of the system starts (in the coating or in the gas). Therefore, the breakdown
strength of the coating materials was evaluated with coating breakdown tests.

The coating breakdown tests are performed in the test setup depicted in Figure 3.36.

The coating material sample, which is shown in grey, is placed on a grounded stainless
steel plane electrode. For comparison reasons, it is favourable to apply lightning impulse
voltage on the coating material samples. Unfortunately, this was not possible because
a suitable small size impulse voltage generator was not available. Therefore, the break-
down tests are performed under power frequency AC voltage. The test voltage is applied
to the test sample via a stainless steel sphere electrode depicted by the black circle. The
electrodes and test sample are placed in a glass container which is filled with transformer
oil. The oil is added to prevent partial discharges close to the high voltage electrode and
discharges occurring on the surface of the test sample.
The breakdown tests are performed according to IEC 60243-1 [50]. The applied test pro-
cedure is the short-time (rapid-rise) test in which the applied voltage level is increased
from zero at a uniform rate of rise until breakdown occurs. The rate of rise is selected to
obtain a test duration between 10 and 20 seconds. The standard rates of rise are 100 V/s,
200V/s, 500 V/s, 1 kV/s, 2 kV/s and 5 kV/s.

The short-time test is applied to ten samples of each material to obtain a good fit
to a suitable distribution function. For the first sample of each material a low rate of
rise was selected to make an estimation of the expected breakdown voltage. From this
expected breakdown voltage the correct rate of rise for the remaining nine samples was
calculated. According to the standard it is acceptable if the mean test duration of all ten
samples is between 10 and 20 seconds. Therefore, the longer duration of the first test is
within the test specifications.

Figure 3.36: Schematic representation of the coating breakdown test setup.
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This chapter presents the results of the gas and gas-coating breakdown experiments
described in chapter 3. Section 4.1 describes the results of the different gas breakdown
test procedures evaluated to determine the most suitable test procedure for the coated
electrodes. The results of the breakdown tests on bare and coated small size electrodes
are presented in section 4.2. In section 4.3, the difference is investigated between break-
down tests with a one minute and six minutes waiting time between impulse applica-
tions. Section 4.4 presents the breakdown test results on bare and coated medium and
large size electrodes. Section 4.5 contains a discussion on the gas-coating breakdown
test results including an evaluation of the improvement of the breakdown strength of
the rod-plane arrangement due to the application of a coating on the rod electrode.

4.1 EVALUATION OF BREAKDOWN TEST PROCEDURES

As explained in section 3.4, an investigation was performed to determine the most suit-
able test procedure for the gas and gas-coating breakdown tests. For the uncoated rod
electrodes the multiple level test, the 50% and 10% up-down test and the progressive
stress test were compared with respect to the obtained 50% breakdown voltage Us, and
the test duration.

From the results the value of Us, was calculated according to the standard [49].
Moreover, the 10% breakdown voltage U, obtained from the 10% up-down test was
compared with the U;, obtained from the 50% up-down test after fitting the results to a
three parameter Weibull distribution. Deriving the U, from the 50% up-down method
with statistical calculations is allowed according to the standard [49].

Multiple level test (class 1)

The results of the multiple level test are displayed in Figure 4.1. In a multiple level test
the number of disruptive discharges in each voltage level should be between 0 and 10
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Figure 4.1: Multiple level test on small size bare electrode with a machined finish.

resulting in a disruptive discharge frequency between 0 and 1 for each level. Usually, the
disruptive discharge frequency increases with the voltage level and the results should
show a range of disruptive discharges frequencies between 0 and 1. The disruptive
discharge frequencies per level are fitted to a suitable distribution function from which
the desired values of the breakdown probability are derived.

The results show that there are no breakdowns in five of the eight applied voltage
levels, one breakdown in one voltage level and three breakdowns in the seventh voltage
level. Furthermore, in the highest voltage level all ten impulse applications resulted in a
disruptive discharge.

In total, the multiple level test results contain the discharge frequencies listed in Table 4.1.
Unfortunately, no suitable distribution function can be fitted to these test results. There-

Table 4.1: Disruptive discharge frequencies and voltage levels, multiple level test.

271 0

279
288
297
305
314
323
332 1

o o o o o o
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fore, the 50% breakdown voltage is not evaluated and this test procedure is rejected as a
suitable candidate for the gas breakdown tests.

The aberrant breakdown behaviour in the multiple level test might be caused by
conditioning of the gas due to the large amount of impulse applications and the short
waiting between impulses of one minute. In the low voltage levels the consecutive
impulse applications deplete the gas from ions and electrons as explained in section 3.4.
Consequently, the lower six levels contain almost no disruptive discharges.

Moreover, in the 323 kV level a breakdown occurs after which all impulses result in a
breakdown in both the 323 kV and 332 kV levels. This might be caused by the fact that,
due to the first breakdown of the series, the gas conditioning has disappeared. Note
that the applied voltage is already 10% higher than the predicted breakdown voltage.
Furthermore, the first breakdown of the series results in a significant increase in the ion
and electron concentrations in the gas gap reducing the breakdown strength of the gas.

This breakdown behaviour might be resolved by increasing the lightning impulse
waiting time to six minutes. However, results in section 4.3 will show that at six minutes
waiting time the multiple level test also shows the aberrant breakdown behaviour al-
though less pronounced. Therefore, also at six minutes waiting time the multiple level
test is unsuitable as a test procedure for the gas breakdown tests in this research. Further
increasing the waiting time is considered to be unfeasible due to time constraints.

50% up-down (class 2) and progressive stress test (class 3)

In the 50% up-down and progressive stress test no aberrant breakdown behaviour was
visible as shown in the examples in section 3.4. Thus, it was possible to compare the
values of Us,. The comparison results are shown in Table 4.2.

Table 4.2: Comparison of 50% up-down and progressives stress tests

Test method 50% Breakdown voltage Average test duration
50% Up-down 297 [kV] 30 min.
Progressive stress 295 [kV] 100 min.

The results in Table 4.2 show that the 50% breakdown voltage obtained in both test
procedures shows a difference of 2 kV which is 0.7% of the expected breakdown voltage.
Furthermore, this difference is significantly smaller than the voltage level step size DU of
3% applied in both test procedures. Therefore, the 50% breakdown voltage obtained by
both test procedures is considered equal.

With respect to the time duration both tests are different. The duration of the 50%
up-down test is on average 30 minutes which is 70 minutes shorter than the progressive
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stress test. Therefore it was decided to select the 50% up-down test procedure for the
gas breakdown experiments.

10% up-down test (class 2)

As explained, the 10% breakdown voltage can be determined with a 10% up-down test
or a derivation from the statistical distribution fitted on the results of a 50% up-down test.
The comparison results are listed in Table 4.3.

Table 4.3: Comparison of 10% and 50% up-down tests with respect to U,

Lower/Upper 95%
Test method 10% Breakdown voltage  confidence interval Average test duration
10% Up-down 288 [kV] -3.8/+3.8[kV] 90 min.
50% Up-down 288 [kV] -55/+69[kV] 30 min.

The results in Table 4.3 show that there is no difference in 10% breakdown voltage
between the two up-down tests. The 95% confidence bounds of the 10% breakdown
voltage obtained from the 10% up-down test are somewhat smaller. However, the dura-
tion of a 10% up-down test is three times longer than the duration of a 50% up-down
test. Therefore, in this research the 10% breakdown voltage was derived from the 50%
up-down test results, saving the extra time of performing 10% up-down tests.

4.2 BREAKDOWN VOLTAGE - SMALL SIZE ELECTRODES

This section presents the results of the breakdown tests on the small size rod electrodes
in dry air at 0.9 MPa. The results of the uncoated electrodes with a machined and a sand
blasted finish are shown in section 4.2.1. The results of the thin coatings, double layer
coatings and thick coatings are presented in sections 4.2.2,4.2.3 and 4.2.4 respectively. In
all cases the combined test procedure is applied.

4.2.1 Uncoated electrodes

As a reference, two breakdown tests were performed on bare electrodes with a machined
finish and another two on bare electrodes with a sand blasted finish. The breakdown test
results of a bare electrode with machined finish is shown in Figure 4.2 and the results of
a bare electrode with sand blasted finish is displayed in Figure 4.3.
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Figure 4.2: Breakdown test on a bare electrode with machined finish (m = 25).
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Figure 4.3: Breakdown test on a bare electrode with sand blasted finish (m = 25).

In the figures, impulse applications without breakdown are represented by the blue
circles and impulse application resulting in a breakdown are represented by the red
crosses. The results of the machined electrode show that the breakdown voltage remains
at the same level after the first breakdown as is expected from an uncoated system.

In the case of the sand blasted electrode the breakdown behaviour is different as
can be seen in Figure 4.3. The first breakdown occurs at significantly lower voltage than
expected for an uncoated system. After the first breakdown it was possible to increase
the voltage level of the applied impulses to a level comparable to the breakdown voltage
of the machined electrodes.
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As explained in section 2.4, the electrode surface roughness has a significant influ-
ence on the breakdown strength of a gas insulated system. Therefore, the low initial
breakdown voltage might be caused by the relatively rough surface of the sand blasted
electrodes. The surface roughness measurement results will be presented in section 5.1.

When the first breakdown occurs, the roughness peaks on the electrode surface
might be evaporated or melted by the heat of the discharge plasma leaving a smoother
electrode surface. Due to the smoother electrode surface the breakdown voltage might
be increased to a value in the range of the machined electrodes as is the case in the test
results.

The voltage of the 1* breakdown, the highest breakdown voltage and the 50% and
10% breakdown voltage of the tested electrodes are listed in Table 4.4. The 50% and
10% breakdown voltage are obtained by fitting a suitable probability distribution to the
up-down part of the test results of each electrode. In almost all cases a three parameter
Weibull distribution is applied. Furthermore, the mean values of the 50% and 10% break-
down voltage are obtained by performing a distribution fit on the combination of the
breakdown data of the individual electrodes.

The mean first breakdown voltage of sand blasted electrodes is 11% lower than that
of machined electrodes. Furthermore, the 50% breakdown voltage of sand blasted
electrodes shows an increase of 3% with respect to the machined electrodes while
the 10% breakdown voltage shows a reduction of 1,7 %. In both cases the difference is
comparable to the voltage level step size DU in the up-down test and can therefore be
considered to be insignificant.

Table 4.4: Breakdown test results of uncoated small size electrodes.

Test 1% Breakdown Highest Breakdown 50% Breakdown  10% Breakdown
Bare, machined 1 308 [kv] 308 [kV] 299 [kV] 289 [kV]
Bare, machined 2 308 [kV] 308 [kV] 294 [kV] 285 [kV]
Mean Bare, machined 308 [kV] 308 [kV] 297 [kV] 287 [kV]
Bare, sand blasted 1 281 [kV] 321 [kV] 307 [kV] 282 [kV]
Bare, sand blasted 2 265 [kV] 313 [kV] 303 [kV] 281 [kV]
Mean Bare, sand blasted 273 [kV] 317 [kV] 306 [kV] 281 [kV]

The 50% and 10% breakdown voltages including the 95% confidence intervals are dis-
played in Figure 4.4 and Figure 4.5 respectively. Also from these figures it can be seen that
the difference in 50% and 10% breakdown voltage between sand blasted and machined
electrodes is insignificant.
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Figure 4.4: 50% Breakdown voltage of bare electrodes with machined and sand blasted finish. The 95%
confidence intervals are represented by the error bars.
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Figure 4.5: 10% Breakdown voltage of bare electrodes with machined and sand blasted finish. The 95%
confidence intervals are represented by the error bars.

Moreover, the scatter in the breakdown test results is significantly larger for the sand
blasted electrodes than for the machined electrodes. Thus, the 95% confidence intervals
of the 50% and 10% breakdown voltage are wider for the sand blasted electrodes.

The large scatter in the test results of the sand blasted electrodes is caused by the
lower first breakdown voltage. Furthermore, the large scatter might be caused by the
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fact that after the first breakdown the surface roughness of the electrode tip shows a
significant variation.

The unreliability plots of the three parameter Weibull distributions fitted to the breakdown
test results of the machined and sand blasted bare electrodes are shown in Figure 4.6.
The blue line represents the probability plot of the bare electrodes with a machined
finish. The probability plot of the electrodes with a sand blasted finish is represented by
the brown line. The 95% confidence intervals are represented by the dashed red lines.
The 95% confidence interval of the machined electrodes is smaller than that of the
sand blasted electrodes over the entire probability range. Furthermore, the figure shows
that the probability line of the machined electrode is significantly steeper which is re-
lated to the smaller scatter in the breakdown test results. In the probability range of 3% to
55% the confidence intervals of both electrode types overlap. Therefore, the difference in
the breakdown voltage of both electrode types in this probability range is insignificant.

Unreliability, F(t)

Voltage [kV]

Figure 4.6: Three parameter Weibull unreliability plots of bare electrodes with machined (blue line) and
sand blasted (brown line) finish. The 95% confidence bounds are represented by the red dashed lines.

4.2.2 Thin coatings

As an overview the tested thin dielectric coating materials and the corresponding thick-
nesses are listed in Table 4.5. In section 3.3 the coating materials are described in more
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detail. The breakdown test results on the thin coatings are described per material type.
At the end of this subsection an overview will be presented.

Table 4.5: Thin dielectric coating materials.

Coating Thickness [um]

EP-1 320
FP-I 420
FP-Il 560
FP-II 25
FP-IV 40
PA11 250
Semiconductor A 450
EP-1

The breakdown test results of an EP-l coated electrode are shown in Figure 4.7. From
the results it can be seen that after the first breakdown the breakdown strength of the
system is reduced to a level below the breakdown strength of a bare electrode with a
machined finish. This behaviour was observed for all tested electrode samples.

The fact that the breakdown strength is reduced to a level below that of the machined
electrodes is caused by the fact that the coating is punctured by the discharge. The
puncture is a small area of bare electrode surface. The latter might present a reduced
breakdown voltage close to that of a bare electrode. Furthermore, the edges of the
puncture could also contribute to an increased surface roughness resulting in a further
reduction of the breakdown voltage.
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Figure 4.7: Breakdown test results of an EP-| coated electrode.
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The values of the first and highest breakdown voltage of the individual EP-l coated
electrodes are listed in Table 4.6. As explained and as can be seen from the table, the
first breakdown is the highest breakdown voltage measured for each electrode. The 1
breakdown voltage for the EP-I coated electrodes ranges from 296 kV to 315 kV.

Table 4.6: 1st and highest breakdown voltage measured on EP-I coated electrodes

Electrode 1* Breakdown Highest Breakdown
1 308 [kv] 308 [kv]
2 296 [kV] 296 [kV]
3 303 [kv] 303 [kv]
4 315 [kV] 315 [kV]
5 315 [kv] 315 [kv]
6 314 [kv] 314 [kv]

The results indicate that the EP-I coated electrodes are damaged after the first break-
down and are thus non-self-restoring. Therefore, the 1*" breakdown voltages are fitted to
a suitable probability distribution from which the 50% and 10% breakdown voltages are
derived and compared with the results of the bare, machined electrodes. The 50% and
10% breakdown voltage of EP-I coated electrodes are shown in Figure 4.8 and Figure 4.9
respectively.

The 50% breakdown voltage of the EP-I coated electrodes shows a minor improvement
of 4% with respect to bare electrodes. When the 10% breakdown voltage is compared
with that of a bare electrode an improvement of 2.7% is found. However, the confidence
intervals overlap which indicates that there is no improvement in the 10% breakdown
voltage.

The third, fifth and seventh breakdowns of each electrode were also fitted to a prob-
ability distribution to evaluate the behaviour of EP-I coated electrodes after the first
breakdown. The 50% and 10% values of the 3, 5 and 7" breakdown are also displayed
in Figure 4.8 and Figure 4.9 respectively. As explained, the EP-I coating insulation is non-
self-restoring which is shown by the fact that the 3, 5™ and 7" 50% and 10% breakdown
voltage are lower than the first breakdown voltage. Furthermore, both the 50% and 10%
breakdown voltage show a decreasing trend with an increase in the breakdown number.

106



Gas and gas-coating breakdown test results

380

360

340

320

300 &
280 14 ¢ 3

260

50% BD Voltage [kV]
|_’_|

Bare Epoxy 1st Epoxy 3rd Epoxy 5th  Epoxy 7th
BD BD BD BD

Figure 4.8: 50% Breakdown voltage of EP-I coated electrodes. The 95% confidence intervals are represent-
ed by the error bars.
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Figure 4.9: 10% Breakdown voltage of EP-I coated electrodes. The 95% confidence intervals are represent-
ed by the error bars.

FP-1
The breakdown test results of a FP-I coated electrode are shown in Figure 4.10. As with
EP-I the breakdown strength of a FP-I coated electrode is reduced to a level below that

of a bare electrode.
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Figure 4.10: Breakdown test results of a FP-| coated electrode.

The 1* and highest breakdown voltage measured on the FP-I coated electrodes are dis-
played inTable 4.7.1n almost all cases the highest breakdown voltage occurred at the first
breakdown as shown in the example in Figure 4.10. However, in the case of electrode 3
the highest breakdown voltage occurred at the sixth breakdown. In the test results of this
electrode it was observed that after the first four breakdowns it was possible to increase
the impulse voltage to 318 kV before the next two breakdowns occurred. The test results
of electrode 3 are presented in appendix A.

The 1°" breakdown voltage of the FP-I coated electrodes ranges from 284 kV to 328
kV. The 1*" breakdown voltage thus shows a scatter of 42 kV which is significantly larger
than the scatter in the 1*" breakdown voltage of the EP-I coated electrodes. The results
of electrode 7, 8 and 9 are obtained with a waiting time between impulses of 6 minutes
instead of 1 minute to observe the influence of the waiting time on the breakdown test

Table 4.7: 1st and highest breakdown voltage measured on FP-I coated electrodes.

Electrode 1% Breakdown Highest Breakdown
1 314 [kv] 314 [kv]
2 315 [kv] 315 [kv]
3 302 [kv] 318 [kv]
4 284 [kV] 284 [kV]
5 293 [kv] 293 [kv]
6 308 [kV] 308 [kV]
7 297 [kv] 297 [kV]
8 310 [kv] 310 [kV]
9 328 [kv] 328 [kV]
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results. The influence of the waiting time on the breakdown test results will be discussed

in section 4.3.

Also for the FP-I electrodes the results show that the coating-gas insulation is non-self-
restoring. The comparison between the bare and FP-| coated electrodes thus considers
the 50% and 10% quantiles of the first breakdown voltage of the FP-I coated electrodes.
The 50% and 10% quantiles of the 1%, 3%, 5™ and 7" breakdown voltage are depicted in
Figure 4.11 and Figure 4.12 respectively.
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Figure 4.11: 50% Breakdown voltage of FP-I coated electrodes including 95% confidence intervals.
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Figure 4.12: 10% Breakdown voltage of FP-I coated electrodes including 95% confidence intervals.

The 50% breakdown voltage seems to show a minor improvement of 3.4% with respect
to a bare electrode. However, the 95% confidence intervals overlap which implies that
the FP-I coated electrodes show no improvement with respect to bare electrodes. Also
in this case the 50% breakdown voltage shows a downward trend when the breakdown
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number is increased. Note that the 95% confidence intervals are wider than those of the
EP-I coated electrodes due to the larger scatter in the measured breakdown voltages.

When observing the 10% quantile of the 1*" breakdown voltage no significant differ-
ence can be found with respect to the bare electrodes. The corresponding 95% confi-
dence interval is also significantly wider than that of the bare electrodes due to the larger
scatter and the smaller amount of breakdown data available for distribution fitting. The
difference between the 10% quantiles of the 3%, 5" and 7" breakdown voltage is also
insignificant.

The 50% and 10% breakdown voltages in Figure 4.11 and Figure 4.12 are based on the
breakdown test results of all 9 FP-I coated electrodes listed in Table 4.7. As explained,
the results of electrode 7, 8 and 9 are obtained in a test with a six minutes waiting time
between impulses. It can be argued that it is unfavourable to include the results of
electrode 7,8 and 9 in the statistical analysis because of the difference in test parameters.

Therefore, the 10% and 50% first breakdown voltage was also calculated using only the
results of the first six electrodes and compared with those obtained using all test results.
The results of the comparison are shown in Figure 4.13. The 50% and 10% breakdown
voltages at the left side of the figure are obtained with the results of only the first six
electrodes and the values at the right side are obtained with the results of all electrodes.

As can be seen from the figure the difference between the 50% and 10% breakdown
voltages obtained with a distribution fit on either the first six or on all electrodes is insig-
nificant. Note that the 95% confidence intervals of the 50% and 10% breakdown voltage
obtained with all electrodes are smaller which might be caused by the larger amount of
breakdown test results used for distribution fitting.
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Figure 4.13: Comparison of 50% and 10% 1st Breakdown voltage of FP-I coated electrodes including 95%
confidence intervals regarding addition of test results with 6 minutes waiting time between impulses.
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FP-11
The breakdown test results of a FP-Il coated electrode are shown in Figure 4.14. The
breakdown behaviour of the FP-Il coated electrodes is different compared to the FP-I
and EP-l coated electrodes. In this case it was possible to increase the applied voltage
after the first two to six breakdowns up to a maximum level which is significantly higher
than the first breakdown voltage. The breakdown test results of all FP-Il electrodes are
displayed in appendix A.

The first and highest breakdown voltages measured on each sample are listed in
Table 4.8. The table shows that the first breakdown voltage of the FP-Il coated electrodes
is relatively low with a value ranging from 283 kV to 308 kV. Whereas the highest break-

down voltage of each sample is significantly higher than the first breakdown voltage.
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Figure 4.14: Breakdown test results of a FP-Il coated electrode.

Table 4.8: 1st and highest breakdown voltage measured on FP-Il coated electrodes

Electrode 1* Breakdown Highest Breakdown Difference
1 290 [kV] 314 [kV] 8.3%
2 296 [kV] 345 [kV] 17%
3 283 [kV] 301 [kv] 6.4%
4 300 [kV] 325 [kV] 8.3%
5 296 [kV] 317 [kV] 7.1%
6 308 [kv] 356 [kV] 16%
7 292 [kv] 340 [kV] 16%
8 285 [kV] 334 [kV] 17%
9 303 [kV] 339 [kV] 12%
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The highest breakdown voltage ranges from 301 to 356 kV and the increase with re-

spect to the corresponding first breakdown voltage ranges from 6.4% to 17%. The scatter
in the first and highest breakdown voltage is 25 kV and 55 kV respectively.
As is the case with the FP-I samples, the breakdown tests on electrodes 7, 8 and 9 were
performed with a 6 minutes waiting time between impulses to investigate the influence
of the waiting time between impulses on the breakdown test results. The discussion on
the influence of the waiting time between impulses on the breakdown test results is
contained in section 4.3.

The 50% and 10% quantiles of the 1%, 3%, 5™ 7" 9" and highest breakdown voltages
are shown in Figure 4.15 and Figure 4.16 respectively.

380

360

340

320 } r'y

300 —35 3 T 1
280

50% BD Voltage [kV]

260
Bare FP-1l 1st  FP-13rd  FP-1l 5th  FP-Il 7th  FP-ll 9th FP-II
BD BD BD BD BD Highest BD

Figure 4.15: 50% Breakdown voltage of FP-Il coated electrodes including 95% confidence intervals.

380
— 360

<

= 340

g’.o _
& 320 x

© 300 I

O 280 2 4

@

260 I

)

240

Bare FP-Il 1st  FP-1l3rd  FP-II 5th  FP-Il 7th  FP-119th FP-lI
BD BD BD BD BD Highest BD

Figure 4.16: 10% Breakdown voltage of FP-Il coated electrodes including 95% confidence intervals.

The difference between the 50% first breakdown voltage and the 50% breakdown volt-
age of bare electrodes is insignificant, although the value of the 50% first breakdown
voltage is somewhat lower. Furthermore, the 50% breakdown voltage shows an increas-
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ing trend with an increase in breakdown number as opposed to the FP-l and EP-| coated
electrodes.

The 95% confidence interval of the 50% value of the higher breakdown numbers is
relatively wide due to the large scatter in the corresponding breakdown voltages of the
individual samples. The large scatter is caused by the fact that the number of breakdowns
required to reach the highest breakdown voltage is different for each electrode. Due to
the wide 95% confidence intervals the difference between the 50% 3", 5", 7", 9" and
highest breakdown voltage is insignificant despite the visible upward trend. However,
the 50% 3 and highest breakdown voltages are significantly higher than the 50% 1%
breakdown voltage and the 50% breakdown voltage of bare electrodes.

When observing the 10% quantiles of the breakdown voltage in Figure 4.16 it can be
seen that the difference between the 10% 1° to 9" and highest breakdown voltages is
insignificant. Furthermore, with respect to the 10% breakdown voltage of bare electrodes
no significant difference is visible. Note that the 95% confidence intervals of the 10% 9"
and highest breakdown voltages are significantly wider.

Also for FP-Il the 50% and 10% breakdown voltages are obtained from the test results
of all nine electrodes. Thus, also the results of electrodes 7, 8 and 9 are included which
are obtained with a six minutes waiting time between impulses. Again it can be argued
thatitis unfavourable to include these electrodes in the statistical analysis because of the
difference in test parameters.

Therefore, also in this case the 50% and 10% first breakdown voltages were calculated
with only the results of the first six electrodes and compared with the values obtained
with the results of all electrodes. The comparison is shown in Figure 4.17.
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Figure 4.17: Comparison of 50% and 10% 1st Breakdown voltage of FP-Il coated electrodes including 95%
confidence intervals regarding addition of test results with 6 minutes waiting time between impulses.
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The 50% and 10% 1°*" breakdown voltages on the left side of the figure are obtained with
the results of only the first six electrodes and those on the right side are obtained with
the results of all electrodes. The difference between the 50% and 10% 1° breakdown
voltage obtained with a distribution fit on either the results of the first six electrodes or
on the results of all electrodes is insignificant. Furthermore, the 95% confidence intervals
of the 50% and 10% 1*" breakdown voltage obtained with the results of all electrodes is
somewhat smaller due to the larger amount of test results used for distribution fitting.

FP-II — Extra tests

As explained, the breakdown voltage of FP-Il coated electrodes is increased after the first
two to six breakdowns to a level which is significantly higher than the first breakdown
voltage. This breakdown behaviour is different than is expected from a coated system.
Therefore, several additional breakdown tests were performed.

First, three tested FP-Il coated electrodes were selected to be retested with the same
test procedure (combined test). The tested electrodes have remained in the test setup
for a week after the initial test. The retest was performed on electrodes 2, 6 and 9 from
Table 4.8. The main goal of these extra breakdown tests is to investigate if the increase in
breakdown voltage is permanent or temporary in nature. As an example the results of the
retest on electrode 6 are displayed in Figure 4.18.
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Figure 4.18: Breakdown results of the retest on FP-Il coated electrode number 6.

Compared to the results of the initial test performed on electrode 6 shown in Figure 4.14
the breakdown behaviour has changed significantly. The results of the retests show
that the increased breakdown voltage obtained in the initial test is temporary. The first
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Table 4.9: First and highest breakdown voltages of the three retested FP-Il coated electrodes.

Electrode 1* Breakdown Highest Breakdown
2 250 [kV] 301 [kv]
6 264 [kV] 284 [kv]
9 273 [kV] 289 [kV]

and highest breakdown voltages obtained for the three tested electrodes are shown in
Table 4.9.

Also in the retests the first breakdown voltage is lower than highest breakdown voltage.
Furthermore, the value of the first and highest breakdown voltages are significantly lower
when compared to the results of the corresponding initial tests.

The second type of test consists of a standard 50% up-down test on three unused
FP-Il coated electrodes. There is no progressive stress part in these test as opposed to
the combined test procedure. The goal of this test is to evaluate the influence of the
progressive stress part of the combined test on the breakdown behaviour of the FP-II
coated electrodes. The breakdown test results of a 50% up-down test on an unused FP-I|
coated electrode are shown in Figure 4.19.
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Figure 4.19: Breakdown results of a standard 50% up-down test on a FP-Il coated electrode.
The results in the figure show an upward trend in the breakdown voltage with an in-

crease in impulse number as was the case in the combined test procedure. However, this
behaviour was not as pronounced as observed in the combined tests. Furthermore, the

115




Chapter 4

upward trend was not observed in the results of all three tested samples. The results of
the other samples are presented in appendix A.

The highest breakdown voltages of the three electrodes are listed in Table 4.10. More-
over, the 50% breakdown voltage was calculated from the test results of each electrode
and shown in the table. The 50% breakdown voltages of the electrode samples are also
shown in Figure 4.20 together with the 10% breakdown voltages. The 50% and 10%
breakdown voltage obtained from all breakdown test results combined is also included
in the figure.

Table 4.10: 50% and highest breakdown voltages of the three FP-Il coated electrodes tested with a stan-
dard 50% up-down test.

Electrode 50% Breakdown Highest Breakdown
1 302 [kv] 316 [kv]
2 313 [kV] 335 [kv]
3 300 [kV] 317 [kv]
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Figure 4.20: 50% and 10% breakdown voltage of FP-Il coated electrodes including 95% confidence inter-
vals obtained with standard 50% up-down tests.

The results in the table show that the highest breakdown voltage of these electrodes
is in the same range as those obtained in the combined tests (Table 4.8). Furthermore,
the 50% breakdown voltage obtained from the combined data of all three electrodes is
somewhat higher than that of bare electrodes as was the case with the 50% 3™ break-
down voltage obtained in the combined test (Figure 4.15). The 10% breakdown voltages
are in the same range as those obtained in the combined tests (Figure 4.16).
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The results of the 50% up-down tests show that without the progressive stress part
it is possible to obtain comparable values for the highest breakdown voltage. However,
the increase in breakdown voltage with an increasing breakdown number is somewhat
stronger in the combined tests. Higher values of the highest breakdown voltage were
obtained for several samples tested with the combined test procedure.

FP-111

The breakdown test results of a FP-Ill coated electrode are shown in Figure 4.21. In most
cases the breakdown voltage remains relatively constant after the first breakdown.
The consecutive breakdown and withstand voltages vary around a mean value which
is relatively close to the first breakdown voltage. However, in one test(electrode 1) the
breakdown voltage was reduced to a level close to the 50% breakdown voltage of bare
electrodes after the first breakdown which is comparable with the FP-I and EP-I break-
down test results. In another single case(electrode 4) the breakdown voltage increased
after the first breakdown in a similar way as was found in the breakdown test results of
the FP-Il coated electrodes. The breakdown test results of all FP-Ill coated samples are
presented in appendix A.
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Figure 4.21: Breakdown test results of a FP-IIl coated electrode.

The first and highest breakdown voltages of the FP-IIl coated electrodes are displayed
in Table 4.11. The first breakdown voltage ranges from 291 kV to 335 kV resulting in a scat-
ter of 44 kV. For all electrodes the first breakdown voltage is also the highest breakdown
voltage except for electrode 4 as explained above.
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Table 4.11: First and highest breakdown voltages of FP-IIl coated electrodes.

Electrode

1

2
3
4
5
6

1** Breakdown

328 [kv]
292 [kV]
322 [kv]
309 [kV]
291 [kV]
335 [kV]

Highest Breakdown

328 [kv]
292 [kV]
322 [kv]
329 [kV]
292 [kV]
335 [kV]

The 50% and 10% quantiles of the 1%, 3%, 5™ and 7" breakdown voltages are shown in
Figure 4.22 and Figure 4.23 respectively. Although the 50% quantile of the 1* breakdown
is 6.5% higher than that of bare electrodes, the difference between both results is insig-
nificant due to the barely overlapping 95% confidence bounds. When a lower confidence
level such as the 68.2% confidence level is selected the difference is significant. The 95%
confidence bounds of the 50% quantiles of all breakdown numbers are relatively wide
due to the large scatter in the breakdown behaviour and the small amount of sample

data available.
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Figure 4.22: 50% Breakdown voltage of FP-IIl coated electrodes including 95% confidence intervals.
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The large scatter in the breakdown behaviour is particularly visible when observing the
test results of electrodes 2 and 5 (see appendix A). In Table 4.11 it can be seen that the
first and highest breakdown voltages of electrode samples 2 and 5 are low compared to
the results of the other electrodes.

Figure 4.23 shows that the 10% quantiles of all breakdown numbers show only a
minor difference with respect to the 10% breakdown voltage of bare electrodes. Also
for the 10% quantiles the 95% confidence intervals are wide due to the large scatter in
breakdown test results and the small amount of test data available for distribution fitting.
Therefore, the difference between the 10% quantiles is considered insignificant. Note
that the difference between the 10% quantiles of the breakdown voltage would also be
insignificant when the confidence bounds were small.

FP-1V

The breakdown test results of a FP-IV coated electrode are depicted in Figure 4.24. The
figure shows that the applied voltage can be increased after the first breakdown as was
the case with the FP-Il coated electrodes.
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Figure 4.24: Breakdown test results of a FP-IV coated electrode.

This breakdown behaviour was observed in the test results of all FP-IV coated electrode
samples. Furthermore, the number of breakdowns necessary to reach the maximum
breakdown voltage in a breakdown test ranges between 2 and 26. The breakdown test
results of the FP-IV coated samples are presented in appendix A.

The first and highest breakdown voltage of the FP-IV coated samples are listed in
Table 4.12. From the table it can be seen that the first breakdown voltage of the FP-IV
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Table 4.12: First and highest breakdown voltage of FP-IV coated electrodes.

Electrode 1** Breakdown Highest Breakdown Difference
1 273 [kv] 359 [kv] 32%
2 273 [kv] 299 [kv] 9.5%
3 293 [kv] 351 [kv] 20%
4 285 [kV] 365 [kV] 28%
5 285 [kV] 378 [kV] 33%
6 285 [kV] 328 [kV] 15%

coated electrodes is relatively low ranging from 273 to 293 kV with a corresponding scat-
ter of 20 kV. The highest breakdown voltage of all electrodes is significantly higher than
the corresponding first breakdown voltage. The highest breakdown voltage ranges from
299 kV to 378 kV with an improvement varying between 9.5% to 33% with respect to the
corresponding first breakdown voltage. Moreover, the scatter in the highest breakdown

voltage is relatively large with a value 79 kV.

The 50% and 10% quantiles of the 1%, 10", 12" and highest breakdown voltages are
shown in Figure 4.25 and Figure 4.26 respectively. The 50% first breakdown voltage is
significantly lower than the 50% breakdown voltage of bare electrodes with a difference
of 4.8%. The 95% confidence intervals of both values show no overlap. As opposed to the
50% first breakdown voltage, the 50% quantiles of the 10", 12 and highest breakdown
voltage are significantly higher than the 50% breakdown voltage of the bare electrodes
as the 95% confidence intervals also show no overlap. Furthermore, the 50% breakdown
voltage shows an increasing trend with an increase in breakdown number.

380

360

340

320

300 L 3

280 §

50% BD Voltage [kV]

260
Bare FP-IV1stBD  FP-IV10th BD FP-IV12thBD FP-IV Highest
BD

Figure 4.25: 50% Breakdown voltage of FP-IV coated electrodes including 95% confidence intervals.
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Figure 4.26: 10% Breakdown voltage of FP-IV coated electrodes including 95% confidence intervals.

The increase with respect to the 50% breakdown voltage of bare electrodes is 7.4%, 11%
and 17% for the 10", 12" and highest breakdown voltage respectively. Moreover, with
respect to the 50% first breakdown voltage the 10", 12" and highest breakdown voltage
show an increase of 13%, 17% and 23% respectively.

Note that the confidence intervals of the 50% quantiles of the 10" and 12™ breakdown
voltage are particularly wide due to the fact that the maximum breakdown voltage is
reached after a varying number of breakdowns. Furthermore, the 95% confidence in-
tervals of the 50% highest breakdown voltage are wide due to the large scatter in the
values of the highest breakdown voltage. Due to the wide confidence intervals the dif-
ference between the 50% 10", 12" and highest breakdown voltage is insignificant. When
the 68.2% confidence level is applied the difference between the 50% 10" and highest
breakdown voltage is significant.

When observing the 10% breakdown voltages in Figure 4.26 a minor upward trend
can be seen between the 1, 10, 12" and highest 10% breakdown voltages. However,
the 95% confidence intervals are very wide and therefore the difference between these
10% quantiles is considered insignificant. The 10% first breakdown voltage is significantly
lower than the 10% breakdown voltage of bare electrodes with a difference of 5.9%.
Unfortunately, with a reduced confidence level of 68.2% the difference between the 10%
highest breakdown voltage and the 10% breakdown voltage of bare electrodes is also
insignificant. However, the difference between the 10% first breakdown voltage and the
10% 10", 12" and highest breakdown voltage is in this case significant.
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PA11

The breakdown test results of a PA11 coated electrode are shown in Figure 4.27. As can
be seen from the figure the breakdown strength of the PA11 coated electrode is reduced
to alevel close to that of a bare electrode after the first breakdown. This behaviour is pres-
ent in the breakdown test results of all PA11 coated electrode samples and is comparable
with the breakdown behaviour of the EP-I and FP-I coated electrodes. The breakdown
test results of the PA11 coated samples are presented in appendix A.
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Figure 4.27: Breakdown test results of a PA11 coated electrode.

The first and highest breakdown voltage of the PAT1 coated electrode samples are listed
in Table 4.13. Note that twelve electrodes were tested instead of six due to the fact that
in the first test series a decrease in breakdown voltage was observed between the first
four electrodes. It was suspected that contamination of the tank with coating particles
produced by the breakdowns caused a reduction in the gas breakdown strength and
thus a reduction in the measured breakdown voltage. Therefore, the tank was cleaned
and the coating particles removed before testing electrodes 5 and 6. The first breakdown
voltage of these electrodes was higher than those of electrodes 2 to 4.

Consequently it was argued that another set of six PA11 coated electrodes should
be tested because the test conditions were modified due to the cleaning of the tank
before testing electrodes 5 and 6. Thus, electrode samples 7 to 12 were all tested without
cleaning the tank. The breakdown test results of the final six electrodes show that the
reduced first breakdown voltage of electrodes 2 to 4 might be only statistical in nature
and therefore not related to contamination of the tank with coating particles.
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Table 4.13: First and highest breakdown voltage of PAT1 coated electrode samples.

Electrode 1** Breakdown Highest Breakdown
1 401 [kv] 401 [kv]
2 320 [kv] 320 [kv]
3 316 [kv] 316 [kv]
4 303 [kv] 303 [kv]
5 346 [kV] 346 [kV]
6 364 [kv] 364 [kv]
7 356 [kV] 356 [kV]
8 356 [kV] 356 [kV]
9 318 [kV] 318 [kv]
10 380 [kV] 380 [kV]
1 343 [kv] 343 [kv]
12 343 [kv] 343 [kv]

The first breakdown voltage ranges from 303 to 401 kV resulting in a large scatter of 98
kV. Moreover, the highest breakdown voltage is in all cases equal to the first breakdown
voltage as explained above. The PA11 coated electrodes in combination with the gas in
the test tank present a non-self-restoring insulation.

The 50% and 10% quantiles of the 1%, 3, 5™ and 7" breakdown voltage are depicted in
Figure 4.28 and Figure 4.29 respectively. Figure 4.28 shows that the 50% first breakdown
voltage is significantly higher than the 50% breakdown voltage of bare electrodes with
a corresponding improvement of 15%. Furthermore, the 95% confidence intervals are
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Figure 4.28: 50% Breakdown voltage of PA11 coated electrodes including 95% confidence intervals.
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Figure 4.29: 10% Breakdown voltage of PA11 coated electrodes including 95% confidence intervals.

relatively wide due to the large scatter in the measured first breakdown voltage of the
individual electrode samples.

The 50% 3, 5" and 7" breakdown voltages are comparable with the 50% breakdown
voltage of bare electrodes. The breakdown strength of the PA11 coated electrodes is ef-
fectively reduced to a level comparable with the breakdown strength of bare electrodes.

Figure 4.29 shows that also for the 10% quantiles the first breakdown is significantly
higher than the breakdown voltage of bare electrodes. The corresponding improvement
is 7.7%. Moreover, the 10% 3, 5" and 7" breakdown voltages are comparable with the
10% breakdown voltage of bare electrodes which again indicates that the breakdown
strength of PA11 coated electrodes is reduced to that of bare electrodes.

Semiconductor A

The breakdown test results of an electrode sample coated with semiconductor A are
displayed in Figure 4.30. The figure shows that the breakdown and withstand voltages
vary around a certain value after the first breakdown. With respect to the first breakdown
voltage a minor increase is visible after several breakdowns.

This breakdown behaviour is observed in the results of most of the Semiconductor A
coated electrode samples, although the minor increase in the breakdown voltage is in
one case absent (electrode 6). However, in one case(electrode 5) the breakdown voltage
is increased after the first breakdown voltage in a similar fashion as the FP-Il and FP-IV
coated electrodes. Furthermore, in another single case(electrode 4) the breakdown volt-
age decreased after the first breakdown to a level below the 50% breakdown voltage of
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Figure 4.30: Breakdown test results of a semiconductor A coated electrode sample.

bare electrodes. The breakdown test results of all Semiconductor A coated electrodes are
shown in appendix A.

The first and highest breakdown voltage of the Semiconductor A coated electrodes
are listed in Table 4.14. In 4 out of 6 cases the highest breakdown voltage is higher than
the first breakdown voltage with a difference ranging from 0.3% to 14%. Furthermore, the
first breakdown voltage varies between 304 and 337 kV whereas the highest breakdown
voltage ranges from 310 kV to 346 kV. The scatter in the first and highest breakdown
voltage is 33 kV and 36 kV respectively.

Table 4.14: First and highest breakdown voltage of Semiconductor A coated electrodes.

Electrode 1* Breakdown Highest Breakdown Difference
1 329 [kV] 340 [kV] 3.3%

2 322 [kV] 331 [kV] 2.8%

3 337 [kv] 338 [kV] 0.3%

4 321 [kv] 321 [kv] 0%

5 304 [kv] 346 [kV] 14%

6 310 [kV] 310 [kV] 0%

The 50% and 10% quantiles of the 1, 3¢, 5™ 7, 9" and highest breakdown voltage are
displayed in Figure 4.31 and Figure 4.32 respectively. The 50% first breakdown voltage
is significantly higher than the 50% breakdown voltage of bare electrodes with a cor-
responding improvement of 7.7%.
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Figure 4.31: 50% Breakdown voltage of Semiconductor A coated electrodes including 95% confidence
intervals.
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Figure 4.32: 10% Breakdown voltage of Semiconductor A coated electrodes including 95% confidence
intervals.

Furthermore, the 50% highest breakdown voltage shows a larger improvement of 12%
with respect to the 50% breakdown voltage of bare electrodes. The 50% 3™ 5%, 7" and
9" breakdown voltages show a slightly decreasing trend although the 95% confidence
intervals are relatively wide, especially on the upper side. Furthermore, the difference
between the 50% breakdown voltage of bare electrodes and the 50% 3" 5%, 7" and 9™
breakdown voltages is insignificant. When a lower confidence level of 68.2% is chosen
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the 50% 3" and 5" breakdown voltages show a significant difference with that of bare
electrodes.

When observing the 10% quantiles of the breakdown voltage it can be seen that the
10% first breakdown voltage is significantly higher than the 10% breakdown voltage
of bare electrodes with a difference of 5.4%. Furthermore, the 10% highest breakdown
voltage shows an increase of 7.6% with respect to that of bare electrodes. Unfortunately,
the 95% confidence intervals of both 10% quantiles overlap and thus the difference is
insignificant. However, when a lower confidence level of 68.2% is selected the difference
is significant. Meanwhile, the difference between the 10% breakdown voltage of bare
electrodes and the 3, 5™, 7" and 9" breakdown voltage is insignificant regardless of the
selected confidence level.

Summary
For comparison, the 50% and 10% quantiles of the 1* and highest breakdown voltage of
all thin coating materials are summarized here. The 50% quantiles of the 1°" and highest
breakdown voltage are depicted in Figure 4.33 and Figure 4.34 respectively. Whereas the
10% quantiles of the 1°" and highest breakdown voltage are shown in Figure 4.35 and
Figure 4.36.

Regarding the 50% 1°* breakdown voltage only the EP-I (Epoxy), PA11 and Semicon-
ductor A coated electrodes show a significant increase over the 50% breakdown voltage
of bare electrodes. The largest increase is obtained for the PAT1 coated electrodes. Note
that with a 68.2% confidence level the 50% 1* breakdown voltage of FP-Ill and FP-I coated
electrodes would also show a significant increase with respect to the 50% breakdown
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Figure 4.33: 50% 1* Breakdown voltage of the electrode samples coated with a thin coating including 95%
confidence intervals.
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Figure 4.34: 50% Highest Breakdown voltage of the electrode samples coated with a thin coating includ-
ing 95% confidence intervals.

voltage of bare electrodes. The 50% 1°* breakdown voltage of the FP-IV coated electrodes
is significantly lower than that of bare electrodes.

When observing the 50% Highest breakdown voltage it can be seen that in this case the
EP-I, FP-1I, PAT1, FP-IV and Semiconductor A coated electrodes show a significant increase
with respect to bare electrodes. Furthermore, the largest increase is in this case obtained
for the FP-IV coated electrodes. When a 68.2% confidence level is applied all materials
show a significant improvement in the 50% Highest breakdown voltage with respect to
the 50% breakdown voltage of bare electrodes.

Figure 4.35 shows that only the 10% first breakdown voltage of the PA11 and Semicon-
ductor A coated electrodes show a significant improvement over the 10% breakdown
voltage of bare electrodes. In this case a reduction of the confidence level to 68.2% will
not result in more materials with a significant improvement in the 10% first breakdown
voltage. The 10% first breakdown voltage of the FP-IV coated electrodes show a signifi-
cant reduction with respect to the 10% breakdown voltage bare electrodes.

In the case of the 10% highest breakdown voltage only PAT1 shows a significant increase
over the 10% breakdown voltage of bare electrodes. This is mainly caused by the wide
95% confidence intervals found for the other materials. The selection of a 68.2% confi-
dence level results in a significant increase with respect to the 10% highest breakdown
voltage of bare electrodes for more materials such as FP-Il and Semiconductor A.
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Figure 4.35: 10% 1 Breakdown voltage of the electrode samples coated with a thin coating including 95%
confidence intervals.
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Figure 4.36: 10% Highest Breakdown voltage of the electrode sample coated with a thin coating including
95% confidence intervals

4.2.3 Double layer thin coatings

As an overview the tested double layer coating materials including the total layer thick-
nesses are listed in Table 4.15. More information on these coating materials can be found
in section 3.3. Also for the double layer coatings the breakdown test results are described
per material type.
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Table 4.15: Thin double layer coating materials

Coating Total thickness [um]

FP-Il - FP-I 590
FP-Il- PA11 340
FP-1l - FP-I

The breakdown test results of a FP-Il — FP-I coated electrode sample are depicted in
Figure 4.37. In almost all cases the breakdown voltage initially decreases after the first
breakdown after which the breakdown voltage can be increased to either the initial level
or to a slightly higher level.
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Figure 4.37: Breakdown test results of a FP-Il - FP-I coated electrode.

Furthermore, in most cases the breakdown voltage drops again after the second increase.
For one electrode sample(electrode 5) the breakdown voltage could be increased after
the first breakdown in a similar fashion as observed for the single layer FP-Il and FP-IV
coated electrodes although the increase was in this case less pronounced. The break-
down test results of the other FP-Il - FP-I coated electrodes are presented in appendix A.

The first and highest breakdown voltage of the FP-Il — FP-I coated electrodes are dis-
played in Table 4.16. From the table it can be seen that for all electrodes except electrode
1 the highest breakdown voltage is slightly higher than the first breakdown voltage.
Furthermore, the first breakdown voltage varies between 287 and 312 kV. Whereas the
highest breakdown voltage has a range of 293 to 318 kV. The scatter of both the 1
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Table 4.16: 17 and highest breakdown voltage of FP-Il - FP-I coated electrodes.

Electrode 1** Breakdown Highest Breakdown Difference
1 300 [kv] 300 [kv] 0%

2 287 [kv] 293 [kv] 2.1%

3 312 [kv] 318 [kv] 1.9%

4 293 [kV] 305 [kV] 4.1%

5 281 [kV] 306 [kV] 8.9%

6 312 [kv] 318 [kV] 1.9%

and highest breakdown voltage is 25 kV. Moreover, the difference between the highest
breakdown voltage varies between 1.9% and 8.9%.

The 50% and 10% quantiles of the 1%, 3, 5" 7" and highest breakdown voltage are
depicted in Figure 4.38 and Figure 4.39 respectively. Figure 4.38 shows that the difference
between the 50% 1* breakdown voltage and the 50% breakdown voltage of bare elec-
trodes is insignificant. Furthermore, the 1%, 3, 5™ 7" and highest breakdown voltages
show a slightly decreasing and consecutive upward trend.
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Figure 4.38: 50% Breakdown voltage of FP-Il — FP-| coated electrodes including 95% confidence intervals.

However, due to the wide 95% confidence intervals the difference between these 50%
quantiles is considered insignificant. With the 95% confidence intervals the difference
between the 50% highest breakdown voltage and the 50% breakdown voltage of bare
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Figure 4.39: 10% Breakdown voltage of FP-Il - FP-I coated electrodes including 95% confidence intervals.

electrodes is insignificant. However, when the confidence level is lowered to 68.2% this
difference becomes significant with a small value of 3.1%.

From Figure 4.39 it can be seen that the 10% quantiles of the 1% to 7" breakdown
voltage also show a decreasing and consecutive increasing trend. Moreover, the differ-
ence between the 10% breakdown voltage of bare electrodes and the 10% quantiles of
the 1% and highest breakdown voltages is insignificant. The 10% quantiles of the 3" and
5" breakdown voltage are significantly lower than the 10% breakdown voltage of bare

electrodes.

FP-11-PA11

Figure 4.40 shows the breakdown test results of a FP-Il - PA11 coated electrode. From the
figure it can be derived that the breakdown voltage is reduced to a level below the 50%
breakdown voltage of bare electrodes.
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Figure 4.40: Breakdown test results of a FP-Il - PA11 coated electrode.

The breakdown test results of all FP-Il - PA11 coated electrodes show the same behaviour
which is comparable with the breakdown behaviour of the single layer EP-I, FP-land PA11
coated electrodes. The breakdown test results of all FP-Il - PAT1 coated electrodes are
presented in appendix A.

The first and highest breakdown voltage of the FP-Il - PAT1 coated electrode samples
are listed in Table 4.17. The table shows that the first breakdown voltage is equal to the
highest breakdown voltage as was explained above. Furthermore, the first breakdown
voltage ranges from 300 to 339 kV which gives a scatter of 39 kV.

Table 4.17: 17 and highest breakdown voltage of FP-Il - PA11 coated electrodes.

Electrode 1** Breakdown Highest Breakdown
1 312 [kv] 312 [kv]
2 305 [kV] 305 [kV]
3 300 [kV] 300 [kV]
4 339 [kV] 339 [kV]
5 306 [kV] 306 [kV]
6 312 [kv] 312 [kV]

The 50% and 10% quantiles of the 1, 3, 5™ and 7" breakdown voltage are depicted in
Figure 4.41 and Figure 4.42 respectively. Figure 4.41 shows that the 50% first breakdown
voltage of the FP-Il — PA11 coated electrodes is significantly higher than the 50% break-
down voltage of bare electrodes. The corresponding difference is 3.9%. Furthermore, the
50% 3" 5™ and 7 breakdown voltage are significantly lower than the 50% breakdown
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voltage of bare electrodes. With respect to the 10% quantiles it can also be seen that
the 1*" breakdown voltage is significantly higher than the breakdown voltage of bare
electrodes with a difference of 4.2%. Moreover, the 10% 5" and 7" breakdown voltages
are significantly lower than the 10% breakdown voltage of bare electrodes.
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Figure 4.41: 50% Breakdown voltage of FP-Il - PA11 coated electrodes including 95% confidence intervals.
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Figure 4.42: 10% Breakdown voltage of FP-Il - PA11 coated electrodes including 95% confidence intervals.
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Summary

For comparison the 50% and 10% quantiles of the first and highest breakdown voltages
of the double layer coated electrode samples are summarized here. The 50% quantiles
are depicted in Figure 4.43 and the 10% quantiles are shown in Figure 4.44.
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Figure 4.43: 50% Breakdown voltage of the electrodes on which a double layer coating is applied. Includ-
ing 95% confidence intervals.
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Figure 4.44: 10% Breakdown voltage of the electrodes on which a double layer coating is applied. Includ-
ing 95% confidence intervals.

Figure 4.43 shows that only the FP-Il - PA11 coated electrodes show a significant improve-
ment in the 50% breakdown voltage. However, when the confidence level is reduced to
68.2% the 50% highest breakdown voltage of the FP-Il - FP-I coated electrodes will also
show a significant improvement. When observing the 10% quantiles it can be seen that
also in this case only the FP-Il - PA11 coated electrodes show a significant improvement.
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4.2.4 Thick coatings

In this subsection the breakdown test results of the thick epoxy nanocomposite coat-
ings are presented. As an overview the thick epoxy based coating materials are listed in
Table 4.18. More information on these coating materials can be found in section 3.3. Note
that the layer thickness of all thick coatings is 10 mm.

Table 4.18: Thick dielectric coating materials.

Coating Filler APS
Neat Epoxy No Filler -
Epoxy nanocomposite A 0.2 vol.% hBN 70 nm
Epoxy nanocomposite B 0.2 vol.% cBN 150 nm
Epoxy Nanocomposite C 0.6 vol.% hBN 70 nm

The breakdown test results of all electrode samples coated with either neat epoxy or
one of the epoxy nanocomposites show similar behaviour. Therefore, the breakdown
tests results of only one electrode sample are shown here. The breakdown test results
of all neat epoxy and epoxy nanocomposite coated electrode samples are presented in
appendix A.

The breakdown test results of a neat epoxy coated electrode are depicted in Figure 4.45.
It can be seen from the figure that after the first breakdown the breakdown voltage is
reduced to a level of roughly 360 kV.
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Figure 4.45: Breakdown test results of an electrode sample with a thick neat epoxy coating.
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Almost all breakdown tests results of the electrodes with a thick coating show this re-
duction to a lower breakdown voltage level which varies between 350 and 380 kV. The
breakdown voltage is therefore not reduced to that of a bare electrode which can be
explained by the fact that in almost all cases breakdown occurred in the form of a surface
flashover. The coating materials were not punctured by the electrical breakdown except
for one electrode sample(electrode 2) from which a fragment broke off. In this case the
breakdown voltage was reduced to a level which was significantly lower than the 50%
breakdown voltage of bare electrodes.

The first breakdown voltages of the neat epoxy and nanocomposite coated electrodes
are listed in Table 4.19. From the table it can be seen that the first breakdown voltage of
the neat epoxy coated electrodes ranges from 374 to 453 kV resulting in a scatter of 79
kV. Moreover, the first breakdown voltage of the nanocomposite A coated electrodes
varies between 365 and 427 kV giving a scatter of 62 kV. For nanocomposite B coated
electrodes the first breakdown voltage ranges from 379 to 398 kV which presents a
relatively small scatter of 19 kV. Finally, the first breakdown voltage of nanocomposite C
coated electrodes varies between 342 and 403 kV resulting in a scatter of 61 kV.

Table 4.19: First breakdown voltage of neat epoxy and nanocomposite coated electrode samples.

Electrode Neat Epoxy Nano A Nano B Nano C
1 407 [kv] 420 [kv] 397 [kv] 403 [kV]
2 407 [kV] 396 [kV] 398 [kV] 342 [kV]
3 388 [kv] 365 [kV] 379 [kV] 390 [kV]
4 453 [kV] 427 [kV] 397 [kV] 385 [kv]
5 392 [kV] 383 [kV] 385 [kV] 385 [kV]
6 374 [kV] 396 [kV] 385 [kV] N/A

The 50% and 10% quantiles of the first breakdown voltage are displayed in Figure 4.46
and Figure 4.47 respectively. From Figure 4.46 it can be seen that for all thick coating
materials the 50% first breakdown voltage shows a significant improvement with respect
the 50% breakdown voltage of bare electrodes.
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Figure 4.46: 50% First breakdown voltage of neat epoxy and nanocomposite coated electrodes.
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Figure 4.47: 10% First breakdown voltage of neat epoxy and nanocomposite coated electrodes.

The improvement in the 50% breakdown voltage is 34% for both neat epoxy and nano-
composite A. Whereas nanocomposites B and C show an improvement of 31% and 29%
respectively. Note that the 95% confidence intervals of the nanocomposite B coated
electrodes are small compared to the other nanocomposites and neat epoxy.

With respect to the 10% breakdown voltage of bare electrodes the 10% first breakdown
voltage of the neat epoxy and nanocomposite coated electrodes also shows a significant
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improvement. In this case the improvement in the 10% breakdown voltage is 30% for
neat epoxy and 27%, 32% and 20% for nanocomposites A, B and C respectively. Note
that also for the 10% breakdown voltage nanocomposite B has a small 95% confidence
interval compared to the 10% first breakdown voltage of the other nanocomposites and
neat epoxy.

Retests

As explained above the breakdown voltage of almost all electrode samples coated with
a thick coating was reduced to a value between 350 and 380 kV after the first breakdown.
To investigate if this decrease in the breakdown voltage is permanent or temporary the
tested electrodes were retested using the same test procedure. Furthermore, the test re-
sults can also indicate if the reduced breakdown voltage is stable or that the breakdown
voltage shows a further decrease with an increase in the number of breakdowns.

The breakdown test results of all neat epoxy and epoxy nanocomposite coated elec-
trodes show roughly the same behaviour. Therefore, also for the retests the breakdown
test results of only one electrode are presented here. The breakdown test results of a
used epoxy nanocomposite A coated electrode are depicted in Figure 4.48. The results
of the other neat epoxy and epoxy nanocomposite coated electrodes are presented in
appendix A.
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Figure 4.48: Breakdown test results of a used epoxy nanocomposite A coated electrode.

The figure shows that after the first breakdown the breakdown voltage is stabilized
around a fixed value which ranges from 350 to 380 kV depending on the electrode sam-
ple. Because the breakdown voltage is stabilized after the first breakdown it is possible

139




Chapter 4

to calculate the 50% and 10% breakdown voltage of each electrode sample according to
the procedure used in a 50% up-down test. The 50% and 10% breakdown voltage of each
electrode are shown in Table 4.20 and Table 4.21 respectively.

Table 4.20: 50% breakdown voltage of retested neat epoxy and epoxy nanocomposite coated electrode
samples.

Electrode Neat Epoxy Nano A Nano B Nano C
1 355 [kV] 374 [kV] 365 [kV] 357 [kv]
2 352 [kV] 373 [kV] Broken 361 [kV]
3 362 [kV] 371 [kv] 364 [kv] 375 [kv]
4 373 k] 368 [kV] 363 [kV] 373 [kv]
5 369 [kV] 378 [kv] 362 [kV] 369 [kv]
6 366 [kV] 366 [kV] 365 [kV] N/A

Table 4.21: 10% breakdown voltage of retested neat epoxy and epoxy nanocomposite coated electrode
samples.

Electrode Neat Epoxy Nano A Nano B Nano C
1 348 [kV] 361 [kv] 353 [kv] 343 [kv]
2 346 [kV] 365 [kV] Broken 346 [kV]
3 354 [kv] 361 [kv] 354 [kv] 361 [kv]
4 364 [kV] 361 [kV] 352 [kV] 361 [kV]
5 361 [kV] 359 [kv] 355 [kV] 353 [kv]
6 358 [kV] 353 [kv] 355 [kV] N/A

The 50% breakdown voltage of the neat epoxy coated electrodes ranges from 352 to
373 kV giving a scatter of 21 kV. In the case of nanocomposite A the 50% breakdown
voltage varies between 366 and 378 kV presenting a scatter of 12 kV. Nanocomposite B
presents a 50% breakdown voltage in the range of 362 to 365 kV which corresponds to a
scatter of 3 kV. Note that the 50% breakdown voltage of nanocomposite B electrode 2 is
missing due to the fact that a coating fragment broke off in the initial test as described
above. Finally, the 50% breakdown voltage of nanocomposite C varies between 357 and
375 kV which presents a scatter of 18 kV. It can be seen that nanocomposite B shows the
smallest scatter in the 50% breakdown voltage.

When observing the 10% breakdown voltages in Table 4.21 it can be seen that the
10% breakdown voltage of the neat epoxy coated electrodes varies between 346 and
364 kV which corresponds to a scatter of 18 kV. The 10% breakdown voltage of the
nanocomposite A coated electrodes ranges from 353 to 365 kV giving a scatter of 12 kV.
Nanocomposite B shows a 10% breakdown voltage ranging from 352 to 355 kV corre-
sponding to a scatter of 3 kV. Finally, the 10% breakdown voltage of the nanocomposite
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C coated electrodes varies between 343 and 361 kV presenting a scatter of 18 kV. Also in
this case the nanocomposite B electrodes show the smallest scatter.

For each coating material the test results of all electrodes are combined after which a
suitable probability distribution, in most cases a three parameter Weibull distribution, is
fitted to the combined test results. The 50% and 10% quantiles of the breakdown voltage
of each material are then derived from the obtained distributions.

The 50% and 10% breakdown voltage of the retested thick coating materials are shown
in Figure 4.49 and Figure 4.50 respectively. From Figure 4.49 it can be derived that the 50%
breakdown voltage of the retested coated electrodes is reduced with respect to the 50%
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Figure 4.49: 50% Breakdown voltage of retested neat epoxy and epoxy nanocomposite coated electrode
samples including 95% confidence intervals.
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Figure 4.50: 10% Breakdown voltage of retested neat epoxy and epoxy nanocomposite coated electrode
samples including 95% confidence intervals.
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breakdown voltage obtained in the corresponding initial tests. Therefore, it seems that
the reduction in the breakdown voltage of the neat epoxy and epoxy nanocomposite
coated electrodes after the first breakdown in the initial tests remains unchanged. Note
that a further decrease in the breakdown voltage is not observed.

The remaining improvement in the 50% breakdown voltages of the retested neat epoxy
and nanocomposite B coated electrodes with respect to that of bare electrodes is 23%.
Moreover, nanocomposites A and C show an improvement of 25% and 24% respectively.
The remaining improvement with respect to bare electrodes has thus dropped with 11%
for neat epoxy, 9% for nanocomposite A, 8% for nanocomposite B and 5% for nanocom-
posite C when compared to the improvement obtained in the initial tests. Note that the
difference between the improvement of the nanocomposite C coated electrodes in the
initial test and in the retests is insignificant due to the overlapping 95% confidence inter-
vals. When the confidence level is reduced to 68.2% the difference remains insignificant.

The difference between the 50% breakdown voltages of the retested neat epoxy and
epoxy nanocomposite coated electrodes is minor with a maximum difference of 2.3%.
Moreover, the 95% confidence intervals are small due to the relatively small scatter in the
breakdown and withstand data used for distribution fitting.

Figure 4.50 shows that the difference between the 10% breakdown voltages of the
retested neat epoxy and epoxy nanocomposite coated electrodes is also minor with
a maximum difference of 2.0%. Furthermore, the 95% confidence intervals are in this
case also small due to the small scatter in the breakdown and withstand data used for
distribution fitting.

The remaining improvement in the 10% breakdown voltage with respect to bare
electrodes is 23% for neat epoxy and nanocomposite B, 25% for nanocomposite A and
22% for nanocomposite C. Moreover, the reduction in the improvement with respect to
the initial tests is 7%, 2%, 9% and -2% (increase) for the neat epoxy and nanocomposite A,
B and C coated electrodes respectively. However, the reduction in the improvement is in-
significant for the nanocomposite A and C coated electrodes due to the overlapping 95%
confidence intervals. Also for a confidence level of 68.2% the reduction is insignificant.

4.3 WAITING TIME IN LIGHTNING IMPULSE BREAKDOWN TESTS

As explained in section 3.4, the waiting time between the applied impulses in a lightning
impulse breakdown test might have an influence on the breakdown behaviour. In this
section the influence of the waiting time between impulses on the breakdown test
results is described.
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For the investigation two extra breakdown tests were performed on small size bare
electrodes with a machined finish using the combined test procedure. The waiting
time between the applied impulses in these tests is six minutes instead of one minute.
The 50% and 10% breakdown voltage obtained in these tests is compared with those
obtained in the breakdown tests with a 1 minute waiting time.

The 50% and 10% breakdown voltages of bare, machined electrodes tested with a
one minute and six minutes waiting time between impulses are displayed in Figure 4.51
and Figure 4.52 respectively. The blue diamonds in the figures represent the breakdown
voltages obtained with a six minutes waiting time whereas the red squares represent
those obtained with a one minute waiting time.
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Figure 4.51: 50% Breakdown voltage of bare, machined electrodes tested with a one minute and a six
minutes waiting time between impulses, including 95% confidence intervals.
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Figure 4.52: 10% Breakdown voltage of bare, machined electrodes tested with a one minute and six min-
utes waiting time between impulses, including 95% confidence intervals.
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Figure 4.51 shows that the difference between the 50% breakdown voltages obtained
with a waiting time of one minute and a waiting time of six minutes is insignificant.
Furthermore, the test results in Figure 4.52 show that for the 10% breakdown voltage the
difference between the results obtained with a waiting time of one minute and a waiting
time of six minutes is also insignificant.

The difference between the breakdown test results of machined electrodes using a
one minute or six minutes waiting time between impulses is considered to be insignifi-
cant. Therefore, for the lightning impulse breakdown tests a one minute waiting time is

applied to minimize the test duration.

FP-I and FP-Il coated electrodes

The influence of the waiting time between impulses on the breakdown behaviour of
FP-I and FP-Il coated electrodes was also investigated. For both FP-l and FP-Il three extra
samples were tested using the combined test procedure with a six minutes waiting time
between impulses.

The breakdown test results of a FP-l coated electrode using a six minutes waiting time
are depicted in Figure 4.53. From the figure it can be derived that also in this case the
breakdown voltage is reduced to a level below that of a bare electrode after the first
breakdown. The breakdown test results of the other FP-I coated electrodes are presented
in appendix A.
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Figure 4.53: Breakdown test results of a FP-I coated electrode using a waiting time of 6 minutes.
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Moreover, the first breakdown voltages range from 297 to 328 kV which is in the same
range as the first breakdown voltages obtained in the tests with a one minute waiting
time.

The breakdown test results of a FP-Il coated electrode using a six minutes waiting time
are shown in Figure 4.54. The figure shows that also for a six minutes waiting time the
breakdown voltage increases with an increase in breakdown number. The breakdown
test results of the other FP-Il coated electrodes can be found in appendix A.

In this case, the first breakdown voltages range from 285 to 303 kV which is in the same
range as the first breakdown voltage obtained in the tests with a one minute waiting
time. Moreover, the highest breakdown voltage obtained in the tests with a six minutes
waiting time varies between 334 and 340 kV which falls within the range of highest
breakdown voltages obtained in the tests with a one minute waiting time. Furthermore,
the corresponding improvement with respect to the 50% breakdown voltage of bare
electrodes ranges from 12% to 16% which also falls within the range of improvements
found for the tests with a one minute waiting time.
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Figure 4.54: Breakdown test results of a FP-Il coated electrode using a waiting time of six minutes.

In total, it can be concluded that the difference between the breakdown behaviour
found in the lightning impulse breakdown tests with a one minute waiting time and the
behaviour found in the tests with a six minutes waiting time is negligible. Note that it
cannot be concluded that the waiting time in general has no influence on the lightning
impulse breakdown behaviour of the gas and gas-coating insulation in the test setup.
For example, it might be the case that the waiting time between impulses only has an
influence on the breakdown test results in a larger time scale. In this case the waiting
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time between impulses should be increased further to observe any significant influence
on the breakdown behaviour which is unfeasible with respect to the time constraints.

Another possibility is the fact that the influence of the waiting time on the break-
down behaviour is only significant at a shorter time scale due to the relatively small gap
distance of 22 mm. To observe any influence on the breakdown behaviour the waiting
time between impulses should be reduced. However, the time required to charge the
capacitors in the impulse voltage generator is too long to apply a significantly shorter
waiting time.

4.4 BREAKDOWN VOLTAGE - MEDIUM AND LARGE SIZE
ELECTRODES

As explained in section 3.2, three different electrode sizes are used in the breakdown
tests. The lightning impulse breakdown tests are also performed on the medium and
large size electrodes to investigate the influence of the electrode surface area and a more
homogeneous electric field distribution on the breakdown behaviour, as explained in
section 3.4.

For the breakdown tests on the medium and large size electrodes two coating ma-
terials were selected which showed the most favourable breakdown behaviour in the
breakdown tests on the small size electrodes. One thin and one thick coating material
were selected. The selected materials are PA11 and neat epoxy.

PAT1 was selected because of the highest improvement in the 50% and 10% first
breakdown voltage with respect to the 50% and 10% breakdown voltages of bare elec-
trodes. Neat epoxy was chosen as the most suitable material for the large and medium
size electrodes because of the fact that it was unfeasible to produce large quantities of
epoxy nanocomposite material.

4.4.1 Medium size electrodes (48 mm diameter)

As a reference the breakdown tests were first performed on uncoated electrodes. The
breakdown test results of the uncoated medium size electrodes are listed in Table 4.22.
As was the case for the breakdown tests on the small size electrodes described in sec-
tions 4.1 to 4.3, the breakdown tests on the medium size electrodes are performed in dry
air with a gas pressure of 0.9 MPa. Two bare electrodes were tested using the combined
test procedure.

For each of the two electrodes the up-down part of the test results was fitted to three
parameter Weibull distribution after which the 50% and 10% breakdown voltage were
determined. The mean 50% and 10% breakdown voltages were determined by perform-
ing a distribution fit on the combination of the breakdown test results of both electrodes.
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Table 4.22: Breakdown test results of uncoated medium size electrodes in dry air at 0.9 MPa.

Electrode 1* Breakdown Highest Breakdown 50% Breakdown 10% Breakdown
1 387 [kV] 387 [kv] 366 kV] 350 [kV]
2 401 [kv] 401 [kv] 367 [kV] 353 [kv]
Mean 394 [kV] 394 [kv] 368 [kV] 351 [kV]

The results in the table show that the difference in the 50% and 10% breakdown voltage
between the two electrodes is relatively small with a difference of 1 kV and 3 kV in the
50% and 10% breakdown voltages respectively. Moreover, the first breakdown voltage
is higher than the 50% breakdown voltage with a mean difference of 7.1% and the 1*
breakdown voltage is in both cases the highest breakdown voltage. This behaviour is
comparable with the test results found for the uncoated small size electrodes. More
information on the breakdown test results of the medium size uncoated electrodes can
be found in appendix A.

The first breakdown voltages of the PA11 and neat epoxy coated electrodes are shown
in Table 4.23. The results in the table show that the first breakdown voltage of the PA11
coated electrodes varies between 377 and 425 kV which corresponds to a scatter of 48
kV or 119%.

Table 4.23: First breakdown voltages of medium size PAT1 and Neat Epoxy coated electrodes.

Electrode PA11 Neat Epoxy
1 377 [kv] 376 [kV]
2 425 [kv] 383 [kV]
3 420 [kv] 356 [kV]
4 413 [kV] 369 [kV]
5 399 [kv] 383 [kV]
6 399 [kv] 376 [kV]
7 384 [kV] 363 [kV]
8 405 [kV] 363 [kV]

The first breakdown voltage of the neat epoxy coated electrodes ranges from 356 to
383 kV which corresponds to a scatter of 27 kV or 7%.

The 50% and 10% breakdown voltages of the bare, PA11 coated and neat epoxy coated
electrodes are depicted in Figure 4.55 and Figure 4.56 respectively. Figure 4.55 shows that
the 50% breakdown voltage of PA11 coated electrodes is significantly higher than the
50% breakdown voltage of bare electrodes with a corresponding improvement of 9.5%.
Furthermore, the 50% breakdown voltage of the neat epoxy coated electrodes shows no
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Figure 4.55: 50% Breakdown voltage of medium size bare, PA11 coated and neat epoxy coated electrodes
including 95% confidence intervals.
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Figure 4.56: 10% Breakdown voltage of medium size bare, PA11 coated and Neat Epoxy coated electrodes
including 95% confidence intervals.

significant improvement with respect to that of bare electrodes. When a confidence level
of 68.2% is selected the improvement remains insignificant.

When observing the 10% breakdown voltages in Figure 4.56 it can be seen that also in
this case the PA11 coated electrodes show a significant improvement with respect to bare
electrodes. The corresponding improvement is 8%. The neat epoxy coated electrodes
again show no significant improvement which is also the case when the confidence level
is reduced to 68.2%. Compared to the results of the small electrodes it is observed that
the improvement in the 50% breakdown voltage with respect to bare electrodes for PA11
coated electrodes is reduced from 15% to 9.5%.

However, the improvement in the 10% breakdown voltage shows a minor increase
from 7.7% to 8%. Note that for both the 50% and 10% breakdown voltage the improve-
ment remains significant. For the neat epoxy coated electrodes it is observed that the

148



Gas and gas-coating breakdown test results

improvement in the 50% breakdown voltage is reduced from 34% to an insignificant
improvement. Furthermore, the improvement in the 10% breakdown voltage is reduced
from 30% to an insignificant improvement. Next to the improvement, the 50% and 10%
breakdown voltage of neat epoxy is also reduced from 399 and 373 kV to 371 and 357 kV
respectively compared to the results of the small electrodes.

4.4.2 Large size electrodes (70 mm diameter)

Also for the large size electrodes breakdown tests were first performed on uncoated
electrodes to obtain a reference. The breakdown test results of the uncoated electrodes
are shown in Table 4.24.

Table 4.24: Breakdown test results of uncoated large size electrodes in dry air at 0.9 MPa.

Electrode Highest Breakdown 50% Breakdown 10% Breakdown
1 446 [kV] 422 [kV] 417 [kV]
2 445 [kV] 436 [kV] 425 [kV]
Mean 446 [kV] 432 [kV] 416 [kV]

From the results in the table it can be seen that also for the large size electrodes the dif-
ference in the breakdown test results of the two bare electrodes is small. The difference
between the highest, 50% and 10% breakdown voltages is 1 kV, 14 kV and 8 kV respec-
tively. Note that in this case the applied test procedure was a standard 50% up-down to
avoid the long step up sequence in the combined test. Therefore, the first breakdown
voltage is not applicable and is in this case not included in the test results.

The first breakdown voltages obtained for the large size PA11 and neat epoxy coated
electrodes are listed in Table 4.25. From the results it can be seen that the first breakdown
voltage of the PA11 coated electrodes ranges from 430 to 479 kV which corresponds to a
scatter of 49 kV or 10%. Moreover, the first breakdown voltage of the neat epoxy coated
electrodes varies between 358 and 379 kV which represents a scatter of 21 kV or 5.5%.

The 50% and 10% quantiles of the breakdown voltage of the bare, PAT1 coated and
neat epoxy coated large size electrodes are depicted in Figure 4.57 and Figure 4.58
respectively. Figure 4.57 shows that also for the large size electrodes the 50% breakdown
voltage of PA11 coated electrodes shows a significant improvement with the 50%
breakdown voltage of bare electrodes. The corresponding improvement is 4.6%. The 50%
breakdown voltage of neat epoxy coated electrodes shows a relatively large decrease of
15% with respect to large size bare electrodes.
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Table 4.25: First breakdown voltage of large size PAT1 and Neat Epoxy coated electrodes.

Electrode PA11 Neat Epoxy
1 451 [kV] 358 [kV]
2 430 [kV] 363 [kV]
3 479 [kV] 363 [kv]
4 462 [kV] 364 [kV]
5 427 [kV] 379 [kv]
6 455 [kV] 379 [kv]
7 435 [kV] 363 [kV]
8 471 [kV] 371 [kV]
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Figure 4.57: 50% Breakdown voltage of large size bare, PA11 coated and Neat Epoxy coated electrodes
including 95% confidence intervals.

The results in Figure 4.58 show that the 10% breakdown voltage of PA11 coated elec-
trodes shows no significant improvement with respect to the 10% breakdown voltage
of bare electrodes. Unfortunately, also with a 68.2% confidence level the improvement
is insignificant. The 10% breakdown voltage of the neat epoxy coated electrodes shows
even a significant decrease of 14%.

The improvement in the 50% and 10% breakdown voltage of the PA11 coated elec-
trodes shows a further reduction from 9.5% to 4.6% and 8% to no significant improve-
ment respectively compared with the results of the medium size electrodes. In the case
of the neat epoxy coated electrodes the insignificant improvement in the 50% and
10% breakdown voltage with respect to bare electrodes is decreased to a reduction of
15% and 14% respectively. Note that the 50% breakdown voltage of neat epoxy coated
electrodes shows a decrease from 373 to 366 kV with respect to the results obtained for
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Figure 4.58: 10% Breakdown voltage of large size bare, PA11 coated and Neat Epoxy coated electrodes
including 95% confidence intervals.

the medium size electrodes. Furthermore, the 10% breakdown voltage of large size neat
epoxy coated electrodes is almost equal to that obtained for medium size electrodes
with a difference of 1 kV.

4.5 DISCUSSION

In this section the gas and gas-coating breakdown test results presented in sections 4.1
through 4.4 are discussed. This section also includes an in-depth discussion on the ap-
plied breakdown test procedure and the influence of the waiting time between impulses
on the breakdown test results.

4.5.1 Breakdown test procedure

As explained in sections 3.4 and 4.1, a range of breakdown test procedures exist in the
standards to determine the dielectric withstand or breakdown voltage of solid, liquid and
gaseous insulating media. Because this research consists of a relatively large amount of
breakdown tests it was important to find the most efficient test procedure with respect
to the time duration and the accuracy of the test results.

The preliminary investigation into the available test procedures for self-restoring insu-
lation media, presented in section 4.1, showed that the 50% up-down (class 2, procedure
D [49]) test has the shortest test duration which is up to 3.3 times shorter than the other
evaluated procedures. The 50% and 10% breakdown voltages were in all cases obtained
by statistical analysis of the breakdown test results. The difference in the breakdown volt-
ages obtained from the different tests was negligible.
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The test types or classes in the standards were defined to directly obtain the 50% or
10% breakdown voltage using simple calculations on the test results instead of using
complex computational algorithms. Moreover, the standard deviation can also be ob-
tained in some cases with a simple formula.

In this comparison, the breakdown test results obtained from the different test proce-
dures are subjected to statistical analysis using distribution fitting software (Weibull++)
instead of using the prescribed formulas. Both the 50% and 10% breakdown voltages are
then derived from the obtained probability distributions. Because the acquired prob-
ability distributions are dependent on the breakdown and withstand data only, the 50%
and 10% breakdown voltages obtained from each test should be comparable with minor
differences caused by a varying number of breakdowns. This is confirmed by the fact
that the 50% resp. 10% breakdown voltage obtained from each test show no significant
difference.

The IEC 60060-1 standard does not take the availability of powerful distribution fitting
software into account. With the use of distribution fitting software it is unnecessary to
make use of different test procedures or test parameters to obtain breakdown voltages
with different values of the breakdown probability. The only prerequisite is the availability
of a sufficient amount of test data to acquire a reliable distribution fit from which the
breakdown voltages and probabilities including confidence intervals can be extracted.
Note that the distribution fitting requires a relatively small amount of time and combined
with a fast test procedure results in a severe reduction of the total testing time. Further-
more, the amount of information obtained from the test data is much larger compared
to the traditional procedures described in IEC 60060-1.

4.5.2 Waiting time between impulse applications

It was explained in section 3.4 that the waiting time between impulse applications in
a lightning impulse breakdown test can have significant influence on the breakdown
test results which was investigated in section 4.3 using the same rod-plane test setup
(section 3.1) as used for the gas-coating breakdown tests.

The results of the investigation showed that for the 50% resp. 10% breakdown voltage
no significant difference was found between a test with a six minutes waiting time and
a test with a one minute waiting time, which is different from the observations obtained
from literature[51] and as described in section 3.4. In section 4.3 two probable causes of
this difference were discussed.

With respect to the results obtained in literature [51] several factors are different in
this research. Firstly, in this research the gas gap distance is 2.2 cm which is roughly a
factor ten smaller resulting in a different equilibrium ion concentration in the gas gap as
explained on the next page. Secondly, the applied gas type and pressure is in this case
dry airand 0.9 MPa while in literature SF¢ with a pressure of 0.4 MPa is applied. Thirdly, the
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shape and surface area of the electrodes in the rod-plane test setup are different from
those used in the coaxial setup in literature.

The equilibrium concentration of charge carriers in the gas gap of the rod-plane setup
is likely to be smaller than found in the coaxial setup in literature due to the higher
recombination rate of charge carriers, caused by the close presence of the electrode sur-
faces in the rod-plane gas gap. The equilibrium charge carrier concentration profile of the
coaxial gas gap in literature has a plateau shape which falls to zero at a distance of 2 cm
from the electrode surfaces due to the enhanced recombination of charge carriers near
the electrode surfaces. The corresponding profile is shown on the left side of Figure 4.59.
In the rod-plane gap it is more likely that the concentration profile has a hyperbolic
shape and that a full equilibrium concentration is not reached due to the recombination
processes at the electrode surfaces, which reduce the charge carrier concentration along
the entire gas gap due to the small gap width[51]. The corresponding charge carrier
concentration profile is shown on the right-hand side of Figure 4.59. Because of the lower
predicted charge carrier concentration in the gas gap of the rod-plane gap it is expected
that the time constant of reestablishment of equilibrium is also smaller compared to lit-
erature, which explains the fact that in this research no difference can be found between
lightning impulse breakdown tests with a one minute and six minutes waiting time.
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Figure 4.59: Sketch of charge carrier concentration profile of coaxial gap [51] (left) and rod-plane gap (right)

As explained above, SF¢ gas with a pressure of 0.4 MPa is used in literature, while in this
investigation dry air is applied with a pressure of 0.9 MPa. According to theory, the effec-
tive ionization rate (ionization rate minus electron attachment rate) of dry air at 0.9 MPa is
comparable to that of SF4 at 0.34 MPa. Therefore, the equilibrium concentration of nega-
tive ions should be comparable resulting in a comparable equilibrium concentration of
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charge carriers and consequently a comparable time constant for the reestablishment of
the equilibrium concentration of charge carriers.

However, as opposed to the effective ionization rate, the impact ionization rate of both
gases at the corresponding gas pressures is not equal, resulting in different equilibrium
concentrations of positively charged species for both situations. This implies that there is
a significant difference in the time constant related to the reestablishment of the equilib-
rium charge carrier concentration in the gas gap. The difference between the equilibrium
concentration of charge carriers and the corresponding time constant in SFs and dry
air has not been investigated. However, it is expected that the influence of the gas gap
size and shape on the equilibrium charge carrier concentration and corresponding time
constant is dominant in this case. Therefore, it is expected that the gas gap size and
shape are the most significant parameters with respect to the influence of the waiting
time between impulses in a lightning impulse breakdown test on the breakdown test
results.

4.5.3 Gas-coating breakdown test results on small size electrodes

With the above mentioned considerations on the most efficient test procedure and
the influence of the waiting time between impulses taken into account, the lightning
impulse breakdown tests were performed on gas and gas-coating insulation using the
rod-plane test setup. As explained in section 3.3, a wide range of dielectric coating mate-
rials were evaluated with respect to the breakdown voltage of the combined gas-coating
insulation system and the corresponding possible improvement over the breakdown of
an uncoated gas insulated system.

To facilitate the evaluation of a wide variety of coating materials, the size of the rod
electrodes to which the coating materials are applied is kept relatively small as explained
in section 3.2 (small size electrodes). The considerations on selecting the correct electrode
dimensions and gas gap distance are also explained in section 3.2. The results of the gas
and gas-coating breakdown tests on small size electrodes are presented in section 4.2.

The type of coatings applied to the electrode surfaces have been classified as either
a thick or a thin coating in this research as described in chapter 2 and section 3.3. As
explained in section 3.3, the layer thickness of the coatings is the main classification
parameter. However, the two coating types also differ significantly with respect to the
production process, application method and the physical mechanisms involved in the
breakdown of the combined gas-coating insulation.

Consequently, the approach of improving an existing GIS design with a coating would
be different for both coating types. Therefore, the evaluation results of the two coating
types can be analysed independently. However, a comparison between the results of
thin and thick coatings can facilitate the selection of either one or a combination of both
types of coatings for improvement of a GIS design.
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Thin coatings — 1° breakdown

The results have shown that the 50% 1* breakdown voltage of the coated samples was
significantly higher than that of uncoated electrodes for three out of seven thin coating
materials. These materials are EP-I (4% improvement), Semiconductor A (8% improve-
ment) and PAT1 (15% improvement).

To determine if the 50% 1* breakdown voltage of coated samples is significantly dif-
ferent from that of bare electrodes the 95% confidence intervals should not overlap as
explained in section 4.2. When the confidence intervals do show overlap the difference
is considered insignificant. This selection criterion is less strict when a lower confidence
level of 68.2% is selected for the confidence intervals because the width of these intervals
is reduced to half that of the 95% confidence intervals.

When a 68.2% confidence level is selected, the 50% 1°' breakdown voltage of FP-I and
FP-IIl also becomes significantly higher than that of bare electrodes with an improve-
ment of 3% and 7% respectively. Thus, the total number of thin coating materials with
a significant improvement in the 50% 1* breakdown voltage is increased to five. The
two remaining thin coating materials show either no significant improvement or even
a reduction of the 50% 1°*' breakdown voltage with respect to uncoated electrodes. FP-II
shows no significant difference in the 50% 1* breakdown voltage and the 50% 1° break-
down voltage of FP-IV is significantly lower, with a reduction of 5%.

When observing the 10% 1 breakdown voltage it can be seen from the results that
only PA11 and Semiconductor A show a significant improvement with respect to bare
electrodes of 7% and 5% respectively. The other materials show either no significant
improvement or even a reduction in the case of FP-IV.

Considering both the 50% and 10% 1*" breakdown voltage it can be concluded that
PA11 shows the largestimprovement over uncoated electrodes followed by semiconduc-
tor A. EP-I, FP-I and FP-IIl show only an improvement in the 50% 1°* breakdown voltage
with the latter two only showing an improvement when the confidence level is reduced
to 68.2%.

The reason why the coating materials show either an improvement, a reduction or no
significant change in the 50% resp. 10% 1* breakdown voltage with respect to uncoated
electrodes is related to the coating material and electrode characteristics. The coating
material and electrode characteristics are evaluated in chapter 5. Moreover, in section 5.6
the correlation between the results of the gas-coating breakdown tests and the coating
material characteristics is investigated.

Thin coatings — breakdown behaviour after the 1** breakdown

In most cases found in literature (chapter 2) and for four out of seven thin coating ma-
terials tested in this research, the breakdown voltage of a coated gas insulated system
is reduced after the first breakdown to the level of an uncoated system. Mostly, the
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breakdown voltage is reduced to a value below that of uncoated electrodes, due to the
increased surface roughness near the location of the breakdown, as shown in section
4.2. For thin coatings, breakdowns always result in a puncture through the coating layer.
Therefore, it can be stated that in these cases the gas-coating insulation is broken and
that the improving quality of the coating is lost, provided that the coating improved the
breakdown voltage in the first place.

However, for FP-II, FP-IV and to a lesser extent Semiconductor A, the breakdown be-
haviour after the first breakdown is different. For these materials the breakdown voltage
either remains relatively constant or even increases after the first breakdown. In the latter
case, the breakdown voltage increases further with an increase in the number of break-
downs up to a maximum level which is different for each electrode sample. Moreover,
the highest breakdown voltage is reached after a varying number of breakdowns.

To quantify the above mentioned behaviour, the 50% and 10% highest breakdown
voltage are derived with statistical analysis in the same way as performed for the 1*
breakdown voltage. When the 50% highest breakdown voltage is observed it can be
seen that in this case FP-Il and FP-IV coated electrodes show a significant improvement
with respect to uncoated electrodes of 11% and 17% respectively. The improvement of
Semiconductor A has increased to 12% when the 50% highest breakdown voltage is se-
lected instead of the 50% 1 breakdown voltage. Note that the 50% highest breakdown
voltage of all other materials and the uncoated electrodes is the same as the 50% 1°
breakdown voltage.

Regarding the 10% highest breakdown voltage, FP-II, FP-IV and Semiconductor A show
no significant improvement due to the wide 95% confidence intervals. When compared
to the 10% 1* breakdown voltage it can be seen that the 10% highest breakdown voltage
of semiconductor A has reduced from 5% to an insignificant improvement. However,
when a lower confidence level of 68.2% is selected, the improvement of FP-Il and Semi-
conductor A becomes significant with values of 5% and 8% respectively. Again it should
be noted that the 10% highest breakdown voltage of all other materials is the same as
the 10% 1°' breakdown voltage.

Because the breakdown behaviour of FP-Il, FP-IV and Semiconductor A after the 1
breakdown was different than expected, two extra tests were conducted on FP-Il as
described in section 4.2.2. Firstly, a second breakdown test was performed on three
already tested, FP-Il samples. These tests were performed to determine if the increase in
breakdown voltage observed in the initial tests is related to a permanent change in the
composition of the coating material or if it is related to a temporary improvement of the
gas-coating insulation.

Secondly, on three new FP-Il samples a standard 50% up-down test was performed
instead of the combined test procedure, which is used in all other breakdown tests on
coated electrodes. These tests were performed to evaluate the influence of the progres-

156



Gas and gas-coating breakdown test results

sive stress part of the combined tests on the increase in breakdown voltage after the first
breakdown.

Based on the results of the first test we conclude that the increase in the breakdown
voltage of the FP-Il coated electrodes after the first breakdown is temporary. The break-
down voltage of the used electrodes is reduced to the same level as the 1* breakdown
of new, untested, FP-Il coated electrodes. Therefore, the improvement in the breakdown
voltage after the first breakdown is lost.

The results of the second test have shown that without the progressive stress part
of the breakdown tests the breakdown voltage also shows a positive dependency on
the number breakdowns after the first breakdown. However, the increase in the break-
down voltage is in this case less pronounced compared to the results obtained from
the combined test procedure which includes the progressive stress part before the first
breakdown.

In total, the results of the extra tests indicate that the above mentioned behaviour of
FP-Il electrodes after the first breakdown is related to a temporary change in either the
gas composition, gas conditions, coating surface conditions or a combination of these
factors. Moreover, pre-conditioning of the coating-gas insulation with a progressive
stress sequence enhances this behaviour. Note that these extra tests were not performed
on FP-IV and Semiconductor A coated electrodes.

More information on the underlying mechanism causing this behaviour can be
obtained from the coating material and electrode characteristics which are evaluated
in chapter 5. In section 5.6, the correlation between the breakdown behaviour and the
material characteristics of the FP-Il, FP-IV and Semiconductor A coated electrodes is
discussed.

Thin coatings — double layer coatings
The seven thin coating materials, of which the breakdown test results are discussed
above, all consist of a single layer. Before a thin coating layer is applied to the electrode
surface the electrode surface is roughened with abrasive blasting as explained in section
3.3. It was hypothesised that electric field enhancements, caused by the rough electrode
surface under the coating layer, reduce the breakdown strength of the gas-coating
insulation. To overcome this reduction, it was suggested to apply a semi-conductive
coating layer on the electrode surface on top of which the actual dielectric coating layer
is applied. Consequently two double layer coatings were produced with FP-Il as the base,
semi-conductive, layer and either PAT1 or FP-I as the topcoat. These two materials are
described in section 3.3. Note that the double layer coatings are also classified as thin
coatings.

The results of the breakdown tests on the double layer coatings have shown that
only FP-Il = PAT1 shows a significant improvement of roughly 4% in both the 50% and
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10% 1° breakdown voltage. The 50% and 10% 1* breakdown voltage of the FP-Il — FP-|
coated electrodes show no significant difference with respect to uncoated electrodes.
The breakdown test results are described in more detail in section 4.2.3.

The breakdown test results of the FP-Il — FP-I coated electrodes also show that the
breakdown voltage is increased after the first breakdown as was the case for the single
layer FP-Il, FP-IV and semiconductor A coated electrodes. However, for FP-Il — FP-| the
increase in the breakdown voltage is less pronounced than in the case of the single
layer materials. The 50% highest breakdown voltage of FP-Il - FP-I shows a significant but
small improvement of 1% with respect to uncoated electrodes when a 68.2% confidence
interval is chosen. The difference between the 10% highest breakdown voltage of FP-Il —
FP-I and that of uncoated electrodes is insignificant.

We conclude that the double layer coatings show a severely reduced improvement in
the 50% resp. 10% first and highest breakdown voltages with respect to the single layer
PAT1 and FP-I coated electrodes. This severe reduction is related to the observed loss of
adhesion between the bottom layer and the topcoat in the double layer coatings as will
be discussed in section 5.6 in combination with the observed breakdown damage in
section 5.5.

Thick coatings

The breakdown test results of the thick coatings, described in section 4.2.4, show that the
50% 1* breakdown voltage of all thick coating materials show a significant improvement
with respect to uncoated electrodes ranging from 29% to 34%. Regarding the 10% 1*
breakdown voltage the thick coating materials show a significant improvement between
20% and 32%.

The difference between the four thick coating materials with respect to the 50% 1*
breakdown voltage is relatively small. The most remarkable difference is the fact that the
95% confidence interval of the epoxy nanocomposite B coated electrodes is noticeably
smaller than the 95% confidence intervals of the other thick coating materials for both
the 50% and 10% 1°*' breakdown voltage.

For the thick coating materials breakdowns almost always occur in the form of surface
discharges between the tip of the rod electrode and the holding plane of the rod elec-
trodes. The breakdown voltage of the electrodes coated with a thick coating material is
reduced after the first breakdown to a level which is still significantly higher than that of
bare electrodes. Consequently, the breakdown voltage is stabilized at the reduced level
which is confirmed by performing the same test a second time on all electrodes after the
first tests. The results of these retests are described in section 4.2.4.

The results of the retests show that the improvement in the 50% resp. 10% breakdown
voltages of the thick coatings after the first breakdown is reduced to values between 22%
and 25% with respect to the 50% resp. 10% breakdown voltage of bare electrodes. This
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reduction is related to a change in the surface state of the thick coatings after the first
surface discharge. This change in the surface state is visible as surface discharge tracks as
explained in section 5.5.

In section 5.6, the correlation between the material and electrode characteristics and
the relatively small difference in breakdown tests results between the four different
thick coating materials is discussed. The influence of the material characteristics and the
surface discharge damage on the breakdown behaviour after the first breakdown is also
discussed in section 5.6.

Comparison

When comparing the breakdown test results of the thin and thick coatings it can be seen
that the thick coatings present an improvement in the breakdown voltage with respect
to bare electrodes which is roughly twice as large as observed for the thin coating mate-
rials. Therefore, it can be stated that the thick coatings show the best performance with
respect to the improvement of the breakdown voltage.

However, thick coatings also exhibit several disadvantages with respect to thin coat-
ings. Firstly, it is unfeasible to apply thick coatings on large electrode surfaces due to the
related production and application procedures which become less reliable when a large
surface area and thus a large coating volume is required.

Secondly, the thermal conductivity of dielectric materials is relatively low. Applying
a thick dielectric layer thus results in a severely reduced cooling capacity of the coated
conductors. Consequently the amount of electrode surface covered by a thick coating
is limited to small sections. Thirdly, the amount of resin necessary to coat an electrode is
orders of magnitude larger compared to thin coatings which presents a severe increase
in production costs.

In total, the comparison between thin and thick coating indicates that thick coatings
are more suitable to be used in small areas with high electric fields due to the observed
large improvement in combination with the limitations on the coating surface area.
Whereas thin coatings are more suitable for larger electrode surfaces where a smaller
improvement in the breakdown voltage is required.

4.5.4 Scaling up to larger dimensions
From the results of the breakdown tests on the small size electrodes two coating materi-
als were selected which showed the largest improvement in the breakdown voltage with
respect to uncoated electrodes. The selected materials are PA11 as a thin coating and
Neat Epoxy as a thick coating.

These materials are applied to the medium and large size electrodes after which break-
down tests were performed on the coated medium and large size electrodes using the
same test procedure as applied in the breakdown tests on the small size electrodes. The
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dimensions of the medium and large size electrodes are shown in section 3.2 and the
corresponding breakdown test results are described in section 4.4.

These breakdown tests are performed to investigate the influence of an increased
electrode surface area and a less divergent electric field distribution on the improvement
in the breakdown voltage of coated electrodes with respect to uncoated electrodes. For
these tests only the best performing thin coating is selected to save valuable testing
time. With respect to thick coatings the difference between the best performing materi-
als was insignificant. Therefore, neat epoxy was used because for this research it was
unfeasible to apply nanocomposite B to medium and large size electrodes due to the
large amount of nanoparticles required.

The results of the breakdown tests on medium and large size electrodes show that for
medium size electrodes the improvement in the 50% resp. 10% 1° breakdown voltage
of PA11 coated electrodes with respect to uncoated electrodes remains significant with
a value of 9.5% and 8% respectively. In the case of large size electrodes the PA11 coated
electrodes also show a significant improvement in the 50% 1° breakdown voltage which
is in this case 5%. Unfortunately, the 10% 1°*" breakdown voltage of large size PA11 coated
electrodes shows no significant improvement.

Regarding the breakdown test results on medium and large size neat epoxy coated
electrodes it can be seen that the improvement in the 50% resp. 10% 1° breakdown
voltage of medium size neat epoxy coated electrodes is reduced to an insignificant dif-
ference with respect to uncoated electrodes. Moreover, the 50% resp. 10% 1°* breakdown
voltage of large size neat epoxy coated electrodes even shows a reduction of 15% and
14% respectively, compared to uncoated electrodes.

The fact that the improvement in the 50% resp. 10% 1° breakdown voltage of PA11
coated electrodes is reduced when the electrode size is increased is caused by two main
factors. Firstly, the increase in electrode surface area and thus the increase in coating
volume results in an increased probability of production errors such as the inclusion of
particles and air bubbles. Secondly, the electric field in the gas gap is less divergent which
reduces the influence of the rod electrode on ionization phenomena in the gas. The
influence of electron field emission from the rod electrode becomes less pronounced
which presents less room for improvement with the application of a thin coating on the
electrode surface.

The strong reduction of the improvement in the 50% resp. 10% breakdown voltage
of Neat epoxy coated electrodes is related to the change in the electric field strength in
the gas gap when the electrode size is increased. Because for thick coatings the electric
field in the gas gap is directly related to the permittivity of the coating materials, the
cause of the reduction of the improvement in the 50% resp. 10% 1° breakdown voltage
is discussed in section 5.6.
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4.6 SUMMARY

In total, the results of the breakdown tests presented in this chapter led to the following
observations. Firstly, of all thin coating materials PAT1 shows the highest improvement in
the 1° breakdown voltage. This improvement is also present when the electrode surface
area is increased and the electric field is less divergent.

Secondly, in several cases the breakdown voltage of electrodes coated with a thin
coating is not reduced after the first breakdown. Initially, in most of these special cases
the breakdown voltage even increases with an increase in the number of breakdowns.
Unfortunately, the observed increase in the breakdown voltage is lost after a certain
amount of time. Note that in all of these cases the coating is punctured after breakdown.

Thirdly, applying a semi-conductive layer beneath a coating layer did not result in a
higher improvement of the 50% resp. 10% 1°*" breakdown voltage when compared to the
improvement found for the corresponding single layer coatings. Fourthly, the improve-
ment in the 50% resp. 10% 1°* breakdown voltage is twice as large for thick coatings as it
is for thin coatings. However, the application of thick coating layers on electrodes in GIS
is more limited compared to thin coatings. Therefore, a suitable combination of thin and
thick coatings should be determined for the improvement of each GIS design.

Finally, reducing the divergence of the electric field in the gas gap significantly reduces
the improvement in the 50% resp. 10% 1° breakdown voltage for electrodes coated with
thick neat epoxy. This reduction even results in a decrease of the 50% resp. 10% 1°*' break-
down voltage compared to uncoated electrodes when the largest electrode size is used.
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In this chapter the coating material characteristics are evaluated using the experiments
described in section 3.5. Section 5.1 presents the results of the surface roughness
measurements on bare and coated electrodes. In section 5.2, the dielectric response of
the coating materials is evaluated with frequency and temperature scans of the relative
permittivity and dielectric losses. The electrical conductivity results of the coating materi-
als are presented in section 5.3. Section 5.4 contains the results of the AC breakdown
tests on the flat coating material samples. In section 5.5 the damage of the coating
layers caused by the electrical breakdowns is presented. Finally, section 5.6 contains a
discussion on the coating material characteristics including a discussion on the possible
relation between the coating material characteristics and the breakdown behaviour of
the gas-coating system described in chapter 4.

5.1 SURFACE ROUGHNESS

In section 2.4 it was explained that the roughness of the electrode surfaces can have
a significant influence on the breakdown voltage of a gas insulated system. Therefore,
the surface roughness of the bare electrodes was evaluated according to the method
described in section 3.5.1. Furthermore, the surface of the coated electrodes might not
be smooth as indicated by the visibly rough surface of several coating materials. Thus, the
surface roughness of the coated electrodes is also evaluated.

The results of the surface roughness measurements are listed in Table 5.1. The surface
roughness is evaluated with the roughness parameters R, and R, which represent the
ten-point average roughness and the maximum height respectively. More information
on surface roughness parameters is presented in section 3.5.1.

As can be seen from the table the coating surfaces are generally smoother than the
surface of a bare, machined electrode with values of R, ranging from 0.48 to 4.79 um
and R, varying between 0.79 and 6.9 um, excluding the surface roughness of the FP-IIl
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Table 5.1: Surface roughness parameters of the uncoated electrodes and coating materials.

Material R, [um] R, [um]
Bare, machined 6.37 7.53
Bare, sand blasted 185 285
Neat epoxy 2.19 3.10
Nanocomposite B 2.34 3.65
Nanocomposite C 2.14 317
Semiconductor A 0.60 087
EP-I 2.88 3.69
FP-II 291 437
FP-I 145 1.86
FP-IIl 891 139
FP-IV 1.82 271
PA11 small 0.57 0.79
PATT medium 048 0.82
PA11 large 1.05 161
FP-Il = FP-I 4.79 6.90
FP-Il - PA11 2.19 277

coated electrodes which is exceptionally larger than that of bare, machined electrodes.
Especially the value of R, is significantly larger than that of bare, machined electrodes.
The large roughness of the FP-IIl coated electrodes is most likely caused by the relatively
small average layer thickness of 25 um which is in the same range as the R, of the sand
blasted electrodes.

All thin coatings have been applied on the rod electrodes after sand blasting. Therefore,
it might be the case that the FP-Ill material shows no full smoothing of the electrode
surface roughness resulting in a relatively rough coating surface. Furthermore, it might
also be the case that the highest peaks on the aluminium surface remain uncovered.

Two materials which are also interesting are PA11 and Semiconductor A which both
show a relatively smooth surface. The R, of both materials varies between 0.48 and 0.60
um, whereas R, ranges from 0.79 to 0.87 um. Note that in these cases the roughness is
always smaller than 1 um. An exception is found for the large size electrodes coated with
PA11. In this case the coating surface is rougher with an R, and R, of 1.05 and 1.61 um
respectively, which might be caused by variations in the production process.

Finally, both double layer coatings show a larger surface roughness than the cor-
responding single layer versions of the topcoats. For example, the FP-Il — PA11 coated
electrodes have an R, and R, which are almost four times larger than that of PA11 coated
electrodes.
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5.2 DIELECTRIC RESPONSE

As explained in section 2.3, the relative permittivity of a coating material can have a
significant influence on the breakdown behaviour of a coated gas insulated system.
Therefore, the dielectric response of the coating materials was measured using dielectric
spectroscopy. From the dielectric response the relative permittivity can be derived. The
measurement method and procedures are described in detail in section 3.5.3.

5.2.1 EP-I

The frequency spectra of the relative permittivity of the EP-I samples at temperatures
of -40 °C, -20 °C, 0 °C, 20 °C, 40 °C and 60 °C are depicted in Figure 5.1, whereas the
frequency spectra obtained at 80 °C, 100 °C and 120 °C are depicted in Figure 5.2. For
comparison, the value of the relative permittivity is selected at a frequency of 100 kHz
because the main frequency of a lightning impulse is in the same range.
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Figure 5.1: Relative permittivity of EP-| material samples as a function of frequency at temperatures be-

tween -40°C and 60°C. The frequency range is 1 Hzto 1 MHz.
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Figure 5.2: Relative permittivity of EP-I material samples as a function of frequency at temperatures be-
tween 80 °C and 120 °C. The frequency range is 1 Hzto 1 MHz.

Therefore, it is derived from the figures that the relative permittivity of the EP-l samples
at 100 kHz ranges from 5.40 to 6.22 for temperatures between -40 °C and 120 °C. Note
that the relative permittivity of the EP-I samples is higher than expected from an epoxy
resin based material. Epoxy resins usually show a relative permittivity in the range of 3.5
to 5 at power frequency.

Epoxy resin based materials are prone to absorb water from the environment. Be-
cause the EP-I samples were not dried before performing the dielectric spectroscopy
measurements, absorbed water in the coating material is not removed. In [48] and [53]
it is shown that water ingress in epoxy resins increases the relative permittivity over the
entire frequency range which clarifies the higher than expected relative permittivity.
Unfortunately, no dielectric spectroscopy measurements were performed on dried EP-I

Table 5.2: Relative permittivity of EP-l at 100 kHz

Temperature Relative permittivity

120°C 6.20
100 °C 6.22
80°C 6.22
60 °C 6.18
40°C 6.10
20°C 597
0°C 5.80
-20°C 559
-40 °C 540
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samples for a direct comparison. The values of the relative permittivity at 100 kHz are
listed in Table 5.2.

In Figure 5.1 it can be seen that for all isothermals there is a slight change in the slope
of the frequency spectrum. The location of this change moves to higher frequencies
when the temperature is increased. This change is caused by beta relaxation processes
which are related to movement of small polymer chain segments or side chains[54].
Furthermore, in Figure 5.2 it can be seen that the permittivity shows a steeper increase
with a decrease in frequency for the low frequency range. This behaviour is caused by
Maxwell-Wagner polarization [54] which is related to charge accumulating at internal
dielectric boundaries formed by the absorbed water as discussed below.

The beta relaxation processes, which are slightly visible in the relative permittivity plots,
are clearly visible in the dielectric loss (€”) plots as wide peaks which extend along several
frequency decades, as depicted in Figure 5.3. The loss peaks are present in the loss plots
at -40 °C to 20 °C and shift to a higher frequency with an increase in temperature. Beta
relaxation processes show an Arrhenius type temperature dependency. Therefore, the
activation energy can be calculated by fitting the frequency locations of the relaxation
peaks for each isothermal to an Arrhenius equation. The activation energy of the beta
relaxation processes is in this case 0.81 eV.

The dielectric relaxation processes found in materials can be characterised by a range
of functions which describe the complex permittivity as a function of frequency and
temperature [54]. The most widely applied functions include the Debye function, the

Diel. Loss

Frequency[Hz]

Figure 5.3: Dielectric losses of EP-I material samples as a function of frequency at temperatures between
-40°C and 60 °C. The frequency range is 1 Hzto 1 MHz.

167




Chapter 5

Cole-Cole function, the Cole-Davidson function and the HN-function (derived by Havr-
iliak and Negami) [54]. For polymers, the HN-function is most suitable because of the
presence of alpha and beta relaxation. The HN-function is described below.

& — &
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In the HN-function the term ¢ - .. is the dielectric relaxation intensity and Ty is the
relaxation time constant. The parameter &, represents the permittivity for w — 0 and €.,
represents the permittivity for w — 0. The beta relaxation processes are represented by
the exponent 3. Next to the beta relaxation processes, also alpha relaxation processes
are included in the HN-function, which are related to the movement of large polymer
chain sections at temperatures in the range of the glass transition. Alpha relaxation is
not visible in the dielectric loss plots of EP-I in the applied frequency and temperature
range. In the next section, on the dielectric response of FP-I, alpha relaxation is described
in more detail.

At 40 °C and 60 °C the dielectric losses show a steep increase when the frequency is
reduced below 10 Hz and 100 Hz respectively. This increase in losses is caused by an
increased DC conductivity of the material due to the increased temperature. Moreover,
the contribution of Maxwell-Wagner polarization, caused by the absorbed water, be-
comes significant from temperatures of 40 °C and higher. The fact that the dielectric loss
increase at low frequencies is not purely ohmic in nature can be seen from the slope of
this increase. When plotted in a double logarithmic plot the slope of the corresponding
isothermals is smaller than 1, indicating the presence of charge separation phenomena
such as Maxwell-Wagner. The most simple model with which Maxwell-Wagner polariza-
tion can be described, is a two-layer structure containing two materials with different
permittivity (g5, €) and conductivity (o, 0,). The complex permittivity is in this case
determined by the equations displayed below.
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The relaxation time constant Tyy is now dependent on the relative permittivity and the
conductivity of both materials. The most significant feature of this, is the fact that the
time constant is inversely dependent on the conductivity of the two materials. When the
materials have a relatively high conductivity, the effect of Maxwell-Wagner polarization is
more pronounced in the applied frequency range. More generally, it can be stated that
Maxwell-Wagner polarization effects are more pronounced for conductive materials.

When observing the dielectric losses at temperatures of 80 °C, 100 °C and 120 °C
shown in Figure 5.4 it can be seen that the losses are dominated by the steep increase at
frequencies below 100 Hz. The combination of the increase in losses and the increase in
relative permittivity in the low frequency range again indicate the presence of Maxwell-
Wagner polarization as described above.
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Figure 5.4: Dielectric losses of EP-l material samples as a function of frequency at temperatures between 80
°C and 120 °C. The frequency range is 1 Hzto 1 MHz.

Note that DC conductivity is also present in this temperature range although the pres-
ence is masked by the Maxwell-Wagner polarization. Moreover, electrode polarization is
not present because the increase in the relative permittivity at low frequencies is very
small compared to cases where electrode polarization is present[54]. When electrode
polarization occurs, the relative permittivity at low frequencies shows an increase of sev-
eral orders of magnitude which is not the case here. Furthermore, electrode polarization
mostly occurs in measurements on highly conductive materials[54].
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5.2.2 FP-I

The frequency spectrums of the relative permittivity of FP-I at temperatures ranging from
-40 °C to 120 °C are depicted in Figure 5.5. Also in this case the permittivity is relatively
high for ECTFE based materials of which the relative permittivity generally is in the order
of 2.5. Furthermore, it can be seen in the figure that also for FP-I, beta relaxation processes
are present which are related to side chain movement. As opposed to the EP-I samples
the permittivity increase with a frequency decrease shows no steeper slope at the low
frequency range. Therefore, charge separation effects such as Maxwell-Wagner and
electrode polarization[54] are not present.
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Figure 5.5: Relative permittivity of FP-I material samples as a function of frequency at temperatures be-
tween -40°C and 120°C. The frequency range is 1 Hz to 1 MHz.

The values of the relative permittivity at 100 kHz are presented in Table 5.3. From the
table it can be seen that the relative permittivity of FP-I ranges between 3.04 and 3.27
for temperatures in the range of -40 °C to 120 °C. The temperature dependency of the
relative permittivity is significantly smaller than for the EP-I coated electrodes.
In Figure 5.6 the frequency spectra of the dielectric losses between -40 °C and 60 °C are
shown. The evidence of beta relaxation processes found in the frequency spectra of the
relative permittivity are clearly visible as wide peaks in the dielectric loss spectra. Also in
this case the loss peaks shift to higher frequencies with an increase in temperature. The
amplitude of the loss peaks also increases with an increase in temperature. The activation
energy of the beta relaxation processes is 0.42 eV.

The frequency spectra of the dielectric losses(e”) at temperatures of 80°C, 100°C and
120°C are depicted in Figure 5.7. These dielectric loss spectra show an increase for de-
creasing frequencies in the range below 10 kHz. This increase is not visible in the relative

170



Coating material characterisation
Table 5.3: Relative permittivity of FP-l at 100 kHz

Temperature Relative permittivity

120°C 325
100 °C 3.27
80°C 3.27
60 °C 3.27
40 °C 323
20°C 3.18
0°C 3.13
-20°C 3.08
-40 °C 3.04
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Figure 5.6: Dielectric losses of FP-I material samples as a function of frequency at temperatures between
-40°C and 60 °C. The frequency range is 1 Hz to 1 MHz.
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Figure 5.7: Dielectric losses of FP-l material samples as a function of frequency at temperatures between 80
°C and 120 °C. The frequency range is 1 Hzto 1 MHz.
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permittivity spectra indicating that the losses are the result of DC conductivity which
increases with an increase in temperature.

To obtain more insight into the temperature behaviour of the dielectric losses and
relative permittivity of FP-I, temperature ramp tests were performed according to the
procedure described in section 3.5. The temperature scans obtained from the ramp tests
are shown in Figure 5.8 and Figure 5.9.
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Figure 5.8: Relative permittivity of FP-I material samples as a function of temperature for frequencies be-
tween 1 Hzand 1 MHz. The temperature range is -40 °C to 120 °C.
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Figure 5.9: Dielectric losses of FP-I material samples as a function of temperature for frequencies between
1 Hz and 1 MHz. The temperature range is -40 °C to 120 °C.
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In Figure 5.8 the temperature scans of the relative permittivity are displayed. The beta

relaxation processes are visible in the low temperature range of the plots in the form
of a change in the slope of the plots. Moreover, in the high temperature range another
slope change and subsequent bump can be seen which is caused by alpha relaxation
processes related to the glass transition[54].
The temperature scans of the dielectric losses(e”) are depicted in Figure 5.9. In the left
hand side of the figure the wide loss peaks related to the beta relaxation processes are
visible for frequencies between 100 Hz and 1 MHz. These loss peaks shift to higher tem-
peratures when the frequency is increased.

On the right hand side of the figure, in the high temperature range, a narrow loss peak
is visible for frequencies between 1 Hz and 10 kHz. These loss peak are caused by alpha
relaxation processes related to movement of large chain sections which occur when the
temperature is in the range of the glass transition. The glass transition temperature of
ECTFE materials is around 85°C as determined by dynamic mechanical analysis (DMA).

5.2.3 FP-IV

The frequency spectra of the relative permittivity of FP-IV at temperatures ranging from
-40°C to 60 °C are displayed in Figure 5.10, whereas the spectra at temperatures between
80 °C and 120 °C are displayed in Figure 5.11. From the figures it can be seen that the
permittivity increase at low frequencies is dominant for temperatures of 0 °C and higher
which is caused by Maxwell-Wagner polarization. As explained in section 3.3, this mate-
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Figure 5.10: Relative permittivity of FP-IV material samples as a function of frequency at temperatures be-
tween -40°C and 60°C. The frequency range is 1 Hzto 1 MHz.
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Figure 5.11: Relative permittivity of FP-IV material samples as a function of frequency at temperatures be-
tween 80°C and 120°C. The frequency range is 1 Hz to 1 MHz.

rial contains mica particles which introduce dielectric boundaries within the material
which can give rise to charge accumulation.

When Figure 5.10 is observed carefully it can be seen that there is beta relaxation vis-
ible in the spectra at temperatures between -40 °C and 20 °C. For higher temperatures
the relaxation shifts outside the frequency range and Maxwell-Wagner polarization
masks the relaxation behaviour. The beta relaxation is best visible in the spectrum at
-40°C which is located between 100 Hz and 10 kHz.

The beta relaxation processes are more clearly visible in the dielectric loss(€") spectra
depicted in Figure 5.12. The corresponding loss peaks are visible in the loss spectra up
to 20 °C shifting up in frequency with an increase in temperature. The corresponding
activation energy is 0.60 eV. Note that the amplitude of the loss peaks seems to be
relatively small which is also observed in the relative permittivity by a relatively minor
slope change. However, with respect to the EP-I and FP-I materials the amplitude of the
loss peaks is comparable. The scale of the figures is significantly larger in the case of FP-IV
reducing the visibility of the loss peaks.

In the low frequency range the dielectric losses increase when the frequency is re-
duced for temperatures of -20°C and higher. This increase coincides with the increase in
relative permittivity which again indicates the presence of Maxwell-Wagner polarization
at the boundaries between the polymer matrix and the mica particles. Moreover, the
slope of the dielectric loss plots at low frequencies is smaller than 1 when plotted in a
log-log plot which is another indication of Maxwell-Wagner polarization.
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Figure 5.12: Dielectric losses of FP-IV material samples as a function of frequency at temperatures between
-40°C and 40°C. The frequency range is 1 Hzto 1 MHz.

In the low frequency range a bump can also be seen in the frequency spectra at tempera-
tures of 0°C and higher. This bump is another loss peak related to beta relaxation which
is obscured by the presence of Maxwell-Wagner polarization. The obscured loss peak is
also observed in the dielectric loss spectra at 60 °C and 80 °C as shown in Figure 5.13. At
100 °C and 120 °C the obscured loss peak is not observed. The activation energy of the
beta relaxation processes related to these loss peaks is 0.56 eV.
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Figure 5.13: Dielectric losses of FP-IV material samples as a function of frequency at temperatures between
60 °Cand 120 °C.
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In Figure 5.13 it can also be seen that the dielectric losses show a decreasing trend
with an increase in temperature for temperatures of 80°C and higher. Moreover, the
relative permittivity shows the same trend in the same temperature range as shown
in Figure 5.11. This behaviour can be caused by alpha relaxation processes which are
related to the glass transition. Therefore, the dielectric loss data is plotted as a function of

temperature in Figure 5.14 and Figure 5.15.
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Figure 5.14: Dielectric losses of FP-IV material samples as a function of temperature for frequencies be-
tween 1 Hz and 148 Hz. The temperature range is -40 °C to 120 °C.
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Figure 5.15: Dielectric losses of FP-IV material samples as a function of temperature for frequencies be-
tween 1.56 kHz and 1 MHz. The temperature range is -40 °C to 120 °C.
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The temperature plots of the dielectric losses are obtained by plotting the data of the
corresponding frequency spectra as a function of temperature. Consequently, the tem-
perature plots for each frequency consist of only nine date points on which a function is
fitted. The temperature plots are thus approximations based on nine temperature points
each and are less accurate than the results obtained in a temperature ramp test as ap-
plied for the FP-I samples.

In the temperature plots of the dielectric losses a large loss peak can be seen around 80
oC for frequencies between 1 Hz and 16.3 kHz. This loss peak is present near the glass
transition temperature of the FP-IV material and can thus be classified as alpha relaxation.
Therefore, the decreasing trend in the relative permittivity and the dielectric losses as a
function of temperature for temperatures of 80 °C and higher is caused by alpha relax-
ation processes.

The beta relaxation loss peak found in the high frequency low temperature range
of the frequency spectra in Figure 5.12 can also be found in the temperature plots in
Figure 5.15. In the 1.56 kHz graph this beta relaxation peak is represented by the small
bump between -40°C and -20°C which actually is a peak obscured by the alpha relaxation.
Moreover, a similar bump is found in the 16.3 kHz graph between -20 °C and 0 °C. For the
174 kHz graph the beta relaxation peak and the alpha relaxation peak are comparable in
size resulting in a relatively wide and flat peak between 0 °C and 80 °C. Finally, the peak
in the 1 MHz graph is mainly caused by the beta relaxation as the influence of the alpha
relaxation is minor at this frequency.

The obscured loss peak found in the low frequency region of the frequency spectra
of the dielectric losses at temperatures between 0 °C and 80 °C can also be seen in the
temperature plots in Figure 5.14 as a bump at the low temperature region. This bump
shifts from 0°C to 20°C and 40°C when the frequency is increased from 1 Hz to 14 Hz and
148 Hz. Note that these beta relaxation processes are also present at 1.56 kHz although
no loss peak is visible in the corresponding temperature plot due to the strong influence
of the alpha relaxation processes in that temperature range.

The values of the relative permittivity at 100 kHz are listed in Table 5.4. From the table it
can be seen that the relative permittivity shows a relatively small variation between 3.50
and 3.68. Furthermore, the permittivity shows an increase up to 60 °C. The permittivity
decreases when the temperature is increased further. As explained above, this behaviour
is caused by the alpha relaxation processes present at temperatures above 60 °C.

177




Chapter 5

Table 5.4: Relative permittivity of FP-IV at 100 kHz

Temperature Relative permittivity

120°C 353
100 °C 358
80°C 366
60 °C 368
40°C 365
20°C 360
0°C 355
-20°C 350
-40 °C 350
5.2.4PA11

The frequency spectra of the relative permittivity of the PA11 samples at temperatures
between -40 °C and 40 °C are depicted in Figure 5.16 and the spectra at temperatures
between 60 °C and 120 °C are displayed in Figure 5.17. Up to 20°C the frequency spectra
of the relative permittivity shows an increasing trend with a decrease in frequency of
which the slope shows a minor change. Because the slope change is barely visible, re-
laxation phenomena are also difficult to observe in the frequency spectra of the relative

permittivity.
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Figure 5.16: Relative permittivity of PAT1 material samples as a function of frequency at temperatures be-
tween -40 °C and 40 °C. The frequency range is 1 Hzto 1T MHz.
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Figure 5.17: Relative permittivity of PAT1 material samples as a function of frequency at temperatures be-
tween 60 °C and 120 °C. The frequency range is 1 Hzto 1 MHz.

For temperatures of 40 °C and higher the relative permittivity shows a very steep increase
for a decrease in frequency. Especially at temperatures above 40 °C the relative permittiv-
ity reaches very high values of up to 10" at 1 Hz for the 120 °C spectrum.

Beta relaxation processes are visible in the dielectric loss(e”) spectra at temperatures of
20°C and lower as shown in Figure 5.18. The loss peak shifts from 20 Hz to 2 kHz when
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Figure 5.18: Dielectric losses of PAT1 material samples as a function of frequency at temperatures between
-40°C and 20 °C. The frequency range is 1 Hzto 1 MHz.
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the temperature is increased from -40 °C to 0 °C. The corresponding activation energy
is 0.7 eV.

Note that on the low frequency side of the dielectric loss spectra at temperatures
between -40 °C and 0 °C the above mentioned loss peaks are partially obscured. Further-
more, the dielectric loss spectrum at 20 °C shows a significant increase for frequencies
below 50 kHz. The slope of this increase is steeper for frequencies below 10 Hz.

For temperatures of 40 °C and higher the dielectric loss spectra show significantly dif-
ferent behaviour as depicted in Figure 5.19. At these temperatures the dielectric losses
show a steep increase to very high values reaching up to 6x10* when the frequency is
reduced to 1 Hz.

Dielectric Losses

Frequency[Hz]

Figure 5.19: Dielectric losses of PA11 material samples as a function of frequency at temperatures between
40°C and 120°C

In literature it is found that polyamide 11 type materials show a glass transition tem-
perature in the range of 40 °C to 70 °C[55], [56]. Moreover, polyamide 11 exhibits ionic
conduction which gives rise to a significant contribution to the dielectric losses in the
low frequency range[55], [56].

The ionic transport in the material is visible as the obscuring of the loss peaks between
-40°C and 0 °C followed by the steep increase in the dielectric losses found for tempera-
tures of 20 °C and higher. lonic transport in the material increases with an increase in
temperature as can be seen from the dielectric loss figures. For temperatures above the
glass transition the ionic conduction in the material is increased strongly with respect to
the conduction at temperatures below the glass transition.
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Regarding ionic conduction, several observations in the relative permittivity and di-
electric loss figures can be explained. Firstly, at low frequencies enough time is available
for ions to accumulate at the electrode interfaces due to ionic transport. This charge ac-
cumulation is electrode polarization which is clearly visible as the steep increase to very
high values in the relative permittivity plots in the low frequency range at temperatures
of 40 °C and higher. Below 40 °C the ionic transport is too weak to cause significant
electrode polarization. Secondly, when the frequency is increased there is only enough
time available for ions to accumulate at the boundaries of charged species within the
material and at the end of conducting paths. This change in the ion accumulation pro-
cess is known as conductivity relaxation [4-5]. The conductivity relaxation is not visible in
the relative permittivity plots due to the presence of electrode polarization. However, the
slope of the dielectric loss plots at high temperatures and at low frequencies is smaller
than 1 and is changing with temperature indicating that the conductivity contribution
is not DC (ohmic).

Due to the presence of electrode polarization and a significant conductivity contri-
bution it is difficult to observe any relaxation process. However, because the dielectric
spectroscopy measurements are conducted below and above the glass transition it is
expected that alpha relaxations are present. Therefore, temperature ramp tests were
conducted according to the method described in section 3.5 to obtain the temperature
scans of the dielectric losses as depicted in Figure 5.20.
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Figure 5.20: Dielectric losses of PAT1 material samples as a function of temperature for frequencies be-
tween 1 Hz and 1 MHz. The temperature range is -40 °C to 120 °C.
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Figure 5.21: Detail of the dielectric losses as a function of temperature for frequencies between 1 Hz and 1
MHz. The temperature range is -40°C and 20°C.

From the figure it can be seen that the around 50 °C a bump is present in the tempera-
ture scans of all frequencies. This bump represents the alpha relaxation peak which is
obscured by the conductivity and the electrode polarization of the material sample.
The temperature scans of the dielectric losses are observed in more detail in Figure 5.21.
In this figure the temperature scans are displayed in the temperature range between -40
°C and 20 °C. The loss peaks related to beta relaxation processes found in the frequency
spectra in Figure 5.18 are also visible in the detailed view of the temperature scans. These
loss peaks are in this case represented by the bumps found in the 100 Hz, 1 kHz and 10
kHz scans at a temperature of roughly -35 °C, -20 °C and -5 °C respectively. Note that
these loss peaks are obscured by the alpha relaxation and conductivity contributions.

The values of the relative permittivity of PAT1 at 100 kHz are listed in Table 5.5. As can
be seen from the table the relative permittivity ranges from 4.31 at -40 °C to 18.4 at 120
°C. Moreover, between -40 °C and 20 °C the relative permittivity shows a relatively small
increase, whereas between 40 °C and 120 °C the permittivity shows a relatively large
increase. This difference is directly related to the glass transition temperature of roughly
50 °C above which ionic conduction in the material is strongly increased.
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Table 5.5: Relative permittivity of PA11 at 100 kHz

Temperature Relative permittivity

120°C 184
100°C 154
80°C 10.7
60 °C 6.85
40°C 519
20°C 465
0°C 447
-20°C 4.37
-40 °C 4.31

5.2.5 FP-Il and FP-IlI

For FP-IIl and FP-II the dielectric spectroscopy results have shown that these materials
exhibit the behaviour of a resistive material with a relatively high conductivity. In both
cases the strong conductivity contribution masks the dielectric relaxation behaviour of
the materials.

The behaviour of these materials can be seen in the dielectric loss(e”) spectra displayed
in Figure 522 and Figure 5.23 for FP-Ill and FP-II respectively. In the case of FP-IIl the
dielectric losses show a steep increase with a decrease in frequency over the entire
recorded frequency range. At 1 MHz the losses are in the order of 10”7 while at 1 Hz the
losses have increased to the order of 10% The slope of the dielectric loss increase is 1
which indicates a significant DC (ohmic) conductivity contribution. For FP-II the steep

Diel. Loss
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Figure 5.22: Dielectric losses of FP-Ill material samples as a function of frequency at temperatures between
-40°C and 40°C. The frequency range is 1 Hzto 1 MHz.
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Figure 5.23: Dielectric losses of FP-Il material samples as a function of frequency at temperatures between
-40°C and 40 °C. The frequency range is 1 Hz to 1 MHz.

increase in dielectric losses for decreasing frequency is present below 100 kHz starting at
the order of 10" and finishing at the order of 10°. Also in this case the slope is 1, indicating
a significant DC (ohmic) conductivity contribution.

Above 100 kHz, no conductivity contribution is visible in the dielectric loss plots of FP-II.
Therefore, in this frequency region the relaxation behaviour of FP-Il can be assessed. The
frequency spectra of the relative permittivity of FP-Il are depicted in Figure 5.24.
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Figure 5.24: Relative permittivity of FP-Il material samples as a function of frequency at temperatures be-
tween -40 °C and 40 °C. The frequency range is 1 kHz to 1 MHz.
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Below 1 kHz the influence of electrode polarization effects becomes visible in the rela-
tive permittivity spectra indicating that between 1 kHz and 100 kHz the steep slope in
the dielectric losses is only caused by DC conductivity. In the relative permittivity spectra
the onset of beta relaxation can be seen which is also present in the form of increasing
dielectric losses for an increase in frequency in the frequency range above 100 kHz. The
corresponding dielectric loss peak is located at a frequency above 1 MHz.

The values of the relative permittivity of FP-Il at 100 kHz are listed in Table 5.6. As can be
seen from the table the value of the relative permittivity ranges from 5.02 at -40 °C to 5.35
at 40°C. The increase in relative permittivity between -40 °C and 40 °C is 0.33 which is in
the same range as observed for FP-.

Table 5.6: Relative permittivity of FP-Il at 100 kHz

Temperature Relative permittivity

40 °C 535
20°C 529
0°C 520
-20°C 511
-40 °C 502

Complex conductivity

Because both FP-Ill and FP-Il exhibit conductive behaviour, more information on the
dielectric behaviour can be found in the complex conductivity spectra of these materials.
The frequency spectra of the real part of the complex conductivity of FP-IIl are depicted
in Figure 5.25.

As can be seen from the figure, the frequency spectra of the real part of the complex con-
ductivity are relatively flat. There is no upward slope visible for an increase in frequency
as is the case with most dielectric materials[54]. This indicates that the material behaves
like a resistor and that electrode polarization obscures any dielectric relaxation behaviour
over the entire measured frequency and temperature range.

At 1 Hz the real part of the complex conductivity ranges from 5.6x107 to 6.9x10°
S/m for temperatures ranging from -40 °C to 120 °C. When the real part of the complex
permittivity is extrapolated to a frequency close to 0 Hz the DC conductivity is obtained.
For FP-Ill at 20 °C the approximated DC conductivity is 9.6x107 S/m which represents a
highly conductive semiconductor. The frequency spectra of the real part of the complex
conductivity of FP-Il are displayed in Figure 5.26 and Figure 5.27 for the lower and upper
temperature range respectively.

185




Chapter 5

4
A
A
A
A
A
A
1
F:\

v A
v A
v A
v A
v A
v A
v A
Y 4
v 4
y 4
v 4

v
Y
Y
A4
\4

\4
v
\4

p
b
4
>

—O—-20C

Real part of complex conductivity [S/cm]
3
t

|
10° 10' 102 10° 10* 10° 10°
Frequency [Hz]

Figure 5.25: Real part of the complex conductivity of FP-Ill as a function of frequency at temperatures
between -40 °C and 120 °C. The frequency range is 1 Hz to 1 MHz.
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Figure 5.26: Real part of the complex conductivity of FP-Il as a function of frequency at temperatures be-
tween -40 °C and 40 °C. The frequency range is 1 Hz to 1 MHz.
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Figure 5.27: Real part of the complex conductivity of FP-Il as a function of frequency at temperatures be-
tween 80 °C and 120 °C.

In Figure 5.26 it can be seen that at temperatures between -40 °C and 40 °C FP-Il shows
an upward slope in the real part of the complex conductivity for increasing frequency
above 10 kHz. This behaviour is expected from a dielectric material. Moreover, below 10
kHz the real part of the complex conductivity forms a plateau which indicates that in
this range the DC conductivity of the material becomes dominant. At 1 Hz the value of
the real part of the complex conductivity varies between 2.36x10"" and 2.96x10™"" S/m.
When the real part of the complex conductivity at 20°C is extrapolated to a frequency
very close to 0 Hz a value of 2.30x10"" S/m is obtained for the DC conductivity which is
in the range of an intrinsic semiconductor.

For temperatures above the glass transition of FP-Il the dielectric response of the material
is significantly different as can be seen in Figure 5.27. In this temperature range the real
part of the complex conductivity of FP-Il shows the same behaviour as was observed
for FP-IIl. Thus, in this case FP-Il behaves like a resistive material with the real part of the
complex conductivity varying between 1.0x10° and 1.6x10°S/m at 1 Hz.

5.2.6 Thick epoxy nanocomposites

To investigate the influence of the different nanoparticle shapes and volume concen-
trations on the dielectric response of the thick epoxy materials dielectric spectroscopy
measurements were performed. The main parameter of interest is in this case the relative
permittivity of which the frequency spectra at 20 °C are depicted in Figure 5.28.

As can be seen from the figure the frequency spectra of all thick nanocomposite
materials show the same shape. The addition of the different types of nanoparticles in
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Figure 5.28: Relative permittivity of thick epoxy nanocomposites as a function of frequency at a tempera-
ture of 20 °C. The frequency range is 10 mHz to 1 MHz.

different concentrations merely shifts the frequency spectra of the relative permittivity to
lower values with respect to neat epoxy.

The values of the relative permittivity at 100 kHz are listed in Table 5.7. As can be seen
from the table, the introduction of 0.2 vol.% of hBN results in a reduction of the relative
permittivity with 0.1. Moreover, when the concentration of hBN is increased to 0.6 vol.%
another reduction of 0.1 is found. Note that a further increase of the volume concentra-
tion of hBN will not result in a further decrease of the relative permittivity[48].

The lowest value of the relative permittivity is obtained for nanocomposite B which
is filled with 0.2 vol.% cBN. The relative permittivity is 0.03 lower than that of nanocom-
posite C and 0.23 lower than that of neat epoxy. Unfortunately, increasing the volume
concentration of ¢BN to 0.6% and higher will not result in a further decrease of the rela-
tive permittivity[48].

Table 5.7: Relative permittivity of thick epoxy nanocomposites at 100 kHz and 20 °C

Neat Epoxy 3.65
Nanocomposite A (0.2 vol.% hBN) 355
Nanocomposite B (0.2 vol.% cBN) 342
Nanocomposite C (0.6 vol.% hBN) 345
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5.3 COATING CHARACTERISTICS — ELECTRICAL CONDUCTIVITY

Apart from the surface roughness and the relative permittivity, the volume conductivity
can also have an influence on the breakdown strength of a coated gas insulated system
as explained in sections 2.3 and 2.4. Therefore, the volume conductivity of the coating
materials is evaluated using conduction current measurements of which the equipment
and procedure has been described in section 3.5. Note that the term DC conductivity
used in section 5.2 also refers to the volume conductivity of a material.

The volume conductivities of the coating materials are listed in Table 5.8. From the

table it can be seen that the epoxy nanocomposites and EP-I have a conductivity in the
order of 107 [S/m] which is in the range of an electrical insulator. Moreover, the lowest
volume conductivity is found for FP-l which is in the order of 1077 [S/m].
The conductivity of FP-II, PAT1, FP-IV and FP-Il is significantly higher than that of an elec-
trical insulator. With respect to the volume conductivity these materials can be classified
as a lossy insulator. FP-Ill shows the highest volume conductivity of 1x10° [S/m] which is
in the same range as resistor materials. PA11 and FP-IV both show a volume conductivity
in the order of 107 [S/m], whereas FP-Il has a volume conductivity in the order of 10"
[S/m]. Moreover, the conductivity of PA11 is three times higher than that of FP-IV.

When observing the volume conductivity of the epoxy nanocomposites it can be seen
that the conductivity is increased significantly when the nanoparticles are introduced
into the polymer matrix. Furthermore, the conductivity shows a slight increase when
the volume concentration of hBN is increased from 0.2% to 0.6%. Increasing the volume
concentration to 1% results in a further increase of the conductivity. However, when
the volume concentration of hBN is raised to 5% the conductivity is reduced to a value
below that of the nanocomposites with a 0.2% volume concentration of hBN [48]. The
highest conductivity is obtained with the introduction of 0.2 vol.% cBN (nanocomposite

Table 5.8: Volume conductivity of the coating materials at room temperature.

Material Volume conductivity [S/m]

EP-I ~1x10"°
FP-I ~1x10"
FP-1I 2x107™"
PA11 9x10°"?
FP-IV 3x10™"
FP-Ill 1x10°
Neat Epoxy 3.1x107°
Nanocomposite A (0.2 vol.% hBN) 5.5x10"®
Nanocomposite B (0.2 vol.% cBN) 7.0x107°
Nanocomposite C (0.6 vol.% hBN) 5.9x10"°
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B). Increasing the volume concentration of cBN to 0.6%, 1% and 5% results in a reduction
of the conductivity [48].

Note that the volume conductivities of FP-Il and FP-IIl in Table 5.8 are obtained from
the dielectric spectroscopy results. In the case of FP-Ill the combination of the very small
layer thickness of 25 um and the available voltage settings of the high voltage DC source
resulted in a relatively high applied electric field strength. The resulting conduction cur-
rent was out of the range of the electrometer. Therefore, the conductivity of FP-IIl could
not be measured with the conduction current measurement setup.

In the case of FP-Il observation of the measured current trace showed that the polariza-
tion current vanished within 20 seconds. The remaining steady state conduction current
was below the noise level of 1x10™'* A. This observation implies that at a high DC voltage
and at steady state the material behaves as an insulator which is contradictory to the
behaviour observed in the dielectric spectroscopy results.

It is hypothesised that the behaviour of FP-Il observed in the conduction current
measurements is caused by electrode polarization which is different from the electrode
polarization observed in the dielectric spectroscopy measurements due to the difference
in the applied voltage level. When hetero-charge is present at the electrode boundaries
the electric field inside the material is reduced. Consequently, the conduction current
flowing through the material is also reduced. In the hypothesis it is considered that the
conduction current is reduced to a value below the noise level of the electrometer.

To prove the above mentioned hypothesis, space charge measurements were
performed on flat samples of both FP-I and FP-Il coating materials using the pulsed
electro-acoustic method (PEA)[57], [58]. In these measurements the applied electric field
strengths were comparable with the electric field strengths applied in the conduction
current measurements.

In Figure 5.29 the raw space charge profile of a FP-I sample is shown after the voltage
is turned off. The measurement signal was not processed and calibrated to obtain the
space charge density due to the fact that the sample thickness was too small to perform
these processes. Therefore, the Y-axis represents the measured signal voltage from the
output of the space charge measurement cell and amplifier. The X-axis merely represents
the number of the corresponding point in the space charge profile and therefore has
no unit, although it is directly related to the travel time of acoustic waves between the
location in the sample and the measurement cell.

Due to the small sample thickness the space charge in the bulk of the material is not
clearly visible in the measurement results. Fortunately, the mirror charges present at the
electrode-sample interfaces, after the voltage is turned off, give a good indication of the
accumulated charge in the material. Note that the FP-I and FP-Il samples were polarized
for 2 hours with a DC electric field of 14 kV/mm before voltage was turned off.
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Figure 5.29: Raw space charge profile of a FP-I sample, voltage off (E = 14 kV/mm polarization field)
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Figure 5.30: Raw space charge profile of a FP-Il, voltage off. (E = 14 kV/mm polarization field)

In the raw FP-I space charge profile the bounds of the electrode interfaces are indicated
by the blue lines. The mirror charges at the electrode interfaces have the same polarity
as the electrode charges when the voltage was turned on. This indicates that close to the
electrodes hetero-charge is present. However, the amplitude of the signal is relatively
small which indicates that the accumulated amount of space charge is also relatively
small. This is consistent with the dielectric spectroscopy results presented in section 4.6.

The raw space charge profile of a FP-Il sample is depicted in Figure 5.30. In this case
the results show that a relatively large amount of hetero-charge accumulation is present
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in the material. The amplitude of the signal at the location of the mirror charges is 2 to 4
times higher than observed for FP-I.

The results of the space charge measurements indicate that the hypothesis of hetero-
chare accumulation near the electrodes causing a severe reduction of the conduction
current is likely.

5.4 AC BREAKDOWN STRENGTH

As explained in section 3.5, breakdown of gas-coating insulations can start in either the
gas or the coating material. Therefore, the breakdown strength of the coating materials
was evaluated with breakdown tests using the breakdown test setup and procedure
described in section 3.5.

Note that the breakdown tests are performed under AC voltage as was described
in section 3.5. Ideally, the coating material samples should be tested under lightning
impulse voltage to obtain a direct comparison with the gas-coating breakdown tests in
which lightning impulse voltage is applied in all cases. Unfortunately, no means of ap-
plying lightning impulses of the required voltage levels were available. The main impulse
voltage generator of the high voltage laboratory has a minimum peak voltage of 25 kV
while the required peak voltage level is in the range of 1 to 15 kV.

5.4.1 Thin coating materials
The 50% and 10% AC breakdown strength of the thin coating materials are depicted in
Figure 5.31 and Figure 5.32 respectively. As can be seen from Figure 5.31 the 50% break-
down strengths of FP-I, EP-I, PAT1 and FP-IV are comparable with values of 43, 40, 46 and
48 kV/mm respectively. Moreover, the 95% confidence bounds of the 50% breakdown
strength of these materials all overlap which indicates that the difference between these
materials is insignificant. However, when a confidence level of 68.2% is chosen the 50%
breakdown strength of both PA11 and FP-IV are significantly higher than that of FP-I and
EP-1. The difference in breakdown strength between FP-I and EP-I and between PA11 and
FP-IV remains insignificant.

The lowest 50% breakdown strength of 15 kV/mm is found for FP-Il. The breakdown
strength of FP-Il'is roughly three times lower than that of the other thin coating materials
which is a relatively large difference.

When observing the 10% breakdown strength it can be seen that the values obtained for
FP-I, PA11, EP-l and FP-IV are also in this case relatively comparable. The 10% breakdown
strength of FP-I, PA11, EP-l and FP-IV are 35, 40, 34 and 35 kV/mm respectively. Due to
the wide and overlapping 95% confidence intervals, the difference in 10% breakdown
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Figure 5.31: 50% Breakdown strength of thin coating materials. Including 95% confidence intervals.
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Figure 5.32: 10% Breakdown strength of thin coating materials. Including 95% confidence intervals.

strength between these four materials is considered insignificant. However, when the
confidence level is reduced to 68.2% the 10% breakdown strength of PAT1 becomes
significantly larger than that of EP-.

The 10% breakdown strength of FP-Il is 10 kV/mm which is 3.5 to 4 times lower than
the 10% breakdown strength of the four other thin coating materials. Thus, also for the
10% breakdown strength FP-Il shows a relatively large difference with respect to the
other thin coating materials.

Note that the AC breakdown strength of FP-Ill is not included in the results due to the
fact that it was not possible to cause a breakdown in the sample using this test setup.
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As described in sections 3.3 and 5.3, the conductivity of FP-IIl is in the order of 10 [S/m]
and the layer thickness is 25 um. When for example a voltage is applied of 1 kV the
corresponding electric field strength in the sample will become 40 kV/mm. The resulting
leakage current through the material is in that case approximately 3 mA which is larger
than the discharge current detection threshold. During the measurements it was ob-
served that the system detected a discharge while there was no evidence of a discharge
found on the sample which is thus caused by the relatively large leakage current.

5.4.2 Thick coating materials

The AC breakdown strength of the thick epoxy nanocomposite coatings was obtained
using the same test setup and procedure as used for the thin coatings[48]. However, in
this case the test results were analysed according to the method contained in the IEC
62539 standard[59]. The standard recommends using the 90% confidence bounds for the
comparison of the breakdown test results of different sample types instead of the 95%
confidence bounds used for all the other breakdown tests in this thesis.

The 50% and 10% breakdown strength of the epoxy nanocomposite coatings are
depicted in Figure 5.33 and Figure 5.34 respectively. From Figure 5.33 it can be seen that
the introduction of 0.6 vol.% of hBN or 0.2 vol.% of ¢BN results in a significant increase of
the 50% AC breakdown strength with respect to neat epoxy. For nanocomposites B (0.2
vol.% cBN) and C (0.6 vol.9% hBN) the 50% breakdown strength has increased from a value
of 40 kV/mm to 49 and 50 kV/mm respectively.

The 50% breakdown strength of nanocomposite A (0.2 vol.% hBN) is 43 kV/mm which
is 3 kV/mm higher than that of neat epoxy. Unfortunately, the difference in 50% break-
down strength between neat epoxy and nanocomposite A is insignificant due to the
overlapping 90% confidence intervals. Moreover, the 50% breakdown strength of both
nanocomposites B and C is significantly larger than that of nanocomposite A.

When the volume concentration of hBN is increased above 0.6% to 1% and 5% the 50%

breakdown strength is reduced to a level which is ultimately below that of neat epoxy
in the case of 5 vol.% hBN[48]. Furthermore, when the volume concentration of cBN is
increased above 0.2% to values of 0.6%, 1% and 5% the 50% breakdown strength is also
reduced to a level below that of neat epoxy in the case of 5 vol.% cBN[48].
Figure 5.34 shows that the 10% breakdown strength of nanocomposites B and C is also
significantly higher than that of neat epoxy. The 10% breakdown strength of neat epoxy
and nanocomposites B and C is 35, 43 and 45 kV/mm respectively. Furthermore, also
for the 10% breakdown strength the value obtained for nanocomposite A (38 kV/mm)
shows no significant increase with respect to neat epoxy.

Also in the case of the 10% breakdown strength the value is reduced when the volume
concentration of both hBN and cBN is increased above 0.6% and 0.2% respectively[48].
Moreover, the 10% breakdown strength is reduced to a level below that of neat epoxy
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Figure 5.33: 50% Breakdown strength of epoxy nanocomposites. Including 90% confidence intervals.
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Figure 5.34: 10% Breakdown strength of epoxy nanocomposites. Including 90% confidence intervals.

when the volume concentration of either hBN or cBN is increased to 5% as was the case
with the 50% breakdown strength.

5.5 BREAKDOWN DAMAGE

In sections 5.1 to 5.4 several different coating material characteristics were evaluated
including the surface roughness, relative permittivity, dielectric losses, volume electrical
conductivity and the AC breakdown strength. These parameters are all dependent on the
molecular structure and the application process of the material and are evaluated when
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the material is in an undamaged condition. However, it is also interesting to inspect the
damage inflicted to each coating material by an electrical breakdown in the coating-gas
insulation. For each material the shape and size of the resulting damage is different as
will be explained in this section with the help of images taken via an optical microscope.

EP-I

Figure 5.35 contains a microscopic view of the surface of an EP-l coated electrode includ-
ing breakdown marks. In the figure five distinct punctures can be seen of which two are
relatively large, two are small and one has an intermediate size. The two large punctures
seem to be caused by multiple breakdowns occurring from the same location result-
ing in an increased removal of coating and electrode material. The edges of the three
smaller punctures are quite rough, whereas the edges of the large punctures seem to be
smoother due to the melting of coating material caused by the occurrence of multiple
discharges.

Figure 5.35: Microscopic view of the surface of an EP-I coated electrode after a breakdown test.

Next to the punctures four more features can be found on the coating surface. Firstly,
near the two large punctures superficial brown coloured burn marks can be found which
are most likely caused by the series of discharges occurring at these punctures. Secondly,
microscopic metallic particles can be seen on the coating surface which originate from
the bare electrode surfaces of the punctures due to the occurrence of the discharges.
Thirdly, the coating surface shows some waviness which is not visible on the surface
roughness scans due to the fact that the wavelength of this unevenness is longer than
the threshold of 0.8 mm for the surface roughness measurement.
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Fourthly, when observing the areas around the punctures more closely it can be seen
that circumference of the punctures is not constant over the coating thickness. For
example, the medium sized puncture on the left is wider on the surface than on the
bottom of the puncture. It seems that on top a larger part of the coating surface has
been removed by the discharges.

FP-I

In Figure 5.36 a microscopic view of the surface of a FP-l coated electrode is shown
including a breakdown mark. As opposed to the EP-I case only one minor puncture can
be seen in the figure. Thus, all discharges seem to have originated from the location of
the puncture. Moreover, the puncture is relatively small considered that all discharges
started at that location.

When observing the coating surface in more detail several features can be seen. Firstly,
vague brownish discoloration can be seen on the lower right hand side of the puncture
which are most likely burn marks caused by the multitude of discharges. Secondly, the
edge of the puncture is relatively smooth compared to the EP-l case and it seems to
slightly bulge out from the coating surface. Thirdly, the coating surface has a smooth
appearance with some scratches visible on the left hand side of the figure which is
confirmed by the surface roughness measurements. Finally, the material is slightly trans-
parent with small islands of pigment visible. It seems that the colouring of the material is
not homogeneously distributed over the material volume.

Figure 5.36: Microscopic view of the surface of a FP-| coated electrode after a breakdown test.

197




Chapter 5

FP-1I

Figure 5.37 shows a microscopic view of the surface of a FP-Il coated electrode after a
breakdown test. In the figure five breakdown punctures of varying sizes can be found.
The larger punctures are seemingly locations where multiple discharges have originated.
Furthermore, the punctures are similar in shape with respect to the single puncture found
for FP-I. However, the edge of the punctures show a significantly larger protrusion than
observed for FP-I1. The punctures have the appearance of a crater of which the height of
the edge is positively dependent on the size of the puncture.

Next to the punctures it is observed that the surface of the coating is rough compared to
FP-I and EP-I which is confirmed by the results of the surface roughness measurements.
Moreover, microscopic metallic particles are visible on the coating surface and on the
edges of the punctures which are created by the melting of the aluminium electrode
due to the discharges.

Figure 5.37: Microscopic view of the surface of a FP-Il coated electrode after a breakdown test.

PA11

In Figure 5.38 and Figure 5.39 microscopic views of the surface of two different PAT1
coated electrodes are displayed. In Figure 5.38, five distinct breakdown punctures can be
seen which have varying sizes and shapes. The two smallest punctures seem to be caused
by only a single or a few discharges, whereas the largest puncture was the starting point
of multiple discharges. Furthermore, the shape of the punctures becomes rounder when
the number of subsequent discharges is increased.
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Figure 5.38: Microscopic view of the surface of a PA11 coated electrode after a breakdown test.

Figure 5.39: Microscopic view of the surface of a PA11 coated electrode after a breakdown test. Including
more extensive breakdown damage.

Also for PAT1 the edges of the punctures protrude from the surface as was the case
with FP-land FP-Il. The height of the protrusions is in this case comparable to those found
for FP-I and is positively dependent on puncture size. Next to the punctures, it can be
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seen from Figure 5.38 that a distinct burn mark is present around the largest puncture
which is the result of more intense discharge activity.

As can be seen in Figure 5.39, there are cases in which the breakdown damage found on
the PA11 coating surface is more extensive. In this case the punctures are significantly
larger as shown on the left and on the far right of the figure.

It seems that a larger section of the coating material around the breakdown point was
removed. Small pieces of PA11 material were found in the tank after testing, indicating
that the adhesion of the coating material to the electrode surface was weaker for larger
portions of the coating material. Moreover, within these large punctures a melting spot
of the aluminium electrode can be seen around which undamaged electrode surface is
present. This also indicates that the removed portion of the coating surface is larger than
the surface area of the discharge location.

When observing the undamaged part of the PA11 coating surface in both figures it
can be seen that the surface is apparently very smooth. This observation is supported by
the surface roughness measurement results which show that PAT1 has the smoothest
surface of all materials tested in this thesis.

FP-IV

Figure 5.40 shows a microscopic view of the surface of a FP-IV coated electrode after a

breakdown test was performed. On the undamaged region of the coating surface, glitter

like particles can be seen which are the mica particles contained in the coating material.
When observing the breakdown damage it can be seen that only one puncture is

present which has a relatively large size. Moreover, the coating material is applied on top

Figure 5.40: Microscopic view of the surface of a FP-IV coated electrode after a breakdown test.
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of an adhesion layer as explained in section 3.3.This coating layer can be seen in the form
of the black part at the edge of the puncture.

The entire surface area of the bare aluminium electrode in the puncture is damaged by
the discharges which indicates that no parts of the coating material broke off outside of
the discharge region. Furthermore, a faint superficial burn mark can be seen close to the
puncture which is caused by the repetitive exposure of that region to radiation and heat
originating from the discharges.

Note that the thickness of the FP-IV coating layers is on average 40 um, which is sig-
nificantly smaller than the thickness of FP-I, FP-Il, PA11 and EP-I. Due the small thickness
itis more likely that the material evaporates during a discharge instead of breaking off.

FP-111

In Figure 5.41 a microscopic view of the surface of a FP-IIl coated electrode is depicted
including breakdown damage. When taking a closer look at the undamaged coating sur-
face it can be seen that the surface is relatively rough. Moreover, it seems that dents and
scratches in the underlying aluminium electrode surface are visible through the coating.
The surface roughness measurement results show that the coating surface is significantly
rougher than the other coating materials. Furthermore, the very small coating thickness
of 25 umis in the same range as the surface roughness of the underlying electrode which
indicates that it is possible for an unevenness at the electrode surface to be present at
the coating surface.

The breakdown damage consists of four punctures in the coating surface around which
two relatively large burn marks are present. These burn marks are caused by the heat and

Figure 5.41: Microscopic view of the surface of a FP-Ill coated electrode after a breakdown test.
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radiation emitted by the discharges. The relatively large size is most likely caused by the
fact that the material has a small layer thickness.

As was the case for FP-1V, the entire surface area of the bare aluminium parts in the
punctures is damaged by the discharges again indicating that no part of the coating ma-
terial was removed outside of the discharge region. Moreover, the edges of the puncture
have a characteristic shape which indicates that the coating was evaporated during the
discharges.

Semiconductor A

Figure 5.42 contains a microscopic view of the surface of a semiconductor A coated
electrode including breakdown damage. On the coating surface two large and one small
puncture can be seen. The shape of the large punctures is not uniform and the edges are
sharp and rough.

The coating material seems to be relatively brittle which is demonstrated by the fact that
in the tank a large amount of small coating particles was found after a breakdown test.
Furthermore, the punctures are larger than the corresponding discharge spots on the
electrode surface leaving a rough surface of remaining coating material around these
locations. An extra indication is the partially detached coating particle at the lower edge
of the centre puncture in the figure.

Figure 5.42: Microscopic view of the surface of a semiconductor A coated electrode after a breakdown
test.
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Regarding the undamaged coating surface it is observed that the surface is relatively
smooth which is supported by the surface roughness measurements which show that
this coating material has a smoothness very close to that of PA11. Moreover, dark green
particles can be seen in the coating of which the resin has an olive green colour. These
particles seem to be the microparticle fillers mixed into the base material.

FP-Il - FP-I

A microscopic view of the surface of a double layer FP-Il — FP-I coated electrode including
breakdown marks is depicted in Figure 5.43. In the figure multiple punctures can be seen
of which the two in the centre are clearly visible. The shape and size of the punctures is
comparable to the punctures found on the FP-I coated electrodes including the height
of the protruding edges.

With respect to the undamaged coating surface it can be seen that the surface con-
tains a large amount of small scratches which vary in length. The results of the surface
roughness measurements show that this coating material has the second largest rough-
ness behind FP-IIl which coincides with the visually observed roughness.

Figure 5.43: Microscopic view of the surface of a double layer FP-Il - FP-I coated electrode after a break-
down test.

FP-Il - PA11

In Figure 5.44 a microscopic view of the surface of a FP-Il - PAT1 coated electrode is
displayed including extensive breakdown damage. The majority of the figure is occupied
by the bottom FP-Il coating layer being exposed by the removal of the top PA11 coating
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r

Figure 5.44: Microscopic view of the surface of a double layer FP-Il - PAT1 coated electrode after a break-
down test.

layer due to the repetitive discharging which occurred in this region. The exposed region
is larger than what is shown in this figure.

The exposed FP-Il layer indicates that the adhesion between the top PAT1 layer and the
bottom FP-Il layer was insufficient. Moreover, on the far right hand side of the figure it can
be seen that the PA11 layer is still attached to the rest of the PA11 topcoat at that location.
However, the adhesion with the FP-Il layer is already lost. Also, the beginning of a crack in
the PA11 material is visible there.

In the exposed FP-Il region several punctures can be seen which differ in size. The
shape and size of these punctures including the protruding crater like edges are compa-
rable with those found on the surface of the single layer FP-Il coated electrodes. On the
coating surface and on the edges of the punctures small metallic particles, originating
from the bare aluminium electrode surfaces, can be seen as was the case for the EP-l and
FP-Il coated electrodes.

Note that the PAT1 coating surface has a somewhat different appearance with respect
to the single layer PA11 coated electrodes. In this case, microscopic black speckles can
be seen on the PA11 coating surface which were not present on the single layer PAT1
coating surface. Furthermore, the PA11 surface seems to be rougher with respect to the
single layer PA11 surface which is confirmed by the surface roughness measurement
results.
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Thick nanocomposite coatings

Figure 5.45 contains a microscopic view of the surface of an electrode coated with thick
epoxy nanocomposite A. Because the surface of all nanocomposite coatings show
comparable damage after performing a breakdown test only the damage of one nano-
composite coating type is discussed here.

As explained in sections 4.2.4 and 4.4, breakdown of the thick epoxy nanocomposite
coatings occurred in the form of surface flashovers in all cases except for one case in
which a large portion of the coating broke off after several consecutive breakdowns. The
damage caused by the surface flashovers can be seen in Figure 5.45 as a faint blackening
of the coating surface. The blackening of the surface occurs as traces between the tip of
the electrode and the side of the electrode where the grounded electrode holding plane
is located.

On the surface of the neat epoxy coated electrodes the traces were not as clearly vis-
ible as observed for the nanocomposites. Only with a very bright light source and from
the correct angle the traces could be seen which are not distinctly black in colour as
opposed to the traces observed on the surface of the nanocomposites. Unfortunately,
the traces on the neat epoxy surface could not be captured with a camera.

Figure 5.45: Microscopic view of the surface of a thick nanocomposite coated electrode after a breakdown
test.

5.6 DISCUSSION

In sections 5.1 through 5.5 the material characterisation test results are discussed.
This section starts with a short overview of the most significant material parameters.
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Subsequently, the correlation between the results of the gas-coating breakdown tests
presented in chapter 4 and the above mentioned parameters is discussed.

5.6.1 Overview of material parameters

For the comparison of the materials with respect to the surface roughness, the parameter
R, is selected which represents the maximum height in the roughness profile as explained
in sections 5.1 and 3.5.1. The values of R, are depicted in the graph in Figure 5.46.

As already explained in section 5.1, all coating materials have an R, smaller than that
of bare, machined electrodes, which is 7.5 um. The only exception is FP-IIl with an R,
of 13.9 um which is caused by the fact that the coating layer thickness is only 25 um
while the underlying electrode surface has an R, of 28.5 pm due to abrasive blasting.
PA11 and Semiconductor A show the smoothest surface with an R, of 0.79 and 0.87 um

respectively.
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Figure 5.46: Surface roughness parameter Ry of all coating materials applied on small size electrodes.

The dielectric response of the coating materials is discussed in detail in section 5.2. To
quantify the dielectric response of the materials in relation with the gas-coating break-
down test results, two main parameters were selected for comparison. These parameters
are the relative permittivity and the dielectric losses at both 50 Hz and 100 kHz. The
relative permittivity of a selection of the materials at 50 Hz and 100 kHz is displayed in
Figure 5.47.

As can be seen from the figure, the relative permittivity of the thick coating materials is
comparable. Moreover, the relative permittivity of PAT1, FP-Il and EP-l is high compared
to the other coating materials.
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Figure 5.47: Relative permittivity of the coating materials at 50 Hz and 100 kHz.

The dielectric losses of the materials at 50 Hz and 100 kHz are shown in Figure 5.48. The
figure shows that the dielectric losses of FP-Ill are very high compared to all other coating
materials, especially at 50 Hz. For FP-Il the dielectric losses are also relatively high at 50 Hz
as opposed to the dielectric losses at 100 kHz which are comparable with PA11, FP-IV and
EP-I. The dielectric losses of the thick coating materials and FP-I are comparable.
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Figure 5.48: Dielectric losses of the coating materials at 50 Hz and 100 kHz.
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In section 5.2, beta relaxation processes were observed in the dielectric response of sev-
eral coating materials. Because the frequency position of the relaxation peaks, related to
the beta relaxation processes, show an Arrhenius type dependency on the temperature,
the activation energies of the beta relaxation processes were determined. The activation
energies of the beta relaxation processes found in the dielectric response of EP-I, FP-I,
PAT1 and FP-IV are depicted in Figure 5.49.
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Figure 5.49: Activation energy of beta relaxation processes observed in four thin coating materials.

The figure shows that the beta relaxation process in EP-I has the highest activation energy
of 0.81 eV, whereas the activation energy of FP-l is the lowest with 0.42 eV. The activation
energy of PAT1 and FP-IV is 0.70 and 0.60 eV respectively.

The electrical conductivity of the coating materials is discussed in depth in section 5.3.

In Figure 5.50, the values of the electrical conductivity of the materials are compared.
As explained in section 5.3, FP-IIl has the highest conductivity in the order of 10° [S/m]
which is comparable to resistor material. Regarding the conductivity, neat epoxy, the
epoxy nanocomposites, EP-I and FP-I can be classified as a lossless insulator. FP-II, PA11
and FP-1V are classified as a lossy insulator due to the relatively high conductivity in the
orderof 10" up to 107" [S/m].
In section 5.4, the AC breakdown strength of the coating samples was investigated. The
50% and 10% breakdown voltage of the coating materials are displayed in Figure 5.51.
Note that for the sake of simplicity the 95% confidence bounds are not included in this
case.

The figure shows that FP-II is the weakest coating material with a breakdown strength
which is three to four times smaller compared to the other coating materials. The break-
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Figure 5.50: Electrical conductivity of the coating materials.
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Figure 5.51: 50% and 10% Breakdown strength of the coating samples.

down strength of all other materials is comparable, having a maximum difference of 10
kV/mm. The highest breakdown strength is observed for Nanocomposite C with a 50%
breakdown strength of 50 kV/mm and a 10% breakdown strength of 45 kV/mm.
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Figure 5.52: Layer thickness of thin coating materials.

Finally, the thickness of the thin coating materials can have an influence on the gas-
coating breakdown test results. For the sake of convenience the thicknesses of the thin
coating materials are also presented here in Figure 5.52. More information on the coating
materials and the application processes is described in section 3.3.

From the figure it can be seen that FP-Ill and FP-IV are very thin compared to the other
thin coating materials with a thickness of 25 and 40 um respectively. The thickest single
layer coating is FP-Il with a thickness of 560 um and the thickest coating overall is FP-Il -
FP-I with a thickness of 590 um. As explained in section 3.3 the thick coating materials all
have a thickness of 10 mm.

5.6.2 Correlation between gas-coating breakdown test results and material
characteristics

In this subsection it is investigated whether or not there is a link between the material
characteristics and the gas-coating breakdown test results described in chapter 4. This
subsection has the same structure as the discussion in section 4.5.3 and can be consid-
ered as a follow-up on that section.

1° breakdown of thin single layer coatings

In section 4.5.3 it was discussed that the 1* breakdown voltage of electrodes coated with
a thin coating either shows an improvement, a reduction or no significant difference with
respect to uncoated electrodes. Furthermore, it was explained that the reason for this
behaviour can be found in the material characteristics of the coatings.
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It was observed in chapter 4 that PA11 shows the highest improvement in both the
50% and 10% 1* breakdown voltage with values of 15.3% and 7.4% respectively. The
coating with the second highest improvement is semiconductor A with an improvement
of 7.6% and 5.4% for the 50% resp. 10% 1°" breakdown voltage. The third coating with an
improvement is EP-I with a value of 4% for the 50% 1°*' breakdown voltage only.

FP-I, FP-Il and FP-Ill showed no significant change in both the 50% and 10% 1°*" break-
down voltage with respect to uncoated electrodes. Finally, FP-IV showed a significant
decrease of 4.8% and 5.9% in the 50% resp. 10% 1° breakdown voltage.

1° breakdown voltage of thin single layer coatings versus coating surface
roughness

The first material parameter of interest is the coating surface roughness. In section 2.4 it
was explained that the breakdown voltage of a gas gap is reduced when the electrode
surface roughness is increased. Although the influence of the electrode surface rough-
ness on the breakdown voltage of a gas insulated system was investigated for uncoated
electrodes, the same is theoretically true for coated electrodes.

When observing the results of the coating surface roughness measurements it can
be seen that both Semiconductor A and PA11 show a significantly smoother surface
compared to all other coating materials. Therefore, it can be stated that the smoothest
coatings show the highest improvement, which indicates that the smoothness of a coat-
ing can have a significant positive influence on the breakdown strength of a gas-coating
insulation.

However, a further correlation between the breakdown test results and the electrode
surface roughness is unclear. For example, the first breakdown voltage of FP-IIl is not the
lowest 1*' breakdown voltage of all thin coatings while the surface is significantly rougher
than the surface of other thin coating materials. Moreover, the surface of FP-I coated
electrodes is relatively smooth with an R, of 1.86 while the 1* breakdown voltage is lower
than that of EP-I which has a roughness of 3.69.

The observations described above suggest that the correlation between material
characteristics and the 1% breakdown voltage of thin coatings should be sought in com-
binations of multiple material parameters.

1° breakdown voltage of thin single layer coatings versus dielectric response and
electrical conductivity

In sections 2.3 it was explained that the accumulation of hetero-charges on the coating
surface can decrease the electric field in the gas gap resulting in an increase in the break-
down voltage of the gas-coating insulation system. In that section it was also explained
that, in theory, this effect is maximized when the relative permittivity of the coating is as
close as possible to one and the electrical conductivity is as low as possible.
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However, in section 2.4 it was explained that the breakdown voltage of the gas-coating
system can be improved if the field emission of electrons into the gas gap is reduced.
To minimize electron field emission, the electric field strength at the electrode surface
should be minimized. To accomplish this, the relative permittivity of the coating should
be as high as possible which opposes the requirement stated for surface charge accu-
mulation. Furthermore, in a resistive electric field distribution the electric field is pushed
into regions with low conductivity.

Therefore, the conductivity of the coating material should also be as high as reasonably
possible which again opposes the requirements for electric field reduction in the gas gap
due to hetero-charge accumulation. Note that with a relatively high coating conductivity
the surface charge accumulation would consist of homo-charges reducing the electric
field in the coating and thus at the electrode surface.

In total, the influence of the material relative permittivity and electrical conductivity on
the breakdown strength of a coated GIS is contradictory regarding both the reduction
of the electric field in the gas gap and the reduction of electron field emission. This con-
tradiction is visible in the 1* breakdown test results of the thin coating materials. There
is no clear correlation between the relative permittivity and electrical conductivity of the
materials and the corresponding 1% breakdown voltage. Unfortunately, the activation
energy of the beta relaxation processes in the coating materials also show no correlation
with the 1*" breakdown voltage.

1* breakdown voltage of thin single layer coatings versus breakdown strength
and layer thickness
Above it is explained that the accumulation of hetero-charges reduces the electric field
in the gas gap. Consequently, the accumulation of hetero-charges at the coating surface
also increases the electric field in the coating material significantly. It is stated in literature
that the coating materials have a significantly higher breakdown strength than the gas
and that with the accumulation of surface charges this advantage can be exploited.
However, the breakdown strength of dry air at 0.9 MPa is roughly 27 kV/mm, while
the breakdown strength of most coating materials ranges from 40 to 48 kV/mm. When
hetero-charge accumulates at the coating surface, the electric field in the coating can
easily be enhanced to a value which is significantly higher than the breakdown strength
of the coating, due to the relatively small thickness of the coating layer. Consequently,
breakdown of the gas-coating insulation starts in the coating layer instead of the gas gap.
An important example is FP-Il, which has a very low breakdown strength of 15 kV/
mm. In this case, the probability that the 1* breakdown starts in the coating layer is
relatively high, which is reflected by the fact that the 1*' breakdown voltage of these
coating materials is somewhat lower than that of bare electrodes.
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Unfortunately, the 1°" breakdown voltage of FP-IV is significantly lower than that of
uncoated electrodes while the breakdown strength of the coating material is the highest
among the thin coating materials. However, there are several aspects which can clarify
this behaviour. Firstly, the relative permittivity of this coating is 3.6, whereas the relative
permittivity of FP-Il is 5.3 which suggests that the electric field strength, without charge
accumulation, in the FP-IV coating is significantly higher.

Secondly, the thickness of the FP-IV coating is 40 um, whereas the thickness of the FP-I
coating is 560 um. When the amount of accumulated hetero-charge at both coating
surface is comparable, the electric field in the FP-IV layer is enhanced significantly more
than in the case of FP-II. Furthermore, the surface roughness of the underlying electrode
has a larger influence on the electric field strength in the coating material when the
thickness is smaller.

Thirdly, the electrical conductivity of FP-IV is significantly lower than that of FP-Il. There-
fore, the combination of both the lower electrical conductivity and relative permittivity
results in a higher electric field strength in the FP-IV layer compared to FP-Il as explained
above. In total, these three factors indicate that it is possible that the breakdown of the
FP-IV coated electrodes is initiated in the FP-IV layer instead of the gas gap as is the case
for FP-II.

1* breakdown voltage of thin single layer coatings - evaluation

The results discussed above indicate that, due to the small layer thickness of the thin
coatings, it is unlikely that hetero-charge accumulation can cause a significant reduction
of the electric field strength in the gas gap. Therefore, it is most likely that the reduction
of electron field emission is the main cause of the improvement of the 1* breakdown
voltage for coated electrodes. Moreover, the cases in which a reduction of the 1** break-
down voltage is observed are caused by a breakdown in the coating material instead of
the gas gap.

Overall we conclude that the best thin coating materials should have the following
properties. Firstly, the coating should have a high relative permittivity and a relatively
high conductivity to minimize electric field strength in the coating and thus minimize
electron field emission. Secondly, the probability of a breakdown of the system start-
ing in the coating should be minimized by selecting a material with a high breakdown
strength. Thirdly, the thickness of the coating layer should be large enough to reduce
the electric field in the coating and minimize the influence of the roughness of the un-
derlying electrode surface. Note that the thickness of the coating should remain within
the range of a thin coating to prevent other physical effects from becoming significant,
which is the case for thick coatings.

The reason why PA11 shows the highest improvement in both the 50% and 10% 1°
breakdown voltage is the fact that this material has all of the above mentioned qualities.
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PA11 has a very smooth surface, a high relative permittivity, a relatively high conductivity
due to the observed ionic conduction, a relatively high breakdown strength and a suf-
ficient layer thickness.

All the other materials miss one or more of these qualities resulting in either a small
improvement, no improvement or even a reduction in the 1 breakdown voltage with
respect to uncoated electrodes. An interesting example of this fact is FP-Ill, which has a
very small layer thickness of 25 pm and consequently a very rough surface with an R, of
13.9 um. Both parameters suggest that the coating should show poor performance with
respect to the 1* breakdown voltage. However, the results show that the 50% 1° break-
down voltage of FP-Ill is 6.5% higher than that of uncoated electrodes. Unfortunately,
this improvement is considered insignificant due to relatively large scatter in the results
which cause an overlap with the 95% confidence intervals of uncoated electrodes.

When the layer thickness of FP-lIl is doubled to 50 um, the disadvantage of a small
layer thickness and a rough surface would be less pronounced. Combined with the fact
that the material has a very high breakdown strength of 67 [kV/mm] according to the
datasheet and a high conductivity in the order of 10 [S/m] might result in a coating with
favourable performance. Preliminary experiments on FP-Ill coated electrodes, with a layer
thickness of 40 um, have shown that with this material an improvement of roughly 32%
in the 50% 1* breakdown voltage can be achieved [60].

Breakdown behaviour of thin single layer coatings after the 1°* breakdown

In section 4.5.3 it was also discussed that several thin coating materials show an increase
in the breakdown voltage after the first breakdown. The breakdown voltage further
increases with the number of breakdowns. The materials which show this behaviour are
FP-Il, FP-IV and to a lesser extent Semiconductor A.

As explained above, both FP-Il and FP-IV show a 1*" breakdown voltage which is either
somewhat lower or significantly lower than the 1* breakdown voltage of bare electrodes.
Moreover, both materials mainly consist of a fluoropolymer, which is ECTFE in the case of
FP-Il and FEP in the case of FP-IV, as described in section 3.3.

The extra tests on FP-Il samples described in section 4.2 and discussed in section 4.5.3
have shown that the increased breakdown voltage is present for a limited amount of
time. Furthermore, the presence of the progressive stress part in the test procedure en-
hances the increase in breakdown voltage after the first breakdown. The latter suggests
that either preconditioning of the coating or the lower first breakdown voltage enhances
the breakdown voltage increase.

The temporary nature suggests that the composition or physical structure of the
coating material has no influence on the breakdown voltage after the first breakdown.
Moreover, the increase only occurs after breakdowns, which suggests that either the
generation of charge carriers or the evaporation of the coating causes the increase
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in breakdown voltage. Therefore, the increase in the breakdown voltage after the first
breakdown is caused by an external factor.

The accumulation of hetero-charges on the surface would not increase the breakdown
voltage of the system because the presence of these charge near the punctures in the
coating would present significant field enhancements which decrease the breakdown
voltage. Homo-charge accumulation on the coating surface, which is present when the
coating conductivity is higher than the gas conductivity, can decrease electron field
emission as discussed above. From the results of the 1* breakdown voltage it can be
seen that the accumulation of homo-charges on the coating surface is insufficient to
reduce the electric field strength to a level below the breakdown strength of the coating.
Hence, the 1*" breakdown voltage of these coatings is lower than that of bare electrodes.

The presence of punctures in the coating material, shown in section 5.5, can provide
a faster transport of homo-charges from the electrode to the coating surface, thereby
increasing the amount of accumulated homo-charge. This results in an increase in the
breakdown voltage due to the shielding of the punctures and the stronger inhibition of
electron field emission.

The breakdown damage on the coating surface of both FP-IV and FP-II, presented in
section 5.5, has shown that the punctures are small and that the coating material has
evaporated. This observation is supported by the fact that no coating particles were
found in the tank after testing.

As already explained, both coatings contain fluorine which is released from the mate-
rial during breakdown. The free fluorine atoms can increase the breakdown strength
of the gas due to their strong electronegativity. However, the total evaporated coating
volume is very small and it is questionable if such a small amount of fluorine atoms can
significantly enhance the electronegativity of the gas.

Breakdown behaviour of double layer thin coatings

As discussed in section 4.5.3, two double layer materials were produced in which FP-1l is
applied as a base layer to smooth out the roughness of the electrode surface before ap-
plying the topcoat which either consists of FP-I or PA11. The goal was to further improve
the breakdown voltage of single layer FP-l and PA11 coated electrodes.

The results showed that in both cases the breakdown voltage has decreased signifi-
cantly with respect to the single layer versions, which is the opposite of what was ex-
pected. Two main causes of this behaviour can be identified. Firstly, microscopic images
of the coating surface after breakdown, presented in section 5.5, show that the adhesion
between the FP-Il and PA11 layer was insufficient. It is very likely that air was trapped
between the layers which presented a field enhancement, causing the reduction in the
breakdown voltage. Secondly, at a frequency of 100 kHz, which is the base frequency of
a standard lightning impulse, the dielectric response of FP-Il is more comparable to an
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insulator than a resistive material. Because of this, the smoothening effect of the FP-I
layer is not present.

Breakdown behaviour of thick coatings

It was discussed in section 4.5.3 that the difference in the breakdown test results of the
electrodes coated with the different thick coating materials was insignificant. In section
2.3 it was explained that with thick coatings it is possible to modify the capacitive electric
field distribution of a gas-coating insulation in such a way that the electric field strength
in the gas gap is significantly reduced. The maximum reduction is obtained when the
permittivity is as close as possible to one. Note that hetero-charge accumulation and
inhibition of electron field emission can also be present in gas-coating insulation systems
with thick coatings.

The reason that the difference in the 50% 1°* breakdown voltage of the different thick
coatings is insignificant can be found in the material parameters. Firstly, it was the inten-
tion to reduce the relative permittivity of neat epoxy by introducing nanoparticles as
explained in section 5.2. The relative permittivity was reduced from 3.65 down to 3.42
for nanocomposite B which is a reduction of 6%. It can be seen that the reduction is
relatively small which explains why the difference in the 50% 1° breakdown voltage is
insignificant.

Secondly, the dielectric losses, electrical conductivity and surface roughness of the
thick coating materials are also comparable, whereas the coating thickness is in all cases
10 mm. The only material parameter which shows a significant difference of up to 20% is
the breakdown strength. However, the breakdown strength of the thick coating materials
has a negligible influence on the breakdown strength of the gas-coating system because
all breakdowns occur in the form of surface flashovers.

As discussed in section 4.5.3, the breakdown voltage of the thick coatings is reduced
after the first breakdown. The reduced breakdown voltage is still significantly higher than
that of bare electrodes. This reduction is related to the flashover traces formed on the
coating surfaces due to the breakdowns as shown in section 5.5. These traces present
a path along which a surface flashover can propagate faster than on the undamaged
coating surface, thus explaining the reduced breakdown voltage which is still larger than
that of bare electrodes.

The fact that the surface flashover traces present a reduced breakdown voltage is
caused by two main factors. Firstly, the coating surface at the discharge tracks is smooth-
ened due to the local evaporation of coating material, reducing the path length of the
propagating surface discharge. Secondly, it is observed that the traces contain carbon
black, which can increase the surface conductivity, resulting in a lower surface flashover
voltage.
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Scaling up to larger dimensions

In section 4.5.4 it was discussed that the improvement in the 1*" breakdown voltage of
medium and large size PAT1 coated electrodes with respect to uncoated electrodes is
reduced. Fortunately, the improvement remains significant. This reduction can be ex-
plained with several facts. Firstly, electron field emission plays a less significant role in the
breakdown of medium and large size electrodes due to the more homogeneous electric
field distribution. Secondly, the increased surface area of the rod electrodes introduces
a larger probability of the presence of material defects such as rough spots, thin spots
and inclusions.

The 1*" breakdown voltage of medium and large size neat epoxy coated electrodes
shows a severe reduction in the improvement with respect to bare electrodes as ex-
plained in section 4.5.4. For medium size electrodes, the 50% 1* breakdown voltage
shows no significant difference with respect to bare electrodes. For large size electrodes,
the 50% 1° breakdown voltage is even 15% lower than that of bare electrodes. The main
cause of this behaviour can be found in the capacitive electric field distribution in the
gas gap.

The capacitive electric field distribution in the rod-plane gap with either a small,
medium or large size electrode is depicted in Figure 5.53, Figure 5.54 and Figure 5.55
respectively. The blue, dashed lines represent the electric field distribution in the gap
with an uncoated electrode, whereas the red lines represent the electric field in the gap
with a neat epoxy coated electrode.
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Figure 5.53: Electric field distribution in the rod plane gap with a bare (blue, dashed) and a neat epoxy
coated (red) small size electrode.
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Figure 5.54: Electric field distribution in the rod plane gap with a bare (blue, dashed) and a neat epoxy
coated (red) medium size electrode.
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Figure 5.55: Electric field distribution in the rod plane gap with a bare (blue, dashed) and a neat epoxy
coated (red) large size electrode.

As explained in section 2.3 and as can be seen in Figure 5.53, the maximum electric
field strength in the gas gap is significantly reduced when a small size electrode is coated
with a thick layer of neat epoxy. This reduction explains the relatively large improve-
ment in the 1* breakdown voltage. When a medium size electrode is used, the results
are different. Figure 5.54 shows that for medium size electrodes the reduction in the
maximum electric field strength is insignificant when a neat epoxy coating is applied
which coincides with the insignificant difference in the 1* breakdown voltage.
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In the case of large size electrodes the maximum electric field strength in the gas is
even significantly enhanced when a neat epoxy coating is applied, as can be seen in
Figure 5.55. This electric field enhancement coincides with the fact that the 1°" break-
down voltage of large size neat epoxy coated electrodes shows a significant reduction
with respect to bare electrodes.

The results presented above also indicate that the modification of the capacitive electric
field distribution is dominant with respect to the breakdown voltage of thick neat epoxy
coated electrodes. Therefore, it can be stated that both the reduction of electron field
emission and accumulation of hetero-charge on the coating surface play an insignificant
role in the breakdown voltage of thick neat epoxy coated electrodes.






Model of electrical breakdown in SF¢ and dry air

In this chapter a mathematical model is presented which predicts the breakdown volt-
age and breakdown location in a gas insulated system filled with either SF4 or dry air
at normal conditions. In section 6.1 the breakdown model is described including the
theoretical background and the applied software and methods. The verification of the
breakdown model is described in section 6.2 which includes verification measurements
in the rod-plane test setup and verification of the model with breakdown test results
found in literature.

6.1 THE MODEL

This section starts with a brief introduction of the background theory of electrical break-
down in dry air and SF¢ followed by a detailed description of the implementation of the
different varieties of the breakdown model.

6.1.1 Starting conditions of breakdown

Consider the gas gap in the rod-plane test setup used in this research. When no voltage
is applied on the setup, the electric field in the gas gap is zero and the gas in the gas
gap is in equilibrium. In an equilibrium state, electrons and ions are generated in the gas
by photo-ionization of gas molecules due to background radiation [39], [61]-[63]. The
charge carriers generated by photo-ionization are subsequently neutralized by recombi-
nation processes. Because both the ionization rate and recombination rate in the gas are
equalin equilibrium the concentration of charge carriers in the gas remains constant and
thus the net ionization rate is zero.

When an electric field is applied on the gas gap, electrons and ions are accelerated due
to electrostatic forces. Consequently, the electrons and ions gain kinetic energy. Because
electrons have a significantly smaller size than ions, they are accelerated to significantly
higher velocities and thus electrons gain significantly more kinetic energy compared to
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ions. Therefore, electrons play a major role in the initiation of an electrical breakdown
[39], [611-[63].

Due tothe gainin the kinetic energy of electrons, gas molecules can be ionized through
collisions with electrons, which is also known as impact ionization. The impact ionization
presents a relatively large contribution to the ionization rate in the gas. Consequently,
the ionization rate in the gas becomes larger than the recombination rate resulting in a
positive net ionization rate. The net ionization rate a is defined as the number of newly
generated ions per unit of distance in the direction of the electric field and is dependent
on the gas type, gas pressure and the applied electric field [39].

The above mentioned ionization rate is present in all types of gases. However, dry air
and SFs are electronegative. In electronegative gases free electrons are removed from the
gas due to attachment to neutral gas molecules resulting in the creation of negative gas
ions. Therefore, the electron attachment rate h opposes the net ionization rate, is defined
as the number of electrons removed from the gas per unit of distance in the direction of
the electric field and is also dependent on gas type, gas pressure and the applied electric
field [62].

Because the net ionization rate a and the attachment rate h oppose each other it can
be stated that a net production of electrons and positive ions in the gas occurs when the
difference between both rates is larger than zero. The difference between the ionization
rate a and the attachment rate h is also known as the effective ionization rate and is
depicted in the equation below [64], [65].

a=a—n (20)

The effective ionization rate is also dependent on gas type, gas pressure and electric field
strength. Therefore, there is a minimum electric field strength above which the effective
ionization rate is larger than zero and net ionization is effectively present. This minimum
electric field strength is known as the critical field strength E.; which is dependent on
gas type and gas pressure.

In the gas gap of the rod-plane test setup the electric field distribution is inhomoge-
neous. The highest electric field strength can be found near the tip of the rod electrode.
When the applied voltage is high enough, the electric field strength at the tip of the rod
electrode reaches the value of the critical field strength. In this case a small region is cre-
ated in the gas gap, near the tip of the rod electrode, in which the electric field strength
is equal to or larger than the critical field strength. This region is called the critical region
and is depicted in the sketch of the rod-plane gap in Figure 6.1.
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Figure 6.1: Sketch of rod-plane gap with critical region (orange) at the tip of the rod electrode bound by
the red contour.
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In the critical region significant ionization can be present which causes an exponential
increase in the number of generated electrons resulting in the formation of an electron
avalanche [39]. The formation of an avalanche can result in the initiation of an electrical
breakdown in the gas gap.

The above mentioned processes can only occur if a starting electron is present within
the critical region. Therefore, the main prerequisite for the occurrence of an electrical
breakdown in the gas gap is the presence of a free moving starting electron or negative
jon in the critical region.

As explained in section 2.4 there are several sources of starting electrons which can
occur in the critical region. Firstly, electrons generated in the gas gap due to background
radiation can move to the critical region. Secondly, electrons can be generated in the
critical region by detachment from a negative ion entering the critical region [51]. Thirdly,
if the rod electrode has negative polarity, electrons can be emitted from the rod elec-
trode directly into the critical region due to electron field emission which is dependent
on the electric field strength at the electrode surface. Other charge carrier generation
processes such as thermionic emission, photo-electric effect and thermal ionization play
an insignificant role in the breakdown of GIS.

6.1.2 Streamer breakdown

Regarding the applied gas pressure and gap length in the rod-plane test setup it can be
stated that breakdown in this system will occur in the form of a streamer discharge [39],
[51], [62]-[65]. Therefore, breakdown mechanisms such as the Townsend mechanism and
the leader mechanism are not covered in this research.

In the previous section it was explained that a breakdown starts with the formation
of an electron avalanche. The formation of an electron avalanche is the starting point of
all breakdown mechanisms. An electron avalanche leaves a positive space charge in the
gas gap because the mobility of positive ions is orders of magnitude smaller than that
of electrons [39]. Most of these positive ions are located in the head of the streamer [39].

The main criterion for the initiation of a streamer is the amount of space charge accu-
mulated in the avalanche head. When the number of ions in the avalanche head exceeds
10% ions, a streamer discharge is initiated [39], [51], [62]-[65]. The reason for this is the
fact that the large amount of space charge presents a significant field enhancement near
the head of the streamer which causes a significant increase in the generation rate of
photons and thus the photo-ionization rate in that region. Consequently, new electron
avalanches are formed near the streamer head, which marks the start of a streamer
discharge.

The above mentioned criterion is formulated in literature as an integral which is re-
ferred to as the streamer criterion or the streamer integral. The integral is presented in
the equation below [64], [65].
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Xc

f a(E,p)dx =K (21)
0

The streamer integral states that a streamer breakdown is initiated when the integral
of the effective ionization function along a certain path is equal to or larger than the
constant K. The critical length x. is the distance x at which the streamer integral exceeds
the constant K. For a streamer to successfully initiate, the integral should reach K at a
position before the anode surface.

As already explained, the effective ionization function is dependent on the gas type.
For both SF¢ and dry air several different effective ionization functions can be found in
literature [64]-[71]. However, the difference in the results obtained from these different
jonization functions is minimal. In the next section it is explained which effective ioniza-
tion functions we selected.

Next to the effective ionization function, the value of the constant K also differs among
the available literature sources. For SF, either a value of 18.4 or 10.5 is chosen [64], [65],
[70]. For dry air a value of 9.15 has been found in literature [70].

6.1.3 Implementation

In this research we developed four breakdown models of increasing complexity which
are based on the theory presented in sections 6.1.2 and 2.3.1.

Model 1 (uncoated)

The first model consists of a 2D rotational symmetric electric field calculation in a simpli-
fled geometric model of the gas gap of the rod-plane test setup using COMSOL Multi-
physics. In Figure 6.2 a section of the 2D electric field calculation results in the rod-plane
gap is shown. After the field calculations, the electric field is obtained along the purple
line between the tip of the rod electrode and the plane electrode as shown in Figure 6.2.
The purple line represents the expected breakdown path, which is selected by hand.
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Figure 6.2: 2D rotational symmetric electric field calculation in rod-plane gap. The purple line represents
the evaluation line.
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The electric field data along the purple line is exported to MATLAB after which the
streamer integral is calculated using the obtained electric field data in combination with
the applied gas pressure. If the integral remains smaller than the value of K over the
entire gap length, the applied voltage is increased and the integral recalculated. If, for a
distance smaller than the gap length, the integral reaches the value Kt is assumed that a
streamer breakdown occurs and the model returns the applied voltage which represents
the predicted 50% breakdown voltage. Therefore, the model continues recalculating the
streamer integral until a streamer breakdown is expected.

For the calculation of the streamer integral a value of 10.5 and 9.15 is selected for the
constant K'in the case of SF¢ and dry air respectively. The effective ionization function for
SFs is taken from [64], [65] and is presented in the equation below.

@ [mm]~t =277 [kV]"'-E — 246 -p [bar - mm]~?! (22)

The electric field E and the pressure p are entered in the formula in units of [kV/mm] and
[bar] respectively.

The effective ionization function for dry air is taken from [66] and is shown in the equa-
tion below.

a= a—1ns—1y (23)

The coefficients a, hy and h, represent the ionization, stable attachment and unstable
attachment functions respectively. The ionization, stable attachment and unstable at-
tachment functions are presented in equations 20 to 30 [66].

lonization function for dry air

£ -582)/4.95

a=p- e(P for E/p <31 [V/cm torr] (24)

—213",
a=38553p-e E . for 31 < E/p <45 [V/cm torr] (25)

a =p-exp(—64.927 + 5.2642 - u — 0.20238 - u? +
0.45178-1072 - u3 — 0.63081 - 10~* - u* + 0.56724- 107° -
u®—0.3278-107% - u® + 0.11739 - 10~2° - 7 — 0.23661 - (26)
10713 - u® + 0.20479 - 1071 - u°)
with u = E/p and 45 < E/p <250 [V/cm torr]

—356"]
a=145p-e E - for E/p > 250 [V/cm torr] (27)
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Stable attachment function for dry air

ns = 3.64-1073 - p°* for E/p < 0.6 [V/cm torr] (28)
-1.834
=1.426-1073-pto4. (£
Ns p (p) 29)

for 0.6 < E/p <10 [V/cm torr]

_ s ves (B 2277
Ns =3.94-10"°-p > for E/p > 10 [V/cm torr]  (30)

Unstable attachment function for dry air

Ny =0 for E/p <3 [V/cm torr] (31)
z60P p

Ny =195-p-e E g for 3 <E/p <25 [V/cm torr] (32)

Nu=2-10"*-E+2-107%-p for25<E/p<35[V/cmtorr] (33)

N =8-10"3:p (34)

As can be seen from the equations, the ionization, stable attachment and unstable at-
tachment functions for dry air are more complex and consist of three or four different
formulae which are selected for specific electric field and pressure conditions.

Model 2: Particle tracing module (uncoated)

In model 1 the expected breakdown path is specified manually, which is in that case
a straight line from the tip of the rod electrode to the plane electrode. Because the
expected breakdown path is specified by hand it is not possible to predict the location of
the breakdown and it is difficult to apply the model to other geometries.

To overcome the above mentioned deficiency it would be favourable to calculate the
streamer integral along the electric field lines in the gas gap to predict the breakdown
path. With version 4.3 and newer versions of COMSOL Multiphysics we can calculate
integrals along electric field lines with the use of the particle tracing module [71].

Our model (2) predicts the 50% breakdown voltage and the breakdown location using
only COMSOL as opposed to model 1 which also uses MATLAB. The model starts with the
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calculation of the electric field in any arbitrary gas gap. Next, the particle tracing module
is set to calculate the trajectories of massless particles which have their starting points at
the surface of the high voltage electrodes. The particle velocity vectors are set to follow
the electric field lines and the particles are set to freeze upon contact with the ground
electrodes to ignore any particle collision effects.

The particle tracing module is also set to calculate the streamer integral along the
calculated trajectory of each particle. Therefore, the model effectively calculates the
streamer integral along each electric field line.

The results graphically show the particle trajectories, or field lines, along which the
streamer integral has reached the value of K. If there are no field lines along which
the streamer integral has reached the value K no breakdown is expected. To find the
expected 50% breakdown voltage, the above mentioned procedure is automatically
repeated within a specified range of applied voltages and with a specified voltage incre-
ment (parametric sweep). The lowest applied voltage resulting in at least one particle
trajectory along which the streamer integral has reached the value of K is the expected
50% breakdown voltage. The corresponding particle trajectory is the expected break-
down path.

In Figure 6.3 a sketch of the rod-plane gap is shown in which a single particle trajectory
is shown along which the streamer integral is larger than K. The applied voltage is 294 kV,
which is the expected 50% breakdown voltage of the rod-plane gap filled with SF¢ at a
pressure of 0.34 MPa. The rod electrode is a small size electrode (@ = 25 mm). The critical
region is indicated by the red coloured boundary near the tip of the rod electrode.

Gas

Particle trajectory

Plane

Figure 6.3: Sketch of the gas gap of the rod-plane test setup including critical region (bound by red con-
tour) and particle trajectory along which the streamer integral is larger than K. (V = 294 kV)
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When for the same conditions the applied voltage in the model is increased to 400 kV,
more particle trajectories will be shown along which the streamer integral is larger than K
as depicted in Figure 6.4. Also the size of the critical region is increased. The colour of the
trajectories represents the maximum value of the streamer integral along each trajectory,
with red and blue representing the highest and lowest maximum values respectively.

In model 2 the same values for K and the same effective ionization functions are used as
applied in model 1.

Gas

Particle trajectories

Plane

Figure 6.4: Sketch of the gas gap of the rod-plane test setup including critical region (bound by red con-
tour) and particle trajectories along which the streamer integral is larger than K. (V = 400 kV)

Model 3: Electrode surface roughness (SFs, uncoated)

In the verification results of model 2, which will be presented in section 6.2.3, it was
observed that the predicted breakdown voltage was significantly higher than the mea-
sured breakdown voltage for SF4 gas with a pressure of 0.5 MPa and higher. For lower SF
pressures and for dry air this discrepancy was not present.

As explained in section 2.4.2, the roughness of the electrode surface can have a
significant negative influence on the breakdown voltage of a gas insulated system. In
literature it is shown that the negative influence of the electrode surface roughness is
significantly stronger in electronegative gases at a high gas pressure [38]. This effect is
caused by the fact that in inhomogeneous electric fields at high gas pressures, ionization
processes occur very close to the electrode surface due to the short attachment length.
Consequently, the microscopic field enhancements at the electrode surface are located
relatively close to the region in which ionization occurs, resulting in an apparent reduc-
tion of the critical electric field strength E, [38]. If the gas pressure is lower, the ionization
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processes occur at a greater distance from the electrode surface and thus the influence
of the electrode surface roughness is less pronounced.

In [38] a relationship was found between the reduction of the critical electric field
strength and the product of the electrode surface roughness and gas pressure for SFe.
This relation is shown in Figure 6.5. Note that this figure was also shown in section 2.4.2.
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Figure 6.5: Critical electric field strength as a function of the product of the gas pressure and electrode
surface roughness [38].

To correct the discrepancy between the model and the verification measurement results
for SF¢ gas at pressures of 0.5 MPa and higher, we implemented the above mentioned
relation in breakdown model 3. To accomplish this, the curve in Figure 6.5 was entered
manually in MATLAB after which a function was fitted to the curve. Subsequently, the
effective ionization function of SF¢ was modified using the fitted function. The modi-
fied effective ionization function is presented in equation 16. The parameters p, R and
E represent the gas pressure in [bar], the electrode surface roughness in [um] and the
electric field strength in [kV/mm] respectively.
p-R+1595

G=-t """  .946-E—246-pforp-R > 65 [umb
=329 p-R+1565 plore [um-bar]

(35)
a=277-E—246-pforp-R <65 [um-bar]

Model limitations

In all three models it is assumed that a full streamer breakdown of the gas gap occurs
when a streamer is initiated and thus when the streamer criterion is fulfilled. The models
do not take the influence of streamer propagation into account, which can result in an
underestimation of the breakdown voltage for larger and more complex gas gaps [72].
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Because the gas gap in the rod-plane test setup is relatively short, it is expected that the
influence of streamer propagation on the breakdown can be neglected in this case.

Another limitation of the models is the fact that the voltage polarity is not taken into
account. The model assumes the worst-case situation which is in this case a negative
polarity voltage on the rod electrode due to the fact that starting electrons are directly
emitted from the rod electrode into the critical region because of electron field emission.

When a positive polarity voltage is applied to the rod electrode, the only source of
starting electrons are negative ions and free electrons in the gas gap which have to travel
to the critical region. Consequently, the waiting time between voltage application and
streamer initiation is longer and is statistical in nature. In literature, this waiting time is
referred to as the statistical time lag [73], [74]. The result of this is the fact that at posi-
tive polarity the 50% breakdown voltage is significantly higher than at negative polarity.
Moreover, because of the statistical time lag, the scatter in the breakdown test results is
also larger which results in a wider distribution function [5].

Model 4: Thick coatings in dry air
As explained in section 5.6.2, the breakdown behaviour of electrodes coated with thick
coatings in the rod-plane arrangement is mainly related to the capacitive electric field
distribution in the gas gap. Therefore, it was possible to develop a model for the predic-
tion of the breakdown voltage of the rod-plane gap, coated with a thick coating layer.
This model is based on model 2, with the addition of a 10 mm thick coating layer in the
COMSOL geometry. In the model, the relative permittivity of the coating layer is specified
as a material parameter. The values of the relative permittivity were selected at 100 kHz
and are presented in section 5.6.1. The starting point of the particle trajectories is in this
case the coating surface instead of the electrode surface. Thus, the model incorporates
the modification of the capacitive electric field distribution in the gas gap due to the
presence of the coating layer, as explained in section 2.3.1. Charge accumulation at the
coating surface and inhibition of electron field emission are not included in this model.
The model has been verified for thick coatings in dry air because the breakdown tests
on thick coatings in the rod-plane arrangement were only performed in dry air at 0.9
MPa. The verification of this model is presented in section 6.2.6.

6.2 MODEL VERIFICATION

In this section the results of the verification breakdown tests are presented, followed by
the verification of the four models including an extra verification of model 3 on alterna-
tive geometries.
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6.2.1 Verification measurements

The verification measurements were performed on the rod-plane electrode arrangement
using uncoated small, medium and large size electrodes. The applied gas pressures are
0.8 and 0.9 MPa for dry airand 0.34, 0.4, 0.5 and 0.6 MPa for SF¢. The applied test procedure
is the standard 50% up-down test from IEC 60060-1 (test procedure D, class2 test) [49]
and for each combination of gas pressure and electrode size, two or three separate 50%
up-down tests are performed on two or three unused electrodes.

The results of the verification measurements of small, medium and large size elec-
trodes are shown in Table 6.1, Table 6.2 and Table 6.3 respectively. As can be seen from
the tables, the 95% confidence intervals of the 50% breakdown voltages are small with a
maximum width of +/- 2%. Moreover, it can be observed in the tables that the increase
in the breakdown voltage with an increase in the gas pressure is reduced when the gas
pressure is increased above 4.0 bar for SFs. This behaviour is different from the theory,

Table 6.1: Verification measurement results of small size electrodes in SF4

Gas pressure 50% Breakdown voltage 95% confidence intervals
0.34 [MPa] 319 [kv] +/-3 [kV]
0.40 [MPa] 355 [kV] +/-4 [kV]
0.50 [MPa] 426 [kv] +/- 8 [kV]
0.60 [MPa] 452 [kv] +/-4 [kV]

Table 6.2: Verification measurement results of medium size electrodes in SFs and dry air

Gas 50% Breakdown voltage 95% confidence intervals
0.8 [MPa] dry air 343 [kv] +/-5[kV]
0.9 [MPa] dry air 368 [kV] +/- 4 [kV]
0.34 [MPa] SF¢ 409 [kV] +/-4 [kV]
0.40 [MPa] SF¢ 476 [kV] +/-4 [kV]
0.50 [MPa] SF¢ 504 [kV] +/-4 [kV]
0.60 [MPa] SF¢ 587 [kV] +/- 5 [kV]

Table 6.3: Verification measurement results of large size electrodes in SFs and dry air

Gas 50% Breakdown voltage 95% confidence intervals
0.8 [MPa] dry air 397 [kV] +/- 3 [kV]
0.9 [MPa] dry air 432 [kV] +/- 3 [kV]
0.34 [MPa] SF¢ 492 [kv] +/-4 [kV]
0.40 [MPa] SF¢ 560 [kV] +/- 5 [kV]
0.50 [MPa] SF¢ 599 [kV] +/- 8 [kV]
0.60 [MPa] SF¢ 685 [kV] +/-7 [kV]
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which suggests that the relation between gas pressure and breakdown voltage should
be linear, as explained in section 6.1.3 regarding breakdown model 1.

This difference is caused by the negative influence of the electrode surface roughness
on the critical electric field strength for electronegative gases at a relatively high pres-
sure. The influence of electrode surface roughness on the breakdown voltage is included
in model 3 as explained in section 6.1.3.

6.2.2 Verification of model 1

For the verification of model 1, the verification measurement results are compared
with the breakdown voltage predicted by the model as shown in Table 6.4, Table 6.5
and Table 6.6 for the small, medium and large size electrodes respectively. The model is
considered to be adequate if the difference between the predicted breakdown voltage
and the measured 50% breakdown voltage is smaller than +/-10%. Thus, the inaccuracy
of the model should be smaller than 10%.

The comparison in Table 6.4 shows that for dry air at 0.9 MPa and SF¢ between 0.34
and 0.5 MPa the inaccuracy of the model varies between 0.3% and 6.2%, which is within
the inaccuracy limits. However, at 0.6 MPa the difference between the predicted and
measured 50% breakdown voltage is 15%, which exceeds our inaccuracy limits.

As shown in Table 6.5 and Table 6.6, the inaccuracy of the model varies between 1%
and 7.9% for medium and large size electrodes in dry air at 0.9 and 0.8 MPa and in SF¢ at
0.34 and 0.4 MPa. Therefore, this model is adequate for medium and large size electrodes
in dry air at 0.8 and 0.9 MPa and in SF4 at pressures up to 0.5 MPa. Unfortunately, this
model is not adequate for medium and large size electrodes in SF4 at pressures of 0.5 MPa
and higher with an inaccuracy varying between 19% and 27%.

Table 6.4: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Small size electrodes, Model 1

Predicted breakdown

Gas 50% Breakdown voltage voltage Difference
0.9 [MPa] dry air 297 [kv] 298 [kv] +0.3%
0.34 [MPa] SF¢ 319 [kv] 299 [kV] -6.2%
0.40 [MPa] SF¢ 355 [kv] 350 [kv] -1.4%
0.50 [MPa] SF¢ 426 [kV] 435 [kV] +2.1%
0.60 [MPa] SFg 452 [kv] 520 [kV] +15%
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Table 6.5: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Medium size electrodes, Model 1

Gas 50% Breakdown voltage Predicted breakdown voltage Difference
0.8 [MPa] dry air 343 [kV] 356 [kV] +3.8%
0.9 [MPa] dry air 368 [kV] 397 [kv] +7.9%
0.34 [MPa] SF¢ 409 [kV] 412 [kV] +0.7%
0.40 [MPa] SF¢ 476 [kV] 483 [kV] +1.5%
0.50 [MPa] SF¢ 504 [kV] 601 [kV] +19%
0.60 [MPa] SF¢ 587 [kV] 719 [kV] +22%

Table 6.6: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Large size electrodes, Model 1

Gas 50% Breakdown voltage Predicted breakdown voltage Difference
0.8 [MPa] dry air 397 [kV] 416 [kv] +4.8%
0.9 [MPa] dry air 432 [kV] 466 [kV] +7.9%
0.34 [MPa] SFs 492 [kV] 497 [kV] +1.0%
0.40 [MPa] SF¢ 560 [kV] 583 [kV] +4.1%
0.50 [MPa] SF¢ 599 [kV] 726 [kV] +21%
0.60 [MPa] SF¢ 685 [kV] 869 [kV] +27%

6.2.3 Verification of model 2

For model 2, the comparison between the predicted and the measured 50% breakdown
voltages of small, medium and large size electrodes are presented in Table 6.7, Table 6.8
and Table 6.9 respectively. The comparison for the small electrodes shows that the inac-
curacy of the model varies between 0.3% and 8.5% for SF¢ gas pressures up to 0.6 MPa,
which is within the inaccuracy limits. At 0.6 MPa the inaccuracy of the model is 23%,
which exceeds the inaccuracy limits. For dry air at 0.9 MPa, the difference between the
predicted and measured 50% breakdown voltage is 1.0%.

The comparisons for the medium and large size electrodes show that the inaccuracy
of the model varies between 0% and 5.4% for dry air at 0.8 MPa and 0.9 MPa and for
SFg at pressures up to 0.5 MPa. Therefore, this breakdown model is adequate for SFs gas
pressures up to 0.5 MPa and dry air at pressures of 0.8 and 0.9 MPa. Unfortunately, the
model exceeds the inaccuracy limits for SFs gas pressures of 0.5 and 0.6 MPa with values
ranging from 17% to 25%.
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Table 6.7: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Small size electrodes, Model 2

Gas 50% Breakdown voltage Predicted breakdown voltage Difference
0.9 [MPa] Dry Air 297 [kV] 300 [kv] +1.0%
0.34 [MPa] SF¢ 319 [kV] 318 [kV] -0.3%
0.40 [MPa] SFq 355 [kV] 370 [kv] +4.2%
0.50 [MPa] SF¢ 426 [kV] 462 [kV] +8.5%
0.60 [MPa] SF¢ 452 [kV] 554 [kV] +23%

Table 6.8: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Medium size electrodes, Model 2

Gas 50% Breakdown voltage Predicted breakdown voltage Difference
0.8 [MPa] Dry Air 343 [kV] 346 [kV] +0.9%
0.9 [MPa] Dry Air 368 [kV] 388 [kV] +5.4%
0.34 [MPa] SFs 409 [kV] 422 [kV] +3.2%
0.40 [MPa] SF¢ 476 [kV] 494 [kV] +3.8%
0.50 [MPa] SF¢ 504 [kV] 616 [kV] +22%
0.60 [MPa] SFs 587 [kV] 736 [kV] +25%

Table 6.9: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Large size electrodes, Model 2

Gas 50% Breakdown voltage  Predicted breakdown voltage  Difference
0.8 [MPa] Dry Air 397 [kv] 386 [kV] -2.8%

0.9 [MPa] Dry Air 432 [kV] 432 [kV] 0%

0.34 [MPa] SFs 492 [kv] 478 [kV] -2.8%

0.40 [MPa] SF¢ 560 [kV] 562 [kV] +0.4%

0.50 [MPa] SFs 599 [kV] 700 [kV] +17%

0.60 [MPa] SF¢ 685 [kV] 836 [kV] +22%

The results of model 2 show that for SF¢ the predicted breakdown voltage is in all cases
higher than the predicted breakdown voltage of model 1. This difference is caused by
two factors. Firstly, in model 2 no particle trajectory starts from the exact centre of the
rod electrode tip, resulting in the fact that the streamer integral is not calculated on the
exact same line as applied in model 1. Secondly, the rod electrode holding plane, which
is shown in the topside of Figure 6.2, is not included in the electric field calculations of
model 1, while it is included in the electric field calculations of model 2. Consequently,
the electric field strength in the gas gap is slightly reduced, resulting in a higher predicted
breakdown voltage compared to model 1.
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The above mentioned difference in the prediction between models 1 and 2 is not
present for dry air. In the case of dry air, model 2 predicts a lower predicted voltage and
with a better accuracy compared to model 1.

Both model 1 and model 2 are not adequate for the prediction of the breakdown
voltage in SFy at gas pressures of 0.5 MPa and higher as shown by the relatively high inac-
curacy varying between 15% and 27%. Note that in this case the model always predicts
a higher breakdown voltage than was measured. Therefore, the inaccuracy of the model
can be considered as a bias. This bias is caused by the fact that the surface roughness of
the electrodes is not taken into account in the model, as explained in section 6.1.3.

Therefore, we developed model 3 which consists of model 2 including a correction
for the electrode surface roughness in SF¢. The correction has been described in section
6.1.3.

6.2.4 Verification of model 3 (SFs)
As explained in the previous section, model 3 consists of model 2 with a correction for the
electrode surface roughness in SFs. The comparison between the predicted breakdown
voltage and the measured 50% breakdown voltage is presented in Table 6.10, Table 6.11
and

Table 6.12 for small, medium and large size electrodes respectively. As can be seen
in the tables, the accuracy of this breakdown model varies between 0.3% and 6.3% for
the full range of applied gas pressure and for all electrode sizes. Thus, the correction of
breakdown model 2 for the electrode surface roughness has significantly improved the
accuracy.

In total, it can be stated that breakdown model 3 is adequate for the rod-plane test
setup with a rod electrode size ranging from 25 to 70 mm, while filled with SF4 at gas
pressures of 0.34 up to and including 0.6 MPa.

Table 6.10: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Small size electrodes, Model 3

Gas 50% Breakdown voltage Predicted breakdown voltage Difference
0.34 [MPa] SFs 319 [kv] 318 [kv] -0.3%
0.40 [MPa] SF¢ 355 [kV] 370 [kV] +4.2%
0.50 [MPa] SF¢ 426 [kv] 402 [kv] -5.6%
0.60 [MPa] SF¢ 452 [kV] 462 [kV] +2.2%
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Table 6.11: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Medium size electrodes, Model 3

Gas 50% Breakdown voltage Predicted breakdown voltage Difference
0.34 [MPa] SFq 409 [kv] 422 [kv] +3.2%
0.40 [MPa] SF¢ 476 [kV] 494 [kV] +3.8%
0.50 [MPa] SF¢ 504 [kV] 536 [kV] +6.3%
0.60 [MPa] SF¢ 587 [kV] 618 [kV] +5.3%

Table 6.12: Comparison between predicted breakdown voltage and measured 50% breakdown voltage.
Large size electrodes, Model 3

Gas 50% Breakdown voltage Predicted breakdown voltage Difference
0.34 [MPa] SFq 492 [kV] 478 [kV] -2.8%
0.40 [MPa] SFg 560 [kV] 562 [kV] +0.4%
0.50 [MPa] SF¢ 599 [kV] 608 [kV] +1.5%
0.60 [MPa] SFs 685 [kV] 702 [kV] +2.5%

6.2.5 Verification of model 3 on alternative geometries

Up to this point, model 3 has only been verified in the rod-plane electrode arrangement
with varying electrode sizes and gas types and pressures. To evaluate the applicability
of the model to other configurations, the model was also verified using the results of
lightning impulse breakdown tests on simplified and full disconnector configurations
found in the PhD thesis of Philipp Simka [75].

Disconnector geometries from Simka’s PhD thesis

The lightning impulse breakdown tests were performed by Simka on the simplified
disconnector configurations depicted in Figure 6.6 and Figure 6.7 and on the full discon-
nector configurations displayed in Figure 6.8. Note that these figures are a 2D rotational
symmetric representation of the configurations in which the vertical dashed line repre-
sents the symmetry axis. The simplified configurations A, B, C and D consist of parts of
the fixed side contacts and a plane electrode. Configuration A includes only the fixed side
arcing contact with a diameter of 22 mm, while configuration B includes only the fixed
side main contact with an inner diameter of 134 mm and an outer diameter of 170 mm.
Configurations C and D include both fixed side arcing and main contacts.
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Figure 6.6: Simplified disconnector configurations A, B and C from [73].

o

Figure 6.7: Simplified disconnector configuration D from [73]

moving contact side moving contact side

o o O = o
fixed contact side fixed comtact side

Figure 6.8: Full disconnector configurations E and F from [73]

The gap distance between the plane electrode and the contacts is 30 mm in the case
of configurations A, B and C. In the case of configuration D, the gap distance between
the arcing contact and the plane electrode is reduced to 24 mm, while the gap distance
between the main contact and the plane electrode remains 30 mm. The electric field
strength at the tip of the arcing contact in configuration D is the same as in configuration
A.
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The full disconnector configurations E and F consist of both the fixed side and mobile
side main and arcing contacts. The mobile side arcing contact has an outer diameter of
42 mm and an inner diameter of 22 mm, while the mobile side main contact has an inner
diameter of 79 mm and an outer diameter of 134 mm. The main contact separation is 10
mm for configuration E and 25 mm for configuration F.

Verification
The lightning impulse breakdown tests in [75] are performed in SF4 at a gas pressure of
0.6 MPa. Moreover, both positive and negative polarity lightning impulses are applied
to the plane electrode or the moving contact side. The fixed contact side is in all cases
grounded. For the verification of the model only the measurement results are used in
which the polarity of the fixed contact side is negative, which is in all cases the worst-
case polarity with respect to the breakdown voltage. Thus, the applied voltage is in all
cases a positive lightning impulse on the plane electrode or the moving contact side, as
is the case for the breakdown tests performed in the rod-plane test setup in this research.
The comparison between the measured 50% breakdown voltage and the predicted
breakdown voltage is presented in Table 6.13 and Table 6.14 for the simplified and full
disconnector configurations respectively. As can be seen from Table 6.13 the inaccuracy
of breakdown model 3 varies between 0.6% and 5.5% for configurations A, B and C.
Therefore, for these configurations the model is adequate. Unfortunately, for configura-
tion D the inaccuracy of the model is 12.7% which exceeds the inaccuracy limits for
the model. In this case the model predicts a significantly lower breakdown voltage than
obtained in the breakdown tests.

Table 6.13: Comparison between predicted and measured 50% breakdown voltage. Simplified disconnec-
tor configurations A to D, model 3.

Predicted breakdown

Configuration 50% Breakdown voltage voltage Difference
A 485 [kv] 482 [kv] -0.6%

B 724 [kV] 764 [kV] +5.5%

C 587 [kV] 570 [kV] -2.9%

D 557 [kV] 486 [kV] -12.7%

The comparison results in Table 6.14 show that the model predicts the breakdown voltage
of full disconnector configuration F (25 mm main contact opening) with an inaccuracy
of 6.1%, which is within the inaccuracy limits of the model. Unfortunately, the inaccuracy
of the model is 12.2% in the case of full disconnector arrangement E which has a main
contact separation of 10 mm. As was the case for simplified disconnector configura-
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tion D, the predicted breakdown voltage is significantly lower than the measured 50%
breakdown voltage in the case of configuration E.

Table 6.14: Comparison between predicted and measured 50% breakdown voltage. Full disconnector con-
figurations Eand F

Configuration 50% Breakdown voltage Predicted breakdown voltage Difference
E 426 [kv] 374 kv] -12.2%
F 635 [kV] 596 [kV] -6.1%

In total, the verification of breakdown model 3 on the simplified and full disconnector
geometries from [75] has shown that the model adequately predicts the breakdown
voltage of simplified disconnector configurations A through C and full disconnector
configuration F. The model is not suitable for the prediction of the breakdown voltage of
simplified disconnector configuration D and full disconnector configuration E.

The large inaccuracy of the model in the case of configurations D and E is most likely
caused by the fact that streamer propagation is not included in this model, which can
cause a severe underestimation of the breakdown voltage as explained in the final part
of section 6.1.3 which covers the limitations of this model.

For example, in configuration D the electric field near the tip of the arcing contact is
the same as found in configuration A. Consequently, in both configurations the streamer
integral is fulfilled at a comparable applied voltage which results in a comparable pre-
dicted breakdown voltage, as can be seen from Table 6.13. However, the results show
that the 50% breakdown voltage of configuration D is significantly higher than that of
configuration A. This difference is related to streamer propagation because the initiation
conditions are equal in both configurations.

6.2.6 Verification of model 4 (thick coatings in dry air)

The comparison between the predicted and measured 50% breakdown voltage of small
size rod electrodes coated with the thick coatings in the rod-plane setup filled with dry
airat 0.9 MPa is presented in Table 6.15. The comparison shows that the inaccuracy of the
model ranges from 0.3% to 4.8% which is well within the inaccuracy limits. Note that the
difference in the predicted breakdown voltage of the different coatings is also relative
small as is the case for the measured breakdown voltages and as discussed in section
5.6.2. Therefore, the breakdown model confirms the explanation of the small difference
in the breakdown voltage being caused by the small difference in material parameters
and in particular the relative permittivity.
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Table 6.15: Comparison between predicted and measured 50% breakdown voltage. Thick coatings on
small size rod electrodes in dry air at 0.9 MPa.

Size 50% Breakdown voltage Predicted breakdown voltage Difference
Neat Epoxy 399 [kv] 380 [kv] -4.8%
Nanocomp. A 399 [kv] 384 [kv] -3.8%
Nanocomp. B 389 [kv] 388 [kv] -0.3%
Nanocomp. C 383 [kV] 386 [kV] +0.8%

In Table 6.16 the comparison between the predicted and measured 50% breakdown volt-
age is shown for small, medium and large size electrodes coated with neat epoxy in dry
air at 0.9 MPa. In this case the inaccuracy of the model varies between 1.3% and 4.8%. In
Table 6.16 the comparison results of small, medium and large size bare electrodes in dry
air at 0.9 MPa, taken from Table 6.7, Table 6.8 and Table 6.9 respectively, are also displayed.

The prediction results confirm the breakdown behaviour of medium and large size
electrodes discussed in section 5.6.2. For example, the model also predicts a strong
reduction in the breakdown voltage of large size rod electrodes coated with a thick
layer of neat epoxy, compared to the breakdown voltage of large size bare electrodes.
Therefore, the model also confirms the fact that the breakdown behaviour of electrodes
coated with a thick coating is governed by the modification of the capacitive electric
field distribution in the gas gap.

Table 6.16: Comparison between predicted and measured 50% breakdown voltage. Bare and thick neat
epoxy coated rod electrodes in dry air at 0.9 MPa.

Size 50% Breakdown voltage Predicted breakdown voltage Difference
Small Bare 297 [kV] 300 [kV] +1.0%
Small Epoxy 399 [kV] 380 [kV] -4.8%
Medium Bare 368 [kV] 388 [kV] +5.4%
Medium Epoxy 371 [kV] 376 [kV] +1.3%
Large Bare 432 [kV] 432 [kV] 0%

Large Epoxy 366 [kV] 378 [kV] +3.3%

6.2.7 Summary

In this chapter four electrical breakdown models, of which one includes and three ex-
clude the presence of a coating, were presented which can predict the 50% breakdown
voltage of a range of GIS configurations filled with SF¢ or dry air. Three of the four models
can also predict the corresponding breakdown path. One of the four electrical break-
down models can predict the 50% breakdown voltage of the rod-plane test setup filled
with dry air in which the rod electrode is coated with a thick coating.
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In the beginning of the chapter the theory of electrical breakdown initiation and
streamer breakdown in SFs and dry air was briefly explained. This explanation was fol-
lowed by a description of the implementation of the above mentioned theory in the
three uncoated breakdown models. Additionally, the implementation of the breakdown
model which incorporates thick coatings is explained. Finally, the four models were veri-
flied with the 50% breakdown voltage obtained from lightning impulse breakdown tests
performed in this research and with results found in literature [75].

The verification of the four models showed that each model has several limitations
with respect to the breakdown theory which result in a limited range of applications.
Model one has two main limitations. Firstly, the model can only predict the 50% break-
down voltage and not the breakdown path, which limits the applicability of the model to
relatively simple GIS configurations, such as the rod-plane gap. Secondly, the model does
not include the electrode surface roughness which limits the applicability of the model
to a maximum SFs gas pressure of 0.4 MPa.

Model two includes the prediction of the breakdown path which increases the range
of applicable GIS configurations with respect to model one. However, model two has
two main limitations. Firstly, this model also excludes the electrode surface roughness
limiting the maximum applicable SFs gas pressure to 0.4 MPa. Secondly, the model
excludes streamer propagation, which can result in a significant underestimation of the
breakdown voltage of more complex GIS configurations in which the electrode separa-
tion varies significantly and the average gap distance is relatively small.

Note that for dry air models one and two are verified with breakdown test results at
0.8 MPa and 0.9 MPa. Therefore, the models are not verified for gas pressures outside of
that range. However, it is expected that the models are also adequate for gas pressures
below 0.8 MPa when considering GIS configurations comparable to the rod-plane setup.

Model three consists of model two, supplemented with the influence of the electrode
surface roughness for SFs. Therefore, the applicable range of SF4 gas pressures is increased
to a maximum of 0.6 MPa. Although for the verification of the model a maximum SFs gas
pressure of 0.6 MPa is used, it is expected that the model is also suitable for higher gas
pressures. The main limitation of this model is that it also excludes streamer propagation
which results in the same underestimation of the breakdown voltage as explained for
model two.

It can be stated that the most suitable breakdown model for SF4 is model three which
can be used with gas pressures up to at least 0.6 MPa. For simple configurations and
for several more complex configurations the model is adequate. However, this model
and model 2 can underestimate the breakdown voltage of more complex configurations
in which the electrode separation varies significantly and the average gap distance is
relatively small. To overcome this deficiency, both models should be extended with a
routine which implements streamer propagation.
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For dry air, up to and including 0.9 MPa gas pressure, the most suitable model is model
2. Up to 0.9 MPa pressure it was not necessary to correct the model for the electrode
surface roughness. Note that breakdown model 3 is specifically developed for SFs and is
therefore not suitable for dry air.

Itis expected that a correction for the electrode surface roughness is necessary for dry
air at pressures of 1.2 MPa and higher. However, such high gas pressures are outside of
the normal pressure range of GIS and should thus only be considered for high pressure
GIS, which is not commonly in use.

Finally, model 4 can predict the breakdown voltage of the rod-plane setup in which
the rod electrode is covered with a thick coating. However, this model is currently limited
to dry air because of the fact that the model was not verified in SFs. Moreover, surface
charge accumulation and inhibition of electron field emission are not included in the
model.
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Conclusions and Recommendations

In this thesis the electrical breakdown behaviour of gas-coating insulation was inves-
tigated in relation with the characteristics of the gases and coating materials. In addi-
tion, several predictive models of electrical breakdown in gas insulated systems, filled
with SF, or dry air, were developed. In section 7.1 the results of the above mentioned
investigations and the performance of the breakdown model are summarized in several
conclusions. The recommendations for further research and the potential application of
coatings in GIS are presented in section 7.2.

7.1 CONCLUSIONS

As explained above, the main topic of this thesis is the electrical breakdown behaviour
of coated electrodes, which was investigated with negative polarity lightning impulse
breakdown measurements. Therefore, it was important to apply an efficient measurement
and analysis procedure which was found with an evaluation of the available breakdown
test procedures in the standards. The evaluation has shown that by performing statistical
analysis on the breakdown test results, using statistical distribution fitting software, the
breakdown test procedure has no significant influence on the obtained 50% and 10%
breakdown voltage. Consequently, the fastest breakdown test procedure is selected,
which resulted in a significantly reduced testing time.

Next to the breakdown test procedure, it was also investigated if the waiting time be-
tween impulse applications in a lightning impulse breakdown test in the rod-plane test
setup has an influence on the acquired 50% and 10% breakdown voltage. We conclude
that the waiting time between impulses has no significant influence on the acquired
50% and 10% breakdown voltage when negative polarity impulses are applied in the
rod-plane test setup. Note that for configurations with a significantly larger gap distance
or for positive polarity impulse voltage, the waiting time between impulses can have a
significant influence on the acquired 50% and 10% breakdown voltage.
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Electrical breakdown behaviour of GIS coated with thin coatings

The investigation into the electrical breakdown behaviour of gas insulated systems filled
with dry air and coated with thin coating materials has shown that the 1°" breakdown
voltage can be significantly improved with respect to uncoated systems. The highest
improvement in the 1* breakdown voltage of the rod-plane gap has been achieved with
the application of PAT1 on small size rod electrodes. This improvement is 15% for the 50%
1" breakdown voltage and 7% for the 10% 1* breakdown voltage. The second and third
highest improvement has been observed for Semiconductor A and EP-1.

The 1*" breakdown voltage is not in all cases improved with the application of a thin
coating layer on the small size rod electrodes. In two cases the 1° breakdown voltage was
even significantly reduced.

From the combination of the above mentioned investigation and the results of the
coating material characterisation we conclude that a suitable thin coating material
should meet several requirements with respect to the material properties to obtain a
significant improvement in the 1* breakdown voltage. Firstly, the coating surface should
be as smooth as possible to minimize electric field enhancements in the gas near the
coating surface. Secondly, the coating material should have a relative permittivity as high
as reasonably possible, to minimize the electric field at the electrode-coating interface
and to consequently minimize electron field emission. Thirdly, the electrical conductivity
of the coating material should be as high as reasonably possible to maximize the concen-
tration of homo-charges at the coating surface and to consequently minimize electron
field emission. Fourthly, the coating should have a sufficiently high electrical breakdown
strength and a sufficient layer thickness to prevent a breakdown from starting in the
coating layer instead of the gas.

PA11 is the only coating material which meets all of the above mentioned require-
ments. According to our suitability requirements, this coating shows the largest signifi-
cant improvement in the 1*" breakdown voltage.

The reduction of the 1*' breakdown voltage observed for two of the thin coating ma-
terials is directly related to the fact that the breakdown of the gas-coating insulation has
started with the breakdown of the coating layer. In these cases the breakdown strength
of the coating material or the thickness of the coating layer was insufficient. Note that
the relative permittivity and the electrical conductivity also have a direct influence on the
electric field strength inside the coating layer. Therefore, an improper selection of these
parameters can also result in a breakdown starting in the coating layer.

From the above mentioned observations we can also conclude that for thin coatings
the inhibition of electron field emission is the main cause of an improvement in the
breakdown voltage of a gas insulated system. Therefore, the accumulation of hetero-
charges on the coating surface, which reduces and homogenizes the electric field in the
gas, is in most cases not present. Consequently, if the polarity of the rod electrode in the
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rod-plane setup would have been positive, there would be no significant improvement
in the breakdown voltage. In some cases, it is very likely that the accumulation of hetero-
charges causes a breakdown in the coating layer and subsequently a breakdown of the
entire insulation system.

The investigation of the breakdown behaviour of gas insulated systems coated with a
thin coating also led to the observation that it is not always the case that the breakdown
voltage of the coated system is directly reduced after the first breakdown. For two thin
coating materials, FP-Il and FP-1V, it was observed that the breakdown voltage is increased
after the first breakdown. Moreover, the breakdown voltage increased further with the
number of breakdowns after which the breakdown voltage was stabilized at a voltage
which was significantly higher than the first breakdown.

From further investigations we conclude that the increased breakdown voltage is a
temporary effect which is related to external factors and not the composition and physical
structure of the coating material. These external factors can be the improvement of the
gas in the gap due to the emission of fluorine atoms from the coating during breakdown,
caused by evaporation of the material, or the increased accumulation of homo-charges
at the coating surface originating from the punctures. Up to now, it cannot be concluded
which of these two factors is dominant.

Summarizing the above mentioned observations on the breakdown behaviour of
gas-coating insulation after the first breakdown, we conclude that gas-coating insulation
systems can show temporary self-restoring behaviour.

Addition of a resistive layer beneath a thin coating

To increase the improvement in the 1" breakdown voltage of PA11 and FP-I coated
electrodes with respect to uncoated electrodes, a resistive layer was added below these
coating materials. The goal of the resistive base layer was to smoothen the electrode
surface before applying the coating layer, since this would reduce the corresponding
electric field enhancements in the coating and in the gas. Consequently, the breakdown
voltage would be increased.

However,. from the results of the negative lightning impulse breakdown tests on these
thin double layer coatings we can conclude that the addition of the semi-conductive
layer results in a reduction of the improvement in the 1% breakdown voltage with re-
spect to uncoated electrodes. This reduction is mainly caused by insufficient adhesion
between the two layers. Moreover, the base layer, which is FP-II, is not resistive at frequen-
cies above 1 kHz.

Electrical breakdown behaviour of GIS coated with thick coatings

The investigation into the breakdown behaviour of gas insulated systems filled with dry
air and coated with a thick coating layer has shown that the 1*" breakdown voltage can
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be improved significantly with respect to uncoated systems. The improvement in the
50% 1°* breakdown voltage, which varies between 29% and 34%, is roughly twice as large
as found for electrodes coated with a thin layer of PA11. The improvement in the 10% 1*
breakdown voltage ranges from 20% to 32%, which is approximately 3 to 4 times larger
than found for PA11. Therefore, we conclude that with thick coatings a significantly larger
improvement in the 1 breakdown voltage can be achieved compared to thin coatings.

The difference between the different thick coatings with respect to the improvement
in the 1° breakdown voltage is relatively small, which is caused by the small difference
in the material characteristics. Moreover, we can conclude that the breakdown strength
of the coating materials is of less importance because of the fact that almost all break-
downs occur in the form of surface flashovers. Therefore, we also conclude that the
surface conditions and the electric field at the coating surface are the main factors in the
performance of thick coatings.

The investigation into the breakdown behaviour of thick coatings also led to the obser-
vation that after the first breakdown the breakdown voltage is reduced to a level which
is still significantly higher than that of uncoated electrodes. The remaining improvement
is 22% to 25%. This is different from thin coatings, for which in most cases the breakdown
voltage is reduced to a level comparable to or below that of bare electrodes. From the
investigation we can conclude that the reduced breakdown voltage is caused by the
formation of discharge tracks on the coating surface which results in a reduction of the
coating surface roughness and an increase of the surface conductivity.

Scaling up to larger dimensions

The lightning impulse breakdown tests were also performed on the medium and large
size electrodes to investigate the influence of the electrode surface area and a less
inhomogeneous electric field distribution on the breakdown behaviour of a coated
gas insulated system filled with dry air. For this investigation PA11 and Neat Epoxy were
selected as a thin and thick coating respectively.

From the results of this investigation we have drawn three conclusions. Firstly, we
conclude that the improvement in the 1* breakdown voltage for PA11 is reduced when
the electrode size is increased. This is caused by a reduced influence of electron field
emission and an increased probability of the presence of defects in the coating layer.
Note that the improvement remains significant.

Secondly, we conclude that the improvement in the 1*" breakdown voltage of neat
epoxy coated electrodes is reduced to an insignificant difference and even a significant
reduction with respect to uncoated electrodes, when the electrode size is increased from
small to medium and to large respectively. Thirdly, we can conclude that the breakdown
behaviour of thick neat epoxy coated electrodes is governed by the modification of the
capacitive electric field distribution in the gas gap. Other physical phenomena, such as
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the accumulation of hetero-charges on the coating surface and inhibition of electron
field emission, play an insignificant role in this case. Therefore, we also conclude that for
the selection of a suitable thick coating the relative permittivity should be as close as
possible to one.

Coating material characteristics

From the results of the material characterisation measurements, presented in chapter 5,
we conclude that the coating materials show a relatively large variation in the material
parameters. The highest coating surface roughness parameter R, was obtained for FP-Ill
with a value of 13.9 um, while the lowest surface roughness was measured for PAT1 with
a value of 0.79 um.

For the relative permittivity the lowest measured value at a frequency of 100 kHz and a
temperature of 20°C was 3.18 for FP-I, while the highest measured value was 5.97 for EP-I.
The dielectric losses of the materials at 100 kHz and 20°C vary from 0.046 for nanocom-
posite A to 2086 for FP-IIl. At 50 Hz the variation is significantly larger with a minimum
of 0.012 and a maximum of 4.17x10° for Nanocomposite A and FP-lIl respectively. The
activation energy of the beta relaxation processes, which was determined for EP-I, FP-I,
PAT1 and FP-IV, ranges from 0.42 eV for FP-l to 0.81 eV for EP-I.

The lowest electrical conductivity was found for FP-I with a value smaller than 1077
S/m, while the highest electrical conductivity was found for FP-lll with a value in the
order of 10° S/m. The difference in the electrical conductivity is thus very large. The weak-
est coating with respect to the 50% resp. 10% AC breakdown strength is FP-Il with a value
of only 15 kV/mm and 10 kV/mm respectively. The strongest coating is Nanocomposite C
with a 50% resp. 10% AC breakdown strength of 50 kV/mm and 45 kV/mm.

Finally, the thickness of the thin coatings ranges from a minimum of 25 um for FP-Ill to
a maximum of 560 um for FP-I. For the double layer coatings the thickness ranges from
340um to 590 um. The thick coatings all have a thickness of 10 mm.

For thin coatings it has been shown that the coating surface roughness, layer thickness,
relative permittivity, conductivity and breakdown strength should meet certain require-
ments to obtain an effective coating with respect to the improvement in the breakdown
voltage of the gas-coating insulation, compared to uncoated gas insulation. However, a
clear direct relation between these material parameters and the breakdown voltage has
not been found. As an exception, the breakdown voltage of the gas-coating insulation
shows a positive dependency with respect to the coating surface roughness.

For thick coatings a direct relation is present between the relative permittivity and the
breakdown voltage of the gas-coating system as explained above and in section 2.3.1.
The breakdown voltage of the gas-coating insulation shows a negative dependency with
respect to the relative permittivity of the thick coating layer.
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For the dielectric losses at 50 Hz and 100 kHz and for the activation energy of the beta
relaxation processes also no direct relation has been found with the breakdown voltage
of the gas-coating insulation. Moreover, for these material parameters no requirements
could be formulated for obtaining an effective coating with respect to the improvement
in the breakdown voltage compared to uncoated gas insulation.

Electrical breakdown models

In this research we developed four models with which the 50% breakdown voltage
of an SF¢ or dry air filled GIS can be predicted. Three out of four models consider only
uncoated GIS whereas one model includes thick coatings. With three of the four models
the breakdown path and locations can also be predicted.

Our best model for uncoated SFs filled GIS configurations is valid for gas pressures up
to and including 0.6 MPa and can be used for relatively simple electrode configurations
such as rod-plane (with varying rod electrode sizes) and a limited amount of simple and
full disconnector arrangements [75]. This model includes streamer breakdown and the
influence of the electrode surface roughness. For the above mentioned applications the
inaccuracy of the model varies between 0.3% and 6.3%. Next to the breakdown voltage,
this model also predicts the breakdown path.

Our best model for uncoated dry air filled GIS configurations is valid for gas pressures
up to and including 0.9 MPa. This model is verified in rod-plane configurations with
varying electrode sizes and includes streamer breakdown. The surface roughness of
the electrodes has no influence on the breakdown voltage in this pressure range. The
inaccuracy of this model varies between 0% and 5.4% and this model also predicts the
breakdown path.

We also developed a model with which the 50% breakdown voltage of rod-plane ar-
rangements, in which a thick coating is applied on the rod electrode, can be predicted.
This model includes rod electrodes with varying sizes, can also predict the breakdown
path and is verified in dry air at 0.9 MPa. The inaccuracy of this model ranges from 0.3%
t0 4.8%.

7.2 RECOMMENDATIONS

Thick coatings show a significantly higher improvement in the 1*" breakdown compared
to thin coatings. However, the application of thick coatings is limited to a relative small
electrode surface area. Therefore, we recommend to apply thick coatings at locations,
with a small electrode surface area, inside GIS where the highest electric field strength
is found. The coating material should have a relative permittivity as close as possible to
one. Moreover, the coating thickness should be tailored to the size and geometry of the
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gas gap to obtain the highest possible reduction in the capacitive electric field strength
in the gas gap.

Thin coatings are suitable for application on larger electrode surfaces at locations
where the electric field strength is less strong and where a smaller improvement in the
breakdown voltage is required. In this case the coating material should meet the follow-
ing requirements.

- The coating surface roughness should be as low as possible.

- The relative permittivity and the electrical conductivity of the coating material should
be as high as reasonably possible.

- The coating layer thickness should be as large as possible within the limits of the
application process (i.e. electrostatic spraying, dipping)

- The electrical breakdown strength of the coating should be as high as possible.

During the investigations into the breakdown behaviour of coated electrodes it was

observed that the quality of the coating layer was not in all cases sufficient. Therefore, we

recommend to inspect coated electrodes carefully before installation in GIS. If produc-

tion errors are present in the coating layer the improvement in the breakdown voltage

can be diminished or become negative.

With respect to the improvement of the breakdown strength of GIS by applying a coat-
ing, it should be noted that the investigation presented in this thesis is performed with
negative lightning impulse breakdown tests. The conclusions and recommendations
with respect to the application of a coating are therefore based on lightning impulse
breakdown at the critical polarity. Consequently, if a gas insulated system is designed
with a coating, we recommend to focus on the improvement of the lightning impulse
breakdown voltage for the critical polarity. Another design approach we recommend
is to maintain the same lightning impulse breakdown voltage while reducing the GIS
dimensions or replacing the insulation gas with an alternative gas such as dry air. Note
that, if the critical polarity of lightning impulse breakdown for a GIS design is positive,
thin coatings might not provide an adequate solution.

Although it seems that the application of coatings in GIS is favourable with respect to
the breakdown voltage, it should be noted that the application of a coating layer inside
GIS also introduces an extra failure mode. It should be taken into account that breakdown
of a coated GIS can be triggered by a breakdown in the coating layer. Moreover, when a
breakdown occurs in a coated system, the original improvement in the breakdown volt-
age with respect to an uncoated system is lost. Therefore, we recommend to thoroughly
test a coated GIS design to minimize the probability of a breakdown puncturing the
coating or causing tracks on the coating surface. Furthermore, a repair plan should be
developed in which the restoration procedure of a coated system, after the occurrence
of a breakdown, is described.
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The research presented in this thesis considers the improvement in the negative
lightning impulse breakdown voltage of coated rod electrodes with various sizes in a
rod-plane electrode arrangement. For the next step in the investigation of the feasibility
of improving GIS with coatings we recommend to evaluate the breakdown behaviour
of larger configurations such as a coaxial bus or a disconnector. For a coaxial bus, a thin
coating, such as PA11, should be applied on the centre conductor and for a disconnector,
a thick (neat epoxy or nanocomposite B) or thin (PA11) coating would be applied at a
location close to the main contacts.

The temperature of the conductors inside GIS can reach values up to approximately
105 °C under maximum load. Therefore, we recommend to investigate the influence
of the conductor temperature on the electrical breakdown behaviour of gas insulated
systems with coated electrodes. Note that the electrical properties of coating materials
can change dramatically when the temperature is increased as was shown in the results
of the dielectric response measurements.

The conductor temperature is also important with respect to the mechanical proper-
ties of coating materials. Firstly, the physical structure of the coating material can change
when the temperature is increased, which is related to the glass transition temperature.
Ultimately, coating materials in the glassy state might lose the initial shape and thermo-
plastic coatings might become liquid. Secondly, it is expected that the, mostly aluminium,
conductor has a larger linear thermal expansion coefficient than the coating material
which might induce stress cracking at high temperatures. Therefore, we recommend to
perform an investigation into the thermo-mechanical properties of coating materials as
a function of temperature and to perform thermal expansion measurements combined
with temperature cycling tests.

Note that it is also interesting to investigate the thermal conductivity of coating
materials in relation with the electrical breakdown behaviour of coated GIS. Coating
materials with a high thermal conductivity can provide more efficient heat transfer from
the conductor to the gas resulting in a reduced conductor and coating temperature.

With respect to double layer coatings we recommend to perform an investigation into
the feasibility of functionalizing the surface of the base layer to improve the adhesion
between the base layer and the topcoat. Functionalization of the base layer can, for
example, consist of the application of a specifically designed adhesion primer on the
base layer surface before applying the topcoat.

Up to now only the electrical, mechanical and thermal properties of newly manu-
factured coatings were discussed. We recommend to perform an investigation into
the ageing mechanisms for coated GIS. The expected lifetime of coated GIS also needs
investigation. The presence of a coating can result in a significant change of the lifetime
of a gas insulated system with respect to uncoated systems.
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As a next step, we recommend to perform most of the above mentioned studies and
experiments to get more insight into the viability of the application of coatings in GIS.
Without further knowledge and insight on the electrical, mechanical, thermal and age-
ing behaviour of coatings in GIS, the correct operation of GIS with coatings cannot be
guaranteed during its expected lifetime.

Electrical breakdown model

With respect to the modelling of electrical breakdown in coated and uncoated GIS we
recommend to incorporate the following physical processes to come closer to a more
unified model.

- The statistical and formative time lag of breakdown should be included in the model
to take the difference between impulse and continuous voltages into account and to
discriminate between positive and negative polarity voltages.

- Streamer propagation should be included in the model to increase the validity of the
model to a wider range of simplified and complex configurations. The current models
can severely underestimate the breakdown voltage of such configurations due to the
lack of streamer propagation.

- We recommend to implement leader breakdown in the model to predict the break-

down voltage for systems with large electrode clearances. In practice, the electrode
clearance would be at least ten times larger than considered in this thesis.

- For coated systems more research is necessary to find a clear correlation between
material parameters of thin coatings and the breakdown voltage. Such research
would consist of more breakdown measurements and the focus would be on
keeping several material parameters constant while varying one or several material
parameters of interest. In this way the influence of each material parameters can be
identified.

- In this thesis, the range of the relative permittivity and electrical conductivity of the
tested thick coating materials was relatively small and the layer thickness of these
materials was kept constant. Therefore, for thick coatings we recommend to perform
more breakdown tests using coating materials with a larger variation in the relative
permittivity, electrical conductivity and layer thickness.
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Appendix A

Lightning impulse breakdown test results

This appendix contains the figures of the results of the lightning impulse breakdown
tests on coated and uncoated rod electrodes, discussed in chapter 4. The breakdown
test results are divided in test series and batches. Each batch represents one set of elec-
trodes which are placed at the same time in the rod-plane test setup and each test series
represents a set of batches with comparable electrode and coating types. The electrode
numbers coincide with the numbering of the electrode positions in the test setup.
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A.1

Series 1 and 3 — Small size electrodes:
bare and with a thin single and double layer coating
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Figure A.1: Bare electrodes - Top left: series 1, batch 1, electrode 1 (progressive stress test), Top right: series
1, batch 1, electrode 1 (50% up-down test), Bottom left: series 1, batch 1, electrode 2 (50% Up-down test),
Bottom right: series 1, batch 1, electrode 2 (multiple level test)
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Figure A.2: Bare electrodes — Top left: series 1, batch 1, electrode 2 (progressive stress), Top right: series 1,
batch 1, electrode 3 (multiple level), Middle left: series 1, batch 1, electrode 3 (combined test), Middle right:
series 1, batch 1, electrode 4 (combined test), Bottom left: series 1, batch 1, electrode 5 (sand blasted, com-
bined test), Bottom right: Series 1, batch 1, electrode 6 (sand blasted, combined test)
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Figure A.3: EP-I coated — Top left: series 1, batch 1, electrode 7, Top right: series 1, batch 1, electrode 8,
Middle left: series 1, batch 1, electrode 9, Middle right: series 1, batch 1, electrode 10, Bottom left: series 1,
batch 1, electrode 11, Bottom right: series 1, batch 1, electrode 12
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Figure A.4: FP-I coated — Top left: series 1, batch 2, electrode 1, Top right: series 1, batch 2, electrode 2,
Middle left: series 1, batch 2, electrode 3, Middle right: series 1, batch 2, electrode 4, Bottom left: series 1,
batch 2, electrode 5, Bottom right: series 1, batch 2, electrode 6

262



Series 1 and 3 - Small size electrodes: bare and with a thin single and double layer coating

iy

Peak voltage [kV]
Peak voltage [kV]

5 10 15 20 25 ) 5 10 15 20 25 30 35 40
Impulse number Impulse number
340/ 240
& z
o 300 X o
g > e g
9 0
2 290 s
x
© ®
& &
260}
240/ f
] 5 10 15 20 25 30 - 5 10 15 20 25 30 35
Impulse number Impulse number
340] 240
— 320 320
£ z
2 300 X @ 300
g g
s £
s [<]
5 50 Z
o ©
Q i}
a o

]

e
2

5 10 25 30 35 5 10 15 20 25 30 35 40

5
Impulse number Impulse number

Figure A.5: FP-Il coated - Top left: series 1, batch 2, electrode 7, Top right: series 1, batch 2, electrode 8,
Middle left: series 1, batch 2, electrode 9, Middle right: series 1, batch 2, electrode 10, Bottom left: series 1,
batch 2, electrode 11, Bottom right: series 1, batch 2, electrode 12
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Figure A.6: Tests with 6 minutes waiting time —Top left: series 1, batch 3, electrode 1 (bare), Top right: series
1, batch 3, electrode 2 (bare), Middle left: series 1, batch 3, electrode 3 (bare), Middle right: series 1, batch 3,
electrode 3 (bare, multiple level test), Bottom left: series 1, batch 3, electrode 4 (FP-I), Bottom right: series 1,
batch 3, electrode 5 (FP-I)
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Figure A.7: Tests with 6 minutes waiting time — Top left: series 1, batch 3, electrode 6 (FP-I), Top right: series
1, batch 3, electrode 7 (FP-II), Bottom left: series 1, batch 3, electrode 8 (FP-Il), Bottom right: series 1, batch 3,
electrode 9 (FP-II)
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Figure A.8: PA11 - Top left: series 1, batch 4, electrode 1, Top right: series 1, batch 4, electrode 2, Middle
left: series 1, batch 4, electrode 3, Middle right: series 1, batch 4, electrode 4, Bottom left: series 1, batch 4,
electrode 5, Bottom right: series 1, batch 4, electrode 6
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Figure A.9: FP-Il extra tests - Top left: series 1, batch 5, electrode 1 (used electrode), Top right: series 1, batch
5, electrode 2 (used electrode), Middle left: series 1, batch 5, electrode 3 (used electrode), Middle right: series
1, batch 5, electrode 4 (new, 50% up-down), Bottom left: series 1, batch 5, electrode 5 (new, 50% up-down),
Bottom right: series 1, batch 5, electrode 6 (new, 50% up-down)
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Figure A.10: FP-IV - Top left: series 1, batch 5, electrode 7, Top right: series 1, batch 5, electrode 8, Middle
left: series 1, batch 5, electrode 9, Middle right: series 1, batch 5, electrode 10, Bottom left: series 1, batch 5,
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electrode 11, Bottom right: series 1, batch 5, electrode 12
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Series 1 and 3 - Small size electrodes: bare and with a thin single and double layer coating
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Figure A.11: FP-Ill - Top left: series 1, batch 6, electrode 1, Top right: series 1, batch 6, electrode 2, Middle
left: series 1, batch 6, electrode 3, Middle right: series 1, batch 6, electrode 4, Bottom left: series 1, batch 6,

electrode 5, Bottom right: series 1, batch 6, electrode 6
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Figure A.12: Semiconductor A - Top left: series 1, batch 6, electrode 7, Top right: series 1, batch 6, electrode
8, Middle left: series 1, batch 6, electrode 9, Middle right: series 1, batch 6, electrode 10, Bottom left: series 1,
batch 6, electrode 11, Bottom right: series 1, batch 6, electrode 12
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Series 1 and 3 - Small size electrodes: bare and with a thin single and double layer coating
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Figure A.13: FP-Il — FP-I - Top left: series 3, batch 1, electrode 1, Top right: series 3, batch 1, electrode 2,
Middle left: series 3, batch 1, electrode 3, Middle right: series 3, batch 1, electrode 4, Bottom left: series 3,
batch 1, electrode 5, Bottom right: series 3, batch 1, electrode 6

271



A1l

320 320
2 300 < 300
o ‘s
g g
= 280 = 280
E g
x =
© [+
& 260 & 260
240 240
220 i H i 220!
5 10 15 20 2 5 10 15 20 25
Impulse number Impulse number
320 + 320
z 300 B 300
@ o
g 8
= 280 = 280
] <}
> >
x x>
T o
2 260/ & 2600
240 240
220 220
5 10 15 20 25 30 5 10 15 20 25 3 35
Impulse number Impulse number
320 - . 320
g Z 30
Loy Q
g g
£ = 280
E g
~ x
@ 3
k4 & 260
240
220 220 | i
10 15 20 5 10 15 20 2%
Impulse number Impulse number

Figure A.14: FP-Il - PA11 - Top left: series 3, batch 1, electrode 7, Top right: series 3, batch 1, electrode 8,
Middle left: series 3, batch 1, electrode 9, Middle right: series 3, batch 1, electrode 10, Bottom left: series 3,
batch 1, electrode 11, Bottom right: series 3, batch 1, electrode 12
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Series 1 and 3 - Small size electrodes: bare and with a thin single and double layer coating
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Figure A.15: PA11 - Top left: series 3, batch 2, electrode 1, Top right: series 3, batch 2, electrode 2, Middle
left: series 3, batch 2, electrode 3, Middle right: series 3, batch 2, electrode 4, Bottom left: series 3, batch 2,
electrode 5, Bottom right: series 3, batch 2, electrode 6
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Series 2 and 4 - small size electrodes
with thick coatings
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Figure A.16: Thick epoxy - Top left: series 2, batch 1, electrode 1, Top right: series 2, batch 1, electrode 2,
Middle left: series 2, batch 1, electrode 3, Middle right: series 2, batch 5, electrode 1, Bottom left: series 2,
batch 5, electrode 2, Bottom right: series 2, batch 5, electrode 3

275



A2

400}
400
380F
380
E = 360 4
q, =
340
E £ 50
~ s
§ § 300
o 280
260 1
240
5 10 15 20 25 30 35 5 10 15 20 25 30 35
Impulse number Impulse number

S

=
8
o
8
2

g &

=] S 340
<3 & 320
o =
£ 320 5
S £ 300
& 30 E
o 280
Q ggl o
260 260
240 240
20 0 15 20 25 30 35 10 20 30 0 50
Impulse number Impulse number
380 380
360 360
g 340+ g 340
& 320 & 320
8 £
< 300 < 300
=~ >
Q ©
& 280 O 210
260 260
240 f 240
220 220
10 15 20 25 30 35 5 10 15 20 25 30 35 40
Impulse number Impulse number

Figure A.17: Thick epoxy retests - Top left: series 2, batch 2, electrode 1, Top right: series 2, batch 2, elec-
trode 2, Middle left: series 2, batch 2, electrode 3, Middle right: series 2, batch 6, electrode 1, Bottom left:
series 2, batch 6, electrode 2, Bottom right: series 2, batch 6, electrode 3
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Series 2 and 4 — small size electrodes with thick coatings
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Figure A.18: Nanocomposite A -Top left: series 2, batch 3, electrode 1, Top right: series 2, batch 3, electrode
2, Middle left: series 2, batch 3, electrode 3, Middle right: series 2, batch 7, electrode 1, Bottom left: series 2,
batch 7, electrode 2, Bottom right: series 2, batch 7, electrode 3
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Figure A.19: Nanocomposite A retests - Top left: series 2, batch 4, electrode 1, Top right: series 2, batch 4,
electrode 2, Middle left: series 2, batch 4, electrode 3, Middle right: series 2, batch 8, electrode 1, Bottom left:
series 2, batch 8, electrode 2, Bottom right: series 2, batch 8, electrode 3
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Series 2 and 4 — small size electrodes with thick coatings
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Figure A.20: Nanocomposite B - Top left: series 4, batch 1, electrode 1, Top right: series 4, batch 1, electrode
2, Middle left: series 4, batch 1, electrode 3, Middle right: series 4, batch 1, electrode 4, Bottom left: series 4,
batch 1, electrode 5, Bottom right: series 4, batch 1, electrode 6
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Figure A.21: Nanocomposite B retests - Top left: series 4, batch 2, electrode 1, Top right: series 4, batch 2,
electrode 2, Middle left: series 4, batch 2, electrode 3, Middle right: series 4, batch 2, electrode 4, Bottom left:
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Series 2 and 4 — small size electrodes with thick coatings
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Figure A.22: Nanocomposite C - Top left: series 4, batch 1, electrode 7, Top right: series 4, batch 1, electrode
8, Middle left: series 4, batch 1, electrode 10, Middle right: series 4, batch 1, electrode 11, Bottom left: series
4, batch 1, electrode 12
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Figure A.23: Nanocomposite C retests - Top left: series 4, batch 2, electrode 7, Top right: series 4, batch 2,
electrode 8, Middle left: series 4, batch 2, electrode 10, Middle right: series 4, batch 2, electrode 11, Bottom
left: series 4, batch 2, electrode 12
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A.3

Series 5 — Medium and large size electrodes with
PA11 and thick epoxy coatings
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Figure A.24: Medium size PA11 —Top left: series 5, batch 1, electrode 1, Top right: series 5, batch 1, electrode
2, Bottom left: series 5, batch 1, electrode 3, Bottom right: series 5, batch 1, electrode 4
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Figure A.25: Medium size PA11 —Top left: series 5, batch 2, electrode 1, Top right: series 5, batch 2, electrode
2, Bottom left: series 5, batch 2, electrode 3, Bottom right: series 5, batch 2, electrode 4

a
&
3

440
L] [
2 )
g g
° °
g g
< <
© o
L1 jo3
a 'S

5 10 15 20 2!

Impulse number Impulse number

460

S
3

Peak voltage [kV]
o
g

Peak voltage [kV]
a
g
8

360

5 1

0 20 25 30 5 10 15 20 25
Impulse number Impulse number

Figure A.26: Large size PA11 —Top left: series 5, batch 3, electrode 1, Top right: series 5, batch 3, electrode 2,
Bottom left: series 5, batch 3, electrode 3, Bottom right: series 5, batch 3, electrode 4
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Series 5 — Medium and large size electrodes with PA11 and thick epoxy coatings
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Figure A.27: Large size PA11 —Top left: series 5, batch 4, electrode 1, Top right: series 5, batch 4, electrode 2,
Bottom left: series 5, batch 4, electrode 3, Bottom right: series 5, batch 4, electrode 4
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Figure A.28: Large size thick epoxy — Top left: series 5, batch 5, electrode 1, Top right: series 5, batch 5, elec-
trode 2, Bottom left: series 5, batch 5, electrode 3, Bottom right: series 5, batch 5, electrode 4
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Figure A.29: Large size thick epoxy — Top left: series 5, batch 6, electrode 1, Top right: series 5, batch 6, elec-
trode 2, Bottom left: series 5, batch 6, electrode 3, Bottom right: series 5, batch 6, electrode 4
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Figure A.30: Medium size thick epoxy — Top left: series 5, batch 7, electrode 1, Top right: series 5, batch 7,
electrode 2, Bottom left: series 5, batch 7, electrode 3, Bottom right: series 5, batch 7, electrode 4
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Series 5 — Medium and large size electrodes with PA11 and thick epoxy coatings
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Figure A.31: Medium size thick epoxy — Top left: series 5, batch 8, electrode 1, Top right: series 5, batch 8,
electrode 2, Bottom left: series 5, batch 8, electrode 3, Bottom right: series 5, batch 8, electrode 4
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