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ABSTRACT

In pulsed power engineering, solid spacers are used to insulate high voltage parts from
extraneous metal parts, providing electrical insulation as well as mechanical support.
The breakdown/flashover voltage, at which a discharge process initiates aeross th
gassolid interface, is important in the design process, as it informs designers of
specific threshold o6fail ur e othesisalmetaoges o f
to potentially increase the failure voltage, tested under multiple environmental
conditions, without increasing the length of the solid spacer, was investigated. Three
dielectric materialsHigh-DensityPolyethylene IDPE), PolyetherimidgUItem) and
Polyoxymethylene [jelrin), were tested under 100/700 ns impulse volkage
Cylindrical spacers made of these materials were located in the centre of a plane
parallel electrode arrangement in air, which provided a quafrm field
distribution. Breakdowrand flashovetests were performed in a sealed container at
air pr es s und0s$ bar gauge, Wvithiaryin@ relative humidity (RH) level

of <10%, ~50% and >90%. The materials were tested under both, negative and
positive polarity impulsesAdditionally, the surfaces of a set of solid spacers were
subjected to aer&40.6omm indemadiond areraddedhtq thewurface
of the materials, prior to testing, to allow comparison with the breakdown voltages for

samples with 6smoothé (machined) surface

The results show that the flashover voltagieontrolledby the physicalnsulation
systemand environmental parameterghere he multiple test conditions yielded
results where th¥so breakdown voltage for samples with a smooth surface finish was
higher than for knurled, by up tdb5 kV; where theravere similarVso breakdown
voltages for each type of surface finish; and where the knurled spacer resulted in a
higher (by up to 66 kV) hold-off voltage than the corresponding smooth spacer. Each
of these results is discussed herein, particularly ingeifrthe location of the discharge
channel at breakdown, where changing the physical and environmental test parameters
was shown to affect the discharge pahd thereforghe flashover voltage of the
insulation systemThe results and discussion will oxfn designers and operators of
outdoor pulsed power systems on the design eddid insulation systems, and the

control of the flashover characteristics, under varying environmental conditions.
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1. CHAPTER |

INTRODUCTION

This thesis focuses on tlleeasurements obtained with a systivelogdthatallows

the behaviar of surface flashovdp beinvestigatedo allow the control of ayassolid
interface under the influence of higbltage (HV) impulsesThis introduction will
include the motivation, ans andobjectives novelty of the researcland thesis
structure This research endeavors to contribute to the fieldpwised power
engineering by enhancing our comprehension of the intricate phenomena associated
with surface flasover and by devising efficacious methods to regulate it. The primary
objective of this work is to establish a foundation that allows for the ogatiifmin of

system design and the implementation of appropriate control measures to mitigate the

detrimental #ects of surface flashover.

1.1. MOTIVATION

Solid insulation is imperative within pulsed power systems as it provides mechanical
support between conductors at different potential, but the incloegimsulationcan

lead to surface flashover/breakdown of thessolid interface created, which can
occur at a lower applied voltage than that for a gas gap without a solid spacer.
Therefore, it is desirable to have information on the flashover strength of different
materials within a system, for design processededotailored to the intended
application. The influence of the surrounding environment on these insulation systems
will have a large effect on the performance of the overall system. As pressure
fluctuations around atmospheric pressure and humidity extramesommon in
outdoor insulation systemg@wnhere the insulative parts are subject to varying
environmental conditions)research is required to ultimately characterise the
performance of insulation systems under a range of different environmental
conditiors. For outdoor pulsed power systems, the goal of creating a more compact
unit has been an ongoing challenge for many yeais3]1 A way in which a system

can be miniaturised is to understand the faffd/oltage that the system insulation can

withstand letween high voltage conductors and extraneous metal parts. This



information will enable designers to make informed choices in their pulsed power
insulation system design, to avoid unwanted flashover.

Overall, the flashover process involving solid spacersir is well documented,
including different energisation regimes, walepesand insulation system designs,
meaning that reliable materiaklection criteria is readily available [47] However,

less information is available on the flashover process under pulsed power conditions,
particularly regarding exposed insulation systemasthin rapidly-changing
environments, where the use of an enclosed insulation system is not required. This is
of particular importance to outdoor pulsed power systems, which are prevalent in
multiple sectors such as agriculture [8], food processing [@]défience industry [10]

and the automotive industry [11].

Within this thesis, solid spacers were tested in-gpiimal conditions, and the
breakdown parameters recorded throughout. Three materkiigh-Density
Polyethylene IDPE)), Polyetherimide(Ultem) and RlyoxymethylengDelrin) with
smooth (machined) and knurled surface finishesre subjected to positive and
negative polarity 100/700 ns impulse voltagesair, with conditions of varying
humidity, andpressureThe results allow direct comparisohroaterial performance

for each set oénvironmentatonditions The electrode system is immersed in air, to
simulate an outdoor pulsed power insulation system, which is to be subjected to a

range of atmospheric conditions.

The information in this thesisan be used to underpin the design of eleropeh
insulation systems of reduced complexity, as compared with heavier gas insulated
insulation systems which require pressure vessels, as well as enabling lighter, more
compact susystems as part of the largsystem. Additionally, the use of air as
external insulations desirable as it is a cheap, clean alternativether common
insulating gases such as ¢SFhat are damaging to the environment. The
characterisation of environmentaligendly gases is arpvalent area of highioltage
engineering, where many researchers are working on suitable dielectric gases for their
intended applicationfl2i 16]. The more fundamental knowledge availableadn
insulated pulsed powesystems, particularly operating undaiboptimal outdoor
conditions, the more informatiomill be available to engineers to design highltage

equipmentfree of environmentally damaging gaseemoving the requirement for



sealed and monitored systems to prevent the venting of harmful gasée

atmosphere.

Surface flashover ofjassolid interfaces during operation can result in catastrophic
failure of a systemresulting in downtime for the repair and replacement of damaged
solid insulationpr at least in theeduction oloss ofenergy @livered to the load and
the loss obutput dataTherefore, insulatiosystendesign should incorporate a safety
margin, to ensure that the hedff voltage is significantly higher than thieshover

voltage.

This study builds upon previously publishetkidature on the subject of insulation
design LL7-26], where similar work was completed dhe effects of humidity,
pressure, polarity, material type and surface fioistthe flashover voltagélowever,

the characterisation of asolid insulation systemsndersub-us fastdV/dt impulsive
conditions is not well documented. Also, a lack of published information on the
synergistic effect of the differergnvironmental and physicagdarameters is also
evident for pulsed power insulation systems. Therefore, asobd pulsed power
insulation system was subject to a series of tests under different conditions driven by
a fastd\/dt supply, with the breakdown/flashover voltages meakurke results will
provide designers with information on the breakdown mecharaémsvel insulation
systems, to inform th@esignof industrial, airinsulated pulsed power components and
systemsused in situations of rapidghangingenvironments.

Insuation systems come in many different topologies, with the spacer ultimately
separating two conductors of different electric potential. Therefore, the shape of these
spacerss an important factor in the design of theulationsystem as this will alter

the electric field distribution andherefore will greatly alter the breakdown strength

of the insulation system. The work in this thesis will focus on a pagifek
arrangementith a cylindrical spacer positioned at the centre of the electrodes. Th
basicdesign will facilitate analysis of the effect of the impulse polarity, material,
surface finish and environmental conditiamrsthe discharge path at breakdown. The
paralletplane arrangement used is representative of the electrode arrangernent tha

would be used in a practical system, rather than resorting to the use of a paint high



voltage electrode to control the location of the discharge as shown in literattire [27
29].

The insulator surface finish is also an important factor in insulatioeregstwith
studieswherethe potential increase in flashover voltage afforded by the addition of
surface roughness and the use of different insulator sH&®ss 33]. Therefore, in

addition to testing solid spacers with a smooth (machined) surface §ipaters with

anovelo knur |l edd surface finish were also te:
was selected to provide a quick, cheap method of adding consistent indentations to the
spacer surfaceas a way of potentially increasing the flashovdtage of the system

by surface profile alone, without increasing the length of the spacer.

In order to examine the effect environmental parameters have on the insulation
systems, liree different humidity levels werseibject to the air dielectritiroughout

the testing process: <10% relative humidity (RH), ~50% RH and >90% RH, in order

to cover the full humidity spectrunparticularly to characterise the effect increase
pressure on breakdown/flashover characteristics as well as the presence of water
dropletsin high-humidity environments [34 36]. The effect on the breakdown
voltage and flashover voltagetbk variousnsulation systemaas characterisewith
particular focus orchanges indischarge location with increiag humidity. The

polarity effect winessed in the early investigation of open gaps, where asymmetrical
electrical characteristics manifest in symmetrical electrode gaps when one electrode is
grounded, as witnessed in other previously literature for varying electrode topologies,
[37 1 43], prompted investigation into breakdown of all tested insulation systems
under both polarite® r essures of 10.5 bar gauge, 0 b
tested, so as to understand the effect on breakdown and flashover voltage at pressures
above and blew atmospheric pressure.

1.2. AiMS AND OBJECTIVES

Building on the discussion in Section 1.1, more specifically, the main objectives of the

study were to:



Develop an experimental rig, incorporating a custiasign test cell, to be
used with a high voltage imfse generator and diagnostic equipment to
characterise the flashover behaviour ofsalid insulation systems under
varying environmental parameters (air pressur® & bar gauge, 0 bar gauge
and 0.5 bar gauge; and <10% RH, ~50% RH and >90% RH enwrdgn

Design airsolid insulation systems to consist of solid spacers bridging plane
parallel electrodes.

Integrate into the system design controllability of the pressure and humidity
parameters with a comprehensive diagnostic system to contrg@acheter.
Characterise insulation system for multiple environmental parameters with an
open gap, in order to establish reference breakdown voltage data to compare
with the flashover of gasolid insulationsystems.

Characterise the ga®lid insulation sgtems with spacers with smooth
(machined) surfaces, as well as those with spacers subjected to a novel surface
modification method, in order tmmderstand the difference in flashover voltage

in changing environmental conditions.

Analyse the results spangira wide range of experimental parameters, to
explain the differences in the flashover voltages of each insulation system in
relation to changing physical and environmental parameters, based upon
physical discharge mechanisms.

Apply relevant statistical afyses to provide system designers with
information on the probabilities associated with these flashover voltages, and
to use this information to predict the flashover performance under difference

conditions.

1.3. NOVELTY

The thesis presents a number of nosehtributions, which include experimental

investigations focused on the physical attributes of the system, the environmental

parameters that influence its behaviour, and the synergistic effects that arise from the

interaction between each parameter. Theeerental work conducted as part of the

thesis is designed to elucidate the behaviour of the system under different conditions,



providing insights that are not currently available in the literature. These insights are
used to develop new test parametbeg tlescribes the behaviour of the system to aid
existing work. In addition to the experimental work, the thesis also includes a detailed
statistical analysis of the data gathered during the experiments. This analysis provides

a rigorous and quantitativgaroach to characterising the behaviour of the system.
The original contributions of the thesis are as follows:

1 Characterised the effect of sys impulses on the flashover voltage of a
paralletplane insulation system in varying environmental conditions.

1 Comparison on High Density Polyethylene (HDPE), Polyoxymethylene
(Delrin) and Polyetherimide (Ultem) flashover performance in pulsed power
conditions

T Using 6knurlingé as a surface modific
flashover voltages of insulan systems.

1 Determined the influence of material hydrophobicity and hydrophilicity on the
flashover of materials in sis pulsed power conditions.

1 Explanation into the influence of physical and environmental parameters on
the discharge location in an ramsulated paralleplane pulsed power
insulation system

1 Execution of a detailed Weibull statistical analysis of the flashover data, where
the skewed probability density function and cumulative density function have

been used to define asymmetrical etrars on the flashover data.

1.4. THESIS STRUCTURE

The subsequent chapters presented within this thesis are summarised as follows:
Chapter I (ntroduction):

This chapter presents an introduction to the motivations,abjectivesand novelty
of the research. He thesis focuses on the development aystemthat aids in
descriling the behaviar of surface flashover and the control afassolid interface
under the influence of higholtage (HV) impulses. This research endeavors to

contribute to the field opulsed poweengineering by enhancing comprehension of



the intricate phenomena associated with surface flashover and by devising efficacious
methods to regulate it. The primary objective of this work is to establish a foundation
that allows for the optinsation of system design and the implementation of
appropriate control measures to mitigate the detrimental effects of surface flashover.
Chapter Il (Background and Literature Reviewpresents background information

on pulsed power, gaseous insulation systesolid insulation systems and gadid
interface theory, with particular focus on the effect on the breakdown/flashover
mechanisms with changing environmental parameters. Recent literature on the subject
is also discussed, with particular focus on Htager under varying environmental
conditions, outlining the novelty of this work as a contribution to the design of pulsed

power insulation systems.

Chapter Ill (Systems and Methodologyjresents information on thexperimental
apparatus usetthroughout the study. This includes higbltage generation circuitry,

gas and solid sample information, and gas control for botholjhge generation

and testell pressure control. Information on the humidity system and measurement
circuitry, and on @gnostics, is also introduced. Supporting the subsequent
presentation and discussion of experimental results, relevant information on statistical

analysis and data representation is provided.

Chapter M (No Spacer (Open Gap) Breakdowrthe breakdown chacteristics of

an operair gap, with no insulating spacer between the electrodes, are detailed, to
provide baseline reference information for comparison to the breakdown
characteristics of aisolid insulation systems that follow in Chapters V and VI . The
breakdown data were generated using a-gpepesting procedure, with théso
breakdown voltage of the gas gap found for positive and negative polarity at the three
different pressures, and three different humidity levels. This chapter also focuses on
the asymmetrical electrical behaviour of the geometrieayljnmetrical electrode
arrangement observed under certain conditions, which is key to describing the
mechanisms governing the breakdown process for both polarities, including when
comparing the behavim to that of the aisolid insulations systems characterised in
Chapters V and VI.



Chapter V (Smooth Machined Surface Dielectric Flashover): the
breakdown/flashover characteristics of-satid insulation systems, with smooth
(machined) insulating spacerade of HDPE, Polyetherimide and Polyoxymethylene
bridging the electrodes, are presented. The flashover voltages recorded are directly
compared to those found for the opengap tests reported in Chapter IV. Also
included is discussion of the mechanisgoserning the flashover/breakdown process
under the different sets of environmental conditions, where comparisons to the open
gap insulation systems are made. Conclusions on thgpedetming spacer (material

and surface finish) for the different sefd¢@st conditions are drawn.

Chapter VI (Knurled Surface Dielectric Flashover):the breakdown/flashover
characteristics of aisolid insulation systems, with spacers made of HDPE,
Polyetherimide and Polyoxymethylene with a knurled surface finish bridgieg t
electrodes, are presented. These tests were conducted with the aim of increasing the
flashover voltage compared with that measured for spacers with a smooth (machined)
surface finish. Therefore, in this chapter, the breakdown characteristics resolting f

the incorporation of spacers with knurled surfaces into the electrode system are
directly compared to those with smooth (machined) surfaces, as well as to the baseline
open gap breakdown characteristics. Discussion on the mechanisms that govern the
flashover voltage with the inclusion of surfatedified insulating spacers is also
introduced, with a particular focus on the effect that the inclusion of indentations has
on the effect of plasma channel location, as well as accumulation of water droplets in
humid environments and on the electric field, and how this affects the discharge
location. From this discussion, an overall picture of the optimal arrangements for the

insulation system under different conditions is presented.

Also incorporated into Chagts 1V, V and VI are zparamter Weibull statistical
analyses of the data presented in each chapter.-pamiheter Weibull analysis was
used to plot th&/so corresponding to the median of the Weibull distribution for all test
arrangements. The Kolmogor@mirnov test is first conducted, to give information
on the goodnessf-fit from various distributions, with the outcome that the 2
parameter Weibull distribution, a prevalent method of statistical analysis in high
voltage engineering [44 46], was seldged. The corresponding probability of
breakdown for each dataset, particularly the 63.2% probability of the daate,



slope of the distributiorf, to understand the effect of increasing applied voltage on
the breakdown characteristics, and the 0.Qi&bability of failure (1 breakdown in
10,000 tests) is calculated from the cumulative distribution function.

Chapter VIl (Conclusions and Further Work):a summary of all work completed
within the thesis is presented, highlighting the aims and obje@neé@sovelty stated

with the introduction of this these, and the major outcomes from the study. This
includes conclusions drawn and recommendations on the optimal insulation system
design for different sets of environmental conditions. Recommended furtinkerisv

then detailed, including investigation of the effect of different parameters such as wind
speed and air quality, which will provide supplementary data supporting the design of

outdoor pulsed power systems.
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2. CHAPTER ||

BACKGROUND AND LITERATURE REVIEW

2.1. INTRODUCTION

In the analysis of the breakdown characteristics efalid insulation systems, it is

important to recognise that there are three types of failure that can occur:

1 gaseous bulk breakdown
1 solid bulk breakdown

1 gassolid interfacial flashover

As the insulating parts of a higloltage system are integral to both the mechanical
and electrical integrity of the system, each of these types of failure will be discussed
in relation to theinderlying physical mechanisms, and the damage that can result once
a breakdown/flashover path has been established. In terms of gaseous bulk breakdown,
this breakdown mechanism is the least damaging to the system, as the discharge path
does not involve aatact with the solid spacer. The gaseous material can recover within

a short timescale after breakdown has occurred. Solid bulk breakdown-swligas
interfacial flashover differ, however, and can be detrimental to the insulation
properties of the systerthe propagation of a discharge channel either through the
solid bulk or over the surface of the material can change the chemical composition of
the solid material, reducing the flashover/breakdown strength under the application of
subsequent impulse voffes [1], B]. To fully understand the results associated with

the surface flashover of solid insulation systems, the gaseous breakdown, bulk
breakdown and gasolid interfacial flashover mechanisms must all be understood.
This knowledge will enable an instion system to be designed that is able to

withstand the voltage characteristics specific to the application.

In order to characterise the method of energy delivery, an introduction to pulsed power
systems will firstly be made, with discussion on thasakthe capability to produce
impulse voltages of high enough magnitude to induce one or more of the failure
mechanisms. This review will focus on higbltage systems based on capacitive

energy storage literaturereview on the electrical breakdowngdseous insulation,
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solid insulation and the flashover of gadid interfaces follows, with particular focus
on the effect of environmental conditions on the breakdown strength, as appropriate
to the work and results presented and discussed in this.thesi

2.2. PULSED-POWER TECHNOLOGY

Pulsed power refers to the accumulation of energy over a relatively long charging time
of storage elements, in the (iins) regime, and its subsequent release in a fraction of
the charging time (psus) [3], [4]. This givesthe opportunity to achieve very high
peak powers of up to the petawatt range, from relatively low average supply powers
[5]. The peak power achieved can be found using equation 2.1:

, O 2.1
U Y
0
whereP is the peak power (WE is the energy (J) ands the time (s), of the pulse
duration. It is clear that very high magnitudes of peak power will be reached for short

discharge times, [5].

Another definition of pulsed power can be attributed to Blufsh dvhere stored
energy is discharged as electricalexgy into a load in a single short pulse or as short
pulses with a controllable repetition ratélthough pulsed powetechnologywas
originally developedo enable military and defence applicationbere the output of
torrents of radiation were used onulate the explosion of nuclear weaponry, other
uses have emerged that require the use of pulsed power. These include medical
applications T-11], material and mineral processing2{15], and, looking to the
future, many applications use pulsed powehtwlogies to drive experiments aimed

at the production of fusion energy6fl8]. A recent publicatiordetails many other

applications of pulsed power system$][1

To quantify typical pulsed power conditions, impulses generally fall within the range

of parameters shown in Table 2.1 [5].

17



Table 2.1i Typical pulsed power parameters [5]

Parameter Range

Energy per pulse 1-10"J
Peak power 1007 10w
Peak voltage 10°7 10’V
Peak current 10°71 1P A
Pulse width 101% 10°s

The energystorage elements used in a pulsed power system are either capacitive or
inductive. In inductive systems, the achievable energy density accumulation far
surpasses that of capacitive elements, [20], [21]. Therefore, when limited space is
available utilising inductive storage will be of benefit. A downside to an inductive
system, however, is a plasma opening switch has to be incorporated, and the inductive
system then must be charged and discharged rapidly [22], as tuksshbHrge time

of the sytem is very short.

Given the capability of capacitive systems to provide impulse voltages of hundreds of
kV using charging voltages of tens of kV, and their high efficiency fordapacitance
loads, this was the preferred method of impysaeration for this study. As such,
capacitive storage systems will now be discussed. And alttibegbhievablenergy
density ispresentlymuch greater for an inductive systerapacitiveenergy density is

increasindg23].

With particular emphasis orufsed power technologie$e energy density for large
format millisecond discharge capaciteepable of storing50 kJ has increased from
0.7 Jem®in the early 1990s to >2.4ci’ in 2015, with lifetimes of over 10,000 shots.

[24]. Further research in@gavolt Marx generator capacitors, used at Sandia National

Laboratories, was driven by the O0ZR proj

(General Atomicshave doubled the energy density
doubling the capacitance in tsame volume, while maintaining the low inductance
(<30 nH) and high peak current (170 kA) capabilities. The lifetime of the capacitors

is around 11,000L3,000 shots at 100 kV, decreasing to 8000 shots at 1105kV [2

18

(



Analysing the energy associated witle electric fieldof the capacitor, the energy

accumulated within the dielectric between the plates is shown in equation 2.2

0 5681) 22

whereE is the energy (JIC is the capacitance (F) aMis the applied voltage (V).

The instantaneous current achieved in a capacitive discharge circuit is given by
equation 2.3, where high peak currents can be achieved as a result of the rapidly

decreasing voltage while the capacitor discharges.

Q6 23
0 6%
°®

Basic examples of capacitive pulsed power circuits are shown in Figures 2.1 and 2.2
whereRcH is a charging resistof; is the capacitor an@Sis a closing switch. The
operation of the circuit consists of the capacitr,charging up from the YIDC

supply through the charging resist@gn. Once the selbreakdown level of the closing
switch has been reached, or the switch has been triggered by an external source, the
energy within the system is then delivered to the load. Figure 2.1 showsmaplexa

of a noninverting capacitive energy storage circuit, while Figure 2.2 shows an
example of an inverting energy storage circuit, where the relative positions of the
capacitor C and the closing switctCS have been swapped. In the inverting
configuratian, upon switch closure, the charged side of the capacitor is connected to
ground through the shorted closing switch, so the output of the system is inverted with
respect to the input polarity. Within the nmverting circuit, the primary power
supply conected can be subject to voltage reversal, and when used in the delivery of
repetitive pulses, this can cause problems as the reverse voltage can result in diode
bridges housed within the supply to conduct and lead to failure [26]. The inverting
arrangemenhas a safeguard from this, however, as the power supply is completely

decoupled from the load due to the shorted switch during the discharge process.
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Figure 2.1- Schematic diagram of basic nowerting capacitive storage pulsed power circuit

A4 |
Rcr C
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SUPPLY

Figure 22 - Schematic diagram of basic inverting capacitive storage pulsed power circuit

2.2.1. Marx Generators

Utilising the capacitive energy storage principles introduced in Section 2.2.1, but with

mul tiple capacitors (0st atelydd&iwn Manhire Mar x
1923[27]. The Marx generator consists of a system of capacitor banks and resistors,
configured to result in a highmplitude, fastising voltage pulse. The capacitors of a

Marx generator are DC charged in parallel through impedances, and then discharged

in segies, to enable voltage multiplication. This system can then be utilised in order to

deliver very high impulse voltages to a load.

During the charging cycle of the Marx generator, each capacitor is charged up in
parallel, to the charging voltag®p. Equdion 2.4 describes the charging time of a

capacitor bank within a Marx generator [28] and [29],
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wheren is thenn stage R is the stage resistandgy is the stage capacitance addas
the total number of stages. An simplified example of a Marx generator in the charging

phase is shown in Figure 2.3.

R R R
AVAAN > AN . ATATATLY
Vo ==c, = = Gy == Co
AL A * AN - B AAA
R R R

Figure 2.3- Charging phase of Marx Generator, modified from [5]

The capacitive bank is charged in parallel and discharged in series, adbhyetex
closure of spargap switches. The Marx generator can be triggered in different ways.
This can be via selbreakdown, where a fixed output voltage is directly resultant from
the physical characteristics such as gap length and electrode topolagytput
voltage control over a range of voltages is required, the breakdown of the spark gap
can be triggered either by a mechanical or a pneumatic system. Electrical triggering
can also be utilised, to control the time of discharge initiation. Regardietbe
method of initiation, once the critical breakdown voltage has been reached, the gaps
in the spark column close, connecting each individual capacitor in series, resulting in
an output impulse voltage being a multiple of the charging voltage, dejindae
number of stages of the Marx generator [30].

The maximum available energy that can be stored by the capacitors in the Marx

generator is shown in equation 2.5:

o ‘882—8581) 25

wheren is the number of stageS is the energystorage capacitance of one stage (F)

andV is the voltage to which each capaciis charged (V).

During the discharge process, the chain of resistors shown in Figure 2.3 add
inefficiency to the circuitry, as the energy dissipated bydbistors can be considered

as being lost. Therefore, to maximise the energy dissipated by the load, the discharge
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time should be kept short. The discharge time of a Marx generator circuit is described
by equation 2.6.

YO 2.6
T —_
C

It was found in [31] that, in practice, a tetage Marx generator had a full closure time
of ~200 ns.

If the Marx generator has fully discharged, and the energy is delivered to a load, an
ideal equivalent circuit can be found in Figure 2.4. This ciasstumes single polarity

charging, and also that very little discharge current is drawn.

Lar

— (00000

— O

\|

— .
s

e

Figure 2.4 - Ideal Marx generator output circuit, modified from [5]

In Figure 2.4, the inductandey, is added to represent the seluctance of the Marx
generatr, that is the combined inductances from the discharge switches, the
capacitors, and the discharge circuit. For unipolar impulses, the erected capacitance of
the Marx generatoCuw, is given by equation 2.7. The erected impedafggntrinsic
discharge timeTwm, and inverted open circuit voltage of the erected M¥ex;, are

given in equations 2.8, 2.9 and 2.10, respectively.

0] 2.7
(e} -
V)
. 2.8
0]
W -
(¢}

22



W 0w 2.10

As discussed, the output voltage waveform can be manipulated by changing the
capacitance values and number of stages within the Marx generator. Assuming fixed
capacitances, control of the front time and time to-halifie isaffected by varying the

values of the wawvshaping resistors, shown asddd Riin Figure 2.5

As discussed previously in relation to singtage circuits, the Marx generator circuit
can be configured in such a way that the output voltage is invertexd, avith respect

to the polarity of the charging voltage. Given the advantages of the inverting
configuration discussed in Section 2.2.1, a shsfgge equivalent circuits of an
inverting Marx generator is shown in Figure 2.5. In this particular cordigur, when

the capacitance of the load is low, the voltage efficiency is higher, [32].

C. Rq

cs|¥| Rz ' LOAD

Figure 2.5- Inverting Marx generator arrangement where the arrangement dictates that the Marx generator drives

a low-capacitance load for highefficiency; adapted from [32]

The output voltaga) 0, can be determined by the doulbgponential expression in
equation 2.11 [32]:

w L , 211
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whereVp is the output voltage magnitude (\Rq is the waverontr e si st £&n c e
is the load capacitance (FJ;is the discharging time associated with the wai(s);
andU is the charging time associated with the wéreat (s).Referring also to Figer

2.5, poviding thatRe Cs » Ry CL), then the characteristic timé$ and 3 can be
evaluated in terms of the circuit components in Figubgand can be extracted using

equations 2.2 and 2.3, respectivelywhereRe is the wave tail resistance

0 0 212
6 ©
6 0 2.13

Py

txoy

A typical resultant output voltage waveform from a Marx generator is shown in Figure
2.6, where a faster front time is evident in comparison tdirtreeto halfvalue. From

this waveform, the peak voltage can be extracted, as well as the values of the front
time and time to halfalue, which are typically referenced when describing deuble
exponential waveforms (e.g. this example shows a 100/700 ndsieppWhere the

100 ns refers to the front time-000% and 700 ns is time to half value.

120 Double Exponential Waveform

100 [ .

Volatge (kV)
(@]
o

40 .

20 | G 1

O 1 1 1 1 I
0 0.5 1 1.5 2 2.5 3

Time (s) 1076

Figure 2.6- Typical doubleexponential output impulse voltage waveform from a Marx generator, showing the

front time,_1, andtail timevalue,_»

24

(Y

)
J



The main advantage offered by the use of a Marx generator is the possibility to achieve
a high output voltagéom a relatively lowDC charging voltage. A disadvantage is

that the waveshaping resistors will require maintenance. Historically, a disadvantage
also was apparent from the selfluctance of the capacitors being at a level such that
di/dt was limited.However, capacitors with a low seéiffductance (<20 nH) are now
readily available [3], [33]. A disadvantage is the limited pulse repetition rate of Marx
generatorshowever, research is currently being conducted on repetitively pulsed

Marx generators, [34

Given the capability to provide impulse voltages of hundreds of kV using charging
voltages of tens of kV, its high efficiency for levapacitance loads, and its capability

for control of the impulse wavehape, a Marx generator was the preferred meaihod
impulse generation employed for this study. Further information on the specific Marx
generator used in the experimental phase of this study, in terms of design and electrical
performance, will be discussed in Chapter Ill.

2.2.2. Conclusion

Summarising the imirmation presented in Section 2.3, generate the voltages
required for electrical breakdown/flashover in this study, a Marx generator was
utilised. This sectiorhas summarisedelevant information on the operation and
overall performance of a Marx gentrg to elucidate the voltage multiplication

process.

The next section in this literature review will focus on the loads being driven by the
Marx generator, starting with background material on gas breakdown, and the
mechanisms relating to the plasma dege created within a gas gap under different

environmental conditions.

2.3. GASINSULATION SYSTEMS

A mode of insulation failure that can occur during the application of impulse voltages
is the breakdown of a gas gap, which can occur between two electrobas tindt

overall pulsed power system. A lampedance plasma channel will establish from
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one electrode to the other. This section will explain breakdown theory as related to

open gas gaps.

For conduction to occur, there must be charge carriers establighedtie gap, in a

gas these are electrons and positive ions. If the gas has no net charge, then the number
density of electrong;, , and the number density of iorts, ,are equal. If an electric

field is applied across the gas, the electrons and positive ions will move towards the

anode and cathode at drift velocitiesand

2.3.1. lonisation Processes in Gases

The most important process in gas breakdown is ionigaiti particular ionisation of

gas molecules due to electron impddte effectiveness of this ionisation process is
dependent upon the electron energy. When an electron collides with an atom or
molecule, once this energy is exchanged, an elastic osiigmocess occurs. If the
process is elastic, no ionisation or excitation will result from the collision. However,

if the process is inelastic, the atom will have become excited, and if the energy exceeds
the ionisation energy, the atom or molecule wi#icome ionised by this energy

absorption from the incident electron.

Small particle collisional ionisation occurs when a-fasiving electrone, which has

been accelerated by an external electrical field, comes into contact with a neutral
particle,A. The energy transfer that takes place has sufficient magnitude suetmthat
electron can escape the particle; thus, the kinetic energy can free another electron. This
results in a situation whetbke result will bea positive ionA*, andtwo free electrons,

2e[35], as shown in equation 2.14:

0 Q o0 Q 0Q 2.14
Large particle collisiof36] takes place when two neutral particlasandB, collide,

with the kinetic energy freeg an electrorfrom one of the particles

0 O 0 06 Q 2.15
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The process of ionisation is started when energy of sufficient magnitude is introduced
into a system occupied with neutral particles. lonisation takes place where this energy
results in interactionsvith neutral particles and, in terms of positive ionisation,
displaces an electroi87]. The minimum magnitude of the energy required for the
process is known as the ionisation potential. The gain in energy must be greater than

or equal to the ionisatiorogential of the gass inequation 216:

w _0O 216
where_ is the average distance that an electron trdetiseen collisiongermed the
mean free patlk is the magnitude of the applied electrical field &g the ionisation
potential.

The ionisation potential varies by gas type. T&dkeshows the ionisation potential of
gases found in zero grade air aatkvant to this study3p].

Table2.2- lonisation potential of relevant gases [38]

Gas lonisation energy (eV)
N2 156
07} 121

Another method of ionisation is photoelectric ionisat{@8], [40], a process that can
take place from either a natural source, such as cosmic ragys»or nuclear

radiation; or from radiation emitted from excited atoms returning to their ground state.

Photoelectric ionisation takes place when a photon of sufficreergg manages to
releasean electron from a neutral atom.Afrepresents the neutral atom anid an

electron,KE is the kinetic energy associated with the electronAint the excited
atom of the gas the following reactionclaemicalreactionequatia is produced as

shown inequation 2.%.

0 Q 00O 0 Q 2.17
Afterwards, once the neutral atom has recovered from its excited state affer ~10

seconds, the atom radiates a photon that has the potential to ionise another neutral
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molecule, if the ioisation potential of the neutral atom is less than or equal to the
photon energy. This is shown in Fig@&, where a photon is seen to collide with an
atom which consequently frees an electron, leaving behind a positivéQorT he

energy E, of the ploton, is given by equation15B:

o O 2.18
where Pl andladé$. 6@8.sardbistthe frequency (Hz). Equation
2.19characterises the photoionisation procds€k [

hv

@
.
Figure 2.7- lllustration of photoionisation process
0 4 0O Q 219

A collision between particles, as incorporated in equations 2.14 and 2.15, will occur
if the centre of one of the particles passes within a distanee-ef within the other

particle. Therefore, the area which particle one must pass throwgtlitte with a
second particle is given by equation 2-20

Q Q 220

wherel is the collision cross sectiod; is the diameter of particle one adglis the
diameter of particle two.

If particle one is moving at a certain velocity, the resultant cylindrical volume
created by the moving particleds , 0. The number of particle$, in volume, V,
determines the collisional frequené®, 0, 0, therefore the higher number density

the higher the collision frequency. As the collision frequency increases, the mean free
path will decrease, which relates to the distance the particle will travel between
collisions, given by equation 2.21.
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As particles, in this caskeee electrongraverse the gas gap, each electron can initiate
different processes along its path, where each collision will have its own specific
crosssection. Therefore, the energy of the colliding pair will create elastisiools,
excitation or ionisation. These individual processes have their own specifie cross

sections, as described in equatia?22.

. 0 ., 0 ., 0 , 0 222

where, U is the total crossection,, U is elasticimpact crossection,, U is

the excitation crossection and U is theionisationcrosssection. Each of these
collisions will also have their owimdependent mean free pathrelation to equation
2.21.The collision path of an electron through a gas under the influence of an electric
field isillustratedin Figure2.8.

Excitation

Elastic

. 14
A A
\ * Tonisation An
/ " O .
Excitation }.5
Electron
. / Tonisation

Elastic
Figure 2.8 An electron moving through a gas from the influence célentric field, modified from [5]

2.3.2. Loss of Free Electrons

Referring to equation 29, recombination is the reverpeocess of the photoelectric
ionisation processRecombinatiorresults when a free electron recombines with a
positive ion, resulting in a neutral particle being formed, as well as a photon given off.

This process can be seen in equati@3 p40].
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0O Qio O 2.23
Electron attachmerdccurs when a neutral molecule accepts a free electron, which in
turn creates a negative ion. This process occurs mainly in electronegative gases such
asair or Sk, [39], where the gas is missing electrons from the outer shell of its

molecules This can be illustrated by equatio242.

0 Qi o0 O 224
When an electron attaches to a neutral particle, a negative ion is formed, and a photon
of light is given off. Thefree electron being absorbed by the atom results in a much
heavier negative ion, which is a much larger and slower parfibke probability for
the negative ion to go on to cause further ionisations is redacatpared to that for
an electron This resuis in higher applied voltages being required in order for the

negative ions to go on to cause further ionisations.

In the reverse process, the collision of a photon and a negatively charged ion can
release the attached electron, leaving a neutral paatidle free electron. This process
is known as photoelectric detachmedfi][

For a negative ion to exist and remain stable, its total energy has to be lower than that
of the atom in the ground state. After a free electron attaches itself to a netichd, par

the change in energy is known as electron affinity. Dependent upon the attraction
between the electron and the neutral particle, this will alter the amount of energy

released; the larger the attractive force, the higher the energy.

2.4. BREAKDOWN MECHANISMS

In this section, Townsendo6s seminal wor k
law. This wil!/ be followed by Townsendos
on streamer structure and propagation. Finally, the effestvofonmental parameters

will be discussed, including how these affect the breakdown process in compressed

gases.
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2.4.1. Townsend discharge

Townsend was the first to study the electric current through a gas as a function of
voltage B0]. When a voltage is apgld between two electrodes insulated by a gas such
that a uniform electrical field is established, the current in thegasxist in three
different regionsThe relationship between currehtand voltagey, is now discussed

as is the nature of thede¢eregions.

In order to understand the mechanisms behind the Townsend breakdown of gases,
firstly it is important to determinghe sources of initiating electrons time gas For
breakdown to occur, a single initiating electron is required. This cantiag¢ad within

the gas, due to heavy particle impact or photoionisation as discussed in Section 2.3.1,
or from the electrode due to fietdlated injection or photo emission (discussed in
Section 2.41.1).

2.4.1.1. Initial electron production

Field emission

This phenomenon is a prominent factor during a process where high electrostatic fields
are present, which results in field emission. When an electron leaves the surface of the
material, the resultant field cane bloosely determined by a point charge and
equipotential plane, where the electron is infinitely far from the surface and the fermi

level. This is what is referred to as the work function, in eV.

The work function can be defined as an energy value tha¢sems the energy
required to remove an electron from a solid. In the context of an electrode in a gas, the
work function can be understood as follows: When attempting to transfer an electron
from the electrode into the gas, a force arises between ttimaland the positively
charged region left behind. In order to move the electron, work must be done,
specifically that for moving a charge in an electric field resulting in a potential
difference. This creates a potential well, which confines electrookse proximity

to the surface of the solid. At elevated temperatures, certain electrons will have enough
energy to surpass the work function and escape from the solid (in this case, the

electrode), allowing them to transition into the gas phase. Tleisgohenon occurs
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due to the increased thermal energy associated with higher temperatures. Additionally,
the application of an electrical field modifies the profile of the barrier that governs the
ease of electron emission from the cathode. Therefore,fegrarthe influence of the

field resulting from charge separation, as an electron moves away from the cathode, it
also experiences a change in potential due to the external electrical field, leading to

alterations in the shape of the barrier, as illustratddgure 2.9, modified from [41].

Metal Vacuum or gas

Distance from

surface, x

Potential energy,

eV
Figure 2.9- Energy required in order for an electron to leave a metal surface, modified from [41]

The energy which is required for an electron to escape from the surface of an electrode

is dependentpon mul ti pl e parameters. Using Cou
potential energyMlk) of the electron can be found at a distamcéom the surface. A

potential energyM ) is also produced by the electric field perpendicular to the surface.

Each indvidual potential energy as well as the combined energies are shown in Figure

2. 9. From [40], [41], 6The | owering of t|
17 energy curve with no external fieldw ‘Q7Tp $O « curve 2i energy due to

applied field,- w QD ; curve 3i total energy curvep 0w .

From Figure 2.9,as the field is increased the combined potential energy distribution

has a maximumif this is situated close to the electrode surface this can result in
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tunnelling effects. Tl tunnelling effect is where an electron with an energy less than
the barrier may tunnel through to the other side of the baifri@high enough field
exists to cause the barrier to be sufficiently narrow for tunnelling to otleatunnel
probability, which is exponentially dependent on the tunnelling distance, is inversely
proportional to the applied electric fieldnd the probability of an electron tunnelling
through the barrier is exponentially decreasing function of tunnellingndie As a
result, emission or current density is an exponential function of the reciprocal of the
applied field. The equation for the emission current of the emitted electrons is called
the FowlerNordheimequation (quation 225):

) 0 -5 2.25

0 @700 D E—
Wherej is theCurrent density (A/ff), E is theElectric field (V/m) fis 1.54 x 1¢°, g
is 6.83 x 16, u is 1-1.4 x 10° E/: ? and* (V) is thework function which varies by

material.

Photoelectric emission

Another type of electron emission is photoelectric emission. If a photon of sufficient
energy impacts the surface of the electrode, and if the transfer of energy to an electron
gains a sufficient amount to overcome the work function, then the electeledsed.

Equation 2.26 is an expansion of equation 2.19, [40].

gaaas D %ol 226

Wherei

me = mass of electron (kg)

ue = electron velocity (V/m)

1
)l
T h=Pl anckds c#8nstant (kg m
1 v=photon frequencyl/s)

1

u (V) = work function(V)
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2.4.1.2. Electron Avalanches

Anillustration of an electron avalanchei®videdin Figure2.10 An electron emitted
from the cathode collides with a neutral particle within the iatectrode gap spacing
and transfers its kinetic energesulting inthe creation odnotherfree electron and a
positive ion. Further collisions then take place as thetens accelerate away from
the formed positive ion at an exponential rate. Thusywansend electron avalanche

is formed.

/@h@g ==

Do 0~—DS =
®

i ==

e O 8 —
\be—-'@ e“@S i

CH U

Figure 2.10 Electron avalanche illustration, modified from [42]

The ionisation coefficient,U, whi ch i s Known as Townse
coefficient, defines the number of ionising collisignes unit length of path travelled

by a free electron.

Having defined the sources of initiating electrons in the gas, then for a gas

to breakdown, there must be a multiplication process of those elechmesectron

avalanche requires an initiatory elect, either occurring naturally or emitted from an

external source (electric field or thermionic), and present due to the action of an
applied electric field. This free electron then moves in the applied field to collide with
neutral gas molecules at aftinelocity, 0 , in relation to the electric field;, and

mean freepate) The cumul ative effect of ionisi

i oni sationd, as illustrated in Figure 2.1
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gas gap grows expentially. This is referred to as an electron avalanche, [40], [42].

The current densityJ) is related to the electron number density through equation 2.27:
O RED 2.27

whereqe is the electronic charge, is the number density of electrons ands the

drift velocity.

The electron numbeg, , in a thin layerQ within the electron avalanche is given by
equation 2.28.

[0 ¢l Qw 2.28
In order toanalyse the change in electron population as the electron avalanche moves

throughout the gap, this can be expressed as shown in equation 2.29.

e 2.29
Qw
Where the integration of equation 2.28, with a set initial conditian @f = 0, yields

equation 2.30:

€ »w & Q 2.30

The termQ in equation 2.30 is the exponential growth term.

¢ (X) = number of electrons produced by collisiatglistanceg
¢ = number of electrons generated at cathode
U= Townsendds first ionization coeffic

d = interelectrode gap spacing

2.4.1.3. Secondary ionisation

Additionally occurringwithin the gasunder breakdown conditiofs a process known

as secondary ionisation, where the positive ions formed by the colligiotige
electron avalanche thetrift towards the cathode. & bombardingcollisions with

the cathodeassuming the ions gain enough enetbgn creates further injection of
electrons from the cathode. This process is accounted for by the addition of the
secondary ionisation coefficiertd, to the governing equatidh32, from 2.31[39],

[40].
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Analysing a specific region between the electro@&a single electron createsQ w
electronion pairs. Representing the currentuass ‘O the current increases by the
following equation 2.31.

g0 0OQw 2.31
The integration of equation 2.31 yields 2.32.

Ow 10Q 2.32

In terms of cathode current, a single electron will genef@te p electrons and
positive ions. The created positive ions which collide with the cathode will then go on
to generateo secondary electrons. Therefore, the current generated from the new
electron population will add to the initial cathode curré@t,as shown in equation
2.33.

‘O 233
pra p
As the (positive) ions move towards the cathode, the anode current will only consist

O

of electronic current, as shown in atjon 2.34.

o0Q 2.34
O ‘O Q

During energisation, with the increase in applied voltage potential, the coeffidients
andowill increase. In the case whef@= 0, this will result in a noselfsustainng

discharge, as the current generated from equation 2.34 will be O.

However, iff 'Q p P, this will then yield a situation where the anode current,
‘O, cannot be 0, even'®= 0. This means that an external ionisation source is not
neededo sustain a discharge. The transition from-seltsustaining discharge to

selfsustaining discharge is referred to as breakdown, as defined in equation 2.35.

€ Q 235
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In the steady state, the circuit current willgreen by equation 36:

0 2.36

0 '
p I Q p

The process can be seen as-seéitaining whethe condition in equation 2.37 is met

rQ p  p 2.37

As a result of the ion attraction and mass collision with the cathode releasing electrons,
the process repeats. Thus, electron avalanches will contimgeuowithout the need

for external systems having to deliver energy for the continuation of thenathal
process 39|, [40]. Equation 237 is referred to as the Townsend criterion for

breakdown

1 ' Q P 2.38

Equation 2.38 refers to the number of electrons generated per single electron moving
across the gap. Wheln = 1, this is known as the Townsend criterion for spark

breakdown, when  p external energy delivery is required.

2.4.1.4. Townsend graphical representation

Relating equation 2.37 to the regions identifiedrigure2.11, at low field strengths
(low voltages)e” 4s closer to 1, and the current is then equdbé¢Bdn the region
betweenv: andV>. As the voltage continues to increagétinds ¥hoth continue to
increase untib ¥ds unity, whene” dapproaches infinityln practice, he current is
limited by the resistance of the power supghor a gap spacing of distanag,

breakdown will ocur whenUandoareach their critical valugg0], [43], [44].

Accounting for electron attachmei,which defines the number of attachments that
occur for an electron travelling unit length in the gagjation 237 becomes equation
2.39:

rQ PP 2.39
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Analysing equation 2.39f the electron attachment coefficie) s greater than the
first ionisation coefficient, then breakdown will not occdue tothe absence of
electron multiplication40Q].

The relationship between currehtand voltagey, can be seen in Figugll

Region I Region II gRCgiOH III;

Current (I) ——

I, [ree——

Vi Vi Vv, Vb Voltage (V)

Figure 2.11- 1-V characteristics of twelectrode spark gap, modified from [42]
As shown in Figure 2.11, the development of breakdown can be described in three

distinctl-V regions, as now discussed.

lonisation free region (Region 1)

At first, dl/dVis proportionate, where the current increases proportionally with voltage
up until pont lo has been reached. In this region, the electrons within the gas gap start
to drift from the cathode to the anode. During this process, many of these electrons
could be lost to processes such as electron attachment or electron recombination,
dependentipon the gaseous dielectric. This electvefocity will be determined by

the level of electric field due to the applied voltage [45], wiasithe field increases

the time taken for the electrons to cross the gap decreases and the probability of
attachment or recombination decreases this leads to the current saturating lat value
BetweenVo andVs, the current remains constant@known aghe saturation current.

This occurs once all of the electrons and ions within the gas reach and are absorbed
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by the anode or cathodehere f thereis cathode emission due to illumination then
all of the electrons introduced to the cathode transit t@tioele.In the case of ion
electron pairs generated in the gap by photoionisation or ionising radiatioagdien
all arebeing absorbed by the cathode or anotleis current does not increase until
an electron amplification mechanism becomes domindnthaoccurs in region Il.

Townsend first ionisation region (Region II)

Once the applied voltage reachasthe current then increastsa value greater than

lo. This increase in current is due to the flow of additional electrons from the more
frequent ionising collisions of electrons with gas molecules as the electric field is
increased in the gajn this region, there is aexponential relationship between the
current and voltage aftéf,, as has been described in Section 214ahd 2.41.2, in

relation to Townsends first ionisation coefficieldt,

Townsend second ionisation region (Region IlI)

In the phaseaboveV,, theincreasing electric field then acceleaselectrongproduced

by secondary ionisation at tieathode, which in turn creates more collisions, leading

to further ionisation of the ga¥he current is found to increase much faster in this

section in comparison to the first ionisation regionVAthe discharge has become
selfsustaining and the breakdown voltage of the gas has been reached. In addition to
Udescribing the growth of the population
second ionisation coefficient, which relates to the numbef secondary electrons

produced at the cathode due to ion bombardment from the primary avalanche, is now

active in this region.,

242. Paschends | aw

Subsequent to Townsenddbés work, one of the
between two parallel ptes, was undertaken by Paschen .[46]a planeplane

electrode geometry under DC stress, the field strength within theeletgrode gap

will be uniform. Under these conditions, equatiofCapplies [43]:

W
| = 240
© Q
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whereE is theelectrical field strength\{/m), V is theapplied voltage (V) and is the
interelectrode gap distance (Mjhe coefficientsU and 2 are both defined bygas
pressures and functions of electric field, as showreqoations 21 and 242,

respectively

| n o+ 241

242

=le)

When @mbining equations 21 and 2.42vith equatiom 2.39 and.40, this yields
equation 243;

W
0 —. Q P p 243
n

Where:

o E =édlectrical field strength

0 p=gas pressure

0 d=interelectrode spacing

o U= Townsendés first ionisation coeffic
o [ =Townsendbs second ionisation coeffic
0

w = breakdown voltage

Analysing equation 43, the value of the breakdown voltay, is only related to the

pressuref) of the gas and the intetectrode spacingd) within the system4Q).

Therefore, thebreakdown voltage is the same for a given value of the prqutlict
which is shown in equatin2.44:

® OnQ 2.44
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Equation244i s known a s,wlichdatethatthébseaktloawmwltage Vp

(or sparkingpotential) is a uniquefunction of the (pd) productfor a given gasand
electrodematerial The typical relationshipetween the breakdown voltage of a gas
and the presswdistance [fd) product is illustrated in Figur2.10 (DC distribution
shown from[40], [43], [47] and microsecond and nanosecond performance from [48]

and [49], respectively).

0[1 L il L L s sl L Lol L PR AN
0.1 1 10 100 1000

pd (Torr.cm)

Figure 2.12- Typical Paschen curves under DC, microsecond impulse and nanosecond impulse,
relationship between breakdown voltage and pd product, modified&@jmin air.

When analysindrigure2.12 Vminis the minimum voltage required to bkedown the
gas, occurs at the Paschen minimlabelledaspdmin. For each energisation regime,
there aralifferentVminandpdminvalues, and Tabl2.3shows the minimum breakdown
voltages fodifferent voltage profiles, taken from the values shown imfe@.12.

Table 23 - Minimum breakdown voltage for air under different energisation regimes [40], and approximated from

the modified Figure 2.12,[48]

Regime Vb (min) (V) pdatVp (min) (Torr.cm)
DC 327 0.754
MS 900 1.2
ns 90,000 300
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What is evidently clear from the work conducted in [48] and [49], is that the applied
voltage characteristics alter the Paschen curve for gas breakdown. Compared to the
DC characteristics, as the applied pulsed voltage becomes shorter in durati®a, both
(min) pd (min) increase. This effect is due to the shorter pulse duration meaning less
time for a discharge to develop at a given level of applied field. Whereas for DC (and
AC) voltages, there are generally sufficient initiatory electrons to initiasktosvn

at lower applied fields [40], due to the increased time under energisation having

enough time to initiate a formative process.

What can also be seen from Figré2is that there ge two distinct regionst pd >

pdnin, the breakdown voltage is highthan that gpbdmin. For a fixed gap distancd,

the reason for this is due to the shorter electron mean freeaphtgher pressure
whereby electrons traversing the gap cellith gas moleculesnore frequently
compared tahe lower pressure @tmin, reducing their kinetic energy. Therefore, for
the breakdown process to commence, a higher potential has to be applieghd/#hen
pdnin, the breakdown voltage also increasahough thefree electrons have the
possibility to cross the gap making very few or no ionising collisions in the process
as the lower number density will result in a longer mean free pa¢hfixed pressure,

p, as the gap length decreases, the number of eleatransavalanche decreases, and
some electrons could collide with the anode before sufficient ionisation has occurred.
For long gaps, the increased distance results in a lower electric field, thddefore

decreases, resulting in fewer ionisation events roicgu

The breakdown behaviour identified in the Paschen curve shown in Figure 2.12 is
|l inked to Townsendo6sUf iarss tweildniassa ttioo nT ocwon
ionisation coefficientp. Townsend proposed thétis a strong function of electri
field, as well as pressure, above the Paschen minithisican be shown from typical
values ofA andB ionisation constants in equation 2.45:
|ﬁ 50— 245

where-

T U= Townsendés firstmYi onization coeffic

f A=ionisation constant related temperature (crh Torr?)
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1 B=ionisation constant due to type of gas (V/cm.Torr)
1 P =pressure (Torr)
1 E=é€ectric field (V/cm)

The ionisation coefficients for air are listed in Table 2.4

Table 2.4- lonisation coefficients for air

Gas A (cmt.Torr?) B (V/cm.Torr)
Air 15 365

2.4.3. Propagation of Streamers

In Townsend breakdown theothe effect of space chargehich distortshe electric

field across the gajs not considered. The streamer onset criterion has two prominent
theories of explanation. Fi r s chargesfieldMe e k 0 s
will lead to the generaih of a streamer discharge when the electric field at the head

of the electron avalanchE:] is approximately equal to the external applied fi&lg).(

Similarly, the theory of streamer onset was created by Raether, which states that the
electronavalanche will transition to a streamer when the number of electrons in the

avalanche head exceed$ [BD].

Streamerpolarity is dependent upon tipelarity of theapplied voltageTherefore, the

location of the formation of a streamer determines tharjpplof said streame#f].
Streamers propagating from the cathode a
streamers travel towar ds t hdeectadstreamner t hey
Positive polarity streamers propagate from the anodbeofystem and can also be

cal |l ed-da ceetchtcedde4dd.t r eamer so |

Streamers form in the shape of long, thin, ionised charnfe¢éschannel of a positive
streamer has been shown to be thicker than that of a negative strefsitgraba gap
distance o#f cm, which corresponds to the gap distance used in the present study.

The space charge that is produced influences the growth of the electron avalanche.

The minimum breakdown strength of gases has been shown to correspond to a critical

43



charge density ofCf per cn?; when the charge density was measured as betwéen 10

and 16, the growth of an impending avalanche was weak@@id[42], [43], [44].

2.4.3.1. StreamerStructure
The basicstructureof both, negative and positive, streamisrdlustrated in Figure

2.13, with the electron avalanche emanating either from the cathode or the head of the

negative streamer. (a)

®

+

)

Electron

Avalanche

)

Electron

Avalanche

Figure 2.13 Structure of a) positivicathodedirected) streamer and b) negative (andilected) streamer
Foll owing Meekdés work on positive streami

Figure 2.14 (adapted from [42]), an electron avalanche is developed at the cathode and
moves under the action of the applied electric field. If the avalanche reaches the anod
this will result in the electrons being absorbed into the anode. This process will leave
positive ions in a conshaped structure across the irgtrctrode gap. A positive
streamer will then develop from a region of high electric field local to thdeaand
propagate towards the cathode. The streamer development is supported by
photoionisation in the densely ionised gas around the anode, which drives the
production of more free electrons These electrons produced by the photoionisation

Figure 2.14- Positive streamer development, modified fror2][450] a) first avalanche crossing the ga
streamer extending from the anode and c) streamer crossingothe ga
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process create giliary avalanches from the main streamer channel, which are

attracted to the positive space charge at the head of the advancing streamer.

Figure 2.15 (modified from [43]) illustrates the negative streamer mechanism,
foll owi ng Raet her @&ther asiteriork it is SVated lthatrstreantere R a
transition occurs when the number of electrons within the avalanche head eXteeds e

= 1. At this point, the electric field produced due to space charge is comparable with

the applied electric field. Auxiliaravalanches are then produced culminating in a
negative streamer, as seen in Figure 2.15.

In Figure2.15 there is a strong electric field betwebler head of the negative streamer
and the anodedue tospace charge. lonisation takes place as the electrons are
dislodged, leaving behind positive ions. The electrons movesigindicantly greater
speed than the heavier positive i(48], [43], [44].

R R 2R 2R R A A e R R IR SR S e
14 o L

e 2R 2R R SR SR SR SR SR SR SR SR SR SR SR TR 2R 2E 2 2
1 o o o b o b b L
1 o b b o b o L o o L b o L o o

F1 1

Figure 2.15 Negative streamer development, modified fror8] [4) avalanches travelling from cathode to ai
b) negative streamer crosses gap
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2.4.3.2. Streamer Electric Field Distribution
The different electrical field distributioa associated with negative and positive

streamersreillustrated in Figure2.16and2.17, respectively.
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Figure 2.16 Negative streamer electrical field lidestribution
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Figure 2.17- Positive streamer electrical field line distribution

In Figure2.16 a loal electrical field is formed between the negative streamer head
and the positive streamer body, which is in the opposite direction to the applied
electrical field, reducing the overall electrical field strength, as seen astioeiated
graphin Figure 2.17. In Figure2.17, for the positive streamer, the electrical field
distribution creates a local field between the positive head of the streamer and negative

streamer body, just like in the case of the negative streddier [
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Figure 2.18 Electrical field distribution of negative streamer, modified frofj [4

Figure2.18shows the change in electrical field strength over the lengimefative
streamer within the electrode gap. It shows a negative streamer where the local field
createsaregion ofreducectlectrical field strength between the space charge head and
the positive streamer body due to the opposing electric fields. Due to theaéxtern
applied field and the space charge formed, the avalanche head can experience intense
ionisation, which can result in the field strength at this point being the stra@igest

point across the gap. This will then result in mioresationand secondaripnisation

from electron bombardmemntcurring, whichcan end with full breakdown arwith

an ionised spark channel becoming formed

Work completed on the propagation of streamers in atmospheric air is described in
[51], [52], with the authors concluilg that positive streamers propagate faster than
negative streamer3his is because positive streamers are initiated by the ionization

of neutral gas molecules by electrons accelerated towards the anode, which causes a
positive space charge ahead of theastrer. This positive space charge enhances the
electric field ahead of the streamer, leading to faster propagation. In contrast, negative
streamersesultin the attachment of electrons to neutral molecules, which creates a

negative space charge ahead & sftreamer [51], [52]. This negative space charge
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reduces the electric field ahead of the streamer, leading to slower propagation.
However, there is research that disputes this as in {a3]Jauthors concluded from

their results that negative streamerd hdigher velocity than positive streamers. This

was attributed to the increase of charged particles in negative streamer channel, which
increases the electric field in the streamer channel, this causes the ionisation of the gas

by accelerated electrons.

So, from these two cases, it is apparent that the type of streamer propagation in the
system is important in determining the breakdown voltage. Interestingly, the negative
breakdown voltage is higher than the positive where DC electric fields are applied,
[54], under lightning impulses [55§nd under nanosecond impulsB§][ However,

the opposite behaviour has been recorded for the application efasalsecond
discharges with high overvoltage levels, which resulted in positive polarity breakdown
voltagesbecoming higher than those for negative polarity [57].

2.4.4. Effect of Environmental Parameters on the Breakdown of Gases

The breakdown voltage of an insulation system is influenced by the amount of water
vapour within the environment, where the presence demeaapour, which is
electronegative in nature, results in the attachment coefficient increasing. In general,
the authors of [58] showed that the breakdown voltage will increase with the addition
of water vapour into a gaseous environment. By increasagetative humidity and
therefore the water vapour in the air, the attachment coefficjeof the air mixture
would increase, while the ionisation coefficietd) (vould stay constant, or not
increase as rapidly [59]. Breakdown of humid air can be paxiained by the space
charge generated within the gap due to the presence of huinidlityed ions. It is
shown in [59] and [60that the negative ions that affect the electrical breakdown
strength of air ar® andO". The ions lose electrons Ioyeans of detachment after

colliding with a neutral molecule, as shown in equations 2.46 and 2.47, [58].

0 O w0 0 Q 246

0 0 44 ¢0 Q 2.47
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Alternatively, electrons can be lost bytodetachment due to the instability of the

ion, as shown in equation 2.48.

O° a0 Q 2.48

In a process called conversion, the oxygen ions can transform into others that do not

detach. Two examples of this process are shown inieqa.49 and 2.50 [59].

0 o0 w0 800 249

0 0O O O 0 2.50

When an electron is absorbed by an oxygen molecule, the process creates a negative

ion, as shown in equation 2.51.

Q 0 wm 0 0 2.51

However, when adding water molecules to the gas mixture, deionisation also occurs
[61]. Electron attachment to water molecules vyields three kinds of negative ion
fragments, as shown in equations 2.52, 2.53 and 2.54.

Q OO0 4 O O 252
Q OO0 wm O 00 2.53
Q OO0 m 00O O 2.54

Due to the addition of the extra electronegative molecules within the gas mixture, the
attachment coefficient of the gas mixtimereases. Reported in [62]sthe humidity
is increased, the lower mobility of ions will result in a reaction with the water

molecules

This ion mobility is found from the equati@s5, [62]-

5
2.55

P 0
0 0

cq CH

0
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WhereK; is the ion mobility in humidir andis either associated with 0 for wet
airor0 0  for dry air. As humid air is a mixture of dry air at 0% RH and water

vapour at 100% RH) is the partial pressure of water vapour aris theair pressure.

This effect also showed that it influenced the corona onset voltage as the humidity

increased, [63].

To further understand the influence of humidity on the breakdown voltage of an
insulation system, the discussion will now focus on the effet the humidity has on
the mechanism of streamer current growth.

Figure2.19 shows a schematic representatiortt@f current generated by electrons
crossing the gap from the cathode to the anloaeed 01j58], [64].

Decreases with increasing
humidity

te t

Figure 2.19 Streamer current growth with changing humidity modified from [58], [64]

From Figure2.19, modified from [64]it is evident that the current increases until a
time, te, andthendecreasesThe initial rise in current with respect to time is due to
increasing arrival of electrons at the anode. At tig¢here is a steep drap the
currentdue to the arrival of the head of the electron avalanche at the anode. At this
point, the electron curent does not drop to zerbut does follow a decreasing trend

until time, t, caused by electrons that arrive after the avalanche head. The electrons
that arrive at this point are those that have been detached from unstable ions in the
gap T he el ardvalatahe andde is later than that of the free electrons due to
the time that is required for the detachment process to take place. This secondary ramp

after timete, is referred to in the literatueséfter curred [ 58] , [ 6 4]
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When relating thisa humidity, with increasing humidity a reduction in the after
currentbeyondte has been reported i64]. This is caused bthe decreased number

of electrons that have detached within the g&h [The number of electrons that have
been incorporated intoon-detaching ions due to conversion reactions is increased
with the increase of humidityesulting in a reduction in the number of detached
electrons The electron detachment processes are independent of the electric field
However, the amount of convess reactions is a function of the partial pressure of
water vapor. The times involved in detachment and conversion processes are different,
with the detachment time being virtually constant. Conversion reaction times are a
function of humidity and are shiened substantially for humid air when compared to
the valuesor dry air. Ths behaviouthas beewbservedractically in 5], where with

the increase of humidity of up to 65% RH, the number of negative ions and free
electronswerereduced by factarof 5.8 and 2.7, respectiveljlso reported in [58]

were minor changes in breakdown strength due to increased relative humidity.
Particularly at lower levels of humidity, with the limited source for the ions due to the
low concentratiof water molecules within the gapge electric field is strong enough

to clear most of the £ O and Oions, so the trapped charge remains. IBelating

this to the breakdown strength of the gas gap, trapped charge has a negative effect
reducing théoreakdown strengtliput the reductiom the populatiorof free electrons

has a positiveffect, increasing the breakdown strength

In [64], decreases in the breakdown voltage with inengalsumidity were seen to

follow the phenomenoitiustrated in Figire 2.19 As the humidity was increagghe
magni tude of t he aphaséetgofdeareaging cutreotigieatesme d o6 d r
resuling in a progressive reduction in breakdown strengtineduction in streamer
current can lead to eeduction in breakdown strength because streamer current is
directly related to the strength of the electric field in the ionisation region. A higher
streamer current results in a stronger electric field, which promotes the ionization of
sample moleculeAdditionally, a reduction in streamer current may also result in a
decrease in the plasma density, which can further reduce the ionisation efficiency and
the breakdown strength of the systdihis can beexplainedcalsodue to the conversion
reactionin equation 249, whichis a function of humidity and quickly becomes the

dominant reactiofor humid air Theauthors of [64] showed that thiene required for
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conversion byequation 249, reduced from 32 ns for dry air to 3 ns for humid air,
resulting in a faer detachment processhe large amount of # molecules present

in the high humidity gas increases the number of conversion reactions taking place by
almost an order of magnitude. [61], it was reported that heavy ions createdthe
reaction inequaion 249, the O, t(H20) ions have a slower drift velocity than that of

O. These @t(H20) ions can create clusters with additional water moled@gp

These clusters are of the formiH20)x, where x is the amount of water molecules

in the cluster Collision crosssections of the ionic clusters increase with additional
H>0O molecules, decreasing their mobility. Also, collision cresstions of these water
clusters vary with the electric field magnitydlerther hindering their movemer@9,

this could result in a higher breakdown voltage being resultant, ifg&yever, br
muchhigher humidity, it is probable that a large amount gt(8.0)x ionshave not

been cleared from the gap. These trapped charge carriers are responsible for the
subsequent reduction in breakdown strerggtivery high levels of humidityThis

could account for the dramatic decrease in the breakdwolage at high humidity
which isreportedn [67] and[68].

As discussed previously, the electron detachment pracesseindependent of the
electric field, where increasing humidity is shown to increase the breakdown strength
of air. However, this section will discuss the electric field effect on the breakdown
voltage of an opeair gap at high humidity. The additiofaerosol into the system at
very high levels of humidity also has an effect on the breakdown voltage of the
insulation system. In [69]f is shown that the effect of aerosol short distances away
from HV electrodes, or forming on the HV electrodes, carelamdetrimental effect

on the breakdown voltage due to the high electric field forming local to the HV

electrode, as shown in Figure 2.20.
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Figure 2.20 Electric field distribution of spherical electrode with aerosol, based on eenrttucted in [69]

Due to the high permittivity of watet)(= 80), a high field region is created between
the HV electrode and the aerosol, resulting in the generation of electrons, ultimately
leading to breakdowiT.he impact of the added water molecugemiintroduce another
possible source of electron emission, playing a guiding role in the development of the

streamer.

The results in [67], [68], [70] show the effect of high humidity on the breakdown
strength of gas gaps. From these studies, it istdeae that under very high humidity,
typically >90% RH, the breakdown strength of the gas gap is reduced due to the high
aerosol content of the air. The breakdown strength of a gas is affected, manifested as
the disruptive discharge voltage becomingguiar, typically at humidity levels of

>80% RH as shown from the high voltage testing standard.Ifypj1], an increase

of the relative humidityvas shown to result in the formation of water droplets, with

the increased electric field in the vicinity thfe HV electrode potentially leading to

breakdown.

The influence of gas pressure is also a factor which determines the breakdown voltage
of an insulation system. The higher probability of collisions resulting from the
increased number density with incse®y air pressure results in the collision frequency
increasing, meaning that a higher applied field is needed in order to drive the

development of an electron avalanche to the point of breakdown, as discussed in
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Sectiors 2.4.1. ans 2.4.2Experimentally,it is well known that increasing pressure

causes an increase in breakdown voltage, as shown experimentally in [72].

2.5. SOLID INSULATION SYSTEMS

In a gassolid insulation system, another potential method of failure is a bulk
breakdown of the soliohsulating material. This is a more severe method of failure, as
a solid does not have the shialing capabilities of a gas, or even a liquid. This failure

mechanism will be only briefly discussed here, as within this work the probability of

bulk breakdavn is very low due to the level of applied field.

2.5.1. Basic Principles

For bulk breakdown of solids to initiate, the electric field which is induced by the
application of a voltage has twe high enough in order for free charge carriers to
acquire a sufficient amount of energy that is not dissipated by photon emission alone.
Within solid dielectrics, free charge carriers are not usually present. Therefore, for
breakdown to initiate, the jiction of charge carriers from the electrodes is required.
As the applied electric field is increased, this causes cltamgier injection, with the

high fields accelerating these charge carriers, leading to breakdowRi{G&sses of
field-enhanced #rmionic emission, as described by Schottkf,[and direct field
emission, as described by Fowler and Nordher, [account for chargearrier
emission at different levels of applied field. The breakdown channel will become filled
with a gas of low rel@ve permittivity, causing local electriteld enhancement, and
increasing the probability of streamers forming and propagating to the point of

breakdown upon application of subsequent voltage stress.

As shown in Figure 2.2176], the bulk solid breakdowmechanism can be classified

into four categories.
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Figure 2.21- Breakdown of solid dielectrics with respect to time, modified fr@6j [

For intrinsic breakdown, upon applying an electric field, electrons absorb energy and
move from the valence band tiee conduction band, traversing the energy gap that
separates them. As this process continues, an increasing number of electrons
accumulate in the conduction band, and eventually, the system experiences
breakdown, [76]. For the streamer mechanism, elesstarting from the cathode will

drift towards the anode, during this motion gaining energy from the field and losing it
during collisions. When the energy gained by an electron exceeds the lattice ionization
potential, an additional electron will be lila¢ed due to collision of the first electron,

[76]. This process repeats itself, resulting in the formation of an electron avalanche,
and eventually streamer, if the number of electrons exceéd# #0void has been
created in the solid, creating a digteclens and promotes breakdown. The thermal
breakdown process is related to the conduction current heating up the dielectrics under
applied voltage stress, leading to an increased thermal conductivity. If the heat
generated by the energisation regimeeexis the heat that can be dissipated by the
dielectric, thermal breakdown will occur. Over time, when exposed to different
environmental conditions and continuous electrical stress, chemical reactions may

take place within the solid, which will lead to bkelown.

2.5.2. Selection of Solid Dielectrics
The materials chosen for study in this project were High Density Polyethylene
(HDPE), Polyetherimide (Ultem) and Polyoxymethylene (Delrin)
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(Polyoxymethylene)), due to their prevalence in pulsed power applications. The
differences in mechanical strength, permittivity and moisture absorption properties
were deemed to provide suitable potential to result in different breakdown

mechanisms and yield differences in measured breakdown voltages.

Further literature on the butkeakdown of the selected solid samples can be found in
[7771 81].

2.6. GAS-SOLID INTERFACE SYSTEMS

As the basis of this thesis, the physics of the breakdown efaigsinterfaces will be
discussed in terms of basic processes leading to flashover. Manyréthanisms
occurring during the flashover process are linked with the gas breakdown theory from
Section 2.3. Therefore, this section will reference these mechanisms, but be tailored
in order to describe the flashover process specifically.

The flashover prcess follows the following phenomef&2]

7 Initial electron production

1 Secondary electron generation process

9 Electric field modifications

1 Effect of environmental parameters on the flashover voltage

2.6.1. Initial Electron Production

2.6.1.1. Field emission
Field emission during a flashover follows a similar process in relation to the work

function discussed in Section 2.4.1.

2.6.1.2. Photoelectric emission
Photoelectric emission specific to a surface flashover event can involve the dielectric
material, which is in addibn to the processes discussed in Section 2.4.1, in relation to

gas breakdown.

The photoelectric yieldp, is an important material property and characteristic of

photoelectric emissioimn surface flashover event3he photoelectric yield is the
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number of &ectrons per incident photon. Significant photoelectric yield;~010%,

typically occurs in the far UV or below the 200 nm rargfg.[The dielectric primarily
utilized for all flashover experiments discussed[83] using different dielectric
materals,for which a work functionbetween 4.08 andl85 eV. Therefore, this work

function will differ dependent upon the solid dielectric used in the insulation system.

2.6.2. Secondary Electron Emission

Miller [84] definedthe secondary electron emission avalan¢BEEA) mechanism
contributing tesurface flashover in vacuum. This SEEA takedahm of the emission

of electrons from the material surfaceith secondary emissionccurring due to
electrons striking the surface of the electrodekich can also be udeao produce
initial electron emission as discussed in Sections 2.4.1.1 and t2.6hien go on to
produce third generation electrons during the flashover progelssge amount of
emission ofelectronsfrom the surfacewill create a positive surface charge on the
materia) as described in Figure 2.2#hich will cause an electric field to be produced
which is perpendicular to the surface of the dielectric. This process will then create a
force where the electrons withihe gap are attracted to the surface of the dielectric.
A cascade effecalso known as an electron avalan¢teown in Figur@.23) can then
occur. However, during this procegbhe material surface will reach a neutral sthtg,
underafastrising (ns impulsevoltage there may not be time for the dielectric surface
to neutralise An important characteristic of SEEA is the secondary electron emission
yield, 0, defining the number of secondary electrons emittddr every primary
electron. Foid > 1, more secondary electrons are escaping the material than incident
primary electrons. Ifi < 1, there are more incident electrons than emitted secondary
electrond85]. Other factors which are important in the secondary ionisation process
arethematerial absiption coefficient andhe probability of escape. These factarg
incorporated irthe Gerald Dionne modet equation 2.5686]

- 256

0 ¢ _
|

5
—8— 8 Q 8p Q

wherei

57



1 = secondary electron emission yield

0 = Secondary escape probability

3 = S e-electnod excitgtion energy
A = Primaryelectron absorption constant
n = Powerlaw exponent

d = Maximum penetration depth

The secondary electron emission can be graphedderstand the secondary electron
emission yield associated with the escape of a secondary patrticle, with respect to the
energy of an incident particle. This graph is show in Figure 2.23 [86].

r

Total secondary emission coefficient, §

U El Eﬂa‘x EJ
Energy of incident particle, E,

Figure 2.22- Secondary electron emission versusehergy of incident electron, reproduced from work8f [

Figure 2.22 shows the crossover points, where the yield is equal to 1. The maximum
point associated with the graph is from electrons penetrating deep into the surface.
Above E, the penetration depth is such that the secondary electrons have a lower

probability of reaching the surface.
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Figure 2.23 Surface cascade flashover with associated electric fields

Shown in Figure 2.23 is an illustrative example of the flashover pranessa
dielectric material. The top layer of the surface is the interface between vacuum and
the solid material. When a dielectric material is subjected to an increasing applied
voltage, the emission of primary electrons due to the Schottky effect iesreas
exponentially These primary electrons, in turn, cause the multiplication of secondary
electrons on the surface of the dielectric. The cumulative effect of this electron

multiplication eventually leads to the formation of a flashover channel.

Inthiswao k however, pressurised gas wil/ be
in vacuum, this means that the mean electron mean free path would be much greater
compared to a system with elevated pressures. The distance which an electron can
travel within a vacum and not collide with another particle is up to nearlu®J87].

However, during flashover or breakdown within atmospherigpressue gaseous
environmentan electron meairee pathof the order of 100 nm can result, a distance

of almost three ordersf magnitude shorter than in a vacuudl][ As surface
flashover in pressurised gas is an important theme which will run throughout this

thesis, this has been further explained in Section 2.6.3.
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2.6.3. Electric Field Manipulation

Discussed in this section akey parameters that will determine the field distribution

in a gassolid insulation system, and ultimately the flashover voltage.

2.6.3.1. Permittivity Effect

The permittivity of the material has an effecton the flashover strength of solid
insulation shown in[8§], [89]. Increasing the permittivity of the material was seen to
decrease the flashover strength, due to field enhancement. This enhancement of the
electric field strength is comprised of normal and tangential fields established due to
the specific prop#ies of the materiaiested.Under applied voltage, the electric field
created will result in the ions within the material moving towards the electrode of
opposite polarity. Interfacial polarization can occur due to the migration of charge
carriers to thanterfacial boundaries under the effect of an applied field [BBis

results in an enhanced field at the surface of the material. This can be determined by
equation 2.57, in terms of the conduction current densities associated with fhe air,
and thesolid dielectric Js. [91] -

Tr o 257
T o

O 0 , O0 , OO0
where-

1 " a=Conductivityof gaseous dielectric (air) (S/m)

=

Eo(t) = External applied field (kV/cm)

1 " s=Conductivity of solid dielectric (S/m)

1 Es(t) = Electric field in the solid dielectric (kV/cm)
1 I 0 =Noncompensated free surface charge

This surface charge is related to the electric flux density on either sidegaigbelid

interface as shown in equation 2.58

o --00 --00 2.58
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wherei

1 - = Permittivity of free space (~8.85*1&F/m)
1 - = Permittivity of gaseous dielectric (air)
1 - = Permittivity of solid dielectric

Therefore, if the permittivity of one material is increased when the other is kept
constant, the field strength will increase for the constant permittivity material, and
decrease for the material where pleemittivity is being increased resulting in a lhéy

field strength at the surface of the solid dielectric. This enhancement of the field
strength due to varying permittivity is shown on Figure 2.24, which shows the effect

on the field lines with changing permittivity. The first illustration in Figur24a.

shows the dielectric when there is perfect contact with the electrode, where the full
edge of the dielectric is normal to the electrode surface. The second and third parts
show the field distribution when there is an air gap included between thernitedad

the electrode. Figure 2.24b shows the behaviour when the permittivity of the dielectric

is high (U = 10), and the bottom illustr
the dielectric is low (U =hathetripl@joncten r e s u |
point, and due to the field enhancement at higher permittivity values, results in a lower

discharge initiation voltage under an applied field.

a) b) <)
Electrode Electrode Electrode
— —1
E—
e I e e ——
—//—x ey
’/\
/\
[ 0 I
Air Bielectric Air ielectri Alr Dielectric

Figure 2.24- Effect of permittivity and spacer material on the electric field lines under applied voltages

2.6.3.2. Dielectric shape and surface modification
Another property that will have an effect on the flashover streongthir-solid
interfaces is the surface roughness of the solid materials, as illustrated in Figure 2,25.

Work has been completed in order to coat the insulator surface with-aedoictor
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material in[92], [93]. Other work to improve the flashover strehgfocused on
changing the angle of the triple junction, which will be discussed in the next section,
as well as changing the angle of the insulator to prevent secondary electrons from
returning to the surfacg94]. The work in[95] shows some flashover data with the
manipulation of the shape of the solid dielectric, which ties into discussion of the angle
of the triple junction. The results showed that a posiingled cone (example given

from angleb in Figure 2.26) had higher flasver voltage compared to negataegled

cone (example given showing andlén Figure 2.26). It was shown that a positive
angled cone design results in a higher flashover strength, due to the inclined electric
field drawing electrons away from the sueaaf the insulator, thus preventing most

of the fieldemitted electrons from the triple junction from colliding with the insulator
surface. Also, due to the angle, any secondary electrons which are developed are then
directed away from the insulator suréaé-or the negativangled cone, the electrons
emitted from the cathode easily strike the insulator and initiate flashovielrj3e
interest of reduced complexity, when reduced space is available, a cylindrical spacer

is often used in flashover systen@6].

Work was completed if97], [98] in order to see the effect of the surface roughness

of the solid spacer on the flashover voltage. Ultimately, the effect of increasing the
roughness of the insulator from Qudn to 1.4um was found to decrease th@shover
strength by 25 kV. This effect was also found to be more prominent (greater reductions
in flashover strength) for negative polarity lightning impulses compared to positive.
Recent work has been completed in [98herethe behaviour of modified siaces

was simulated, in order to determine the effect on streamer propagation along the
surface. The authors found that a longer time was taken for the streamer to reach the
ground electrode for rough surfaces than for smooth surfaces, due to charge being
trapped in the indentations, affecting the streamer propagation along the surface.
Experimental work on surface modification to a dielectric surface is shown in [100]
where the researchers show that an increase in the flashover of a profiled surface in

comparison to a smooth surface can be increased by 26.5 kV.

The way in which the surface of a dielectric material has an effettteoflashover
voltage of an insulation system can be shown by the illustration in Figure 2.25. from
[101]
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Figure 2.25/ surface discharge characteristics of roughened sample modified from [101]

When examining a surface that has been intentionally n@adghy we observe the
emergence of uneven grooves and small pits on the sample's surface. These surface
irregularities indirectly influence the distance electrons can travel (referred to as
creepage distance) and impede the smooth progress of electrogs thergample’s
surface. Concurrently, a subset of charged particles lacking sufficient energy
encounters obstacles as they move toward these grooves or pits. These charged
particles lack the necessary energy to maintain their forvard momentum. They either
neutralize other charged particles in the air or their trajectory is altered due to
reflections off the surface, which results in an increase in the voltage needed to induce
a discharge (flashover voltage). This effect is especially pronounced whemnféoe su
texture is oriented perpendiculattythe direction of the external fielfihe combined
influence of these effects contributes to further hindering the occurrence of flashover
along the surface. Nevertheless, the uneven surface may also lead eiquatad
contact between the sample and the electrode, leading to distortions in the electric field
strength near the electrodehe initial electrons are generated at the point where the
gas, electrode, and sample mdatown as the triple junction point JP) This
phenomenon further encourages the progression of a flashover Bverdfore, at

lower degrees of roughness, the primary mechanism is the barrieradfstaicting

the movement of charged particles, across a material's suHaeeever, as the
roughness increases, the gap between the sample and the electrode widens, making the
promotion effect which erourages the acceleration or enhanced movement of

charged particlesiore influential in the process

As discussed previously in Section 2.6.3% frermittivity of the solid material can
have an effect on the field enhancement at the surface of the material, and therefore
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on the flashover strength of the insulation system. Another important factor in relation
to the discussion related to Figure 2.83he angle that is created at the triple junction
point of the insulation system, due to the surface profile of the material. The triple
junction point is the point where the electrode, insulator and gas (air) contact, and
generally where the flashoverinitiated from due to the enhancement of the electric
field at this point. The characteristics of a triple junction point with respect to angle of
contact and permittivity of material are illustrated in Figure 2.26, which shows a cross
section of a tple junction point, where the cathode, solid dielectric and vacuum
contact [102].The work completed in [X] shows thefield behaviour which is
associated with different triple junction point angles. This paper deals with the
flashover behaviour in @acuum so it isassumd thatthe flashover initiates over the
surface of the material. The contact angle is changed from +90 degr@@slagrees.

As the angle is changethere is adramatic effect on théeld strength as discussed

in the following ext, using Figure 2.27 als®his will now be discussed in relation to

triple junction point angle.

Q

Figure 2.3 1 Dielectric triple junction properties modified from [2]0P and Q are triple junction points with
andb denoting the angle characterised at each triple junction pdirtlated to the permittivity associated with

the solid dielectric antl is assaiated with the permittivity of the gas dielectric.

Figure2.27illustrates the behaviour of the electric field distribution at the surface of
the material fotthree different spacer contact angles, as shown at the top of Figure
2.27. As the material shapechanged, the electric field changes correspondingly, due

to the new angles created at the triple junction point.
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Figure 2.7 - Electric field strength along the surface of different spacer shapes modified frajngdonittivity

of material used)= 6

Figure 2.27 shows the field distribution along the dielectric spacer. It shows that when
the angle is 50° or 70°, there is an increase in the field strength at the triple junction

point whenr/R = 3, as shown in Figure 2.26.

FromFigure2.28 the field strengtte, at the point of contact near P or Q, shown in
Figure 2.26, can be expressed as equation 2.59, [102], [103].
O uv& 259
wherei
1 | =the distance from P or Q (shownRigure 2.26)

f K = a constant dependent upon the arigland the permittivity ratio

1 m=exponent, the sign of which is dependent upon theptwwor mi t t i vi t y 6 ¢
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m< 0 whenzs > 25 andm > 0 when#s < zgat U< 9C°, wherezs and#gare shown in

Figure 2.3, but the opposite is true far> 9C°. This means that approaching point P,

the field strength is theoretically infinitely high whea> z4and theoretically zero

whenzs < 243, The value oim can be shown aSigure2.28 in relation to the ca@ct

angle of the dielectric as wel | as the permittivityos

two permittivityds.

g =10
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0.3 & =4
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-0.2
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Figure 2.8 - Permittivity and contact point angle effect on 'm’, modified from figure i2][10

As the permittivity¥s increases, the absolute valuenois increasedim can be found

using equation 2.6[10Z i

el - D E" T 260

Whel‘e“s :Bd/Bg.

In relation to Figure 2.28, it is explained in [102] thait relative to contact angle),

for 2080 .1Tle absolute value of increaseswith ¥s but it is only 0.3 at the
maximum, even fo¥s = 10. This means that the field strength increases only slowly
when approaching a contact point. As can be seen in Figuren2:28,atU= 0 and
atU= 90°, indicating that the field does not exhibit a singularity, 0, in these cases.
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It should be notethat these results were gathered under vacuum, where the effect of
environmental conditions such as air quality and relative humidity will not impact the
flashover voltage. In air, variation in these parameters could cause partial discharge
activity, leadng to different mechanisms of flashover. The work complatdd04]

shows simulation results regarding the electric field distribution from the triple
junction point over the spacer material. It was shown that as the angle increased from
10 degrees to 14@egrees, the electric field intensity decreases. The maximum field
intensity found by the authors was between 10 and 20 degrees at the contact point.
Overall, the findings resulted in a 90° insulator angle being selected, to minimise the

field enhancement

2.6.3.3. Environmental Parameters

It has been widely published that elevated air humidity is seen to decrease the
flashover strength of solid insulatidn.[105), the authors showed that for an increase

in relative humidity from 10% to 90%, a corresponding ease in flashover voltage

of around 50% was evident. It was also seen that as the percentage of moisture
increases with increasing relative humidity, a film of water was accumulated on the
surface of the solid material, leading to a consistent dischatiyapass the surface

of the material, rather than through the bulk of the air. A similar system design was
usedn [106), where the effect of increasing humidity was seen to reduce the flashover
strength of the insulating system. This conductive area;hwhirelated to the film of

water on the material surface as the humidity is increased, increases the probability of
the production of secondary electrons, leading to flash&ireder positive polarity,

the flashover strengthias beerioundto generally increase with increasing humidity
whereas for negative polarity, the flashover voltage decseasie increasing RH.

This can be attributed to thnding that humidity inhibits the inception and
development of positive impulsive dischardast exerts minimal influence upon
negative streamef&07]. The influence of RH on breakdown voltage can be explained
by the following phenomena. For negative polarity, the reduction in breakdown
voltage with increasing RH can be attributed to the redyredtressing effect,
associated with an increase in humidity. For positive polarity, the increase in

breakdown voltage with increasing RH could be due to the lesser amount of space
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charge generated under positive polarity at high humidity. There is eqeail
evidenceg[1081 110 that supports the notion that positive space charge diminishes
with increasing humidity. Results reportedii1] also show a difference in corona
inception voltages, with negative inception voltages being lower than posiéved

the effect of humidity.

The hydrophobic/hydrophilic nature afmaterial will alsobe animportant factor in
determiningthe flashover strengtin humid air,as outlined if1127 114. When the
material ishydrophobi¢ the ability of the dropletto move along the surfacis
importantwhen close to the triple junction poimgsulting in dower field intensity

due to the movement of the droplet towards, and coming into contact with, the
electrode, which eliminates any air gapd therefore increesthe flashover voltage.
However, dependant on the wettability of the material, under this movement, the
droplet could produce a film of water along the length of the material surface, which
will result in a decrease in the flashover voltage, as discusq&06]. Linking this

with the surface manipulation discussed in Section 2.6.3, the aahr$5] show

that surface roughness has an effect on the contact angle, depending upon how
hydrophobic or hydrophilic the material is. The authors showedithie material
surface is hydrophobic, it will bevenmore hydrophobic after treatmetot roughen

the surfacelf the material surface is hydrophilicwill be evenmore hydrophilic after
treatmento roughen the surfac&his result is in line wittWe n z el 6 s(26l)guat i o |
[116], which shows that surface rouggsstreatment will only amplify the surface

wettability of a certain material

OE+ Y Qe+ 2.61
In equation (2.61),— and—are the water contact angles of the rough and smooth
surfaceof the material, respectively, aid is the surface roughness of the material.
The contact angle of water droplets on a spacer suacged tadetermine whether
the material is hydrophobior hydrophilicandit is commonly known that a droplet
with a contact angle of >90° indicates a hydrophobic surface, while a contact angle of
<90° indicates a hydrophilic surfackl[/].
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Generally, when regarding surface flashover, studies on vacuum systems are common,
due to the probability of the occurrence of flashover increasing, due to the desorption
of gas from the dielectric surface. When testing insulating systems in pressurised
gases, however, there are other mechanisms that result in insulation failure, as shown

in the review,[118]. Considering all the mechanisms discussed in Sections 2.3 and
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a #  |Electron
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Figure 2.® - Different processes of surface flashover in compressed gases, modified I&m [1

26, summarising all of the key process involved in the flashover of a solid in
compressed gases, Figure 2.29 shows some of the key processes that play an important

role in the flashover of solid insulators in gases, [119].

Surface charging of the dielectrsurface is dominant in driving the flashover of
compressed asolid interfaces. This surface charge accumulation can be due to free
electrons impacting the surface of the material and being adsorbed, or due to charge
from the spacer itself, whether imtsic to the material or on the surface [120].

The effect of surface charging on the flashoveltage of a insulation system is
discussed if121]. The authors found thaas thepressure inside the test apparatus

was changed, the charge density on thiéasa of the dielectric changed. InSEe

authors observed that as the pressure was increased, the surface charge density was
increased.
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In terms of free electron sources in compressed insulation systemgliig22]include
|

1 Background radiation natal ionisation

1 Secondary electron emission

9 Field emission from electrons

1 Partial discharges in the gas
These sources of free electrons have already been discussed, in Section 2.6. What is
important when working with compressed gas insulation systems jmtéstial for
gas breakdown away from the spacer surface itself, following the mechanisms
discussed in Section 2.3. Work in [12B4s been completed, characterising the
behaviour of streamer discharges near dielectric surfaces. Positive discharges were
found to move away from the dielectric surface, with the authors concluding that this
was due to the abundance of charge carriers in the gas, generated by photoionisation,
enabling the streamer to propagate following the field lines. In [tf2d huthor found
that when a streamer is propagating close to the surface of a dielectric, the level of
photoionisation which would normally proceed within an open gas gap will be
reduced, effectively being blocked at the side of the streamer head thoessolid
dielectric. If the dielectric surface were negatively charged, however, then the surface
could provide a source of free electrons.

In [125] and [126], he authors haveimulated botlpositiveand negativestreamers
analysing their level oftaractionto thesurface of a dielectric during energisatidhe
authors concluded that, when comparing the propagation of positive and negative
streamers, at short distances to the dielectric, streamers of both polarities will be
attracted to the surfacef the spacer. When the permittivity of the material was
changed, this slowed down the propagation of negative surface streamers. Also, in
[125], as the initiation point which was seeded further away from the triple junction
point, the time taken for thgositive streamer to come in contact with the dielectric
increased. Also, differences in the velocity of the streamers were also evident,
travelling 10 mm in 4 ns for bulk gas breakdown, increasing to 10 mm in 20 ns for

surface flashover, when initiateddm from the dielectric.
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2.6.4. Conclusions

From the literature review important aspects have been identified that have been taken
forward into the design of the study, and the effect each has on the flashover voltage
of the insulation system, as well as the synergistic effect of multiple facteefore,

the following aspects have been included

1 Effect of Insulator Material
1 Effect of Material Surface
1 Effect of Triple Junction Point Angle
1 Effect of Humidity
1 Effect of Pressure
1 Effect of Polarity
The following Chapter Il will discuss these asfgecand the design and

implementation of these systems, building a foundation for the experimental results

presented and discussed in Chapters IV, V and VI.

The principles of pulsed power systems have been discussed in terms of energy storage
methods. Theundamentals of the breakdown of gases, solids, ansdi@snterfaces

have also been outlined. Special consideration was given to the breakdown
mechanisms in gases and acrosssgeisl interfaces, due to the low probability of bulk

solid breakdown, du@tthe dimensions of the solid samples and magnitude of the test
voltages. Within each section, historical and recent references were discussed, relevant

to the scope of this thesis.

This thesis will consist of flashover voltage data forsailid interface with varying

solid material, surface manipulation, humidity, pressure and impulse polarity,
providing new data and associated discussion, relevant to the pulsed power industry.
Under the fastV/dtimpulsive voltages used in this thesis, the synergestect of
physical and environmental parameters on the breakdown/flashover performance of
the system will be discussed. Therefore, this work will provide a useful source of
information within the pulsed power industry, for scientists and engineers inunlved

the design process of insulating mechanical supports for various industrial systems.

71



2.7. CHAPTER |l REFERENCES

[1] Lin, Tianyu, Yongpeng Zhang, Zhijian Lu, Zhengwen Wang, Peng Wei,
Chengying Liu, and Lanjun Yang. Lang21. i D
Term Repetitive Microsecond PMdtesiadsd4, i n Co
no. 12: 3343https://doi.org/10.3390/mal412334

[2] Liang Zhag Jian Cang Su andChun LiangLiy A Revi ew of devel «

pol ymerso6 breakdown characteristics and
AIP Advancesl0, 035206(2020)https://doi.org/10.1063/1.5110273

[ 3] J . C. MaHItS TMTORWY TOHE FPPWRRIESED POWER, 0 i n
on Pulsed Power, 1995

[4] G. A. Mesyats, PULSED POWER. Springer, 200

[5] Jane Lehr and Pralhad RonFoundations of Pulsed Power Technology, IEEE
PRESSS, Wiley, 2017

[6] H. Bluhm, Pulsed Power Systems. Springer Berlin Heidelberg, 2006

[7]H. W. Lee, S. K. Kang, S. K. Kwon, I. H. Won, H. C. Kwon, H. Y. Kim, J. K. Lee,

andH . W. Lee, AEnhancement of mi crowave p
applications wusi ng pEEEE€omnferancebn PlagnaiScaemceme t h c
2013, pp. 312315.

[8] S. R. Rajulapati, F. A. Husain, S. B. Ananthapadmanabha, K. H. Schoeabdch,
S. Xi ao, ANanosecond Biphasic Pulse Gene
IEEE Conference on Plasma Scien2@13, pp. 593596.

[9] T. Masuoka, T. Kawakami, T. Kiyoshima, C. Asada, Y. Nakamura, K. Teranishi,
and N. Shi mo mur a jschérges dn dgceliuno Growth ofl Spaeassis D
Cr i s plBEE ®ulsechPower Conferenc015, pp. 6i771.

[10] V. Tran, T. Par k, H. Choi, and J. C
Power System for Medi cal LaserGircuitWi t h t
Descriptions and Basjc0 p p228, 20153

72


https://doi.org/10.3390/ma1412334
https://aip.scitation.org/author/Zhao%2C+Liang
https://aip.scitation.org/author/Su%2C+Jian+Cang
https://aip.scitation.org/author/Liu%2C+Chun+Liang
https://doi.org/10.1063/1.5110273

[11] S. Matsubara, A. Nakagawa, S. Kuniyasu, K. Teranishi, Y. Uto, and N.

Shi momur a, 266Al nvestigation of effect o
o n t ubigoTechoPap. Int. Pulsed Power Comnfol. 2015 Octob, pp. 374378,

2015

[12] H. Akiyama, T. Sakugawa, T. Namihira, K. Takaki, Y. Minamitani, and N.
Shi momur a, Al ndustri al app!l i dEEE iTrans.s o f
Dielectr. Electr. Insul vol. 14, no. 5, pp. 1051064, 2007.

[13] M. P. Wilson, L. Balmer, M. J. Given, S. J. MacGregor, and I. V. Timoshkin,
AOpti mization of the spark gap parameter
Conf. Rec. Int. Power Modul. Symp. High V@Wtork., pp. 306309, 2006.

[ 14] . V. Ti moshkin, J. W. Mackersi e,
mi ni ature hol e KEEE Trahs. PlagmatSeivolh32,0nb. & d, pp. 0
2055 2061, 2004.

[15] S. Qin, I. V. Timoshkin, M. MacLean, M. P. Wilson, S. J. MacGregor, M. J.
Given, J. G. Ander son, and T. Wang, APul
Inactivation tendencies and energy n s u mpEEE Trans. Blasma Scivol. 42,

no. 10, pp. 31913196, 2014.

[16] M. Zhanget al, "Design of High Voltage Pulsedower Supply for HFRC,"
in IEEE Transactions on Plasma Sciengel. 48, no. 6, pp. 1688692, June 2020,
doi: 10.1109/TPS.2020.2987038.

[17] J. Kwaket al, "KSTAR Status and Upgrade Plan Toward Fusion Reactor,"
in IEEE Transactions on Plasma Sciengel. 48, no. 6, pp. 1388395, June 2020,
doi: 10.1109/TPS.2020.2964776

[18] Y. Lv et al, "Optimization of the Pulsed Highield Coil in a Magnetic Trap Type
Plasma Compression Device,"IBEE Transactions on Applied Superconductivity
vol. 30, no. 4, pp.-b, June 2020, Art no. 4201605, doi: 10.1109/TASC.2020.2968261

[19] T. A. Mehlhorn, "Pulsed Power as a Science: Predictive Simulations for Beams,
Z-Pinches, and Other Applications," IBEE Transactions on Plasma Scienvel.
48, no. 4, pp. 76891, April 2020, doi: 10.1109/TPS.2020.2967648.

73



[20] A. Guenther, M. Kristiansen, and T.
pulsed power technolog@pening Switches, New York: Plenum Pra887, p. 7

[21] J. R. Macdonald, M. A. Schneider, J. B. Ennis, F.Mécdougall, and X. H.
Yang, AfAHiIi gh Ener gy |HBE Blectiical ynsulatoop Gooferéanger s , 0
2009, no. June, pp. 30809.

[22] Mirshamsi, Ebrahim6 Per f or mance of opening- and c|
power net wor ks o. L oyu g h99@& r dPhDy h Thesiklni v er
https://hdl.handle.net/2134/35586

[23] Wang, Ge, Lu, Zhilun, Li, Yong, Li, Linhao, Ji, Hongfen, Feteira, Antonio, Zhou,

Di, Wang, Dawei, Zhang, ¢eramigsfonHigiEReegg ney , |
Density Capacitors: Current Statasn d Fut ur e Apnerica Chetnical v e s 0,
Society, Chemical ReviewgL - 121, IS-10, 2021

[24] T. R. Jowet al, "Pulsed power capacitor development and outlo?815 IEEE
Pulsed Power Conference (PR@ustin, TX, 2015, pp.T.

[25] R.A. CooperJ . B. Enni s, and D. L. Smith, nZR
Product i on Prd8dedings efttheclEHE. International Pulsed Power
Conferencg2005.

[26] A. H. Bushnell, Alnterfacing pul sed
Proc.2002EEE International Power Modulator Conferengap. 296292, 2002.

[27] E. Marx, Deutsches Reichpatent No. 455 933,1923.

[28] R.A. Fitch, Marxand MarxLike High Voltage GeneratorEEEETrans.Nucl.Sgi.
Vol. 18, No. 4, pp. 190198, 1971.

[29] G.W. Swift, Charging Time of a High Voltage Impulse GenerdiiiE Electron.
Lett, Vol. 5, No. 21, p. 534, 1969

[30] G.A. MesyatsPulsed PowerKluwer Academic/Plenum Publishers, 2005.

[ 31] F. Heirlilmrgomrnemul ik st age | mpul se gen:
vol. 92 (6), pp. 37876, 1971.

74



[ 32] D. Kind, and K. F e s evro,| thaFguen dt aensetn ttaelc
in High Voltage Test Techniqueand ed. London: Newnes, 2001, ch. 1, pf0®.

[33] R.A. Cooper, J.B. Ennis, W.J. Gratza, R. Miller, S.K. Lam, and P.S. Sincerny,
100 kV capacitor devel opment flEEE f as't
International Pulsed Power Conferena®l. 1, pp. 53633, 2003.

[34] A. S. Yudin, S. S. Maegmyanov, A. A. Bukharkin, I. V. Bugaev and E. G.
Krastelev, "Triggered Spark Gap Switch with Gas Circulation for Repetitively
Operated Multistage Marx Generato?2018 20th International Symposium on High
Current Electronics (ISHCE)Tomsk, 2018, pp. 16869

[ 35] A. A. Fri dman, L. A. Kennedy, APl asmn
Taylor & Francis, 2004.

[ 36] Mi chael Ke i dar maaEmgineeling, aARplications fBmi | i s
AerospacetoBioand Nanot ec hn o lPaggsyl &8, Pla&simaGndemsr 1
Elselvier2013 ISBN:9780-12-3859778

[37] M AbdelSalam H Anis, A EMorshedy, R Radwaitligh Voltage Engineering’
[Book Section}/ High Voltage Engineering.NY: Marcel Dekker, 2010- Vols. 149

172 'The corona discharge'.

[38] Ravindra ArorayWolfgang Mosch Field Dependant Behaviours of Air and Other
Gaseous DielectricsChapter 3 High Voltage and Electrical Insulation Engineering
(IEEE) Wiley pages 69168

[39] M AbdelSalam H Anis, A EMorshedy, R RadwakHligh Voltage Engineering
‘lonizaion and deionization processes in gases'. [Book Sectidtigh Voltage
Engineering- [s.l.] : Marcel Dekker, 2010. Vols. 81:103

[40] E. Kuffel, W. S. Zaengl, and J. Kuffel, High Voltage Engineering: Fundamentals,
Newnes, New York, NY, 2000

[41] Nasser, Essam, Fundamentals of Gaseous Electronics.-Wi#ggcience, New
York, NY, 1971.

75



[42] J. M. Meek, J. D. CraggsO EIl ect r i c al b r- €lackedtervNew of g a
York : Wiley series in plasma physics, 197&0l. chapter 7.

[43] M AbdelSalamH Anis, A EFMorshedy, R Radwan High Voltage Engineering
‘Electrical breakdown of gases'. [Book Sectirijigh Voltage Engineering.[s.l.] :
Marcel Dekeer, 2010.Vols. 115

[ 44] Andr eas Kuchl er AHiI gh Vol tage Eng
Applicat i ons o, Spr i ngEectric\Biremgthepgge CI?a72018,r 3

[45] Y.P. Raizer, Gas Discharge Physics, Springemag, New York, NY, p. 71,
1991.

[46] F.Paschen,Uber die zum funkenu bergangin Luft,Wasserstoff und Kohlensaure
bei verschiedezn Druckeneforderliche Potential differeAnn. Phys .Chen\Vol.37,
p.69,1889

[ 47] M S Naidu, V Kamaraj u, AHI gh Vol tag
(India) Private Limited ISBNL3: 9781-259062896, 2013 Chapter 2. conduction

and breakdown in g&s pages

[48] Dmitry Levko, Robert R. Arslanbekgwladimir I. Kolobov; Modified Paschen
curves for pulsed breakdowRhysics of Plasmad June 2019; 26 (6): 064502.
https://doi.org/10.1063/1.58037

[ 49] L. Babich and T. V. Lo. ko, "Gener :
Conditions," INEEE Transactions on Plasma Scieneel. 44, no. 12, pp. 3243248,
Dec. 2016, doi: 10.1109/TPS.2016.2629022.

[50] J.M.Me& and J.D.Craggglectrical Breakdown of Gasg®xford Press, p.266,
1953.

[51] Briels T M P, Kos J, Winands G J J, van Veldhuizen E M andEbert U 2008
Positive and negative streamers in ambient air:measuring diameter, velocity and
dissipated energyJ. Phizs Appl. Phys.41234004

[52] Alejandro Luque and Valeria Ratushnayan d Ut e Ebert APositi
streamers in ambient air : Joorpatod PhiysicmDy e v ol
Applied Physic2008 10.1088/0023727/41/23/234005

76


https://doi.org/10.1063/1.5108732

[53] Tarasenko, V.F., Naidis, G.V., Beloplotov, D &t.al. Measuring and Modeling
Streamer Velocity at an Air Discharge in a Highly Inhomogeneous Electric Field.
Plasma Phys. Reg6,320 327 (2020)https://doi.org/10.1134/S1063780X20030113

[54] Asif Igbalt*!, Daniel Wozniak?3 Md Ziaur Rahmaf?® Sneha Banerjé¢, John
Verboncoeur, Peng Zhany! andChungi Jian?3Influence of discharge polarity on

streamer breakdown criterion of ambient airina-oomi f or m e Joaumal r i ¢ f |
of Physics D: Applied Physi¢cd/olume 56, Number 3, December 2022

[55] Sadaoui, F. and Abderrahmane Berouali | nf | uence of pol ar.i
voltage of gases in divergent el22tric f
International Conference on High Voltage Engineering and Applicd#0d2): 496

499.

[56] P. Chowdhuri, A. K. Mishra, P. M. Martimd B. W. McConnell, "The effects of
nonstandard lightning voltage waveshapes on the impulse strength of short air gaps,”
in IEEE Transactions on Power Delivempol. 9, no. 4, pp. 1991999, Oct. 1994, doi:
10.1109/61.329531.]

[57] Beloplotov, Dmitry & Taasenko, Victor & Lomaev, Mikhail & Sorokin, Dmitry.
(2015). Inverted Polarity Effect at the Subnanosecond-Nigtage Breakdown of Air.
IEEE Transactions on Plasma Sciend8. 7. 10.1109/TPS.2015.2480872

[58] A. Verhaart and P. C. T. Van der LaanhéTinfluence of water vapor on
avalanches in air'd. Appl. Phys.Yol. 55, pp. 32863292, 1984

[59] KUFFEL, E.: 'Electron Attachment Coefficients in Oxygen, Dry Air, Humid Air
and Water VapourRroceedings of the Physical Societ959, 74, p. 29

[60]L.LFouad, S. El hazek, fAEffect of humidit)
el ect r odleurmalfEtedrostaticsvVolume 35, Issue 1, 1995, Pages3al

[61] Li, Bingxu & Li, Xingwen & Fu, Mingli & Zhuo, Ran & Wang, Dibo. (2018).
Effect of humdity on dielectric breakdown properties of air considering ion kinetics.
Journal of Physics DApplied Physics. 51. 10.1088/136#63/aad5b9.

s


https://doi.org/10.1134/S1063780X20030113

[62] AbdetS al a m, M Al nfluence of humidity on
el ectrost at i dournalrokRhysigs D: Adpled Bhgsits1992 - IOP
Publishing SP- 13181322 IS-9 VL - 25

[ 63] Loeb L B AEl ectrical Cc oirBerkedey CA t hei r
University of California press, 1965

[64] D. Rodriguez, R. S. Gorur and P. Masen, "Effect of humidity on the
breakdown characteristics of air in uniform field for the very low frequency (VLF)
band,"” INIEEE Transactions on Dielectrics and Electrical Insulationl. 16, no. 5,
pp. 13971403, October 2009, doi: 10.1109/TDEI.200®3953

[65] G. A. Eiceman, and Z. Karpas, lon Mobility Spectrometry, CRC Press, Boca
Raton, FL, Ch. 2, 3, 2005.

[66] A Brissetet al fiExperimental study of the effect of water vapour on dynamics of
a high electricfieldnoe qui | i bri um di f f ug.ePhyd. DsAppghar ge
Phys.54 215204 10.1088/1366463/abe8le

[67] Niu, H. & Xu, T. & Zhuang, X. & Yi, Z. & Liu, Y.. (2017). Analysis on dramatic
decline of air gap breakdown voltage in the-fage weatherGaoya Diangi/High
Voltage Apparatuss3. 181185 and 191. 10.13296/j.100609.hva.2017.01.030.

[68] Niu, R. Qwo, T. Xu, and J. Xu, 66Research o
decline of air gap breakdown voltage, 60
Eng. (EEEIC), Rome, Italy, Jun. 2015, pp. 1i7PB29.

[69] F. Zhou, Y. Ding, S. Wang, X. Yao and F. L'@tudy on the influence of rainfall
on the electric field distribution and switching impulse voltage of faige spherie
plane gap," inThe Journal of Engineeringol. 2019, no. 16, pp. 2748752, 3 2019,
doi: 10.1049/joe.2018.8535.

[70] IEC 600601; High-voltage test techniquésPart 1: General definitions and test

requirements

[ 71] Guan, L. Wang, B. Yang, X. Liang, a
dr op c tEEBTrams. Bodver Delvol. 20, no. 2, pp. 96869,Apr. 2005, doi:
10.1109/PWRD.2004.837672.

78



[72] M. G. Hogg, I. V. Timoshkin, S. J. MacGregor, M. P. Wilson, M. J. Given and
T. Wang, "Electrical breakdown of short raniform air gaps,2013 19th IEEE
Pulsed Power Conference (PRCpan Francisco, CA, 2013, pp-41 doi:
10.1109/PPC.2013.6627482.

[ 73] D. L. Pul frey, AThe el ect r-urmdfan breal
f i e IJ.dPRkys. B: Appl. Physvol. 5, pp. 647655, 1972.

[ 74] W. Schottky, N Col & Pays dol. bh4o(2), pe b3 ct r on
106, 1923.

[75 ] R. H. Fowl er , and L. Nordhei m, AEI ect
Proc. R. Soc. Lond. A, vol. 119, pp. 1781, 1928

[76] Naidu, Motukuru S., and V. Kamarajdigh voltage engineeringrata McGraw
Hill, 2013. Chapter 4Breakdown in Solid Dielectrics

[77] N. L. Dao, P. L. Lewin, I. L. Hosier and S. G. Swingler, "A comparison between
LDPE and HDPE cable insulation properties following lightning impulse
ageing,"2010 10th IEEE International Conference on Solid DielectriRstsdam,
2010, pp. 4, doi: 10.1109/1ICSD.2010.5567944.

[78] T. Niwa, M. Hatada, H. Miyata and T. Takahashi, "Studies on the improvement
of breakdown strength of polyolefins,"IBEE Transactions on Electrical Insulation
vol. 28, no. 1, pp. 334, Feb1993, doi: 10.1109/14.192237.

[79] L. RogersetaL,AHi gh Vol tage Insulation and Ga
Hi gh Pressur e Ar go nJINSNE PIR@2[arXiv:1604.64416]10 , 2 0!

[80] Dabbak, Sameh & lllias, Hazlee & Ang, Bee & Abdul Latiff, NUAIn &

Ma k mu d, Mo hamad. AEl ectri cal Propertie
Compounds for Higvol t age | rEgengles t1l.0 4448. 2018
10.3390/en11061448.

[81] E. Kuffel, W.S. Zaengl, and J. Kuffe

High Voltage Engineering: Fundamenta®hd ed., Newnes, 2000, ch. 6, pp.-394.

79



[82] T. S. Sudarshan and R. A. Dougal, "Mechanisms of Surface Flashover Along
Solid Dielectrics in Compressed Gases: a Review,"|HRE Transactions on
Electrical Insulation vol. EI-21, no. 5, pp. 72746, Oct. 1986.

[ 83] D. K. Davies, fAChar gbritd ApplePhyg8er.on on
2, Vol. 2, 19609.

[ 84] H. Mill er, A Sur fIEEE @ranBdct@rs loroBleetrical o f I n
Insulation Vol. 24, No.5, pp. 765786, October 1989.

[ 85] E. R. B. Adamson, ASecondary EIl ectr
Energy Crossover, 0 Dissertation for the

Texas Tech University, Lubbock, Texas, 1993

[86] Dionne, G. F. "Origin of SecondarglectronEmission YieldCurve
Parameters,J. Appl. Phvs Vol. 46, No. 8, August 1975, pp. 333351.

[87] F . Hegel er , ADi el ectric Surface FIl ash
Environment, 0 Di s s e rDodot of @mlosdplo/rin Etedtrieal De g r ¢
Engineering, Texas Tech University, Lubbock, Texas, 1995

[88] N. Matsuoka, Y. Fuchi, M. Kozako and M. Hikita, "Effect of permittivity
variation on surface flashover of GIS epoxy spacer model in SF6 225" I[EEE

Internaional Conference on Dielectrics (ICDWontpellier, 2016, pp. 969.

[89] D. L. Schweickart, H. Kirkici, L. C. Walko and W. G. Dunbar, "Insulation and
dielectric breakdown design considerations in-atrhospheric environments2007
16th IEEE InternationbPulsed Power Conferencélbuquerque, NM, 2007, pp.
1661-1664.

N

[ 90] M. R. Wert hei mer, L. Paqui n, H. P.
permittivity, conductivity, and breakdown characteristics of polymea
composites 0 | EEE Tr a n,sol E-E2 (3),pp. 137141] 187 .u |

[91] LV. Timoshkin, S.J. MacGregor, R.A. Fouracre, B.H. Crichton, and J.G.
Anderson, ATransient electrical field ac
treatment of microbial cellsd J . Phys ., volD39 (A mpp5Sb&03, RODG. s

80



[92] J. D. Cross, T. S. Sudarshan, "The Effect of Cuprous Oxide Coatings on Surface
Flashover of Dielectric Spacers in VacuunEEE Trans. Electr. Insul.vol. 9, pp.
146150, 1974

[93] H. C. Miller, E. J. Furno, "The Effectf Mn/Ti Surface Treatment on Voltage
Holdoff Performance of Alumina Insulators in Vacuurd:' Appl. Phys.vol. 49, pp.
54615420, 1978.

[94] R. A. Anderson, "TimdResolved Measurements of Surface Flashover of Conical
Insulators”,1975 Annual Report Conbn Electr. Insul. and Dielectr. Phen National
Academy of Sciencek978.

[95] H. H. Zhong, H. C. Karner and M. Gollor, "Time characteristics of fast pulsed
flashover in vacuum,[1991] Proceedings of the 3rd International Conference on
Properties and Applications of Dielectric Material®kyo, Japan, 1991, pp. 2295

vol.1.

[96] A. Zhabin, A. S. d. Ferron, L. Ariztia, M. Rivaletto, B. M. Novac and L.
Pecastaing, "Determination of Breakdown Voltage Along the Surface of a Cylindrical
Insulator," inlEEE Transactions on Dielectrics and Electrical Insulatigal. 29, no.

1, pp. 327333, Feb. 2022, doi: 10.1109/TDEI.2022.3148469

[97] Y. Qinet al, "A study on flashover characteristics of supporting insulators in SF6
under lightning impulsg 2015 IEEE 11th International Conference on the Properties
and Applications of Dielectric Materials (ICPADM$ydney, NSW, 2015, pp. 604
607.

[98] J. D. Smith and L. L. Hatfield, "The effects of surface roughness on the surface
flashover voltage of luat lexan, and celcon,7th Pulsed Power Conference
Monterey, CA, USA, 1989, pp. 828R7

[99] Streamer propagation along a profiled dielectric surface Plasma Sources Science
and Technology, Meyer, H K H, Marskar, R, Gjemdal, H and Mauseth, F, EDR0,
Pulishing, Issue 11, Volume 29

81



[100] H. K. Meyer, R. Marskar, H. Osberg and F. Mauseth, "Surface Flashover over a
Micro-Profiled Cylinder in Air," inNlIEEE Transactions on Dielectrics and Electrical
Insulation doi: 10.1109/TDEI.2023.3277413

[101] Zhenyu ZhanQizhe ZhangFangcheng L{iYan Liu, Wei Liu, Zhibing Li, Qing

Xie; Effect of the surface roughness of epoxy resin on its creeping flashover
characteristics in £N-CO, gas mixturesAlP Advanceg April 2019; 9 (4): 045129.
https://doi.org/10.1063/1.5095720

[102] T. Takuma, "Field behaviour at a triple junction in composite dielectric
arrangements," ifEEE Transactions on Electricéhsulation vol. 26, no. 3, pp. 500

509, June 1991.

[103] T. Takuma, T. K o u hawior aeardSingdlar Pdilast s u d a
in Composite Di elleeErans.Elech nsud/ol.de pped2éd s o ,
435, 1978.

[104] J. Song, J. Kim, B. & and Y. Choi, "Evaluation of discharge characteristics
on the triple junction for development of the Gasulated Switchgear2012 15th
International Conference on Electrical Machines and Systems (ICESEpporo,
2012, pp. 15.

[105] K. P. Morales, JT. Krile, A. A. Neuber and H. G. Krompholz, "Pulsed
Dielectric Surface Flashover at Atmospheric Conditio2005 IEEE Pulsed Power
ConferenceMonterey, CA, 2005, pp. 11417150

[106] J. T. Krile, A. A. Neuber, J. C. Dickens and H. G. Krompholz, "DC @lashof

a dielectric surface in atmospheric conditions,"IBHEE Transactions on Plasma
Sciencevol. 32, no. 5, pp. 1828834, Oct. 2004.

[107] D. E. Gourgoulis, P. N. Mikropoulos, C. A. Stassinopoulos and C. G. Yakinthos,
"Effects of negative DC prstressing on positive impulse breakdown characteristics
of conductoirod gaps,"” IHEE Proceedings Science, Measurement and Technology
vol. 152, no. 4, pp. 15560, 8 July 2005.

[108]A Ber oual and | Fof ana O PdGPipublisung di sct
2016

82


https://doi.org/10.1063/1.5095720

[ 109] Al l en, N.L., and Dring, G.: OEffec:
rodbpl ane gap under poBroctH. 8oe. Londnp,uMath.hys. ol t a
Eng. Sci.1984,A396,pp. 281295

[110] Davies, A.J., Dutton, J., Turri, RR,nd Wat er s, R.T.: 6The e
space <charge gr o Wrbd5thiInt.Sysih onrGaseaus Dielegrcp s 0 .
Paper 58, Knoxville, USA, 1987

[111] T. Kondo, R. Ozaki and K. Kadowaki, "Effect of superposed repetitive pulses
onto DC voltag on discharge extension into fog water produced by electrospray,”
2017 International Symposium on Electrical Insulating Materials (ISEIM)
Toyohashi, 2017, pp. 39893.

[112] A. Krivda and D. Birtwhistle, "Breakdown between water drops on wet polymer
surfaces,"2001 Annual Report Conference on Electrical Insulation and Dielectric
Phenomena (Cat. No.01CH3722K)jtchener, Ontario, Canada, 2001, pp. -58D.

[113] W. Pfeiffer and K. Ermeler, "Influence of humidity exposure time on dielectric
properties of igulation material surfaces1999 Annual Report Conference on
Electrical Insulation and Dielectric Phenomena (Cat. No.99CH363A8%tin, TX,
USA, 1999, pp. 49295 vol.2.

[114] B. K. Gautam, Y. Mizuno, G. Matsubayashi, K. Sakanishi, T. Kawaguchi and
R. Masuoka, "Effect of Wetting Conditions on The Contamination Flashover
Voltages of Polymer Insulators,2006 IEEE 8th International Conference on

Properties & applications of Dielectric Materigl8ali, 2006,

[115] Jianyi Xue Han Wang Junhong CherKefeng Li, Yangin Liu, Baipeng Song
Junbo Dengand Guanjun ZhandEffects of surface roughness on surface charge
accumulation characteristics and surface flashover performance of affilleoha
epoxy resin spacavsJournal of Applied PhysicéL - 124, IS- 8- American Institute

of Physis

[116] R. N. Wenzel,Ind. Eng. Chem.28, 9884 (1936),

83


https://aip.scitation.org/author/Xue%2C+Jianyi
https://aip.scitation.org/author/Wang%2C+Han
https://aip.scitation.org/author/Chen%2C+Junhong
https://aip.scitation.org/author/Li%2C+Kefeng
https://aip.scitation.org/author/Liu%2C+Yanqin
https://aip.scitation.org/author/Song%2C+Baipeng
https://aip.scitation.org/author/Deng%2C+Junbo
https://aip.scitation.org/author/Zhang%2C+Guanjun
https://aip.scitation.org/doi/10.1063/1.5043239
https://aip.scitation.org/doi/10.1063/1.5043239
https://aip.scitation.org/doi/10.1063/1.5043239

[117] Boinovich, L & Emel yanenko, Al exandr e. A |
coatings: Principles of d eRugsignnChemal oper t
Reviews77. 583 2008

[118] T. S. Sudarshan and R. A. Dougal, "Mechanisms of Surface Flashover Along
Solid Dielectrics m Compressed Gases: a Review,"|HRE Transactions on
Electrical Insulation vol. EF21, no. 5, pp. 72746, Oct. 1986, doi:
10.1109/TEI.1986.348922.

[119] Cookson, Alan H.: 'Review of higioltage gas breakdown and insulators in
compressed gas', IEE Pemtlings A Physical Science, Measurement and
Instrumentation, Management and Education, ReVie¥@31, 128, (4), p. 360312,
DOI: 10.1049/ipa-1.1981.0045 IET  Digital  Library, https://digita
library.theiet.org/content/journals/10.1049414.1981.0045

[ 120] C. M. Cooke, ACharging of i nsul at ¢
g a s ¢EEE Toans. Electr. Insulvol. EF17, na 2, pp. 172178, Apr. 1982

[121] Li, Shengtao & Huang, Yin & Min, Daomin & Qu, Guanghao & Niu, Huan &
Li, Zhen & Wang, Weiwang & Li, Jianying & Liu, Wenfeng. (201Synergic effect
of adsorbed gas and charging on surface flasho%aientific Reports. 95464.
10.1038/s4159819419610.

[122] I. A. Bean, C. S. Adams and T. E. Weber, "HVDC Surface Flashover in
Compressed Air for Various Dielectrics,” IBEE Transactions on Dielectrics and
Electrical Insulation vol. 27, no. 6, pp. 1982988, December 2020, doi:
10.1109/TDEI.2020.008981.

[123] Dubinova A A 2016 Modeling of streamer discharges near dielectrics PhD
Thesis Eindhoven: TU Eindhoven oCLC: 956923350

[124] Simulations and Measurements of Streamer digelsanear Dielectrics Sigurd
Gard Midttun, Norwegian University of Science and Technology 2017 MSc

[ 125] Xiaor an, Li & Sun, Anbang & Zhang
computational study of positivlasma r e ame
Soures Science and Technoldgly 29 No 6, 2020

84


https://digital-library.theiet.org/content/journals/10.1049/ip-a-1.1981.0045
https://digital-library.theiet.org/content/journals/10.1049/ip-a-1.1981.0045

[126] X. Li, A. Sun and J. Teunissen, "A computational study of negative surface
discharges: Characteristics of surface streamers and surface chargdSEEin
Transactions on Dielectrics and Electrical Insulatjowol. 27, no. 4, pp. 1178186,

Aug. 2020, doi: 10.1109/TDEI.2020.008880.

85



3. CHAPTER ||

SYSTEMS AND METHODOLOGY

3.1.

INTRODUCTION

The equipment and different procedures used in the experimental work in this thesis,

and how they relate to the overall attainment of results, are described in this chapter.

The main discussion points included within this chapter are as fallows

T

= =/ 4 4 -

T

Impulse generator information, as well as other equipment used in the
generation of high voltagenpulses.

Testcell arrangements and characteristics

Gas and solid dielectrics information

Electrostatic simulation of utilised tesgll

Gas handling in Marx generatoontrol and test cell processes

Measurement equipment used for analysis of resultant waveforms and
flashoverinformation.

Statistical analysis methods to extract probability information for
flashover/breakdowdatasets.

Data representation

Overall, thiswill inform on the physical equipment, testing standards and statistical

analysis used in the generation of data in Chapters IV, V and VI.

3.2.

| MPULSE GENERATION

In Section 2.2, Marx generator technology was introduced and discussed as the ideal

method of voltage generation in this thesis. In order to achieve the impulse voltages

to test the multiple insulation systems, ast@ge Marx Generator was utilised. The

arr-insulated Marx generator was operated in the sislhté regime and was of

inverting polarity. The Marx generator used within this study is shown in Figure 3.1,

which shows the 18tage system used for voltage multiplication. This Marx generator

86



was usd to produce voltages within this work of up 300 kV, with a wskape of
100/700 ns, to replicate the faBt/dtconditions of a pulsed power system.

% @

N
i
N
N
N
R
8

Figure 3.1- 10-stage Marx Generator, each capacitive stage can be seen here with the outputafesipping
resistor

The 10stage Marx generator and charging equipment is made up of the following
component$

I 100 kV, 2.5 mA, Glassman High Voltage DC Supply (Glassman Inc, USA)

The Glassman HVDC supply has bdiit voltage and current meteadlowing the
charging of the capacitors to be monitored before triggering. The DC charging voltage
was also monitored usingl®00:1 Testec HVE0 HV probeand DMM.

f 1 MY Charging resistor
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Charging resistor made up of 100 (Meggit U K) 10 -ta¥ed wire weundi c

resistors connected in series.
1 80 nF, Single Sided-fype Capacitors (Maxwell Inc, USA)

For the 16stage Marx generator set up this equated to a nominal erected capacitance
of 8 nF.

f Stage resistances of 60 kY

These reistances were achieved by submerging spherical bronze phosphor electrodes

in a PVC pipe filled with CoppeBulphate (CuSg) solution as illustrated in Figure

3.1 and 3.3a. These electrodes were set to equal distances in order to achieve resistance
matching Al so, 2 kY discharge resistors are

of the spark column shown in Figure 3.1 and 3.2.
1 10-stage spark column

The 25 mm bronze phosphor electrodes were housed within-arsalated Perspex
column, which is shown ini§ure 3.1 and 3.3a. This setup allows the Marx generator

to be triggered by reducing the air pressure within the column, triggering the closure
of all 10 sphere gaps and generating the output voltage impulse, as shown in Figure
3.3b. The triggering of th®larx is further discussed in Sectiorb3., where the gas
handling relating to the Marx generator control is discussed. The gap between each
pair of phosphebronze electrodes housed within theiagulated spark column is 10

mm.

During testing, the Marngenerator was charged by either a positive or negative
polarity DC voltage, resulting in output negative and positive impulses, respectively
(inverting Marx), as discussed in Section 2.2.1. Both polarities were tested to
investigate any polarity effect dog testing under different environmental conditions

- this is further discussed in Sectiod 3.

The Marx generator circuit is shown in Figure 3.2, where each component can be
clearly identified. A sketch showing the layout of the spark gaps in Fig8eei8
presented alongside a photograph of the (closed) spark gaps in the physical system in

Figure 3.3bThe capacitorseen in Figure 3.1, and shown in the Marx circuit in Figure
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3.2,are rated at 70 kV in airand up to 100 kV when immersed in insulgtioil or a
pressurised gais the distance between the external spaokimn electrodes limited
the DC charging voltage that could be applied to the system to <50 kV, yielding a

maximum nominabutput voltage in the region of 500 kV.
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Figure 3.2- Circuit schematic of 1-8tage Marx Generator showing all components and values
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Figure 3.3 a) lllustration of spark column showing each of thesp@rk gap switches and b) Marx generator with
10 spark gps triggered, closing SG@1SG10, connecting the capacitors in series and multiplying the charging
voltage.

The spark gaps aretriggered by depressurisation of the spark columwhich is
illustrated in Figure 3,3and further discussed Bection3.5.1. During the discharge
process, theltraviolet (UV) light which is generated from the breakdown of each
spark gap can provide initiatory electrons to other gaps in the column, minimising the
statistical time lag ass@ted with the breakdown of each gap. The discharge resistors
(RG1-RGY) also aid the breakdown sequence by ensuring the existence of capacitive
coupling between the stagds assist in maximising the spark gap eveltages
following closure of the firsgap [1]

As discussed irBection 22.1, one of the advantages of a Marx generator is the
achievable variability in the output voltage wasleapeln order to replicate the fast
dV/dtof a pulsed power system, the output voltage wshape of 100/700 nsas

chosen to keep the duration of the output pulse to th@slgdvel.In the configuration
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depicted in Figure 3.2,300-Y C w @aVetail resistor (RAIL in Figure 3.3 was
connected in parallel with the load, controlling the-fafie to halfpeak vale and
providing an alternative path to earth for the stored energy of the sthgesdd no
breakdown occur in the test cell. The output impedance7@a® Y , i n the fo
second CuS©(wavefront) resistor (RUT in Figure 3.2. The outputwaveform

generated is shown and discussed further in Secttoa. 3.

3.3. ENVIRONMENTAL TESTCELL

This section will provide details on the design on thedeBfwhich was required for

tests to be undertaken, while maintaining control of different environmental
conditions. The scope of testing required a sealed chamber, whereby the internal
humidity and pressure could be altered during the testing process, intorde
investigate corresponding changes in the flashover performance of the insulation

systems.

A customised test cell was designed and is shown in Figure 3.4. This consists of a
sealed test chamber which houses the electrodes and dielectric spaceyrardita h
sensor in order to monitor the achieved relative humidity inside thedkst
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a) b)

HV Connection

|
Solid
Dielectric

240mm

Humidity
Sensor

190mm
Ground

connection  Gas Input

Figure 3.4 Test cell used for testing within swptimal conditions. a) shows a schematitheftest cell including

all dimensions and components b) shows the physical test cell, with the humidity sensor a safe distance away from
the electrodes.

The testcell was designed to have a large capacity, allowing the humidity sensor that
is housed athte base of the tesell to be located far from the high voltage electrical

discharges across the intdectrode gap.

The testcell was designed with a plajparallel electrode arrangement, as shown in
Figure 3.4. This resulted in a quasiiform electrc field distribution within the gap,

as further discussed in Sections 3.4.4.
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3.4. |INSULATION SYSTEM DIELECTRICS AND M ATERIAL

CHARACTERISTICS
The insulation system was tested in two different configurations, without a solid
spacer with just air dielectric tveeen the electrodes, and with a solid spacer bridging

the gap between the electrodes.

3.4.1. Gaseous Dielectric

The gaseous dielectric used within the insulation system was BOC Zero Grade dry air
[2]. The water content of the air was typically <5 ppm as recéuedvas measured
consistently to have relative humidity of <10% RH. In subsequent tests, moisture was
added to the air to produce air with ~50% RH and >90% RH, following the procedure
outlined in Section 3.5.2, where air was passed through a water agmwiltrasonic

humidifier.

3.4.2. Electrode Material
The electrodes which were used in the insulation system shown in Figure 3.4 were

made of stainless steel, polished to a mirror finish. Within the design of the test cell,
these were easily able to be remoiredrder to be polished prior to subsequent tests.
The electrodes were rounded at the edges in order to minimise the electric field
strength at this region, which is further discussed with the aid of simulation work in
Section 3.4.4.1This geometry washosen over Rogowski profile electrodes for ease

of mechining, particularly were the assembly to be scalpdand to replicate the
conditions found in practical systen¥ihe electrodes were setup up parallel to each

other with a 40 mm gap, as shown in Figure 3.4.

3.4.3. Solid Dielectrics

To complete the insulation system, solid insulating spacers were added between the
paralletplane electrodes. The solid dielectrics used witthis thesis were High
Density Polyethylene (HDPE), Polyetherimide (Ultem) and Polyoxymethylene
(Derlin)). These materials were selected, as they are easily machinable, which was
important as clear indentation are to be subjected to the spacer sudamissed in
Section 3.4.3.2. Additionally, these materials having varied electrical characteristics
in terms of permittivity of material and different water absorption properties, which

prompted the testing of the hydrophobic or hydrophilic propertiegheinaterials,
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with information on this process discussed in this section. As these materials exhibited
varying characteristics, they were chosen material for this study. Relevant properties

of these materials are listed in Table 3.1.

Table 3.1- Solid didectric properties

Material Relative Water absorption Volume Surface
Permittivity (% at saturation in water at 2 resistivity resistivity
°C) (qcm) (@)
HDPE [3] 2.3 0.02 101 1018
Polyetherimide 3 1.35 10+ 10t
4]
Polyoxymethylene 3.8 0.8 10+ 10t
[5]

Selection of the materials was dictated by the changing properties of each induvial
material as outlined in Table 3.1. It was assumed that the varying relative permittivity
of the materials, along with the varying water absorption (dtestong in humid air)

would provide differences in flashover behaviour.

30 mm

GE
e

40 mm

~_

Figure 3.5/ Spacer illustration, showingimensions.
As shown in Figure 3.5, throughout testing, the spacers were kept a constant size of
30 mm in diameter and 40 mm in length. The reasoning behind the size of the spacer
used was to achieve 100s kV in breakdown/flashover voltage and the diameter was
chosen s that the spacer is situated within the uniform field distribution within the

parallel plane setup, as shown and discussed in Section 3.4.4. Two types of surface
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finish were investigated, in order to determine if the breakdown/flashover voltage

could be mncreased by modification of the spacer surface alone. The two surface
finishes used were a O0smoothdéd, machined :
finish. The characteristics of the spacer surfaces will be discussed in S8cli@s

and 3.4.3.2

Theway in whichmaterialsbehave in a higihumidity environmenhas an effect on

the flashover strength, as outlined &j, [in terms the hydrophobicity of the material.

In order to quantify the hydrophobicity or the hydrophilicity of the materialedest

an experiment was completed in order to characterisenthterials Using single
droplet analysis, which is used in standard [7], a single distill@@ndropletwas

added to the surface sinooth machinedamples of all three materials in the form of
one 20 ¢l droplet, in order to measure t
the respective materidtigure3.6shows the differences in the water droplets observed

on each material, with contact angles and dimensions detéilledvater dropleised

in the analysis was from the same water that was used to create the ~50% RH and
>90% RH environments throughout the testing phase.

According to [7], the liquid droplets were analysed by measuring the droplet height
and width, to measure the angle ohtact on the insulator surface by using equation
(3.1).

. O . (3.1)

Where:

d = contact angle

H = height of droplet

R = half droplets width

An example of each droplet is shown in Figure 3liis test was conducted using a

pi pette, depositing a single 20 ¢l dr opl

hydrophobic/hydrophilic nature of the materials.
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(b) (c)

Figure 3.6/ Example water contact angles for samples #ayetherimideb) Polyoxymethyleneand c) HDPE

From Figures3.6g 3.6b and 3.6¢ it is evident that the materials show different
behaviour in terms of angular distribution of a single water dtdplaccordance with

[7], this process was completed 10 times for each material, and the average results of

the 10 tests are shown in Figure 3.7, along with th&tdndard deviation (error bars).

100 -

90 -

o0
<
T

|

60 |- .

Contact angle (°)
3
I
o
|

50 | -
40 | % -

30 | 1 1 L 1
Polyetherimide  Polyoxymethylene HDPE

Figure 37 - Water contact angle of each material, each point shows the average of 10 tests with the error bars
representing-10

Due to the large angle of contact &6% HDPE ishydrophobiq(>90° contact angd)

- with similar results are reported i8][ For Polyxymethylene, thevater contact
angle was measured-af0°, with similar to values obtained [8]. The contact angle
for Polyetherimidevas~40°, with similar to contact angles measured in [10]. Both
Polyoxymethylene andolyetherimide are considered te hydrophilic materials,
given the angles of contact <9(8].
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This information is important in Chapters V and VI, when discussing the high
humidity performance of the solid insulation systems, as the presence of water droplets
on the spacers can causereases in the local electric field strength along the insulator

surface [11].

Sections3.4.3.1 and 3.4.3.ill introduce both types of material surface finish which

were applied to the solid materials.

3.4.3.1. Smooth Machined Surface Dielectric

Firstly, samples of the materials were subjected to a smooth (machined) surface finish,
where the materials were machined to the required size, as shown in Figure 3.8. This
will enable the changing surface subjected to the materials in Section 3.4.22 to b

tested in comparison with a smooth reference surface.

Ultem

(Polyetherimide)

Figure 3.8- Solid PolyoxymethylengPolyetherimideand HDPE dielectric materials with smooth (machined)

surfaces

3432. Surface Modified 6Knurledobéd Surface D

Samples of the materials were alsdjsated to a novel knurled surface finish, as
shown in Figure 3.9. Knurling is a turning method through which patterns can be

indented onto the surface of a material. This is commonly used on metals, but this
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method has been adopted as an alternativertaceuroughening in this work, with a

view to increasing the breakdown voltage, without resorting to increasing the length
of the solid insulator. Other surface modification techniques were considered, for
example looking at ring topologies across theaafwith different angles referenced

to the spacer surface, but these proved unsuitable as the topologies were too complex
to produce within a reasonable timeframe wherélas knurling method has an
advantage of being a very quick, cheap and consistgnbfMaodifying a materials

surface.

Ultem

(Polyetherimide)

Figure 3.9 Solid PolyoxymethylengPolyetherimideand HDPE dielectric materials with knurled surfaces

During the knurling process, diamostaped indentations are rolled onto the surface

of the spacer materials. This can be seen as a potential alternative to commonly used
methods for adding surface deviations to materials, such as surface roughening using
grit papers. The knurling method can be seen to be a more intrusive method than
adding surface roughness using sandpapers, which modifies the surface without
changing the overall shape of the spacer and potentially altering mechanical
properties. The addan of the knurled surface is detailed more clearly in Figure 3.10a,
where the indentations are shown and numbered, as well as &ectes showing

the measurements in terms of knurling depth and space between indentations. It can

be seen that 14, 0.5/mindentations are added to the 40 mm long surface. The distance
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bet ween each indent at i e2mB5 man. The anglé of knurlg h

on the samples used in this work w&9°, as shown in Figure 3.10b.

The use of the knurling method can nfgdhe angle of contact between the spacer
and the electrode, which can either increase or decrease the electric field at the triple
junction point (discussed in Secti@®6.3.9. The crosssection in Figure 3.10a was
simulated in order to show the effeatt the knurling process on the electric field
strength at the triple junction point. This effect could result in a higher probability of
surface flashover, wittcontact smaller TIJP contact angles creatédnversely,
however, this could decrease the fisttength if the angle of contastincreasedas
discussed irSection 2.6.3 The effect of these triple junction point anglas the
electric field distribution, in relation to Figure 3.10eve beersimulatedin Section

3.4.4.

a)

VAR

o=
¢
ﬂ 90° TJP contact
] High field
¢ ‘troughed’

region

j Low field
j < ‘peaked’
J region
‘J <90° TJP contact
d

8.8

N

Knurled angle = 30°

/

\

Figure 3.10- a) lllustration of a knurledPolyetherimidesurface, showing the number of indentations ove
surface of the dielectric with a cresection showing information on the triple junction point contact angle
the surface of the materib) illustration of the indentations on the surface, helix angle = 30°
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3.4.3.3. Sample preparation

In order to ensure consistency in the sample testing, the following preparation was
undertaken for each spacer before testing. Usingpoardered disposable glase

each material was cleaned with ethanol, in order to remove any surface residue from
the machining processes, the samples were then dried in a furnace at 60 °C for 1 hour
prior to testing.Each test sequence consisted of 20 breakdown events. After a test
sequence had been completed the spacer was replaced in order to minimise the effects

of degradation

3.4.4. Simulation of Test Cell under Various Conditions

This section will inform on the different physical and environmental situations of the
test cell interms of testing an open gas gap, and gaps bridged by an insulating spacer,
with smooth and knurled surface finishes. The influence of increasing the relative
humidity, due to the resultant formation of water droplets, on the electric field
distribution wa investigated. The simulations were completed in axisymmetric
electrostatic modefFigure 3.11 shows a representation of the boundary conditions
used in the electrostatic simulations, using Quickfield. Thecadbts housed within

a Faradaycaged lab, terefore, to identify the effect of this, a boundary condition of

V =0 was applied to the boundaries of the simulation space, as in [12] and [13]. This
was to monitor the effect of the grounded electrode on the electric field distribution.
The effect of gpunded areas has been shown in [14], where higher field regions are
evident at the HV electrode, creating an asymmetrical electric field distribution, when
only one electrode is energised, irrespective of the geometrgyatiynetrical nature

of the electrdes usedEach of these simulations has 100 kV applied to the (upper)

HV electrode, and the lower electrode is grounded.

As these simulations were conducted with axisymmetric rotational symmetry, the
simulation for knurled surface topologies does not fuliypresent the physical
representation of samples with knurled surfaces. This is a limitation of the using this

model.
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The resulting field distribution is shown in Figure 3.12, where a high field region can
be seen at the rounded edges of the HV electidiat is also evident from Figure

3.12, is that the field distribution in the gap is also asymmetrical; this is due to the ratio
of interelectrode gap distance to electrode radius. The effect of this ratio will be
discussed in Chapter IV, where open aipg have been tested and characterised. The
effect of these boundary conditions is evident, where the electric field strength is
almost double at the edge of the HV electrode in comparison to that at the edge of the
grounded electrode. As this asymmetrysex within the inteelectrode gap, both
voltage polarities were tested.

a) b)

z

125m

25m | @

30

N

r

1.5m

Figure 3.11- Boundary condition in terms of distance to grounded areas of the laboratory. a) shows the d
the grounded ceiling and walls on a 2D plane b) Showsatimymmetric representation of distances,
simulation has rotated around thes.

3.4.4.1. No spacer

The no spacer simulation focuses on the high field regions at the HV electrode edge.
As discussed previously, this is particularly important as an asymmetric field
distribution in the geometrically symmetrical gap warrants tests with both voltage

polarities to be conducted. Figure 3.12 shows the field distribution across the gap.
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Strength
E (10%/m)

Figure 3.12 Electrostatic field simulation colour map showing the electric field strengths across thedenterd
gap; note the asymmetry at the rounded edges of the electrodes.

From this simulation, it is clear that an asymmetrical fieleasurrng, with the
electric field strength being 87% higher at the HV electrode compared to the ground
electrode. This effect has also been shown in similar studies in [12], [13] and [14],
where using similar boundary conditions has also resulted in an asyoaheéid

distribution.

3.4.4.2. Solid with Smooth Surface Finish

Figure 3.13 shows a colourmap of the electric field distribution with a solid between
the electrodes. In this simulation, Polyetherimide was used, with a relative permittivity
of 3; this was kept awsistent throughout all material simulations in Figure 3.13 and
3.14.
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Figure 3.13 Electrostatic field simulation colour map showing the electric field strengths across tredéntesd:
gap across a smooth material surfaelyetherimidg- 100 kV is applied to the upper electrode and the |
electrode is grounded

It can be seen that there is a slight increase in the electric field at the HV electrode
triple junction point, compared to the ground electrode triple jungi@mnt. When
comparing the field strength to the fields found at the electrode edges in Figure 3.12
(no spacer), however, the resultant field strength is much lower at the triple junction
point. When the point of contact (between the HV electrode and spataces) has

an angle of 90°, the electric field strength at the triple junction point is 48% weaker

than that at the rounded edge of the electrode.
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3.4.4.3. Solid with Knurled Surface Finish

Figure 3.14 shows the field distribution when a solid (Polyetherimide) spacer with a

knurled surface finish is included between the electrodes. What is particularly

importart regarding the field distribution across the knurled surface is that there will

be different angles at the point of contact between the HV electrode and the solid,

whereby the knurled section (peak or trough) that makes contact with the electrode

dictatesthe field strength at that point. As shown in Figure 3.14, the field within the

knurled sections (troughs) is higher than that at the peaks. However, due to the

limitation of the electrostatic simulation software, this model will result in a uniformly

placed indentations as the simulatisraxiallys y mmet r i c ,

SO

the exact 3D representation of the knurled as shown in Figures 3.10b.

Legend
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Figure 3.14- Electrostatic field simulation colour maghowing the electric field strengths across the 4
electrode gap with a knurled dielectric spadeslyetherimidg- 100 kV is applied to the upper electrode anc

lower electrode is grounded

Within Figure 3.14, the field strength can be seen to be much higher in the trough areas

on the dielecic surface, which was also reported by the authors of [15]. The electric

field strength at the troughs is higher than that at the electrode edges. As shown from

Figure 3.14, in this example also the TJP angle has been simulated within a troughed

region, ad due to the knurled surfaces this angle can vary, therefore, in order to

understand the electric field strength in relation to the electric field at the outside of

the electrodes, Figure 3.15 gives the field strength at the triple junction point (TJP)

104



with respect to TJP angle (angle between HV electrode surface and solid spacer
surface), as a percentage of the field recorded at the electrode edges. The angle of the
TJP has a large effect on the field strength, where at 90° angle the field strength is
48% lower than that at the rounded HV electrode edgegreas eduction of the

contact angle through knurling was shown to increase the electric field intensity at the

TJP,referenced to that at the electrode edges, as seeruire Big5

TIJP angle (°)
I ! I ! | ! I | ! I ! | ' I !
100 -
i A HDPE 1
80 [ | ® Polyetherimide |]
- | ®  Polyoxymethylene|

60

,_.
[w]
(®)
)
%)
o
I~
o

80 F .

-100 .

% change in field at TJP in comparison to electrode edge

Figure 3.15Percentage change of TJP electric field strength compared to field at electrode edge at TIP angles of
21°, 35°, 45°, 63° and 90°.

In Figure 3.15, the maximum field strength was measured at the TJP with a 0.5 mm
depth (depth of knurl) at angle$ 21°, 35°, 45°, 63° and 90°. This value was then
compared to the maximum field strength found at the electrode edge in Figure 3.12,
in order to find the percentage difference between these fields. As expected, as the TIP
angle decreased, the field inased. Ultimately, using an iterative approach in
additional electrostatic field simulations, the threshold contact angles at which the
field at the triple junction point would exceed that at the rounded electrode edge were
50° for a knurled HDPE surface§%for a knurled Polyetherimide surface, and 63° for
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a knurled Polyoxymethylene surface. This change in electric field magnitude at the
TJP dependant on contact angle may have an effect on the discharge initiating point,
this will be discussed through Seects 6.4 and 6.5.

3.5. GAS HANDLING

This section will contain all relevant information regarding the gas handling systems

and processes used throughout the practical testing phase.

3.5.1. Marx Generator Control

In order to control the 16tage Marx generator, a gsgstemwas implementedo

control the switchingof the 10 spark gap switche$iousedwithin a pressurised
chambeias discussed in SectiorB3When the pressure of the gas in the spark column

is decreased (thed product decreases), the breakdown voltage of the gas gaps will
also decrease. The triggering control system consists of a rotary vacuum pump and an
air compressor, connected to thergmalumn through a manifold and pressure gauge,

as shown in Figure 3.16, as well as an exhaust. The pressure of the gas within the spark
column can be increased to increase the achievedoffioldltage of the sphere gap,
thereby increasing the Marx geatars potential output voltage. The vacuum pump is
subsequently connected in order to reduce the pressure in the spark column, which
ultimately triggers the Marx generator. Figure 3.17 shows the gas pressure required
for each level of charging (holofff) voltage. Noteéhat forsafe operation of the Marx
generator, the spark column was always pressurised to 0.4 bar gauge over the self
breakdown voltage, to avoid accidental €atjgering.

GAUGE (-/+)
- O :
P>} , | & l | <
|  MANIFOLD [ >
TO SPARK COLUMN v

Figure 3.16- Diagram of the gas control board for triggering of arx Generator, where E is the exhaust to

atmospheric pressure, G in the gas supply connection and V is the vacuum pump connection
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Figure 3.17- Gauge pressure versus geteakdown voltage for spark column. The red curve represents the initial
gas preasre before charging of the impulse generator stages, with the minimum pressure corresponding to the
points on the red line, at least 0.4 bar above thebsettkdown pressure (black curve). Modified from work

completed in [16]

3.5.2. Humidity and PressureControl in Test Cell

As the dielectrics were to be tested undiffierent environmentatonditions, the test

cell was designed to accommodate tbguiredchanges in pressure and humidity.
Therefore, a sealed cylindrical test cell was created in order to leoftdbsures of

0.5, 0 and 0.5 bar gauge. A 5 mm thick Perspex cylinder was used for the main body
of the test cell, with PVC flanges at the top and bottom (as shown in Figure 3.4). The
pressure line for the testll is fed through a gas board with an lagae meter
indicating the gas pressure within the tesll. This connection is shown in Figure
3.18, which also shows the dry and wet lines used for generating different levels of

relative humidity within the test cell.
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GAUGE (-/+)

Dry line ;
.

Wet line G

MANIFOLD I

To water bath

To test cell

Figure 3.18 Diagram of gas aatrol board for testell, where G is the gas supply connection to either the dry (red)

line or the wet (blue) line and V is the vacuum puwuopnection.

The humidity levels used in this work were <10% RH, ~50% RH and >90% RH. The

gas bottle wasonlyevepce ned when connected

both simultaneously) shown in Figure 3.16. To achieve <10% RH, the dry line was
used in order to input gas straight from the gas bottle itself. The achievement of ~50%

t o

t he

RH was by connecting theag bottle to the wet line, and using both isolating valves,

mixing the air from two inputs, one straight from the gas bottle, and one connected via

a water bath and ultrasonic humidifier. By mixing the feeds from these lines and

monitoring the RH, ~50% RMKas achieved prior to testing. For >90% RH, air from

the gas bottle was passed directly through the water bath, achieving the high humidity

(>90% RH) environment, again monitored by the circuit as described below.

The water used throughout the full studgsadistilled water, the water bath consisted

of a5 mm Perspex surround and PVC flanges top and bottom. An ultrasonic humidifier

was submerged within the water in order to create the high humidity during testing. In

order to minimise contamination withing water, the Perspex/PVC water bath was

taken and filled directly from the distilled water source.

To monitor the humidity inside the test cell, a sensor was implemented into the design,

as shown in Figure 3.19, from [17The TE ConnectivityHS1101LFsensor was

housed within the test cell itself (see Figure 3.4b), to provide the achieved RH of the

air within the test cell.
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Figure3.197 555 timer frequency output circuitodifiedfrom [17]

The values of the components used in theti®Br circuit are shown in Figure 3.19.
This circuit enabld the RH to be related to the output frequeniyis circuit is the
typical astable design fa 555 timer. The TE Connectivity HS1101LFused asa
variable capacitor, is connected to the TRIG and THRES Pin 7 is used as a short
circuit pin for resistor R4. The HS1101LF equivalent capacitor is charged through R22
and R4 to the threshold voltage (approximately 0/6€), and discharged through
R22 ony to the trigger level (approximately 0.8&c), since R4 is shortkto ground

by pin 7. Since the chargy and dischangg pathsof the sensor run through different
resistors, R22 and R4, the duty cycle is determineelonations 3.2 3.5: [17]

o) 6p Z YoC YT zilig (3.2)
0 6,p zZYgal g (3.3)
0 - P : (3.4)
) )
006 0 OO Oa@® 20 (3.5)

To provide an output duty cycle close to 50%, R4 should be very low compared to
R22[17]. The HS1101LF relative humidity sensor has an accuracy of +2% RH.
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The output of thesensor circuitwas connected ta separate Rohde and Schwarz
HMO2024o0scilloscopein order to monitoand sethe RH of the systernefore each

test was conducted he additional capacitance from the connecting wires from the
sensor within the testell in the laboratory to the circuit housed within the diagnostics
part of the lab wasaken into account by using equations B325. These calculated
capacitances were used to set the signal frequencies corresponding to the three
humidity levels used in this work, as listed in Table 3.2. These values were calibrated
with aTesto 608H2 Themohydromete[18], with an operation range from 2988%

RH and a ETI6100 Thermohydrometer, with an operation range efl0%6 RH, in

order to ensure the achieved humidity leweése consisterdnd accurate

Table 3.2- Capacitance and output frequency of the-B&tr circuit from the system tested within the lab

Relative Humidity Capacitance Accepted Frequencies
<10% 195.71 199.4 pF 6.31 6.42 kHz
50 +5% 209.41 212.2 pF 5.92- 6 kHz
>90% 223.61 226.8 pF 5.54-5.62 kHz

An example of the output waveform from the circuit in Figure 3.19 is shown in Figure
3.20, for ~50% RH.

HMOZ024 (Hw 0x10130001; Sw 04.522) zo18-11-151337 . AR TTE LSS
Auto-Trig. / Run Instruments
TB: 200us T:-116ms CHL: 1.1V /DC 25MSa
SAVESRECALL
SCREENSHOTS
4 STORAGE
M
T e e S ) S

FILE NAME

FORMAT

I

.mh—L—L—L—L—uL—L—hL—CH&"_

COLOR MODE

SAVE
an
PRINT
:&Itage: (CH1)
1: -1B.16Y W2: 1113V AY: 2929y
[CHL 525w | f: 5.98kHz Ytop: n/a

W+ nta
Figure 3.20- Output waveform of the 558mer circuit showing 5.98 kHz signal, corresponding to ~50% R
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In order to provide protection to the humidity measurement system underoltigde
breakdown, the connecting wires to the frequency response circuit were then
disconnected during the testing process, once the desired humidity level had been set
and verified. After completion of each test, the chamber was evacuated and refilled

with gas, and the buffer circuit was reconnected to monitor and set the RH.

Marx Generator

Voltage Divider

Charging resistor

=l
X
[ —
]

Voltage Probe

CAUTION  HIGH VOLTAGE CAUTION HIGH VOLTAGE CAUTION HIGH VOLTAGE CAUTION HIGH VOLTAGE

Compressor

— T 1 | ¥ 7

[ Gas Boarg
Vacuum
Air w—
Humidity

syvstem

Oscilloscope Power supply

Figure 3.21 Overall architecture of the experimental system, separated into diagnostics and control secti
part of figure) and HV section of lab (upper part of figure)

Combining the sulsystems presented in Sections 3.5.1 and 3.5.2, the overall
architecture of the experimental system is show in Figure 3.21, where the equipment

in the high voltagerad diagnostics sections of the lab can be differentiated.

3.6. HV GENERATION, MEASUREMENT AND ANALYSIS

The diagnostics equipment is introduced herein, as well as theshapeng circuitry
of the 10stage Marx Generator. The testing standards adhered tsaiatabduced,
as well as information on the statistics used in analysis of the flashover/breakdown

voltage data.
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3.6.1. Diagnostics Equipment

The output of the Marx generator was connected to the test cell and a voltage divider
in parallel. A 1000:1 Tektronix@15A HV probe was connected to tag-off point

of an 8:1 CuS@ 2 kq resistive voltage divider, and through to a Tektronix MDO3012
oscilloscope for analysis of the resulting waveforfitse voltage divider is 700 mm

in length and has an inner diameter of 50 mm. Theotapoint is situated 70 mm

from the earth plate. An illustration of the voltage divider is provided in Figure 3.22.

Thevoltage dividelis formed from 5anm diameter PVQubing, filled with aqueous
CuSQ solution ofthe requiredresistivity to yield aninput impedancef 2 kY. A
bronzephosphor sphere of diameter 25 mm formed the-igtage electrode; a short
length of M6 screwed rod was used to connect this interrdrspo the external
circuit via aPVC feedthroughA 19-mm diameter bronzphosphor sphere was used
to cover the sharp edges of the threaded connection externally, in order to prevent high
field regions forming and resulting in unwanted breakdown. Thé esectrode was
formed from a 4Gmm long section of 56nm diameter brass rod, connected to a 250
mm diameter aluminium plate of thickness 3 mm. Theoffpoint consisted of an
internal bronzgphosphor sphere of diameter 10 mm, fed through the sideofithié
vessel by M3 screwed rod, and covered externally by a seconiml@ameter
bronzephosphor sphere.

— HV electrode

+———  PVC stopper with
through connection

= PVC frame

PVC tube filled with
CuSO,

Tap-off point

Earth electrode

Earth plate

Figure 3.22 Cross section diagram of Samtech DE(LRR)voltage divider
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The structure was supported by three cylindrical PVC legs underneatirtihelate,
and by a PVC support frame consisting of a-g8%@ diameter disc with a ceatr
clearance hole for the divideand three 656hm long sections of 26him diameter rod
between this disc and the earth plate. The B¥gport legs were 130 mm long &2l

mm in diameter.

The response time of the divideas calculated byestimatingthe stray capacitance
and inductance of the voltage divider usjhg]. But for a vertical divider, th€pis in
the range of 1220 pF, [16].To determineif the voltage divider has fast enough
response to the output impulse rise timé ef 100 nswhenR = 2 kq, equations 3.6
and3.7 must be satisfied, [20]

_ (3.6)

®6Y o (3.7)

As thecalculatedsalues satisfy these equatiotigen the voltage divider in Figure 3.22
is of a good design fomeasuringoutput impulsesvith a rise time ofL00 ns.Under
this arrangement, the maximum accepted values of stray capacitance ananioglu
for tr = 100 nswith R= 2 kg, areCmax~210 pF and.max~10 uH.

The theoretical response tinoé 5 nsfor the systenwasfound usingequation3.8,
[21].

<y
w O (3.8)
¢

The voltage divider was calibrated at low voltages (40 kV peak), by measuring the
voltage at the input of théivider andcomparing this with the voltage at the @i
point, for the same applied charging voltagéhis calibration procedurewas
conductedafter every 20 shotsn order to monitor if any changeés division ratio
occurred A consistent divisionratio of ~8:1 was found oveall of the testing

programme

For voltage measuremedtring testing a Tektronix (USA) P6015A higiioltage

probe (1,000:1 division ratio) was connected between theftggnint on the voltage
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divider and ground, such that the total division ratio was ~8,000:1. The Tektronix
probe has a peak impulse voltage measuremeudbday of 40 kV when used
standilone and 320 kVwhen connected to the taff point onthe liquidresistive
divider. The nominal bandwidth of the Tektronix probe is 75 MHigh voltage
waveforms were viewed and recorded with a Tektronix (USA) MDO 30gial

oscilloscopewith a bandwidth of 100 MHz and a sampling rate of 2.5 GS/s.

3.6.2. Wave-shaping of 10stage Marx GeneratorOutput

Figure 3.23shows a circuit diagram of the connections from the output of the Marx
generator, connected to the test cell #m monitoring station where the data was

recorded.

CuS0, Output
Resistor

To Capacitor 7000 Ir--l-
bank, Charging
Resistor and Pow-

er Supply TestCell|

CuS0, Resistive Voltage
Divider (8:1)

High Voltage
Probe

3000

ta1l Resistor

Oscilloscope

:
I
i
CuS0, Wave _ i
i
i

Figure 3.23- Schematic diagram showing the output and measurement circuit used with the 100/700 ns output
Marx generator used throughout the study

Figure 3.24 shows the resulting (positivd)00/700 nsoutput voltage wavefornno
breakdown,
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Figure 3.24 Output waveform showing a) the 100 ns (1090%) rise time and b) The time to half value of 700 ns; v
no breakdown is recorded (no voltage collapse)

3.6.3. Output Measurement

In terms of reading output voltage waveforms, Figure 3.25 shows a
flashover/breakdown occurrence for a posHpggarity impulse. Once a breakdown or

flashover event occurred, the peak applied voltage and time to breakdown were
recorded for each event.

Tek Stop — [ ]
: 18] ' ®
Peak
applied
‘voltage -
- Time to breakdown
(13

Figure 3.25 Example of an output breakdown voltage waveform where the peak applied voltage and the time to
breakdown were extracted from the output waveform. This output was measured during testing of a
Polyoxymethylenesample vith a knurled surface finish, at O bar gauge pressure and under >90% RH. The peak
applied voltage recorded was 76.3 kV, and the time to breakdown was 548 ns
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3.6.4. ASTMD34269 7 OGwp e pt esting procedure

The testing procedur e i m@silobeditkedASTMa s a
D342697 standardd2]. The voltage level initially applied was set to provide a low
probability of flashover, before the charging voltage was increased in iterations of
300V, monitoredusinga DMM, via a 1000:1 Testec HV&0 HV probe. Once a
flashover event was initiatefdom one of the three tests at each leteé resulting
waveform was inspected, and the flashover volfpgak applied voltagend the time

to breakdown warecordedOnce the test cell was evacuated andleeffivith gasthe

output voltage was then decreabedkto a level with a low probability of breakdown,

and the process repeated until the occurrence of another flashover event. Two, clear
withstand levels were always observed before a valid breakdowageowas
recorded.The stepup testing procedure has been illustrated in Figure 3.26, showing
at least two legal breakdown events with respect to time and voltage appliction (5

and 4" stage breakdown).

5th stage breakdown

4th stage breakdown

DC Voltage

<Up vaerannsf

Time (t)

Figure 3.26/ Stepup testing procedure illusttion, showing two legal breakdown/flashover voltage occurrences
in accordance with ASTM D34287

This process was conductBld= 20 times for each set of test conditipims order to

achieve 20 breakdown voltage results for each set of experimental conditions.

3.7. ERROR AND UNCERTAINTY

Errors and uncertainties can have a substantial impact on the accuracy of

measurements. Factors such as the condition of the measuring instrumentiliye stab
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of the item being measured, difficulties in the measurement process, calibration
uncertainties, operator proficiency or reaction time, sampling issues, and
environmental conditions, all have the potential to contribute to measurement errors
and uncerinties [23].

To enhance the accuracy of measurements, it is crucial to identify and minimise
sources of uncertainty. This can be achieved by employing calibrated instruments,
ensuring stable conditions throughout the measurement proeesgloying

appropriate sampling techniques, and providing training to operators to reduce their

influence on the measurements.

In certain situations, it may be necessary to conduct multiple measurements to
decrease the impact of uncertainties on the ovacalliracy. Furthermore, statistical
analysis techniques can be used to quantify the uncertainty related to the

measurements and to estimate the overall accuracy of the results.

Measuring shortluration transient events, such as those with durations rafigmg
nanoseconds (ns) to microseconds (es)
significant challenge is ensuring that the measuring system is capable of accurately
capturing rapidlychanging signals. This requires careful consideration of two critical
factors, namely, the rise time or bandwidth of the equipment, and the sampling rate of
the oscilloscope used to capture the waveforms.

The measuring system's bandwidth (BW) is defined as the frequency range over which
the measur ed s i g dBaihdicatisy thatthe ecaptured signal voltage O 3
is at least 70% of the maximum voltage measured. The risein®a measure of

how fast the signal changes and is related to the bandwidth of the measuring system
through equation 3.9. Thus, both the daidth and the rise time are crucial factors

that affect the capability of the measuring system to capture-din@tion transient

events.

3.9

|8

—
o]
8.
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To ensure accurate measurements of gihartion transient events, it is generally
recommendedhat the rise time of the measuring equipment be 3 to 5 times shorter

than the rise time of the signal being measured, [24].

Table 3.3 presents a detailed summary of the equipment used in the tests and their
corresponding rise time and bandwidth charésties. The bandwidth values listed in

the table were obtained directly from the manufacturers.

Notably, the Tektronix high voltage probe has the lowest bandwidth of 75 MHz, with
the fastest response time of approximately 5 ns. As such, the acquisitiashoier
characteristics related to higher frequencies is limited by the lowest bandwidth value
of the measuring equipment. This highlights the importance of selecting equipment
with appropriate bandwidth and response time characteristics, to ensureaerar

reliable measurements of shdrration transient events.

Table 3.3- Test equipment rise time abandwidth.

Equipment Bandwidth Rise Time
(MHz) (ns)

Tektronix MDO3012 Oscilloscope (sampling rate 2.5 GS/s) 100 3.5

Rhode and SchwartdM02024 (sampling rate 2 GS/s) 200 1.75

Tektronix high voltage probe P6015A 75 4.7

8-1 Resistive voltage divider 70 5

3.8. LABORATORY SETUP

This section provides information on the laboratory setup used to execute the practical
work, where Figure 3.23hows the diagnostics part of the lab and Figure 3.28 shows
the HV testing section of the lab, which are isolated from each other as shown by the

physical partition in Figure 3.27 (and illustrated in Figure 3.21).

118



 Testcellgas
'y control

iL.
.
EERY 0
T 3!
EET /
T
mm I
T e
T
1
H i
11

——
RH control circuitry
Zero grade air . “ 3
S e S
_I\ﬂaﬁx Gengrator =
gascon rol

Ultrasonic
humidifier

Compressor

Vacuunggump \Q
\

S
I\

Figure 3.27- Diagnostics section of éhlaboratory showing all diagnostics equipment and gas connections with

physical partition isolating from the HV section of lab

In Figure 3.27, each part of the diagnostics and control section of the lab is identified,

including:

1 the gas contratquipment to affect triggering of the spark column of the Marx
generator, as well as to set the pressure and humidity inside the test cell.

9 The oscilloscope and circuitry used to monitor the relative humidity of the air
in the test cell.

9 The HV supply, alog with the DMM used to display the DC charging voltage,
being fed from a Testec HVP 40 kV DC probe monitoring this charging
voltage.

i The oscilloscope used to monitor the output voltage waveforms from the Marx
generator, showing either a withstand or bdeakn/flashover event, as
outlined in Figures 3.24 and 3.25, respectively.
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Figure 3.28 HV section of lab with all the equipment connected to test the insulation system within the test cell

The connectionsf the experimental setum Figure3.28 consst of the HV supply
which is connected to the charging resistor shown on the right. The 10 stage Marx
generator isuised as the pulsed power source in this experimental set up. The Marx
generator was charged by a 100 kV BY power supply(shown in Figure 27)
through a 1 Mq charging resistor.

At the output side of the charging resistor, a Testec HVP 40 DC voltage probe (40 kV
DC) is connected to monitor the charging voltage, which is displayed on a digital

multi-meter in the diagnostic area of the labana{ghown in Figure 3.27)

Two aqueous CuSQesistorswvereused to tailor the rise and fall time of the output
HV impulses. A30 0 q -tailaesigorwasconnected in parallel with the load, and
a70 0 q -frert xesistowaslocated on the top of the &ix generatorThis Marx

topology produces ~100/700 ns HV impulses.

The output of the Marx generator was connected to the HV electrode of the test cell,

as wel |l as to a liquid resistive voltage
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probe (40 kV peakvoltage, 75 MHz nominal bandwidth, 1000:1 division ratio)
connected to a tapff point on the divider to analyse the waveforms using a MDO3012
digitising oscilloscope (100 MHz bandwidth, 2.5 GS/s sampling rate).

3.9. STATISTICAL ANALYSIS METHODS

Understandingf the influence of experimental conditions on the breakdown voltage
of composite insulation is important to facilitate optimal design of high voltage
systems. This includes ensuring that the statistical analysis performed on breakdown
voltage data is relvant, in providing extra information on the failure voltageainly

the enlargement process when the number of points within data sets is.limited
Therefore, in order to investigate the applicability of statistical techniques in aiding to
elucidate furtler detail about the breakdown proces®) statistical methods were
applied and analysed, in order to find the most suitablbe applied tdhe data
generatedluring a specific set of breakdown te®sth 2-parameter Weibull and-3
parameter Weibull fitt n g s ar e di scussed herei n,
experimental data on the flashover voltages acaossolid interfaces, subjected to
impulse voltages. Fitting the -@garameter Weibull and -Baramter Weibull
distributions to breakdown voltage data abed for each set of test conditions
allowed for the relative quality of fit of each to be directly compared. The
Kolmogorov+Smirnov (K-S) test wasisedto compare the maximum distance between
the experimental data and the theoretical cumulative distibfiinction(CDF), and
evaluate the goodness of thelitisidentifying the most accurate method of statistical

analysis for a given dataset

3.9.1. Introduction

This section will provide information on the statistical analysis methods used in
characterising the distribution of the flashover voltages for each set of test conditions.
This will focus mainly on the Weibull distribution, as this is a widely used statis
analysis process used within high voltage engineeringg(@5as well as prevalent in
other areas of research [32]. The 2parameter Weibull distribution has been used
mainly to find the scale and shape parameters from each breakdown/flashaset, dat
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however, the arameter Weibull distribution has also been investigated, to estimate
the o value for the breakdown/flashover voltage where the probability of a
breakdown/flashover event occurring is 0. This information will assist in the choice of
data representation in this thesis, which is discussed in Section 3.10. Therefore, it is
imperative to further understand the statistics of the data, and how this will relate to
the overall results of the data shar€de Weibull distribution defines thegiyability
connected with continuous data, much like the normal distribution does. However, it
can also model skewed data, unlike the normal distribution. In fact, because of its

versatility, it can model data that is skewed both left and,rj§B}.

This section will describe the selection of each statistical analysis method in terms of
goodness of fit, as well as the particulars of the selected statistical analysis method and

its findings.

3.9.2. 2-parameter and 3parameter Weibull distributions

Both 2-paramegr and 3parameter Weibull statistical analysis was performed on all
breakdowrdata,in order tocharacterise the trends this work,V is the peak applied
voltage that was found to induce flashover. Using2tparameter3.12 and the3-
parameter Weildu distribution @.14) [34], two or three different parameters
characterizing the distribution are found per dataset. The first parardetiev),
defines the offset voltageY), where the probability of breakdown is 63.2¥e3.2=

U The second parametds, is used to control the skewness and the kurtosis of the
distribution and is found from the gradient of the distributiwwhich will ultimately
give information on how sensitive the specific insulation system ssdoange in
applied voltage. Lastly,using the 3-parameter Weibull distributignthe voltage
associatedvith 0% probability of failure §) was found for each of theets oftest
parameterg-or each20-datapointest usingequation3.10 the 0.01%probability of
breakdowrflashover(1 failure in 10,000 shots) waalculated from th€DF, thereby
enablingcomparsonwith the o values found from the-Barameter distributian

The 2parameter Weibull distribution is defined in equation 3.10.

: ) (3.10
Ow p Qwn T

122



Equation 3.10 characterises the cumulative probability of failure and gives a

distribution in terms of flashover voltage with respect to probability of failure

occurring. In order to form probability plots to compare the behaviour of the different
gassolid (or gas only) gaps, tHeDF from equation3.10is converted into the linear

form shown inequation 3.11

. - (3.11)
b= 110 11

In order tounderstand the difference betweep&ameter and-Barameter Weibull
distributions, a linear regression technique was used in order to determinathe
where theR value was maximum when | 0, enabling a $arameter Weibull
distribution to then besed, as shown in equation 3.12.
e~ R I (3.12
Ow p Qwn I
Equation 3.13 shows theremeter Weibull distribution in equation 3.12 in linear

form, for completenessd6 sake.

N o) . s s (3.13)
IIIWTII(»[’ T

In order tgproduce the Weibull plots which are discussed in this chapter and are shown

throughout Chapters 1V, V and VI the following procedure was followed:

1. The 20 applied voltages which resulted in breakdtashoverwere sorted
into ascending numericalder.
2. These voltages were then assigned rank numbers, where the lowest voltage
was assigned rank 1 and the highest voltage was assigned rank 20.
3. In order to estimate the unreliabilitf(V),t hi s was defi ned usi
approximation of median rank85], using equation 3.14:
- A A BT Ee—'SQ "nf;’ (3.14)
wherei represents the rank order in terms of breakdown voltage as discussed

in point 2, anch represents the numbers of values within the datasef0.
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4. Equation 3.10 or 3.12, as appriape, was then used, dependent upon i a 2
parameter or-parameter Weibull distribution was being fitted.

5. Thex-axis values were assigned eitl&{V) or In(Vi 2), dependent upon use
of the 2parameter or-parameter Weibull distribution.

6. In order to determine the optimal valuesbpflinear regression was used in

order to find the gradient of the straight lines, and therefore the valbes ofU

is found from| A @D -, [36]; a graphical representation is shown in

Figure 3.29.
7. Using thesdéJandb values, the parameter Weibull CDF was determined.

Using equation 3.10, the 0.01% probability of failure was found from the sigmoidal
CDF as this isa common failure rate used in pulsed power systems when
commissioning new or modifying existing equipment. Aftbese steps were
completed, th&)andb values were extracted from the plots, as shown in an example
for a knurledPolyetherimidespacer testewith positive polarity at 0.5 bar gauge and
>90% RH in Figure 3.29. A CDF from the values extracted from Figure 3.29 is shown

in Figure 3.3(ased oJ , anfiwg , values.
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Figure 3.30- Resultant CDF from the values extracted from the Weibull ppiotess from Figure 3.29 and
calculated \o1values.

Figure 3.30 shows an example distribution from the results for a knurled
Polyetherimidespacer, tested at 0.5 lauge and >90% RHinderpositive polarity.
The calculated values from Figue80wereU= 172.7 kV and = 40.1. These values
were therusedto produce a CDF, from which the value\afoi1was calculated, and

found to be 137.RV, shown approximately oRigure3.30
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In a separate example, fan operair gap at ~50% RH and 0.5 bar gauge pressure,
under positive impulsesn order todefine the associated3-parameter Weibull
distributiors, to find the approximate value, to enablethe 3parameter Weibull
distributiors to be plotted. This was done by associating thealue with the
correlation coefficientR, concluding on the valueyielding thebest linear fit. This
process was conducted by allowing multiple valuestorbe etered, therefore the
relationship between the two parameters could be monitored and graph&d.alihe
was calculated by using the Pearson produztnent correlation coefficient for two
sets of valugsX and Y, represented byl i 1 and i 1 1 1p "Ow
respectively, from Figres3.31and 332, and given byquation 3.15whered and®

are the sample means of the two arrays of values.

BO & & O (3.15)
Bod ® Bo O

Therefore, when the correlation coefficieR) (s maximum, the corresponding value
of 0 used to find this maximum value & can be approximated as the location
parameter(d) value. This follows aimilar methodto that in[37], maximising the

correlation coefficient in order to approximate alue

Figure 3.33shows the distribution generated for thpa&Bameter Weibull distribution,
found by estimating from the maximum correlation coefficient, usieguation3.15

It can be seen that the maximum correlation coefficient df8.was found when

= 161.6 kV, whereas the correlation coefficientdna value of 968% ato = 0. In
terms of linear regression, a better fit is found wiveri61.6,(Figure 332), compared
to wheno= 0 (Figure 3.3}, culminating in an increase in tRevalue of ~8% beteen
the distributions, when moving from= 0 to2= 161.6 The values found using this
process for each test iteration were used in order to generatg#nar@eter and-3

parameter Weibull CDFs.
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Finally, once thel , andovalueswere found for each datasttese values wetben
transferred over to a probability/voltage plot for ease of comparison between different
tests.All of the above analysis was conducted using Microsoft Excel.

Following comparison of values extracted from correspondipgrameter and-3
parameter Weibull distributions, theparameter distribution was chosen to be applied
to all of the results genest in the study, used to define a low, but zero,
probability of breakdown or flashover of the insulation systems. As shown in Figure
3.33, it was intitally found that when increasing thalue of the system, the Pearson
(R) coefficient was seen to arease. An example is shown in Figure 3.33, for
breakdown of an opeair gap at ~50% RH and 0.5 bar gauge pressure, under positive
impulses.
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Figure3.33 The rel ation of the Pearson coefficientng R, t o i
from 91. 7% at 2 = 0, to 99. 2% at 2 = 161.6

From plotting the gamma values against the Pearson coeffiBightyas shown that
increasing the gamma value results in a more linear behaviour, as shown in Figure
3.34. Asoincreased, it was found that the spread in values fits the linear approximation
bettero=161.6, in comparison to where 0. This is particwdrly interesting, as the

differenceinthe¥ v al ues at 2 = 0, hides the fact

128



linear approximation as well, this is shown from these two examples measured
i ndividually in Figures 3res@edtivegnd 3. 32
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Figure 3.34i Data points in an open gap arrangement for tests at ~50% RH and 0.5 bar gauge, under positive
energisation it is apparent that with increasing gamma, the behaviour fits the linear distribution

From each system tested, by adjustirfgom Oto 160 in iterations of 20, with =
161.6 finally added as the maximum valaach value otlandb was found at each

respective iteration. Figure 3.35 shows the CDFs of each iteration with varying shape.

As shown, thdJvalue remains consistent due e finear shift of the value where:

| | [ (3.16)
Where each synthetic CDF intersects irrespective af thadue at 0.6320(). However,
for theb terms, these do not remain consistent as the distribution must cressxibe
ato, so theredre to keep a constabtvalue,b must change, as shown in Figure 3.35,
where theb value decreases from 26.84xa¢ 0, to 1.58 ato = 161.6, where the

maximum Pearson coefficient is found (99.2%).
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Figure3.35Cumul ati ve distribution function of the same dat e
of each function.

So, from this dataset, due to the linear regresssmhnique used, th®o (0%
probability voltage value) is shown to occur at 161.6 kV. So, from the definitign of

this means that below this level of applied voltage (161.6 kV), the probability of failure

is zero, and no failure events will take place telbis value. This conclusion begins

to be problematic when considering the breakdown voltages associated with these two

statistical analysis methods, as in Figure 3.36.
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Figure 3.36i 2 parameter and-Barameter Weibull distribution fit against the measuflashover values of the
data set

Although the 3parameter Weibull distribution is shown to provide the best fit to the
data, the implied 0% probability value is shown to reside only ~2 kV below the lowest
measured breakdown voltage. Using thpaPamedr Weibull distribution, where

2=0, calculations can be made in order to approximate the applied voltage associated

with a very low probability of failure from the CDF.

On this basis, conservatively, when calculating low probabilities, it was decided that

the 2parameter Weibull distribution would be used, with a calculated valie gf

providing a probability of failure of 1 in 10,000 shots, information of practical
sgni ficance to system designers, where a

to directly compare the andb values, from the each dataset.

3.9.3. Kolmogorov-Smirnov Test

In order to investigate the applicability of statistical techniques in aidinigicaate
further detail about the breakdown process, multiple statistical methods were applied
and analysed, in order tealidate the conclusion that theparameter Weibull
distribution be used to represent all experimental data generated in this thesis
Therefore, 2-parameter Weibull fittings are discussed herein, as applied to all
experimental data on thereakdown and flashover voltages in this theSlse 2

parameter Weibull cumulative distribution functions (CDF) were ploti@enable
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extraction of the specific fitting parameters associaiieach distribution. The CDF
for each statistical method hd®en plotted alongside the empirical cumulative
distribution function (ECDF), found from the flashover voltages recordadng
experinental testing. The distribution of best fit wdsen analysed by using the
KolmogorovSmirnov (K-S) test, inorder to determine the CDF that best represented
the ECDF which is a widely used goodness of fit test [3Bjese theoreticalDFs
were plotted aingside the practical ECDFs, and theSKest was used to determine
the optimum coefficient otletermination (COD) between the various distribution
models The COD test used in this paper is the Kolmogesavirnov (K-S) test
statistic, described in3p], which determines the beft by the greatest vertical
distance which results from thptotting of the empirical and theoretical CDFs. The
rejection ofthe null hypothesis is achieved when thé&Kest statistic igreaterthan
the critical value. The crital value used in thigaper, at @-value of 0.05, is 0.2941,
which refers to the 95%onfidence intervaltaken from [40] The K-S statistic can be
written as inequation 3.17

0O o O O (3.17)

where D is the KolmogorovSmirnov statistic,Fexp is the cumulative distribution
function associated with the null hypothesis, Bagdis the empirical distribution from

the data gathered from testing. Shown iruFgg.37is an illustrative example of how
equation 3.17elates tahe practical examples associated with the CDF and ECDF,
where the maximum distance from the ECDF (in blue) to the CDF (in red), represented
by the arrow, allow®n to be determined. The significance of this value is that it allows
the largest distance that the ECDF diverges from the CDF to be determined. By
plotting multiple distributions, and analysing multipleXcritical values, thepecific

tested distributiorfin this case 2Parameter Weibull analysis) can be tested in terms
of applicability of representation of each data Bedbm using these specific functions

in relation to the distribution models used, theoretical CDF data can be plotted for the
2-parameteVeibull.
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Figure 3.37- lllustrative example of KS test, with maximum deviation shown from the black arrow between the
CDF in red and ECDF in blue

From the analysis conducted, information has been generated on the distribution of fit
ofthe2par ameter Weibull distributions, appl
breakdown/flashover voltages and times to breakdown/flashover associated with
impulsive breakdown of solidir interfaces. Each-Rarameter Weibull distribution

tested were able to represent each of the datasets tested in this thesis, due to distance
valuesDn, being lower than the correspondirifical value used in thigaper, at @-

value 0f0.05, which is a value of 0.2941 for 20 data points.

Therefore, it was concluded that in order to further analyse the data in terms of
probability and sensitivity of breakdown/flashover, thB&ameter Weibull analysis
was chosen in order t@mpare the probability of breakdown and flashover voltages

under the various test environments.

3.10. DATA REPRESENTATION

The obtained breakdown voltage valués,were used t@alculatethe Vso flashover
voltages. As Weibull analysis has been used in this thesis to further understand the

insulation system performance, the CDF was firstly found for each system, which
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corresponds to equation 3.18. TWe values are equivalent to the median of the

Weibull distributionfor each data set.
o 12U (3.19

Therefore, the flashover/breakdown voltage can be found for each insulation system.
This enables the optimum insulation system to be found for each of the sets of test
conditions, where th¥sovalues can be compared of each system

Once the median valu®0%) flashover value for each data set has been found, the
probability density function (PDF) associated with the CDF is plotted, as shown in
Figure 3.38a and 3.38b, using thandb values calculated from the process outlined
in Section 3.2. The PDF bthis distribution is given by equation 3.19:

) (3.19)

Qw N Q

and the correspondin@DF is given by equation 3.12.

The 20 breakdown voltage values obtained for each set of test conditions were used
the statistical analysis, performed using Microsoft Excel software. To firldahdb
values of the Darameter Weibull distribution for each dataset, equation 3.10 was
linearised to the form in equation 3.1andl T & &€ "Ow versusl lw was

plotted. The shape and scale parameters were then calculatedbwiasriound from

the gradienof the straight line, and Q , wherec is the intercept value. The
obtainedJandb values were used to plot synthetic PDFs using equation 3.19 for each
set of experimental data.h& Vso breakdown/flashover initiation voltage, which
defined aghe mediarnvoltagevalue of the CDF, in equation 3.18, was obtained for

each series of tests.

For each test, to show the spread in the obtained flashover voltage values, the voltage
i nterval w h e r -points Bedide 49%4%0Vbltage apdread inddrwas
determined using equation 3.19, by identifying the point of intersection of this PDF
with the negative skewness. By identifying the 2.3% and 97.7% probability values on
the generated synthetic CDF, the end points of these voltage intervals erequtes
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asymmetrical error bars for eadbp value. This process exemplifies a spread of data

to2 &

The versatility of the Weibull distribution allows for skewness and kurtosis to be

factored into a distribution when analysing data where error bargasgmmetrical,

different to other statistical analysis methods, for example the gaussian distribution

found from the normal distribution. As the Weibull distribution results in a skewed

distribution, as shown in Figures 3.38a and 3.38i3,gives extranformation on the

failure rate of the insulation system.
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Figure 3.38 Example of a Zarameter a) cumulative distribution function (CDF), showing where the 2.3% and
97.7% probability values intersect with the CDF and b) an asymmetrical probability density function (PDF), where
the ~95.4% area has been outlifienn the error bars at each side of the median (50% probability) value.

For
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reside, by identifying the point of intersection of the CDF and the probability values

at 2.3% and 97% This process shows that the asymmetrical error bars can be used

to represent the negative skewness of tparameter Weibull distribution, as shown

from the PDF, showing the ~95.4% area for each distribution, as shown in Figure

3.39a and 3.39b. Thelgbvertical lines of each PDF represent Ysg(median)yalue

(equation 3.18), and the dashed lines represent the locations of the upper and lower

error bars in this particular arrangement, the lower error bar is 88% larger than the

upper error bar.

The discussion of the results throughout this thesis puts emphasis on the comparison

of these skewed error bars of each compared test, where two or more datasets can be

compared. As shown in Figure 3.39a, if the error bars do not overlap, the distributions
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are shown to be independent of one another, and the areas of each distribution where
95. 4% of datapoints reside do not overl .
area of overlap is created between the two PDFs, as shown in Figure 3.39b, indicating

that the distributions are not independent.
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Figure 3.39 Comparison of two datasets when the error bars a) do not overlap, showing independence and b)
when the error bars do overlap, showing that the distributions are not independent.

This method of data visualisation has been used throughouhdsis, showing the

Vg0 (median)values where the 50% probability of failure has been calculated and
determined from each CDF. In all cases, the error bars have been set to contain ~95.4%
of datapoints measured directly from the CDF, with the skewnesgsigham the PDF

of each data set.
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4.CHAPTER IV

NO SPACER (OPEN GAP) BREAKDOWN

4.1. INTRODUCTION

ChaptenV presentgxperimentatlatagatheredor open air gaps, with no solid spacer
bridging the electrodes6(n o s p a )X and dwitht regardse the changing
environmental parameters of pressure and humidithieved using the test cell
outlined in Chapter Ill. Thisdata provides baseline reference values, enabling
comparison with the breakdown characteristics of insulation systems bridged with

solid dielectrics with smooth and knurled surfaces in Chapters V and VI, respectively.

The understanding environmental comatis on the breakdown voltage of an air
insulated system is a common study. In terms of different tested humidities, research
groups have recorded both decreases and increases in breakdown voltage with

increasing humidity in the system.

In [1], a high hundity, >80% RH, is stated to result in a decrease in the breakdown
voltage as the discharges within the system becomes irregular resulting in a fluctuation
of results throughout testing. In highly humid environments, the accumulation of water
droplets canmalso have an adverse effect on the breakdown voltage of system, a
potential reason for this could Hae to the higHield regions caused by water droplets
forming on the electrodeas reported i2]. In practical systems, the effect of high
humidity wasseen to decrease the breakdown strength of an air insulated system as
shown in [3] and [4]. Conversely, the effect of humidity has also been shown to have
no impact or to increase the breakdown voltages is seen if5], where no change

in breakdown volge was found for lightning impulses for humid air, with moisture
content ranging from300 ppm to 1500 ppnAdditionally, in[6] and[7], there was a
general breakdown voltage increase of 5%% with increasing moisture content
andalso seen ing], where the average breakdown voltage of argap was found to
increase slightly with increasing humidity, from 9.8 §tm20.7 g/m. It is also shown

that the in terms of polarity breakdown the increase of humidity can have an effect on
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thephotoionisatiorprocessesyhich are important in the posithstreamer breakdown
mechanism, where higbnergy photons are absorbed by water molecules at high

levels of relative humidityd] increasing the breakdown voltage.

The tests within this chapter will cover thdlfumidity spectrum at varying air
pressures. The effects that these environmental conditions have on the breakdown
voltage of an opeair gap pulsed power insulation systems will be discussed. Possible

reasons for the changes observed are then discussed.

4.1.1.Experimental Method

Open air gaps were subjected tottb positive and negative polariy00/700 ns
impulse voltages in the paralplane electrode arrangement introduced in Chapter lll,
with an interelectrode gap of 40 mithe resultsn this sectiorwill be presente@dnd
discussedn terms of the effect othanging relative humidity (RKwith levels of
<10% RH, ~50% RH and >90% REésted at pressuresid.5 bar gauge, 0 bar gauge
and 0.5 bar gauge.

As this sectionprovides data that will be compared directly with that for composite
air-solid insulation systems, a consistent number ad&@&points was generated for

each insulation system tested throughout this thesisVidiweakdown voltage from

20 testsfollowing thed s t e methodpirdothe ASTM D34267 testing standardh

Section 3.6.4,was found using Weibull statistical analgsifor each set of test
conditions. The asymmetricalerror barsin the graphsrepresent thearea which
characterises the spread in the breakdow
within each dataset6s pr obabiudscorrgspodde nsi t
to the points where the cumulative distribution function crosses the 2.3% and 97.7%
probability lines, as discussed in SectiohO3Using the same process, thetimes to

breakdown were also found for each insulation system tested.

To engsire consistency, the electrodes were inspected and polished after test sequences
to remove surface pits that accumulated during the testing phase.
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4.2. EXPERIMENTAL RESULTS

This section will provide the results of the open gap tests under changing
environmenal parameters (pressure and humidity), as welbeaih polarites of
voltage impulseBoth breakdown voltage and time to breakdown were recorded for
each breakdown event in the open gap arrangement, to facilitate comparison with the
data for gassolid insuation systems subjected to the same environments in Chapters
V and VI.

4.2.1. Breakdown Voltage Results

In order tocharacterise the holdoff voltage of each open gap insulation system, the
results herein show the difference in breakdown voltage with a consistent inter
electrode gap of 40 mm, in varying environmental conditidiiee experimental
resultsare presented gmrated byair pressurefollowed by a discussion of these
results in Section.8 in relation to polarity and humiditgndSection4 .4 in relation

to polarity effect. Section 4.1 provides additional discussion on the polarity effect
witnessed and on theffect that the environmental parameters have on the

asymmetrical electrical performance of the system.

To frame the discussion in relation to the breakdown characteristics of the open gap,
Weibull plots of the data are first presented. This enalletb be calculated, and the
generation of the error bars characterising the spread where ~95.4% of the data points
reside, for each set of conditions. Breakdown voltages will be presented in relation to
changing relative humidity at each tested pressure hhadailitates direct comparison

with solid insulation systems in Chapters V and VI.

A 2-parameter Weibull plot of the breakdown data generatéd®t0 bar and 0.5 bar
gauge is presented in Figure 4.1, 4.2 and 4.3.

144



A <10% RH Negative, ' T ' T ' T
B -50% RH Negative
@ >90% RH Negative
2 A <10% RH Positive i
™ -50% RH Positive
@ >90% RH Positive
1k -
)
=
=
=
B 0F z
o5
o)
—
St :
[=]
-
4 L ]
3 - -
a me mA
4 i 1 i 1 i ] i 1 i
4.0 4.2 4.4 4.6 4.8 5.0
In (V)

Figure 4.1 Weibull plots and curvéits of breakdown voltage data for open gap breakdown resul@Sbar
gauge
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Figure 42 - Weibull plots and curve fits of breakdown voltatgta for open gap breakdown results at 0 bar gauge
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Figure 4.3- Weibull plots and curve fits direakdown voltage data for open gap breakdown results at 0.5 bar
gauge.
As shown from Figure 4.1, at <10% RH, for both positive and negative polarity, the
distributions show two distinct linear sections, suggesting that two different
breakdown mechanismgeaapparent. This could be an indication of electrode
conditioning, where the breakdown voltages change in performance due to the surface

of the electrode topology.

Analysing the Weibull distributions in Figure 44.2 and 4.3the V5o breakdown
voltagesand the spread (error bars) are shown in Figure 4.4a, 4.4b an&dchdar
represents theso from 20 impulsive breakdown voltagesnd the error barepresent
the 95.4% spread of the data.
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What can be seen frofigure 4.4is that as thepressurehumidity and polarity are
changed, therareobvious changgein the breakdowrcharacteristicef the insulation
system.

For-0.5 bar gauge in Figure 4.4a, amtudsing firsly on the change in polarity, for
humidity levels of <10% RH and ~50% Rtte negative polarity voltages are higher
than the positive polarity voltagelsowever there are overlapping errbarsat each
pressure levelAt >90% RH, there is a change in performance where the positive
breakdown voltage increases over the negative breakdown voltage. Overall, this is due
to the increasing humidity having an adverdecatfon the negative breakdown voltage

but having minimal effect on the positive polarity breakdown voltagkes. highest

Vso breakdowrvoltage at0.5 bar gauge/as recorded with a negative polarity impulse

at <10% RH,being~121 kV, and the minimum vol@ge was recorded &90% RH

with anegativepolarity impulsebeing~76 kV.

What can be seen from tle bar gaugeesultsin Figure 4.4b isthat, again,in
comparison to the results shown-@t5 bar gaugeas thehumidity and polarity are
changed, there i@ change irthe breakdown characteristiogthe insulation system.

At both, <10% RH and ~50% RHithe nominalnegative polarity voltages are higher
than the positive polarity voltagdsut with overlapping error barét >90% RH the
breakdown voltage ishown to be very close in value for negative and positive
polarity, with positive being slightly higher. This shows very similar results to what
was seen al.5 bar, but with smaller differences between each polarity showing the
performance has become ra@ymmetrical as the pressure has increased {ddn

bar gauge to 0 bar gaugehe highes¥/so at 0 bar gaugevas recordedor negative
polarity impulss at<10% RH,being~155 kV, and the minimunVso was recorded at
>90% RH fornegativepolarity impulss, at ~117kV.

What can be seen from tBeéb bar gaugeesultsin Figure 4.4c, ishat as théaumidity

and polarity are changedot only is there a change time breakdown characteristics

of the insulation system, buhbe trends are different. At<10% RH,the nominal
negativepolarity voltages are higher than tpesitivepolarity voltagesat ~50% RH

there is almost no difference in the nominal positive and negative breakdown voltages,

and at >90% RH, there is a slightly higher positive polarity voltage than negative.
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However, all above comparisons exhibit overlapping error. Bgn, as the pressure

has increased generally the difference between positive and negative voltage has
decreasd, showing the pressure has a direct correlation to the witnessed polarity effect
of the systemThe highesW¥sobreakdown voltagat 0.5 bar gaugevas recordedior
negativepolarity impulss at <10% RH,at ~180 kV, and the minimum voltage was

recorded at90% RH, alsdor negative polarity impulseat ~160kV.

Following application of the process outlined in Sectidht8.all data sets generated

in the testing phase, the valued)pb, Viso andVo o1are provided in Tables 4.1, 4.2 and
4.3. The value olU is closely related to the value 8§y and the value ob s related

to the spread of the data with higher values indicating a narrower spread. What is
important here is that thé o1breakdowrvoltage value is directly related to tband

b values, where for highdrvalues, thé/oo1value for a distribution will be closer to

the Uvalue.

Table 417 U, b, Vso andVo.o1 values from the paramter Weibull analysis for open gap test®4i bar gauge

Pressure Humidity Negative Positive
Ukv) b Vso Voo U b Vso Vo.o1
(kv) (kv) (kv) (kv) (kv)
-0.5 bar <10% RH 121.2 8.4 116.1 40.7 79.4 13 77.2 39.2
gauge ~50% RH 110.2 9.1 105.8 40 81.9 17.7 80.2 48.6
>90% RH 717 47.5 71.2 59.1 83.5 20.7 82.1 53.5

Analysing the calculated 0.01% probability of failure values (1 failure in 10,000),
Table 4.1, looking at how the o1 values, it can be seen is shown that, due to the
increasingo value with increasing humidity théte calculated 0.01% probability of

failure voltages generally increases with increasing humidity for both polarities.

Table 4.2- U p , soavd \b.o1values from the aramter Weibull analysis for open gap tests at 0 bar gauge.

Pressure Humidity Negative Positive
U(kV) b Vso Vo.o1 U(kVv) b Vso Vo.o1
(kv) (kv) (kv) (kv)
0 Bar gauge | <10% RH 154.8 20.4 152 98.5 123.9 24.1 122.1 84.5
~50% RH 148.9 16.8 145.7 86.1 134 24.2 132 91.5
>90% RH 117.7 62 117 101.5 122.2 44.5 121.2 99.4
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Analysing the calculated 0.01% probability of failure values,the O bar gauge
results in Table 4.2, it is shown that for ¥ values increasing humidity generally
increases the breakdown voltage.

Table 4.3i U, , Vband \.o1values from the paramter Weibull analysis for open gap tests at 0.5 bar gauge

Pressure Humidity Negative Positive
U(kv) b Vso Voo Ukv) b Vso Voo
(kv) (kv) (kv) (kv)
0.5 Bar gaugel <10% RH 179.9 27.2 1775 128.3 163.7 41.8 162.3 131.3
~50% RH 176.7 33.9 174.8 134.7 176.1 26.8 173.7 125
>90% RH 159.6 42.6 158.2 128.5 167.5 32.1 165.6 125.7

Analysing the calculated 0.01% probability of failure valdes,the 0.5 bar gauge
results in Table 4.3, it is shown that for Mg1values, the increasing the humidity is
shown to have no clear trend in the negative polarity breakdown voltage with the
maximum occurring at ~50% RH. For positive polarity, a desgrés shown from the
0.01% probability of failure valueith increasing humidity.

4.2.2. Volt/Time Breakdown Results

The time to breakdown gives extra information associated with the discharge process,
potentially revealing how the discharge mechanism changes with the test conditions.
This data is presented as vbihe graphs using the breakdown voltage values from
Figures 4.4a, 4.4b and 4.4c, to enable the assessment of any trends in the breakdown
behaviour of these systems. As breakdown occurred on the falling edge of the impulse,
the error bars are large when graphing the 95.4% spread of data. The graphs are

presentedeparated by energisation polarity.

In Figure 4.5 are the negative polarity viithe graphs. The results show all negative

polarity results at0.5 bar gauge, 0 bar gauge and 0.5 bar gauge.
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Figure 451 Volt-time graph for negative polarity energisation
In Figure 4.5, the effect of humidity on the voihe characteristics is clear. As the
humidity is increased, the average time to breakdown values are shown to increase,
due to the potential increasétbe attachment coefficient with the elevated relative
humidity, further discussed in Sect®@.4.4. andt.3.1. What is also evident is that
although the breakdown voltage increases with increasing pressure, the breakdown
voltage and 95.4% spread of titeebreakdown have a slight increase in time for each
tested pressure at <10% RH, ~50% RH and >90% RH. This shows that at each specific
breakdown voltage, these approximate values are the time required for the discharge
process to lead to a full breakdowkithough the pressure is increasing, the time to
breakdown stays fairly consistent due to the higher applied voltage. Numerical values

are listed in Table AP2a for reference.

The positive polarity voltime data are shown in Figure 4.6. From Figures, 414
and 4.4c, it was shown that the positive breakdown voltages for each humidity at each
specific pressure were more consistent than the negative polarity results, and this is
reflected in the times to breakdown. What is evident is that, while theyea \wbear

average increase in the time to breakdown with increasing relative humidity for
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negative polarity, for positive polarity little effect of the humidity on the time to
breakdown is seen, particularly-8t5 bar gauge. As the pressure is increas®dar

gauge and to 0.5 gauge, the synergistic effect of the pressure and humidity is seen to
result in an increase in the time to breakdown for similar breakdown voltages, where
the added humidity hinders the positive streamer development, as disouSsetion

4.4.1, with breakdown occurring on the tail of the impulse.
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Figure 46 - Volt-time graphs fopositivepolarity energisation

The V5o and tso values for positive energisation are presented in Table AP2b for

reference.

4.3. DISCUSSION OF THE EFFECT OF ENVIRONMENTAL PARAMETERS ON
BREAKDOWN VOLTAGE

Due to the varying performance of the system, the effect of the environmental
parameters and the impulse polarity on the breakdown voltage will now be discussed.

4.3.1. Effect of Humidity on the Breakdown Voltage

From Figures4.4g 4.4b and 44c, the breakdown voltagdsr eachpolarity show
differenttrendsin the breakdown voltage as the humidity is increased. For negative
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polarity, an overall decreasing voltage is withessed as the humidity is increased,
particuarly when increasing from ~50% RH to >90% RH. Whereas, for positive

polarity, the breakdown voltages are very similar fotealels ofhumidity tested.

For negative polarity, increased humidity walsofound to decrease the flashover
strength of the aigap. Particularly a#90% RH,asthe discharge voltage becomes
irregular [L], a potential reason for this could tee to the higHield regions caused

by water droplets forming on the electrodes also witnessed ifR], which has
manifested in a decream thenegativebreakdown voltage from B11kV to 71.2kV
at<10% RH and>90% RH, respectively, at0.5 bargauge, 152 kV to 117 kV at O
bar gauge and 177.5 kV to 158.2 kV at 0.5 bar galigis was also withessed [i8]
and[4], the effect of very highevels of humidity on the breakdown strength were
reportedalsq where above 80% RH, the breakdown voltages were unpredictable in
amplitude similar to what was witnessed here for negative polarity breakdown at
elevated humidity, culminating in a decreaséreakdown voltage.

For positive polarity, the effect of increasing humidity was minimal throughout the
tests, withbreakdownvoltages of 7.2kV at<10% RH, and 8.1 kV at>90% RH, at

1 0.5 bar gauge pressure22.1 kV to 121.5 kV at 0 bar gauge and.B3a2V to 165.6

kV at 0.5 bar gaugerhis minimal effecton the breakdown voltage with increasing
humidity was also seen irb].. The resultsn Figures 4.2, 4.4 and 4.6 for positive
polarity generally follow what was found i8] and[ 7] alsq where there was a general
breakdown voltage increase with increasing moisture cqnidmch is similar to the
trend observed here, particularly-@t5 bar gaugerhe slight increase in the positive
polarity breakdown voltage a0.5 bar gauge with increasing humiditias also seen

in [8],.. This minimal effect/slight increase on positive polarity breakdown voltage
with increasing humidity could be due tothe aforementionedimpact on
photoionisation preesses, which are important in the posisteamer breakdown
mechanism([9], requiring an increase in applied voltage to cause breakdotese
higher levels of humidity, causirtge positive polarity breakdown voltage to remain
consistenatall level of RH.
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4.3.2. Effect of Pressure on the Breakdown Voltage

For all tested conditionia Figures 4.4a, 4.4b and 4,4ucreasing the pressure resulted

in increased flashover voltage, as expected. As the gas pressure increases, the electron
mean free path decreases, and the collision frequency increases. Electrons will gain
less energy between collisions, which meansahagher applied field is required for

free electrons to gain sufficient energy in order to cause an ionisation &0grdaq

was discussed irSection 2.3.1. This behaviour can also hasually seen from the
Paschen cungdiscussed irsection2.4.2,where at the righhand side of the Paschen

curve as the pressure increases, the breakdown voltage increases.

4.4, DISCUSSION OF POLARITY EFFECT OF BREAKDOWN VOLTAGE

From Figures4.4g 4.4b and 44c, there are clear differences; the breakdown
characteristics fopositive and negative polarjtwith the magnitude of thelifference
between the twdoreakdown voltage changng as the environmental parameters

change

The polarity effect witnessed in symmetrical electrode setups was first repotted by
authors of [11] and [12]y¥ho detail a polarity effedn symmetrical sphere gapwith

one electrode grounded, and provide discussion on potential reasons for the difference.
At short gap spacingshe authors show similar breakdown voltage valuewdsen
positive and negative energisatiavhereno difference in the breakdown voltage of

the gap with respect to polarity is observed; this is due to the gap not being long
enough, such that the effect of growdwes not yet result in a field namiformity in

the gap. The field distribution changes, however, as the gap length is increased. This
effect is shown from the electric field distributions for the system used in the present

study at 10 mm and 40 mm (intelectrode distance used in this work)Figure 4.7.
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Figure 471 Electric field distribution in @) 10 mm and b) 40 mm gap, with the separation distance shown to affect
the field uniformity in the interelectrode gayertical arrow shows contour line.

As shown in Figure 4.7, the effect of increasing distance betvineeceléctrodes has

an effect on the asymmetry of the electric field simulation. This asymmetry is
witnessed within sphergphere and parallel plane gaps in literature [23]. In order

to understand the asymmetry which exists between the parallel péatoaethe
electricfield along the contours from Figure 4.7 are shown in Figure 4.8.
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Figure 4817 lllustrative example of the electric field distribution in 10 mm and 40gapsat the rounded edges
of the electrode®llowing contours shown in Figar4.7

The asymmetry of the electric field distribution is shown to increase with increasing
gap, with the HV electrode being 87% increase in comparison to the ground electrode
for a 40 mm gap but only 27% increase for a 10 mm gap. As the working rathge of
insulation system is to increase into the 100s kV, a gap of 40 mm has been used so this

field distribution must be taken into account.

As discussed previouslysahe gap lengtls increased, the field neumiformity
increasesyhich has also been reqted by authors who used a parapne electrode
setup as shown in [23]. The paralf¢hne electrode system used in this thesis has a
field uniformity factor of ~0.44, where the field at the HV electrode edge is ~2 times
greater than the average fi€kel= VV/d) in the 40 mm gajue to this field uniformity
factor, an asymmetrical electric field distribution is produced, as shown in Figure 4.7b.

In the case of a neaniform field distribution, th@ositive breakdown voltage is lower

than the negativedue to electrons being absorbed by the positive HV electrode,
leaving behind positive space charge in the gap. This positive space charge increases
the effective ionisation zone, and adds to the HV electrode potential, leading to

breakdown For negativepolarity, electrons are repelled by the HV electrode and are
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subject to electron attachment due to the electronegativity of the gas, or the electrons
are held by the positive space charge at the outer boundary of the ionisedaegion
discussed in Sectidh4.

From the illustrative examples of space charge under positive and negative polarity in
Figure 4.9a and 4.9b, the resultant electric field distributions are shown in Figure 4.10a
and 4.10b.

The effect of polarity on the breakdown voltages of-naiform gas gaps is presented in

[24] and [25].When a positive polarity voltage is applied to the electrode topology
from the current test cell arrangement, a-naiform electrical field is established in

the gap. Shown in Figure 4.10a is the electrical fatidngth in the inteelectrode

gap. There are two different distributions showime dashed line is the electrical field
distribution when there is no space charge, where the electrical field strength decreases
as the distance increases; whereas thie ok shows the spaahargemodified
electrical field distribution. The reason for this increase in electrical field strength at
the anode is due to high electron mobility in a continuously increasing field. The
positive electrode attracts electrons &ods its surface, which, in turn, leaves behind
positive space charge. The region between the positive electrode and the positive space
charge has reduced local electrical field strength. Further into the gap, the field
decreases towards the cathode. Tgeees charge causes the field to strengthen until a
point where the field starts to decrease due to the distance from the HV electrode, and

the fact that the positive ions start to travel towards the cathode [22].

Discussion of the effect that polarity hasthe breakdown voltage is given in [25]. |
Figure 49, the distribution of space charfype positiveappliedvoltageis shown, with
positive ions and electrons depict&hen a positive voltages applied the initial
electronsn the gaswill accelerate towards th@gh voltageelectrode and lead to an
electron avalanchés seen in Figre4.93 while positive ions briefly stay in the area
around the ronded area of the plane parallel electrode to theirlow mobility,
electrons in thelectron avalanche swiftly penetrate the electraededepicted by the
arrows at the electrode surface in Figure 48@aund theelectrode a significant
number of positive ions gather and create the sphaege electric fields EPI and EPII.

The directiom of EPI is opposite to that dieexternal electric fieldE, which weakens
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the field strength at this areascan be seen from the electric field distribution in
Figure 4.Da. This weakens the iogation around theelectrodesand suppresses
streamer cama formation, resulting in a higher corona onset voltaigsvever, it
should also be noted that the electric field strengthin region Il of Figure 4.9a is
enhancedoy EPII. If the appliedvoltagerises enoughto trigger a selfsustaining
dischargethestreamerchannetaneasilyextendto theearthelectrodeandleadto gap
breakdown.

Figures 4.9b and 4.10b show the process when a negative polarity is applied to the
planeparallel HV electrode. As seen, the positive ions are attracted towards the
cathode in region ENwhich increase the electrode field at the cathode, whereas in
region EN; electrons are repelled away from the high voltage, negpbiarity
electrode in region. These electrons travel towards the anode in a decreasing field. The
electron avalanche stops at the boundary surface, where the net ionisation coefficient
is 0,due to the nowuniformity of the field distribution. Due to electron attachment,
these free electrons go on to form negative ions [26], [27]. This has an effect on the
overall field distribution seen in Figure 4.10b, which shows the overall field with and
without space charge. It is this space charge which determines the increase in field
near the cathode, and reduction in field at the anode. Within this geometry, a space
charge oO6cathode sheathodé is formed a di st
ultimately weakens the field at this point due to the high velocity of electrons being

repelled from the anodehis weakened field then stops an avalanche taking place.
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Figure 491 Distribution of space charge in a) positive polarity and b) negative polarity electrode gap, modified
from [21], for the plangarallel electrode arrangement used in this thesis

As time progresses, positive space charge moves towards the cathodenvitninh

increases the local electrical field strength [25]. Over time and with increasing applied

potential, the negative space charge starts to disperse, making electron avalanches

possible and leading to electrical breakdown. As a result, negativeyblaakdown

voltages are higher than those for positive polarity in electronegative gases.
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Figure 4.D17 lllustrative example of the field distribution of a) positive polarity and b) negative polarity with and

without space charge
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The effect of envonmental parametelis now to be discussed in relation to the

polarity effect discussed in Sectio4.

4.4.1. Effect of Changing Environmental Parameters

It can be seen from Figures 4.4a, 4.4b and 4.4c that, as the environmental parameters
are changed, the differences between the positive and negative breakdown voltages
presented and discussed $®ection 4.41 changed in magnitude. Overall, as the
pressuravas increased, the insulation system behaved more symmetrically. The same
general behaviour was also witnessed as the humidity was increased. This section will

discuss these points and give potential reasons for the changing polarity effects.

4.4.1.1 Effect of Pressure

From Figurest.4g 4.4band4.4¢ it is clear that changing the pressure has an effect
on the electrical asymmetry of the system, where the higher the pressure, the more
electrically symmetrical the system behaves. This effect is hypothesibethgdue

to the following phenomendrom the charge left behind in filaments by applied
impulses that did not result in breakdown, in relation to the time taken between each
impulse and the lifetime of charge carriers, the incomplete streamers that do no
transition into the final breakdown channel may have an effect on the breakdown
polarity effect as the pressure is increased. An example of visualisation of such
streamers in the sphesphere topology (lightning impulsive breakdown of air) and
correspoding current waveforms is shown in [28]. The symmetry between the
positive and negative breakdown voltages, therefore, could be due to the intensity of
the prebreakdown streamers. In this chapter, the observed reduction in the difference
between positivand negative voltages at the higher breakdown voltages measured at
0.5 bar in Figures 4.4a, 4.4b and 4.4c, in comparison to the wider differenfes at

and 0 bar gauge, could be a result of (nominally) equally intensive positive and
negative streamersqgagating in the inteelectrode gap, with positive and negative
charge injected by these streamers. Ashpeakdown current waveforms were not
measured in this work, no direct information on thelmeakdown streamer activity

has been recorded. Presshas been shown to have an effect in other research, such
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as in [23], whereas the pressure was increased from 0.345 bar to 1 bar (5 to 15 psi in

[23]) the average breakdown voltage became more symmetrical at the higher pressure.

4.4.1.2 Effect of Humidity

Anothe change evident from Figurds4g 4.4band4.4c,is the effect of humidity on
the asymmetrical electrical performance of the systeatilitating the following
discussion, maelectrostatic simulation of the field in the presence of atwaldf water
droplets at the edge of tearthedelectrode is shown in Figure 2.1As the relative
humidity of the air increases, the electrisahaviouof the systenappears to increase
in symmetry alspat each pressure level. The potential reason for this is egglai

[2]. As the air humidity inside the system is increas&t increasing pressurevater
droplets form on the lower, horizontalyiented, grounded electrode, situated in the
vertically-aligned insulation system, due to gravity. This creates |biggd-field
regions P] at the grounded electrode, which affect the elet@gld distribution inthe

air gapas the electric field increases from the droplets, as shown in Figure 4.11b,

creating a more symmetriciiéld distribution.
a) b)
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Figure 4.1 7 Inter-electrode gap arrangement with added water droplets having settled on the (lower) grounded
electrode in the verticalipligned electrode system, affecting the electric field distribution in the gap, creating a
high local field regionat the dropletsVertical arrow shows the contowua) shows overview effect of droplet
formation on electric fieldand b) shows localised droplet effect on electric field
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Comparing the electrostatic field simulation results from the results without water
droplets on the earthed electrode is an electric field distribution as shown in Figure
4.12.

T T T ’ T T T T T
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Figure 4.2 71 lllustrative example of the electric field distribution with and without water droplets added on the
surface of theartheckelectrode.

Analysing Figurest.4g 4.4band4.4¢g the change in performance is evident as the
humidity is increased, for each khof pressure. This is particularly evident from the
results at 0.5 bar gauge. At <10% Radhighernegative breakdown voltaghan
positive is exhibited When increasing the humidity to ~50% RH, there is no clear
polarity effect in the breakdown voltages. Increasing the humidity further to >90%
RH, the positive breakdown voltages appear to be higher than negative. Hdaever,

all these tests, there areenlapping errorbars When anal ysing the
gauge and 0 bar gauge, however, the performance of the electrode setup changes,
where the differences in breakdown voltage with polarity become smalher
therefore more symmetricalith increasing humidity further supporting this
hypothesis that increasing humidity results in a general increase in the electrical

symmetry of the system.
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4.5. CONCLUSIONS

In this chapter, the results of baseline testing of epegaps with both positive and
negaive polarity impulse voltages have been discussed, in environments of changing
air pressure and humidity. Alsoheé asymmetrical electrical performance of the
geometricallysymmetrical electrode arrangement for-spacer tests has been
explained, with a thoretical basis provided based on a focused literature review, and
this basis beingsupportedby the asymmetrical field distribution fourfdom the
simulation work completed through this chapter.

These results will provide an-ohepth referencef the breadown voltageso be
comparedwith those for composite agolid insulation systems detailed in Chapters
V and VI. These results will also provide a baselinforming the discussion dhe
physical mechanisms responsible for breakdowthe airsolid gas, in the context

of the different discharge locations withessed as the environmental parawesters

varied.
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5.CHAPTER V

SMOOTH MACHINED SURFACE DIELECTRIC FLASHOVER

5.1. INTRODUCTION

Chapter V will include data from flashover of dielectrics with smooth, machined
surfaces, inserted into the parali¢hne electrode system characterised in Chapter IV.
The sealed test cell allows for-@olid insulation systems to be tested under differe
environmental and physical conditions. The use of the same basic arrangement to that
in Chapter IV will allow direct comparison of the breakdown characteristics -of air
solid insulation systems with those of opsn gaps. The materials tested in this
chapter weréd

1 High-Density Polyethylene (HDPE)
1 Polyetherimide (Ultem)
1 Polyoxymethylene (Delrin)

As in Chapter IV, the insulation systems were subject to changing environmental
conditions 0<10% RH, ~50% RH and >90% Rldnd pressures ed.5 bar gauge)

bar gauge and 0.5 bar gau@ach insulation system was subjected to 100/700 ns
impulse voltages, of both positive and negative polarity, using theuptépsting

procedure to determine the breakdown/flashover voltage for each insulation system.

Overall the results presented in this chapter will provide designers of ppitseer

systens with comparative data regarding

1 Which material will yield the highest flashover/breakdown voltage in various
environmental conditions.

1 Dependent upon material propest, how the discharge channel interacts with
the spacer under different conditions.

1 How the breakdown performance of each of thesalid insulation systems
compares to that of the opair gap.
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Experimental results are reported in [1], with surfacénfiaer events characterised in

air with varying humidity for PTFE, silicone rubber (SIR), nylon and glazed porcelain,
with a rodplane electrode topology, under positive impulse voltages. The authors
observed that, as the absolute humidity increased frgfm3 to 25 g/m3, the positive
flashover voltage was seen to increase for both lightning impulse (LI) and switching
impulse (SI) voltages. In [2], under a similar topology and negative polarity, it was
observed that increasing the relative humidity (RHlted in the flashover strength
decreasing. The flashover voltage was recorded at 10%, 30%, 60% and 90% RH, and
decreased from 18 kV to 14 kV. In [3], the differences in the initiation and propagation
of positive and negative streamers, resulting in flashaare discussed. It was found
that, under negative polarity, the plasma channel established at breakdown was seen
to follow the surface of the material. Under positive polarity, however, the plasma
channel at breakdown was seen to be repelled fronmutffece of the solid material

and propagate through the bulk air. In [4], flashover of air gaps without solid spacers
was characterised, under high humidity levels, up to and including 100% RH. Under
these conditions, fog accumulation was found to havetraramtal effect on the
breakdown strength of the air gap tested, especially for values of RH >80%. In [5], the
effect of increasing water vapour content irs @Bs investigated. The authors found
that the increase of water content at a given pressurktect$n a decrease in the
flashover strength of an epoxgsin insulated system. It was also found that the
presence of water for an extended period of time could result in chemical reactions

occurring at the spacer surface, leading to reduced flashawation voltages.

As previous literature has informed, the effect of multiple environmental parameters
has an effect on the flashover voltage of a system, this will be discussed in terms of
environmental parameters in Section 5.3 and in Section 5.4 H®wwompares to the

open gap analysis shown in Chapter IV.

5.2. EXPERIMENTAL RESULTS

The results in this section are based on se®0dfests at each polarity aseét of

environmental conditicu s i ng t h procédsréfrenp ASTM 3342697, as
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detailedin Section 3.6.4The statistical analysis performed was identical to that in

chapter 4 and the data is presented in the same manner.

These results will be further discussed in Section 5.3, where the effect of physical and
environmental parameters will bésdussed, and Section 5.4, in terms of discharge
location,comparing the results here to those obtained in an-apegap in Chapter

IV., to facilitate comparative discussion of the breakdown mechanisms.

5.2.1. High-Density Polyethylene (HDPE)

Figure 5.1, 5.2 and 5.3 showsgparameter Weibull plots for HDPE samples tested at
-0.5 bar gauge, 0 bar gauge and 0.5 bar gauge and at <10% RH, ~50% RH and >90%
RH.

<10% RH Negative ' T ! T ! T
~50% RH Negative
>90% RH Negative
<10% RH Positive
~50% RH Positive
>90% RH Positive

N
[ Xi i JCN N 2

In Unreliability

4.0 4.2 4.4 4.6 4.8 5.0
In (V)

Figure 5.1- Weibull plots and curve fits of breakda voltage data for smooth HDPE surface at<10% RH, ~50%
RH and >90% RH, all aD.5 bar gauge
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Figure 52 - Weibull plots and curve fits of breakdown voltage data for smooth HDPE surfat8%tRH, ~50%
RH and >90% RH, all at 0 bar gauge
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Figure 53 - Weibull plots and curve fits of breakdown voltage data for smooth HDPE surface at<10% RH, ~50%
RH and >90% RH, all at 0.5 bar gauge

Analysing the Weibull distributions in Figure 58.2 and 5.3the Vso breakdown
voltagesand the spread (error bars) arewsh in Figure 5.4a, 5.4b and 5.4€ach bar
represents th¥so from 20 impulsive breakdown voltagesnd the error barepresent
the 95.4% spread of the data.
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Figure5.4 - Flashover voltages with mooth, machineliDPE spacer at <10 % RH, ~50 % RH and >90%
under negative and positive polarity impulse voltagé$a)-0.5 bar gauge, (b) 0 bar gauge and (c) 0.5 bar ¢
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relation to the Zarameter Weibull distributioof each data set.
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Figure 5.4a shows the HDPE insulation system results for changing humidity and
polarity at a pressure 6D.5 bar gauge. As the humidity increases, the flashover
voltage for both positive and negative polarity generally decreases. However, the
difference between the positive polarity (lower) and negative polarity (higher)
breakdown voltages decreases with increasing humidity. At <10% RH, the negative
polarity Vso is dgnificantly higher than the positive, and the error bars do not overlap,
indicating that the distributions are independent of one another (for 95.4% spread of
data). As the RH is increased, the difference between negative and pasitiakies
decreasesignificantly, resulting in overlapping error barghis behaviour is evident

from the ~50% RH and >90% RH results. Therefore, for an insulation system
subjected to a humid environment, the breakdown behaviour becomes more
electrically symmetrical. At >®% RH, the increased conductivity of the surface of the
dielectric material leads to surface flashovers for both positive and negative polarity,
creating a symmetrical electrical performance. The higitesbreakdown voltage
measured for HDPE a@.5 bargauge was under negative polarity, at <10% RH, with

a flashover voltage of ~137 kV. The minimum flashover voltage measured in this
arrangement was under positive polarity at >90% RH, with a flashover voltage of ~66
kV.

Figure 5.4b shows the HDPE insulatisystem results for changing humidity and
polarity, at a constant pressure of 0 bar gauge. The nelatiwas always nominally
higher than the positive value though the error bars overlap. The neWyative
decreases with increasing RH. However, for positive polarity, although the breakdown
voltage at >90% RH is significantly lower than that at <10% RH, thkdsitVso is
exhibited at ~50% RH. Similar to th€®.5 bar gauge results, as the humidity is
increased, the difference between the positive and negaij\generally decreases.
The difference between the negative and positive breakdown voltages at 10% R
and ~50% RH is less compared to thatab bar gauge (Figure 5.2), with the data
gathered at >90% RH showing a similar difference. Again, as the air humidity is
increased, the system exhibits a more electrically symmetrical performance. The
highestVso measured for HDPE at O bar gauge was under negative polarity at <10%
RH, at ~155 kV. The minimundsoflashover voltage was measured at ~100 kV, under

positive polarity, in a >90% RH environment.
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Figure 5.6 shows the HDPE insulation system results forgthgrhumidity and
polarity at a pressure of 0.5 bar gauge. For negative polarity, as also witnegs&d at
and 0 bar gauge, as the humidity increases there is a downward tréad For
positive polarity, however, a similar behaviour to that observedl laér gauge is
witnessed as the humidity is increased from <10% RH to ~50% Rddjs seen to

increase, but again, as the humidity increases to >90%#&ldecreases.

At <10% RH, the negativpolarity Vso is again significantly higher than the positive

and the error bars do not overlap, indicating that the distributions are independent of
one another (95.4% spread of data). As the RH is increased, the difference between
negative and positivéso values decreases significantly, resulting in overlappmaor

bars Again, as the insulation system is subjected to a more humid environment, the
breakdown behaviour of the insulation system becomes more electrically symmetrical.
With the increased conductivity of the surface of the dielectric at >90% RH leiading
surface flashovers for both positive and negative polarity, creating a symmetrical
electrical performance. The maximWs, measured with a smooth HDPE spacer at
0.5 bar gauge was under negative polarity at <10% RH, with a flashover voltage of
~200 kV, and the minimum flashover voltage was measured at ~125 kV, under

negative polarity and in a >90% RH environment.

Comparing the breakdown behaviour with HDPE spacers by RH level, at <10% RH,
the negativé/sois greater than the positive, with no overlappengr bars for0.5 bar

gauge and 0.5 bar gauge, indicating significant difference from each other within a
95.4% spread of each distribution. At 0 bar gauge, although the negative breakdown
voltage is higher than the positive, overlapping error barexdmbited. At ~50% RH,

the negativé/so is greater than the positive, but this comparison exhibits overlapping
error bars for all tests. Finally, at >90% RH, the positive and neg#ivae much

closer in magnitude, with overlapping error bars.

Further éta highlighting the differences in the breakdown voltages of an insulation
system bridged with a smooth HDPE spacer is shown in Table 5.1.-pl@@eter
Weibull distribution parameters are shown, as well a¥shandVo .01 values obtained

from theCDF of each data set.
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Table 5.1- Values ofU b andVo.o1 for smooth HDPE surfaces, for each set of environmental conditions and both

polarities.

HDPE Pressure Negative Positive
Smooth Y b Vao Voor O&V) | ® | Ve | Voo
(kv) (kv) (kv) (kv) (kv)
-0.5 bar | <10% RH 139.4 17.3 136.5 81.9 88.3 | 11.8 | 856 | 403
gauge | ~50% RH 111.3 9 106.9 40 83.9 | 141 | 817 | 436
>90% RH 66.6 42.8 66 53.7 62.6 | 389 62 49.4
Obar | <10% RH 158.5 14.7 154.6 84.6 1282 | 17.4 | 1256 | 75.6
gauge | -50% RH 147.4 25.6 145.3 102.9 144 | 13.6 | 140.2 | 73.3
>90% RH 111.3 26 109.8 78.1 1049 | 185 | 1029 | 63.7
0.5bar | <10% RH 204.7 27 201.9 145.5 157.7 | 48 | 156.5 | 130.2
gauge | ~50% RH 193.4 24.2 190.5 132.2 1772 | 45.7 | 175.8 | 144.8
>90% RH 126.7 27.9 125.1 91.1 131.9 | 33.7 | 1305 | 100.3

With increasing pressure at <10% RWhen comparing the calculated 0.01%
probability of failure values (1 in 10,000 failures), increasing the pressure increases
the value ofVo.01 for both positive and negative polarities. The values for negative
polarity are significantly larger than for giave polarity.

In Table 5.1, for the0.5 bar gauge results, teoa2v al ues, i to0s shown
generally increasind value with increasing humidity thahe calculated 0.01%
probability of failure values (1 failure in 10,000), shows thairnkalation follows no

clear trend with negative polarity with the highest measured at <10% RH and the
lowest measured at ~50% RH, where for positive polarity, with increasing humidity,

there is an increase in the breakdown performance.

For the O bar gaugeesults in Table 5.1, it is shown that for tWeo; values, the
increasing in humidity is also shown to follow no trend with negative polarity where
the maximum breakdown voltage is measured at ~50% RH. For positive polarity, as

the humidity increasedheére is a decrease in the flashover voltage.

For the 0.5 bar gauge results in Table 5.1, it is shown that fovothevalues, the
increasing in humidity is shown to have a clear negative trend in the negative polarity
breakdown voltage. For positive potg, no trend is shown with the highest

breakdown voltage being measured at ~50% RH.
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5.2.2. Polyetherimide (Ultem)

Figure 5.5, 5.6 and 5.7 showsgp@rameter Weibull plots for Polyetherimide samples
tested at0.5 bar gauge, 0 bar gauge and 0.5 bar gaugatanti0% RH, ~50% RH
and >90% RH.
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Figure 55 - Weibull plots and curve fits of breakdown voltage data for smBotlietherimidesurface ak10%
RH, ~50% RH and >90% RH, all #.5 bar gauge
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Figure 56 - Weibull plots and curve fits of breakdown voltage data for smBotlietherimidesurface ak10%
RH, ~50% RH and >90% RH, all at O bar gauge
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Figure 57 - Weibull plots and curve fits of breakdown voltage data for smBotlietherimidesurface ak10%
RH, ~50% RH and >90% RH, all at 0.5 bar gauge

Shown in Figures 5.5 and 5.7, distinct regions appear in specific distributions. In
Figure 5.5, at ~50% RH, there at two distinct regions of discharge behaviour under

negative polarity, indicating differedischarge processes. As shown from a graph of
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breakdown voltage vs breakdown number for this instance in Figure AP5b, the first
five breakdown voltages were higher than those for the subsequentttestsould

be attributed to the change in breakdowrfqgrenance of the insulation system, where
bulk air breakdown and surface flashover events were recorded, as moisture
accumulates within the test cell. This results in a large error bar recorded for this test

condition.

Analysing each distribution, under gedive polarity at >90% RH, there are two
distinct regions of discharge behaviour, indicating different processes. As shown from
the graph of breakdown voltage vs breakdown number for this instance in Figure AP5i,
the first 10 breakdown voltages were higttean those for the subsequent tegtss

could be attributed to the change in breakdown performance of the insulation system,
where bulk air breakdown and surface flashover events were recorded, as moisture

accumulates within the test cell.

When derivihg the Weibull parameters from the data in Figures 5.5, 5.6 and 5.7, no

censoring of data was conducted.

Analysing the Weibull distributions in Figure 55.6 and 5.7the Vso breakdown
voltagesand the spread (error bars) are shown in Figure 5.8a,and 5.8cEach bar
represents th¥so from 20 impulsive breakdown voltagesnd the error barepresent
the 95.4% spread of the datdhe conditioning observed from the distribution in
Figure 5.5 and 5.7 discussed above resulted in large errombBigures 5.8a and
5.8c.
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Figure5.8 - Flashover voltages with a smooth, machined Polyetherimide spacer at <10% RH, ~50% RH and >90%
RH, under negative and positive polarity impulse voltages, ab(@&)bar gauge, (b) 0 bar gauge and (c) 0.5 bar
gauge. Each bar represents the average of 2kdwevn voltages and the errors bars show the 95.4% spread of
data in relation to the-@arameter Weibull distribution of each data set
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Figure 5.&shows thdolyetherimidensulation system results for changing humidity
and polarity at a constant pressure@b bar gaugeAs the humidity increases, the
Vg0 flashover voltage for both positive and negative polarity is shown to generally
decrease. However, the added humidithibits much larger effect on the negative
polarity flashover voltages than the positive. For positive polarity, although the >90%
RH value is lower than that for <10% RH, the highéstflashover voltage occurs,
marginally, at ~50% RH. The differenae\so between positive polarity and negative
polarity decreases with the addition of humidity into the environment from <10% RH
to ~50% RH. At >90% RH, the value \@fofor positive polarity is higher than that for
negative polarityThe maximumVso for Pdyetherimide at0.5 bar gauge was under
negative polarity, at <10% RH, with a flashover voltage of ~125 kV. The minimum
Vso flashover voltage was measured at ~60 kV, under negative polarity and in a >90%

RH environment.

Figure 5.8b shows the Polyetherimithsulation system results for changing humidity
and polarity, at a pressure of 0 bar gauge. As the humidity increases, there is a
downward trend in th¥'so flashover voltage for both positive and negative polarity
energisation, however, the changes aoeensignificant for negative polarity tests.

<10% RH, the negativVéso breakdown voltage is seen to be greater than the positive,
however, there are overlapping error bars. At ~50% RH, the positive polasity
flashover voltage is higher than the negathowever, the overlapping error bars show

a similar behaviour. At >90% RH, the positive polaNtgvalueis again higher than

that of the negative polarity result, with no overlapping error bars indicating that the
distributions are independent ofckaother, with 95.4% data spread. The maximum
Vsobreakdown voltage measured for Polyetherimide at O bar gauge was under negative
polarity, at <10% RH, with a flashover voltage of ~150 kV. The minimum flashover
voltage was measured at ~75 kV, also undgatiee polarity, but in a >90% RH

environment.

Figure 5.8c shows the Polyetherimide insulation system results for changing humidity
and polarity at a pressure of 0.5 bar gauge. As the humidity increasés,ftashover
voltage for negative polarity ishewn to decrease. The positiVig values do not
appear to change. At <10% RH the negative polafityvale exceeds the positive
value. At ~50% RH the two values are similar with overlapping error bars. At >90%
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RH, the positivepolarity Vso valueis greater than the negative polarity result, with no
overlapping error bars, showing that the distributions are independent of each other,
with 95.4% data sprea@he maximumVso breakdown voltage for Polyetherimide at

0.5 bar gauge was under negativéapty, at <10% RH, with a flashover voltage of
~200 kV. The minimum flashover voltage was measured at ~100 kV, also under

negative polarity, in a >90% RH environment.

Overall, from the results shown in Figures 5.8a, 5.8b and 5.8c, due to the similar
perfamance with increasing humiditi?olyetherimidevould be a good choice for an
insulation system subject to a wide range of humlity pressurkevels, if the system

were positive polarity.

Further data highlighting the difference in the breakdown voltages of an insulation
system bridged with a smooth Polyetherimide spacer is shown in Table 5.2- The 2
parameter Weibull distribution parameters are shown, as well agsgland Vo.o1
values okained from the CDF of each data set.

Table 5.2 Values ofU b and Vo1 for smoothPolyetherimidesurfaces, for each set of environmental conditions

and both polarities.

Polyetherimide Pressure Negative Positive

Smooth U b Vso Voo U(kv) b Vso Voo
(kv) (kv) (kv) (kv) (kv)

-0.5 bar gauge | <10% RH 1276 | 18.6 | 125.1 7.7 84.2 16.8 824 48.6
~50% RH 98.3 4.3 90.2 115 88 17 86.1 51.1
>90% RH 62.9 27.9 62.1 45.2 75.4 35.6 747 58.2
0 bar gauge <10% RH 1549 | 18.3 | 151.8 93.5 140.4 224 | 138.2 93.1
~50% RH 1208 | 37.2 | 119.6 94.3 136.3 215 134 88.9
>90% RH 78.9 22.9 7.7 52.8 126.7 484 | 125.7 104.7
0.5 bar gauge | <10% RH 200.9 | 32.8 | 198.7 151.7 164.5 25.8 | 162.2 1151
~50% RH 166.9 | 48.3 | 165.7 138 169.4 411 | 167.7 1354
>90% RH 1076 | 12.3 | 104.4 50.8 170.6 415 | 169.1 136.7

In Table 5.2 The impact of the conditioning effect@6 bar gauge at 50% RH in
negative polarity and 0.5 bar gauge at 90% RH in negative polarity can be seen clearly
in the significantly lower values of beta. This indicates that the valué& famustbe

treated with cautionWhen comparing the calculated 0.01% probability of failure

values, increasing the pressure, in general leads to an increase in the Valyéoof
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both positive and negative flashover voltages the exception being the re6ubt thar
gauge at 90% RH in negative polarity which was impacted by thé leabue. At

<10% RH the values &fo.01 are in general larger for negative polarity data. At ~50%
RH the values are broadly similar and at >90%RH the values for positive energisation

exceed those for negative energisation

For the-0.5 bar gauge results, theoivalues show that with increag humidity, the
negative polarity results show no trend with the highest measured a <10% RH and the
lowest at ~50% RH, again a product of the conditioning effect discussed. For positive
polarity, with increasing humidity, the breakdown voltage increatssl

For the O bar gauge results in Table 5.2,\the; values show that with increasing
humidity, the negative polarity results show no trend with the highest measured at ~50
% RH. For positive polarity, this also shows no trend with the highest neelaur
<10% RH and the lowest at ~50% RH,

For the 0.5 bar gauge results in Table 5.2, it is shown that there is opposing trends
dependant on the polarity used with increasing humidity, the breakdown voltage

decreases, but for positive polarity the breakdgwaltage is shown to increase.

5.2.3. Polyoxymethylene (Delrin)

Figure 5.9, 5.10 and 5.11 showsgp@rameter Weibull plots for Polyoxymethylene
samples tested &0.5 bar gauge, 0 bar gauge and 0.5 bar gauge, at <10% RH, ~50%
RH and >90% RH.
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Figure 59 - Weibhull plots and curve fits of breakdown voltage data for smBoilioxymethylensurface ak10%
RH, ~50% RH and >90% RH, all €1.5 bar gauge
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Figure 510 - Weibull plots and curve fits of breakdown voltage data for smEatlyoxymethylenesurface at
<10% RH, ~50% RH and >90% RH, all-t5 bar gauge
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Figure 5.1 - Weibull plots and curve fits of breakdown voltage data for smeatlyoxymethylenesurfaceat
<10% RH, ~50% RH and >90% RH, all at 0.5 bar gauge

Analysing the Weibull distributions in Figure 5210 and 5.11the V5o breakdown
voltagesand the spread (error bars) are shown in Figure 5.12a, 5.12b andEadRc
bar represents th¥so from 20 impulsive breakdown voltagesand the error bar

representhe 95.4% spread of the data.

184



;\ 240 , ’ T i |
00 [ I Negative Polarity| 1
g‘) i Positive Polarity | |
=160 | -
Q
> I .
= 120 4
g 4
= 80 -
w
o ]
<10% RH ~50% RH >90% RH

()

(b)

(c)

Figure5.12- Flashover voltages withsmooth, machineBolyoxymethylenepacer at <10% RH, ~50% RH
>90% RH under negative and positive polarity impulse voltagé$a)-0.5 bar gauge, (b) 0 bar gauge and (c
bar gaugeEach bar represents the average of 20 breakdown voltages and the errors bars $h@d#otepree
of data in relation to the-garameter Weibull distributioof each data set.
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