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ABSTRACT

This thesis focuses on the influence of a grourtuiazk electrode on the
breakdown characteristics. The back electrode iglactrode which attaches at
the back side of solid insulation. Insulation wdhounded back electrode is a
common type of insulation which is adopted in maigh voltage power devices.
While most of the power equipment work under ACtagé, most of the research
on back electrode is focused on the DC voltage.réfbee, it is necessary to
deeply investigate the influence of the back etetgrunder AC applied voltage.

To investigate the influence of back electrode, tesearch is separated
into two phases, which are the experiment phasetlaclectric field analysis
phase. In the experiments, the breakdown voltagesdth with and without back
electrode are obtained. The experimental resutieate that the grounded back
electrode does have impact on the breakdown clesistats. Then with the
breakdown voltage, based on real experiment mduakelelectric field is analyzed
using computer software. From the field simulatiesult, it is found that the back
electrode also influences the electric field dmition. The inter relationship
between the electric field and breakdown voltag¢hes key to explain all the
results and phenomena observed during the experimfiditionally, the
influence of insulation barrier on breakdown isoalsvestigated. Compared to the
case without ground electrode, inserting a bariigo the gap can more

significantly improve breakdown voltage.
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NOMENCLATURE

a The distance from the high voltage electrode tabgmeier
d Barrier thickness
E Electric field strength
En, Maximum electric field strength
Es Tangential component of the total electric field
Es ave Average value of tangential electric field
Egm Maximum value of tangential electric field
F Electric field force
H Barrier height
l The integration gap length
The gap distance from the high voltage electrodgdand
- electrode
L¢ The critical gap distance
q Quantity of electric charge
Vg Breakdown voltage
W Required kinetic energy for breakdown
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Chapter 1. LITERATURE REVIEW

1.1 Overview
Breakdown is one of the most common causes to taffex reliable

operation of the power insulation equipment. Theraiath of the breakdown can
be the damage of the power equipment, short ciclithe system, or even
hazardous fire. Some of the power equipment, ssctraamsformers, generators
and circuit breakers, are working under high vatagndition. To ensure safe
operation, the insulation of these devices musivekk designed so that they can
sustain the high electrical stress. It is known thiaen the electric field is above a
certain critical value, which is typically 20-30 ki, there will be corona, or
even partial discharge streamers generated froneldotrodes. Theses streamers
can cause the surface degradation of the insulatiaterial. Therefore, to avoid
damage of such phenomena, it is needed to invéstiba creepage discharge

characteristics of the insulation material.

1.2 Achievements made by other researchers

Bedoui et al. [1] discussed the characteristicsdisicharges on the
interface of liquid/solid insulating material. Alie tests are conducted in the test
cell under both AC and DC conditions. In the exmpemt, the point-plane
electrode configuration is adopted. The barriea isircular insulation film. The
authors placed the barrier on the plane electrbde.liquid is filtered transformer

oil. In the experiment, the electrical and opticafjnals were recorded and



analyzed. From the observation, the DC dischargienpa are dependent on the
polarity of the applied voltage. In negative disgjea there are more branches and
the discharge is more luminous. This is due totit@es higher discharge current
in the negative discharge. However, despite thd lngrrent in the negative
discharge, the corresponding discharge charge mad tength of discharge
remain almost the same. The higher current of megatischarge also makes
negative discharge contain more discrete componéntgshe AC discharge,
phenomena similar to both negative and positive di€tharge appear in one
cycle. However, the final length of discharge iader. With the increase of the
voltage, the final length will be longer. Howevdre final length reduces almost
linearly with the pressure. With increased pressuhe duration, discharge
branches, emitted light and the number of pulsesedses. This phenomenon
shows that the streamers are gaseous when thatingumnaterial is immersed in

the liquid.

Papar si= 0l

Figure 1.1 The model of the paper-oil interfacgcdssed in Reference [2]

In literature [2], to study the electrical breakdoat the oil-paper interface

at 60 Hz and impulse, the authors’ purpose is tainlihe measurements required
2



for thoroughly understanding the mechanism of bdeak. The oil used in the
test is filtered commercial oil. The insulation pajs fixed and it is parallel to the
electric field, which is like Figure 1.1. The elexdes have different radii. The test
result shows that the oil/paper interface is netdhly place that breakdown may
happen. The breakdown also can occur elsewhetheAnterface, the breakdown
voltage may still be higher than the breakdown lappy somewhere else.
However, if the paper is not dried or contaminateith gaseous voids, the
breakdown will likely occur in the interface. Inishcase, the breakdown voltage
will be lower. The authors indicate that futureeashers can focus on studying
how to reduce the impact of moisture and gaseougsvbthey are the dominant
restrictions of improving breakdown voltage. Moregvmore factors are needed
to take into consideration. For example, sincehtteakdown voltage distribution
is statistical, using a geometry scaling factom#y be feasible to develop a two-
variable expression to calculate the breakdownageltby possibility distribution

function. Such a scaling factor is proposed butveoified experimentally yet.

In literature [3], K. Wechsler and M. Riccitiellonvestigated the
breakdown process when the high voltage stressparallel to the flat side of the
insulation. The test specimen is immersed in oivoid flashover. The voltage
stress between electrodes is increased in a gredarate until breakdown occurs.
The pins are also immersed in the oil. The breakdowan occur both between
the pins and between solid dielectrics mounted han dins. After conducting

experiments, the authors found that all the daten iagreement with previous
3



experiment results except data of epoxy glass. Tifference is due to the
difference in the electrode type. The washer-typetede utilized in tests before
does not have enough distance beyond the solioM&rface to avoid fringing
effects, while the fringing effect can be negledtedhis test. The fringing effect
can cause the electric field to concentrate nearettyes. The results obtained in
previous experiments can be explained by the fniggirhe insulating properties
are changed by the fringing effect. So the tapgiadparallel electrode
arrangement cannot be used to define the creepagkition strength of the solid
insulation. In a solid/liquid insulation system,ethlielectric constant and the
physical surface condition of the solid materialtedmine the breakdown
properties of the liquid. Since the insulating st of the solid material is
always higher than liquid, in the liquid/solid ingtion system, the possibility of
breakdown occurring in the liquid is lower. Moreova smooth interface can also

reduce the possibility of breakdown.

In literature [4], the authors discussed the immddhe insulation barrier
on the breakdown characteristics of transformeng dxperiments are carried out
to find the appropriate failure mechanisms for botw and aged power
transformers. The experiments are conducted orsippasd with needle-to-plate
electrodes. The gap distance between electrodexjisstable. The tests are
conducted on new, wet and aged pressboard saniplesesults indicate that the
relationship between the breakdown voltage of thgap E and the gap distance

d is in good accordance with the equat®r Ad 2. It should be noted that the
4



electrical strength around the needle is much thgh the average. Moreover, the
dielectric strength of the oil gap and the dielecstrength of the oil-pressboard
interface are almost the same. That means thatndwy pressboard has no
significant influence on the insulation level ofetlygap. Another test on dry
pressboard confirms that with a clean and dry pessl, the quality of the oll
controls the discharge characteristics. The téstis tonducted on wet pressboard
to simulate the conditions in aged transformerse Tdsults show that although
the wet pressboard can reduce the flashover volthgeflashover voltage does
not significantly drop even when the moisture catie up to 3%. However, the
PD voltage is greatly reduced when the moisturdesdns more than 1%. This is
because when moisture is more than 1%, water meke@an concentrate into
bulks and the ionization requires less energy. Timenauthors also performed
experiments to study the impact of continuous padischarge on pressboards.
When moisture is low (< 0.5%), the area near thedleeis carbonized, which
effectively enlarges the needle. When moistureigh > 1%), around the tip of
the needle electrode, there will be white marksegated due to higher discharge
and they propagate towards the ground electrode.Witite marks indicate the
existence of gaseous channels. After more testgetult shows that the fault gas
in the oil pores in the pressboard produces thesgéewnarks. The discharge
occurs not only in the bulk of oil but also in thacroscopic oil pores in the

pressboard. That is because when moisture is fighdischarge current also



increases, which break down the oil molecules gases and thus develop the

gaseous channels.

Pfeiffer et al. [5] discussed the electric strengtlsmall creepage distance
under the exposure of different natural environmentonditions. To
accommodate the small dimensions of modern elettdevices, the designers
prefer to use the minimum allowable creepage digtaiather than empirical data,
which includes too much safety margin in the degmgacess. To avoid the
dispersion of the flashover voltage, pulsed ulwketi radiation is utilized so that
the micro-climate and distribution of space chamgeund the specimens are the
same. To simulate the real natural environmentlveviocations, including busy
street, power plant, industrial area and coast,aare selected for the exposure
of the experiment specimens. During the exposupeqss, a stressing voltage is
applied on almost every specimen. The specimenkegteunder the test climate
for a few days then the breakdown voltage is ctdlgdy computer. The impulse
withstand voltage of clean specimens shows thadirin climate, the impulse
withstand voltages behave a similar way for differelectrode shapes. At small
creepage distancel € 1mm), the humidity does not affect the electtiersgth
except in the extreme humidity while the insulatmgterial has some impacts.
For the polluted specimens, without voltage strapplied in the exposure
process, the impulse withstand voltage greatly ¢geduwith the increasing of
humidity at small distance while at big distande>(1mm) the impulse withstand

voltage is not much influenced by the climate. Witltage stress applied, the
6



situation is similar while the withstand voltageaidittle lower. But the impact of
climate is not so strong compared with small dist¢arThe comparison between
these two cases shows for short creepage disténtee climate is dry, the
impulse withstand voltage is reduced by pollutidowever, at large distances the
breakdown voltage is not influenced by climate @tcen high humidity.
Moreover, the difference of surface propertieshef thaterials make the adhesion
ability to pollution particles different, which lda to the distinct test results of
specimens made of different insulating materialbe Twithstand voltage of
materials with low comparative tracking index (CH)ikely to reduce more than
high CTI. The conductive pollutants also can redineeelectric strength. For the
dimensioning, the measurements show that the nagalse with-stand voltage is
lower than the IEC standard. That means if smadlardnce is admissible,
reducing the creepage distance is allowable. Wigh ICTI material, a much
higher operating voltage can be achieved. But th#itya to withstand the

overvoltage is reduced at small dimensioning.

|

50mm

[l

Figure 1.2 The electrode pattern for the experinreReference [6]
7



In literature [6], AC and DC breakdown characteécsstof printed wiring
board are investigated. The authors selected dadiffierent environments in the
experiments for further discussion. These enviramsare: |: The experiment
specimens are kept for 24 hours in normal humiditynosphere; II: The
specimens will be sprayed by salty water firstntkept in the same environment
as I; lll: The experiment specimens are kept for Haurs in high humidity
atmosphere; IV: The specimens will be sprayed lity seater first, then kept in
the same environment as lll. The experiments werglgcted on three different
kinds of specimens. All of the specimens have pergipe copper foil electrodes.
The electrode pattern is shown in Figure 1.2. Tisulation layer in type A
specimen is glass-epoxy. Type B specimen is aAyppecimen with a grounded
back electrode attached. Type C specimen is jketType A specimen except
that the surfaces of the glass-epoxy layer anelidgetrodes are coated by the film
of polyurethane. The AC breakdown test employsréped-rise method, and the
up-and-down method. For the impulse breakdown exmerts, the applied
voltage is a positive impulse voltage with a staddaaveform. The critical
impulse breakdown voltage is calculated after 4@e# of repeating the
experiment on each specimen. The target of theregmpets is to find the
relationship between the breakdown voltages andctkepage distance. The
results show that for type A and B specimen, thstridution of creepage
breakdown and pulse creepage flashover voltagesvatonment I, Il and Il are
almost identical. At environment IV, the breakdowmltages are much lower.

8



Comparing the results obtained from specimen ABnthe background electrode
reduces the flashover voltage at environment &ndl Ill. When the creepage
distance is equal to the insulation thickness fidhover voltages have the most
significant drop. However, at environment IV, thiashover voltage is not
impacted by the background electrode. This is bexat environment IV, on the
surface of type A and B specimen, which is paitigdblluted by conductive
material, the distribution of the electric field determined by the specimen’s
electric conductivity. For specimen C, due to thxstence of the coating, the
breakdown voltages are almost the same at four@mwients, which is higher
than A and B. The value of the impulse breakdowhage divided by the AC
flashover voltage of specimen C is apparently higen A and B. That
phenomenon indicates that influence of the coalesy on the AC flashover

voltage than on the impulse breakdown flashovetage!.

|
|
|

- — =

|
+

11

¥
-y
!
o

* 100

Figure 1.3 The insulator specimen for the expeninte Reference [7]
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D. Konig et al. [7] investigated the partial disala characteristics on the
insulator surface. The insulator adopted in theaash is the epoxy resin insulator
with surface contamination. The shape of the insuwaimplemented in the
experiments is hollow cylinder, which is shown igute 1.3. The surface electric
field of the insulator is homogenous. The contatmmalayer is considered to
have high resistance if the current is not highugihato influence the properties of
the moisture layer. Four test specimens are utljinéhich correspond to factory-
new surface, first state of ageing, advanced stétehe early ageing, and
changeover from early ageing to late ageing respagt The test results on type
1, 2 and 3 specimens indicate that with the ineredscondensed water volume
and the conductivity of the layer, the partial dis@e (PD) inception voltage will
be lower. By measuring the surface charge, theoasifimd that micro discharges
are supposed to be the starting factor of the ggeiacess. Later, the long-term
PD behavior is also investigated. However, thervwatis without pulses appear
alternately with partial discharges of irregulanéi durations. This is because the
microscopic properties can also vary even if thenmscopic properties do not
change greatly. Besides that, the PD impulses ksanraact with droplets. So a
new measurement quantity, compared to apparengehaan be helpful. The
authors proposed new equivalent circuit diagranttersurface of insulators with
drop condensation, since PD impulses can occurrdeftt or even after the
maximum test voltage. The diagram is consistedevkrsal resistors, inductors
and capacitors connected in a complex topology. fimerical values of the

10



components determine which kind of components datasithe properties of the
circuit. The domination oR, C andL corresponds to the PD impulse occurrence

at, before, and after the maximum test voltage.

15mm X180mm

Figure 1.4 Configuration of charging PET film mReference [8]

H. Okubo et al. [8] investigated the impact of theface charges on the
propagation characteristics in both air andg Sk practical gas insulated
switchgear (GIS). In the experiments, the auth@eduPET film to simulate the
solid insulators inside GIS. On the surface of BT film, a needle electrode is
adopted to generate corona discharge. The expaatsstup is shown in Figure
1.4. By changing the gap distance, shape and posifi the backside electrode,
the distribution, amount and area shape of chaagebe controlled. To generate
corona, the needle electrode is energized by amlgapvoltage. The maximum
impulse voltage is 5 kV. The authors employ thebpronethod to measure the
surface charge and the surface potential. Theaindharge is eliminated by

acetone or ethyl alcohol to ensure the accuradhefexperiment. The charged

11



PET film is placed on the surface of the back etets. By assuming a parallel
plane capacitance, the relationship between sugatential and surface charge
can be established. The discharge length is obdeamed measured. For each
surface charging potentidk, the discharge extension lendghncreases with the
increasing of negative impulse voltage When the charging voltagé; is in the
range of 2 to 3 kV]e is 2 to 6 times higher than that in uncharged ispeas.
With the increase 0¥s, | increases when the surface charge is positivesvitil
the negative surface charfyedecreases. This result reveals that the addition t
is the extension length incremental equivalent M@ The cause of this
phenomenon is that the electric field at the stexamvhich leads to the change of
le, is determined by the difference\&f andVs. After investigating longer samples,
a relationshige = k|V,|" is found, in whichn = 3 or 4 andk is a constant. This
equation is applicable in conditions with and withoharging. In Sfatmosphere,
le increases almost linearly with the increasingVgf In both air and 4 the
flashover voltagd/; reduces by the power of 0.3G{. For PET film with surface
charges)\V; decreases witNs. From the result it is obvious that it is the sod
potential controls the length of surface dischaagd the breakdown voltage and
rather than surface charge. The discharge currdsé pwhich flows into the back
electrode, is also measured. The current puls8&jave the peak value ranging
from half to one third of that in the air under gsaoondition. Different discharge
propagation ways in $Fand air can explain this phenomenon. Moreover, the
discharge current is independeniMgfwhile I and the discharge propagation time
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t, rise with the increasing ofs. This means higher surface charging volt&ge
leads to longer duration time and higher propagatielocity, which leads to

longerle.
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Figure 1.5 The developed electrode system to measuPD inception stress in
Reference [9]

In literature [9], the interfacial breakdown betwes soft dielectric and a
hard dielectric material is investigated. The materused in the experiment are
silicon rubber and epoxy resin. To study the ACtiphdischarge (PD) inception
electrical stress, the electrodes should be archimga way that the electrical field
is parallel with the interface. So the authors ehvgo pairs of two identical flat-

and-round shaped electrodes molded by epoxy reslrbg silicone rubber. The
13



epoxy resin and silicone rubber are pasted togetiitbr mineral insulating oil.
The right two electrodes are connected to highageltAC source while the left
two are grounded. The electric field at the integfas calculated through the
charge simulation method. The field distributiortta center of the gap is almost
uniform. The partial discharge is observed by a mBasuring system. The
measured PD inception is 10 kvV/mm. However, in agiedtric apparatus, some
air will penetrate into the interface. To simul#ies situation, another new system
is introduced. The electrode configuration is twecdelectrodes with one back
electrode. Due to the existence of the back eldefrat some places, the electric
field is perpendicular to the interface. The ayelathicknessl can be adjusted by
the spacer. Oil will not be applied to the intedfaaf this system. The AC and
impulse breakdown voltag¥s and surface potential are measured during the
experiment. Same experiments will also be conduotedame samples without
back electrode. Moreover, a molded sample withautager is also used for
comparison. In the experiments, the relationshippveenVg andd for samples
without back electrode is measured. When AC voltaggplied without the back
electrode, due to the edge effect or strong nofetmielectric field, the result of
Vg is lower than expected. With increasing a)f Vg decreases. One possible
explanation is that with larget or air layer volume, the possibility of electrons
initiating positive streamer will increase. Anotlperssible explanation is that with
smallerd, the field intensity will be more reduced by thespive charges, thus
making Vg higher. The discharge trace shows that the disehasgmore
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influenced by epoxy resin wheth is small. When impulse voltage is applied
without back electrode, there is no significantfedénce between positive and
negative voltage. The relationship betwéénandd is similar to AC but the
dependence is weaker. This is because there isli#eysurface charge when
impulse voltage is applied. With the back electrodempared to the results
without back electrode, the result for applying atage voltage is different while
the result for applying positive voltage is similgg increases with increasing of
d. This is caused by the high electric field strénigt the region near the positive
electrode when positive impulse voltage is appleat the high electric field in
the region near the negative electrode when negatipulse voltage is applied
due to the existence of the back electragealso increases with the increasing of
electric field if positive charges remain on thetbm of epoxy. With larged, this
phenomenon is more notable. When AC voltage isieghplith back electrode,
the breakdown is determined by positive or negatisseharge depending ah
value. Whend is small than the critical valu&/s is higher in the positive half
cycle whileVg is higher in the negative half cycle wheéms large. When the air
layer disappears, such surface breakdown will notuo until a puncture
breakdown connecting the high voltage electrodelzauk electrode takes place
when the applied voltage is high enough. Anothgreeixnent also confirms that

positive charge has significant impact on the sigfareakdown.
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Figure 1.6 The standard model in Reference [10]

In literature [10], the authors investigated theegrage breakdown with
impulse voltage applied, as well as the scale eftécthe test sample. The
experiments are conducted in transformer oil anek o phases. The first is
conducting the experiments on the “standard moddiie standard model is a
pressboard cylinder insulator, which is like Figuré. The insulator has two
layers. After each experiment the outer layer iangjed. In the tests, a coaxial
electrode system is used. The high voltage eleetradich is like a ring, is
located outside the insulator. The ground electisde plane electrode. Both the
ground electrode and back electrode are locatedeirie insulator. The authors
use this model to study how the parameters of tbdeminfluence the creepage
breakdown, such as the influence of back electatk the impact of different
creepage length. The second is conducting breakaoyariment by employing
the “scale models”, which are scaled-up models wgdometrical parameters

proportional to the standard model. The objecti’¢hes test is to see how the
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scale affects the breakdown properties. Scalesalffdize, 3 times size and 6
times size are used. The cross-sectional radiag 5, 15, 25 mm of the high
voltage cross- sectional are used. Before the tiesttest samples are dried in
100 °C oven for over 80 hours. Then the samplespaten a tank filled with
transformer oil. The water content is limited to APm during the tests. The
impulse test voltage is applied in a step of 2QtikK\around fifty to eighty percent
of the estimated breakdown voltage. The appliedagel is measure through a
voltage divider with resistance. The high frequemcyrent flowing over the
resistance connected to ground is also measuretéontine the partial discharge
current. When the back electrode can cover the evbap distance, then the back
electrode is defined as “strong effect” to the eystif the back electrode can only
cover part of the gap, then it is called “weak efffeThe results of strong effect
show that for all the values, the dependence of the breakdown voltagkeogap
length can be divided into two parts. When the depance is small, for each
value the breakdown voltage is constant. With largae breakdown voltage will
be higher. When the gap distance is larger, thakioi@vn voltage increases with
the gap distance. In this part for differenvalue the breakdown voltage is the
same. The reason is that there is big differendevdsn with and without
discharge happening at the high voltage electrdtieen the gap distance is short,
all the discharges will lead to breakdown. Buthé tgap distance is longer, the
discharge inception voltage is lower than the bdeakn voltage. This
phenomenon is confirmed by the detected dischanrger. For the weak effect,
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almost all the electric field lines will be centead in the region between the high
voltage electrode and the top side of the backtrelée. The “effective gap
length”, which is the distance from the high vo#aglectrode to the tip of the
back electrode, controls the breakdown voltage. fild calculation shows that
the electric field near the high voltage electratd® has a significant influence on
the breakdown voltage. It is also found that aftesulating the high voltage
electrode with a thin film of insulation materi#the breakdown voltage is raised.
The breakdown voltage is independent of the gatamiige. There is no partial
discharge observed either. This is because théatisu can make the travelling
velocity of the discharges faster. So once thehdigges are generated, they will
definitely result in flashover. The results of geale experiments indicate that the
flashover voltage is corresponding to the scale.she normalized breakdown
voltage is proportional t&", in which S stands for the size scale andnthis a
scale effect constant. In their experimanis about 0.7. All the results show that
the stressed oil near the electrodes and the ieldetld on the surface of the
electrodes have great effect on the creepage dhasics. Additionally, the
breakdown point at the high voltage electrode cay between the contact point
with the surface and the outmost point to the gdoalectrode. Then the angle
between the breakdown point and the contact paitht thve surface is denoted as
0. 6 equals 30° is the most common case in the expetindénen the length of
back electrode is shorter than the sum of the gsgarcce and the high voltage
electrode cross-sectional radius, the electrid fegtength is increasing with the
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back electrode length. When the back electrodethersylonger than that, the
electric field strength is a certain value irregpecto the back electrode length.
The authors calculate the stressed oil volume (S@w found the flashover
electric field strength is linear with SOX}'. Considering the scale effect, the
flashover electric field strength is linear wiEit** and the breakdown voltage is
proportional toS”*%. Previously they have found that the breakdowrags is

proportional toS”". So the calculated result matches the experimesat d
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Figure 1.7 The experimental electrode configuratioReference [11]

In literature [11], the influence of back electrode creepage discharge
over oil- immmersed insulation under lightning imgeilvoltage is investigated. The
test setup is shown in Figure 1.7. In the testyyeweodel is coaxial. The high
voltage electrode is copper pipe while the grougditectrode is disk-like. Both

of these electrodes are placed outside the preaskhiosulation cylinder. The
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cylinder-like back electrode, which is connectedjtound, is arranged inside the
pressboard insulation cylinder. The high voltagecebde is fabricated to make
observation easy. There are two kinds of modelenmkind model the distange
between the back electrode and insulation surlcenstant vertically along the
insulation surface. In the other kind of modelsthlistanceg is not vertically
constant and can be 10 or 55 mm. Each verticahmlisig value occupies some
portion of the total surface length. To make thartstime of partial discharge
almost the same for all the models, the disk-likeugd electrode is placed to
counter with the high voltage electrode inside thsulation cylinder. The
distance between them is set to be 10 mm. The iexpet voltage is an impulse
voltage with positive polarity. This voltage is reased to the flashover voltage
from a low voltage in 10-15 kV steps. The streapr@pagation can be observed
during the test. The results show that goconstant models, flashover voltage is
higher if distancey is larger if surface length is large enough. & furface length
is not long, the breakdown voltage is regardlesslisfanceg. For distance g
variable models, the flashover can be higher orelothhang constant models.
Moreover, the propagation of tigevariable models is controlled by both distance
g values. The propagation characteristic is cordgtbthn the boundary where the
distance between the back electrode and insulaioface changes. So this
distanceg should be related to such phenomenon. After furimeestigation, if
back electrode occurs, with increasing of creedaggth, the flashover voltage
increases and saturates. The smaller the distars;anore obvious this tendency
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is. To investigate the flashover characteristibg, author introduces the voltage
addition method and distance addition method tones¢ the flashover voltage
for longer distances. For both methods, the cumkdlashover voltage vs
creepage length for both distarg®alues are plotted. In both curves, with larger
creepage length, the increasing rate of breakdaitage gradually drops. For the
voltage additional method, if the flashover voltageurface distandg is known
asV|,, the flashover voltage at distancerL, is obtained by addiny,; to the
increment betweeW 1.2 andV,; found on the curve. For the distance addition
method, the differencgV between the flashover voltages for distabge , and
distancel; for one distancg value is known. For the other distarge&alue, if
the flashover voltage at distante is also known, then the flashover voltage at
distancel;+L, can be obtained by addinty to the flashover voltage at distance
L;. From the estimation results, the voltage add#ionethod is better to estimate

the flashover voltage.

LI : Image intensifier
P.D. : Photo diode

Figure 1.8 The experimental setup configuratioRé&ference [12]
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In literature [12], the authors investigated th&uence of side electrode.
The experimental setup is shown in Figure 1.8.f€sesample is immersed in the
oil and the side electrode is grounded. In the ewpnt, three kinds of solid
dielectric board are used as test samples. A comgkers coherent to epoxy on
one side of the boards. A tungsten needle is aggbgyond the copper rod. The
distance to the board surface is 0.2 mm. The nasdigounded through LED
(Light-Emitting Diode). The light emitted of LED igroportional to the current
flowing through LED. The current flowing throughetimeedle can be measured
by the LED. The grounded conducting square plataghvis the “side electrode”,
is placed at the same side as needle oppositeetesutface of the board. The
distance from the side electrode to board surfhe@ries from 2 to 15 cm. A DC
impulse voltagevy, is applied on the rod. The streamers are genefeded the
needle tip and propagate along the side of theshacke the streamer polarity is
opposite to the voltage. The discharge lergths measured using camera. For
uncharged surface, the board surface will be gredndfter each voltage
application. For charged surface, charges are dedoby applying impulse
voltage on the copper rod. The surface potentiahéasured by a probe. The
polarity of the potential and the streamer is thens. The charging area also
reflects the region of discharges. In the testrélationships betweeh,, andVy,
are derived abl varies. For all the samples, the shape of posd#iireamers is like
a tree while negative streamers exhibit fuzzy asplde a bush. After the peak of
the first current pulse there are some intermittemtent pulses. The first current
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is due to the injection and charging current whhe intermittent pulses are
related to specific branches of streamers. Thecitglof growth of the streamers
is Ly, over pulse sustaining timk. For both polarity streamerks, is linear with
the increasing oY¥,. Under a certain voltagé, decreases with decreasingthf
This shows that for the streameks,has influence on electric field strength on
them. This is because when voltage is applied enndedle, the streamers are
generated from the needle tip, where the eleceid s highly divergent. These
streamers contain charges, which can change th&iel&eld. The highly non-
uniform electric field generated by the streamens enhance the propagation of
the streamer. When the distartteeduces, the potential on the streamer is almost
equal to the needle electrode due to the electrosielding effect. This effect
results in a reduced field strength on the streaifiee potential at solid-liquid
interface V, decreases with decreasing Hf and it is also relevant to the
permittivity of the solid dielectric. For both ptse and negative streameis;
increases linearly with increasing \@§ independent oH. But for each different
material the relationship betweéfy andL,, is different for negative streamers
while it is the same for positive streamers. Tresom of this phenomenon may be
the rough conditions of the solid surface sinceatigg streamers propagate along
the surface of the insulator while the positiveeatmers do not. From the surface
potential distribution the authors find that theogagation of the streamers is
influenced by surface charging. For positive sasple, is shorter than
uncharged samples while for negative sampjes longer. That is because when
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positive streamer is travelling along the surfat#e insulation, the electric field
in the streamer will be raised by the negativeam@fcharge. The consequence of
this effect is that the more energy is injectedhi streamer and the propagation
distance of the streamer will be longer. On thetraoy, the positive charges will
prevent such energy injection. Another experimehows that inside the
streamers, the potential drdfy is independent oY/, or surface potential. The
propagation of the streamer is limited by the &nmlue oVy. The measurement
of time and streamer length shows that the poss#ikeamer propagation speed is
about 1.6 times of negative streamers. Surfacegekanave little impact on the

speed of the streamers.

A. Maglaras and F. V. Topalis [13] investigated thmpact of grounding
on the insulation properties of small air gaps wrid€ voltage. The electrode
arrangements investigated are rod-rod and rod-platedifferent geometry. The
electrodes are made of brass. The diameter obthelectrode is relatively small
while the diameter of the plate is much larger. €leetrodes are energized in two
ways. One way is one electrode is energized witlitive or negative DC voltage
while the other electrode is grounded. The othey g equal voltage with
different polarities is applied on both two eledies. The environmental
conditions are strictly controlled to avoid the mep of surroundings. The
electrical field is calculated by commercial softevaising finite element method.
The initial condition is determined by a series efjuations. For both

arrangements, the simulation result shows thagtbanding electrode has great
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influence on the distribution of the electricalldieFor the rod-plate arrangement,
the influence of grounding becomes significant wilge enough gap distance
(larger than 2 cm). The field distribution is mdardhomogeneous and corona
onset voltage is lower when the plate is groundhea the rod is grounded. The
difference depends on the gap length and gap gepnm&fith increasing plate
radius, the influence of the grounding decreasestte rod-rod gap, if one of the
electrodes is grounded, the distribution of thectele field will be less
homogeneous. The difference also depends on théeggth and gap geometry.
Due to the inhomogeneity, the breakdown voltageaidlittle lower than
symmetrically charged electrodes if the gap distaadess than 5 cm. The impact
of grounding, which can make the corona currentease up 2 to 5 times, is
much more intense than on electric field and tHiiémce strongly depends on
the diameter of the rod. The result also indicakeg the corona current is not
influenced by the polarity of the DC source excty known polarity effect.
Grounding also impacts the breakdown voltage ardrtfiuence has relationship
with the gap distance and polarity of the appliettage. With negative applied
voltage, the influence of the corona current miaesithe influence of grounding,
while with positive applied voltage the influenceamrona current enhances the
influence of grounding. With gap distance largeartl2 cm, there is small corona
current flowing through the gap, which reduces thBomogeneity of the
electrical field. So with increasing corona currehe corresponding breakdown
voltage will also increase.
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In literature [14], the influence of sustaining A®ltage on the V-T
properties is investigated. The researchers usepbry as the insulation material.
In the experiment, the embedded plate-to-plate @mlum electrodes are used. The
electrode gap distance is 2-3 mm. The test consigismajor parts: one is to
determine the V-T characteristics of the epoxy, t¢tieer is to investigate the
degree of deterioration caused by long-term sigsdihe test result shows that
the life in minuted. has the relationship &f = (E/30)°. The result also indicates
that an identical status exists between 15-30 kV/Mfith several thousands of
hours of 12 kV/mm pre-stress, the PDIS (PartialcBégsge Inception Stress) is
identical as unstressed specimen while with 15320nkn pre-stress, the PDIS is
reduced. The breakdown stress (BDS) is 7% lowenatimum than unstressed
specimens. These phenomena demonstrate that evdrra® epoxy mold
insulation can be deteriorated under high voltagess. Small partial discharge
such as 0.1 pC can harm the epoxy and reducedhtieal life. The authors also
found that at the boundary between the electrodk eppoxy,. There is small
partial discharge tracing on 15 kV/mm pre-stresspdcimens while no such
traces on unstressed or 12 kV/mm pre-stressedmspesi So it's expected that
discharge less than 0.1 pC does not harm the epsxyation. The tests with
different electrode material show that the PDISemheplargely on the electrode
material. The cause for small PD cannot be simpisibated to the thermal
expansion of electrode material or small voids. TRBIS is related to the
protrusion shape of the electrode, specimen withrpgEr shape, which can
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concentrate the electric field, has lower PDIS. itBes that, the PDIS is also
determined by epoxy de-bonding from the electroadsch is caused by the
difference of thermal of the thermal expansion ficehts at the boundary.
Moreover, the authors concluded that the degreeebérioration is not only

dependent on the voltage stress, but also thesexistof small partial discharge.

In literature [15], the influence of diameter ofetlbarrier on the AC
discharge characteristics of the transformer ocihv@stigated. In the experiment,
the electrodes are in a point-plate arrangement @aded horizontally. The
distance between the electrodes can vary froml12 ttm. The barrier is a circular
plate. Two kinds of barrier which are made of déf®@ materials are used. The
barrier is inserted between the electrodes. Thieoasituse the/d ratio to control
the location of the barrier. Tha/d ratio stands for the ratio of point-barrier
distance divided by the point-plane distance. Ttpeements first use the barriers
with the same thickness but different diameterse fdsults shows that for both
kinds of materials, the ratio of the breakdown ag#t with barrier to without
barrierU,/Ug, reaches maximum atd equals to 0.2. So the inserted barrier can
increase the breakdown voltage up to 180% of teaKkatown voltage without
barrier. However, if the permittivity of the banris low and the distance from the
point electrode to the barrier is very small, thheakdown voltage can be even
lower than without barrier. With larger diametehetflashover voltage also
increases. The reason is that the minimum disreptischarge channel becomes

longer. The residual charge increases with highez-bpeakdown voltage
27



regardless of where the barrier is. This confirtret the experimental setup has
capacitance. The position of the barrier has necefin the residual charge except
the distance between the point electrode and théeb& very small. When the
distance between the point electrode and the basieery small, the capacity
will be higher and the value depends on the mdtend the geometry of the
barrier. The ratio of charge with barrier to withdaarrier Q,/Qg reduces to
minimum value where/d = 0.2. This result is effective with different bar
diameter. With larger barrier diameter, the preakdown charge will be also
higher. The insertion of barrier can lower the preakdown charge and system
capacitance, especially wha'd is equal to 0.2. So the best position of barrier

insertion isa/d equals to 0.2.
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Figure 1.9 The experimental electrode geometReaference [16]
V. Maller and K. Srivastava [16] investigated therana inception
breakdown characteristics in non-uniform field in &he test adopted the point-

plane electrode with vertical arrangement, whiclsh®wn in Figure 1.9. The
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plane is fixed on the bottom side and the pointtebele has with several different
radii. In the whole system, the authors also ussplaaer, which is made of epoxy.
In some experiments the spacer is placed on theudace of the plane electrode
to act as barrier insulation. The bottom electrisdgonnected to ground through a
resistance. Then the flow of corona current canldtected through the transient
voltage across the resistor. The charge depositeth® plane electrode is also
detected through the probe. To get the corona timwewoltage, 50% of the
inception voltage/; will be first applied and maintained for 10 sni§ discharge
happens then the voltage will gradually increasdl uhe first discharge is
observed. The voltage at this instance is the @inoeption voltage. Then the
voltage raises about 10% and then gradually deeseastil there are no corona
pulses. This voltage is denoted as the dischardgmcérn voltageVe. The
experiments are first conducted without the insolatspacer. The corona
inception always takes place in the negative hgffles, with several equal
magnitude pulses. When the spacer is mounted, drena can appear at both
positive and negative half cycles depending onrdsedual charges on the plane
electrode. In this case the magnitude of the puisesot equal because the
discharge sites migrate on the insulation surfate. pulse discharge is not able
to distort the voltage waveform due to low denswjith the increase of the gap
distanced, V; and the breakdown voltadgk tend to increase and saturate. Bdgth
and V, are highly dependent on the radius of the poiattebde. With larger
radius, bothV; andV, will increase. With certain point electrode radii is
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dependent on the air-gap lengthFor differentd values, wherg is about 20 mm,

V; reaches the peak. With increasingdpthis peak value also increases. With a
certain value ofd, V, decreases withy increases. Withd increases, th&, also
increases. With increasesyy, decreases. The results demonstrated that therspace
surface charging can also has great impact on #&mergtion of corona and
creepage characteristics. The corona is initiatech the point electrode. When

= 0, the presence of the spacer increases thedowakvoltage but decreases the
corona inception voltage. The sudden change fraenelbctrode to the spacer
could enhance the electric field and thus redueectirona discharge. When the
density of corona is low, this would not resulttie flashover. With the increase
of voltage, there will be more corona pulses amivgivould develop around the
point electrode. If there is no spacer, the corocaption voltage increases very
rapidly with larger point electrode radius. Withaspr, the saturation voltage for
V; is greatly reduced. The reason is that beforekid@an, the electric field
concentration caused by the charge deposited orsgheer surface has more
influence on the breakdown than the homogenousreldield induced by bigger
point electrode diameter. When> 0, Townsend discharge pattern will appear
first at the highly stressed cathode, providingugiioelectrons for breakdown. If
a pulse appears, pulses will sustain during thiedyale regardless of the polarity.
The reason is that the accumulated charge frompteeious corona activities
enhances the electric field distribution. Coronaedgher polarity is different. The
duration of the pulses is strongly dependent onléngth of the air gap. For
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higher value ofg, the effect of the charge deposit can be neglec@edy the
gualitative discussions can be made at this timeesit is difficult to detect the

deposited charge.
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Figure 1.10 Arrangement of the electrodes anddyarr Reference [17]

A. Beroual and A. Boubakeur [17] investigated th#tuence of barriers
on the impulse dielectric strength in point-plafheceode arrangement. A steel
needle point is used as the high voltage electrodlbe ground electrode is a
circular steel plate. The gaps between the twotreldes can vary. A very thin
cuboid bakelized paper barrier is used as theatisal. The paper barrier is thick
enough to avoid inside breakdown. The surfacedarclor contaminated using a
uniform semiconductor film to simulate the situatithat the barrier is polluted.
The authors use the “up and down” method to fintltba impulse breakdown
voltage. The time between two tests is at least &Davoid the impact of surface
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charge. For the clean barrier test, if the distanom the point electrode to the
barrier is about 0.2 of the total gap distance,tfeakdown voltage reaches the
maximum value. With longer gap distance, the infe2of the barrier is smaller.
For the shortest gap distance in the experimertmbximum increment of the
breakdown voltage is 130% while for the longest gisgiance, the maximum
increment is only 20%. The reason is that the &ans an obstacle to the
discharge. The barrier elongates the creepagehledgiditionally, the surface
charge on the barrier forms an electromagnetic ashst Both two factors
contribute to higher breakdown voltage. When thei®asurface is contaminated,
the effect of the barrier can vary from a clearrieato a metal barrier. When the
surface conductivity is more than 1u&, the results are the same with a metal
barrier. In this case, the discharge develops fiteenpoint electrode to the center
of the barrier first and then from the edge of iearto the plane electrode. When
the conductivity is less than O, the results are like a clean barrier. With a
polluted barrier, at low voltage some streamers ganw from the edge of the
barrier, which makes the barrier act as an eleetrddhen the gap distance is
large enough the polluted barrier can even makebtkakdown voltage lower
than without barrier. Some other papers have cdeduhat metal barrier with
large curvature can increase the breakdown volt8gefor polluted barrier it is
important to improve the shape of the barrier. Addally, if the barrier surface
facing the point electrode is clean then howevaddmn the other surface is the
breakdown voltage can be improved. It is found thhile the electric field is
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non-uniform at the space between the point eleeteodtl the barrier, the electric
field inside the barrier and at the space betwkerbarrier and the plate electrode
is uniform. The authors then developed some egustito find out the
relationship between the parameters. From the mosatusing the hyperboloidal
approximation for the point electrode, the bestitpws of the barrier depends on
the radius of the point conductor. The optimalatise from the point electrode to
the barrier is about half of the radius of the patectrode. Moreover, using
spherical approximation for the point electrodee thptimal position is just
clinging to the point electrode. Both two calcuthtealues are confirmed to be

effective for clean and polluted barrier.

HV

& barrier

Figure 1.11 Electrode configuration in Referent® [

In literature [18], the authors investigated thepatt of barrier on solid
insulation flashover characteristics in a homogeseor nearly homogeneous
electric field. In the experiment, the experimeamngples are parallel-plane single-
and three-layer disks. The single- layer barriemede of LDPE (Low-density
polyethylene), which has a high permittivity. Fédwde-layer barrier, a LDPE

piece is placed between two insulating materiake fatio of the permittivity of

33



the three-layer barrier material and the insulatimaterial is denoted a&. ¥ can
vary from 1 to 6 with different barrier materialhd electrodes are rounded-edge
electrodes with radii of 12.5 and 22.5 mm respetyivThe smaller electrode is
used as the high voltage electrode while the o#lectrode is connected to
ground. The gap distance from the high voltagetedde to ground electrode is
defined asl and the distance from the boundary of the batoi¢he high voltage
electrode is defined a. Then the position of the barrier can be defined a
di/d. The test is conducted under 50 Hz AC voltagegithe step-by-step method.
The voltage step is 2.5 kV and the step duratiod ®in. Measurements are
performed for without and with the insulation barriThe results indicate that for
different ¥ value, the breakdown voltage always reaches maxinatii =
0.25%0.1. With higher barrier permittivity, the higlown voltage can also reach
higher and tends to saturate. Typically, when phdischarge is less than 10 pC
the insulation material will not be damaged. Fdrtedt groups, the discharge is
less than 10 pC when the applied voltage is leas th5 kV. However, the
discharge pattern starts to change significantlgmwthe voltage is higher. The
critical partial discharge, which is the discharipat can destruct the barrier
dielectrics, varies from 10 to 100 pC. These phartischarges will form
incomplete discharge channels inside the barrielediric. The change of
discharge mechanism may be due to the increaseshaoactivities at the
electrode edge induced by higher voltage. For sasnplith different?, the
ignition voltage of PD will be higher i is higher. For differenf value, the PD
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inception voltage is highest at the optimal positiddditionally, the possibility of
the barrier can be destructed is lowest at thenggtiposition. A possible
explanation to this phenomenon is that the ele@ld distortion induced by the
barrier causes the electric field to be non-uniforithe electric field will
concentrate in the area near the barrier. Bartilteaoptimal position can reduce

the non-uniformity of the electric field, thus reduthe partial discharge activities.

1.3 Summary

Solid insulation is commonly used in power appaauch as insulator,
transformer and switchgear. Many researchers haweducted researches
concerning on the creepage characteristics of swiglilation. Since some
insulation device is working in the oil, refererj@¢-[4] investigated the creepage
discharge of solid insulation material on the ldfgolid, or oil/solid interface. In
[1], both AC and DC creepage breakdown are studsitly point-plane electrode
arrangement. With the DC source voltage, the breakdcharacteristics are
relevant to the polarity. More discharge branched laminous are observed in
negative polarity. With AC source voltage, theneach AC cycle, both positive
and negative DC breakdown will appear. When thequne of the oil increases,
the branches and emitted light will decrease. Refee [2] dealt with the oil-
paper interface. The experimental results in [2fidate that the breakdown not
only can occur in the interface, it can also oaiuhe oil near the interface. When
the paper surface is not clean or has gaseous, Tiglskdown is more likely to

happen in the interface. The authors also pointtioait it should be feasible to
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develop a two-component system by possibility dhistion function factor to

calculate the breakdown voltage. The authors ofdi8ftussed the breakdown
process when the applied voltage stress is panaitbl the flat side of the solid

insulation. Breakdown in such insulation systemreisvant to the solid insulation
material’s dielectric constant and physical surfstracture. With smooth surface
of the solid insulation, the possibility of breakdo will be lower. Reference [4]

investigated the creepage discharge of the insualdtarrier in power transformer
with needle-plane electrode configuration. Thetre@fship between breakdown
voltage of oil gafE with gap distancel is E = Ad ®. The authors also find out
that if the insulation is dry and clean, breakdowitage is dependent on the oil
quality. With wet insulation board, the flashoveltage is not influenced by the

moisture while the moisture greatly reduces théadatischarge voltage.

Typically the high voltage insulation equipment akery easy
contaminated by different pollutant. Reference[[A]discussed the influence of
the climate, pollution and humidity on the creepabgaracteristics. The results in
[5] have shown that the impulse withstand voltageat much influenced by the
climate, although the climate can lower the breakuwoltage a little bit. The
pollution has no much influence on the breakdowhegiexcept the humidity is
very high. The authors thus concluded that it maypbrmissible to reduce the
creepage clearance distance. Reference [6] digttiseedbreakdown properties of
the printed wiring board with back electrode. Reswdhow that in normal

condition or under low pollution, the breakdown tagle is reduced by the back
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electrode, which means the back electrode dominlaéisreakdown. However, in
the environment with high humidity and high polartj the breakdown voltage is
dominant by the environment. Similar results areamied in [7]. With uniform

electric field, with increasing volume of the watbe partial discharge inception

voltage decreases. The partial discharge impulseezct with the water droplets.

Solid insulation with back electrode is a commapetyf insulation which
has been adopted in many high voltage insulatianpegent. Reference [9]-[13]
discussed the influence of back electrode on teepage discharge characteristics
of several solid insulation. In literature [9], thathors studied the breakdown at
the interface between silicon rubber and epoxy. dleetric field is parallel with
the interface. Without back electrode, the field abnost uniform and the
measured partial discharge inception field is 10nkivi. With the back electrode,
the electric field will turn to perpendicular toethnterface at some places. The
breakdown voltage is lower than without back elmbtr The breakdown
characteristics are highly dependent on how thiekdir layer is at the interface.
With increasing of the layer thickness, the AC komavn voltagedecreases.
Reference [10] and [11] discussed the breakdowpest@s of solid insulation
under impulse voltage in transformer oil. In thettet is found that if the back
electrode can cover the whole gap length from ftilgh koltage electrode to the
ground electrode, there is big difference betweéih w&nd without discharge
happening at the high voltage electrode. When #ye djstance is short, all the

discharges will lead to breakdown. But if the g&giahce is longer, discharge can
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occur before the breakdown happens. If the badadtrelge cannot cover the whole
gap distance, then almost all the electric fiell @oncentrate in the region from
the high voltage electrode to the tip of the bdekteode. The breakdown voltage
also depends on the length of this region. If tigh lvoltage electrode is covered
by paper, then the breakdown voltage will be higired there will be no partial
discharge. Literature [12] investigated the creephgeakdown on the solid-oil
interface with back electrode. With pulse appli@dtage the positive streamers
exhibit a tree-like shape while negative streamegtsbit fuzzy aspects like a bush.
The distance from the side electrode to board serfeas impact on electric field
distribution on the partial discharge streamer. Tgwential at solid-liquid
interface increases with increasing of the distdrnm® the side electrode to board
surfaceand it is also relevant to the permittivity of thelid dielectric. On the
contrary, the positive charges will prevent suclergy injection. when positive
streamer is travelling along the surface of thailgison, the electric field in the
streamer will be raised by the negative surfacegehavhich results in the more
energy is injected to the streamer and the promagalistance of the streamer
will be longer. The impact of back electrode on Bi@akdown characteristics is
investigated in [13]. In the experiment, for thed4mate arrangement, the
influence of grounded back electrode is obviousmwtie gap distance is large.
The field distribution is more inhomogeneous antboa onset voltage is lower
with back electrode. With higher corona current tlorresponding breakdown
voltage will also be higher.
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Reference [14]-[18] discussed the influence of liason barrier. All of
the literatures have found that the optimal posit®that the distance between the
barrier and the high voltage electrode is about 20%0% of the gap distance. At
that position the breakdown voltage will be highé&gpically 60% to 80% higher
than without barrier. Literature [14] and [16] has®ted that at some extreme
cases, for example the permittivity of the barigevery low or the distance from
the barrier to the ground electrode is very snthkk breakdown voltage with
barrier even can be lower than without barrier. @ihmeensions of the barrier can
also affect the breakdown voltage. With larger iearthe breakdown voltage will
be higher. The breakdown voltage and the corongpiian voltage are dependent
on the electric field distribution. With more unifo field distribution these
voltages will be higher. Literature [17] investigdtthe influence of insulation
barrier on impulse breakdown. The authors found rigasons to explain why the
breakdown voltage is higher with barrier. Firstthsit the barrier elongates the
creepage length. The second is the charges depawmitethe barrier form an
electromagnetic obstacle. When the barrier surfls@®ntaminated, the effect of
the barrier can vary from a clean barrier to a bkégarier, depending on the
conductivity of the barrier. While the electric [ieis non-uniform at the space,
the electric field inside the barrier is uniformhél calculated best location of the
barrier is relevant to geometry of the electrodiesiterature [18], the influence of
the barrier in uniform field is discussed. With lmgy barrier permittivity, the
breakdown voltage can also reach higher and temdsaturate. The change of
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discharge mechanism may be due to the increaseshaoactivities at the
electrode edge induced by higher voltage. The mtefi¢ld distortion induced by
the barrier causes the electric field to be norieum. The electric field will
concentrate in the area near the barrier. Bartihteaoptimal position can reduce

the non-uniformity of the electric field, thus reduthe partial discharge activities.

1.4 Objectives of this research project

Although solid insulation with back electrode istesf used in power
equipment, the influence of the back electrode be treepage discharge
characteristics is not fully discussed. The infeeof the back electrode has been
investigated in some papers. However, the mechaisistill unknown. Moreover,
while a lot of high voltage equipment operate unil€r, the previous researches
seem to be more concerned on the creepage dischadge DC than AC. In
addition, the electrode configurations adopted wstrof these studies (such as
needle-plane, rod-plane) differ from the electredafigurations used in actual
electrical devices [10]. Therefore, it is of praeti significance to study the

influence of back electrode on solid insulationemdC voltage stress.

The main objective of this research project isinol out the impact of the
back electrode on the AC creepage discharge cleaisicis. The breakdown
voltage is obtained through the experiments fiidten we use the Coulomb
software to calculate the electric field distrilauti Previous researchers have

proposed that the back electrode can lower thekbowen voltage and electric
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field distribution is distorted by the back electeo However, none of the papers
have established a relationship between the alefigid and the breakdown
characteristics. So we compare the electric fieidridution between with and
without back electrode to find the explanation tdve all these phenomena.
Additionally, we will also study the influence dfd insulation barrier. The results
will be compared with normal system to see how teerier affects the

breakdown characteristics.

1.5 Organization of thesis
The thesis is organized in six chapters. Chaptpresents the details of
researches and achievements made by other researhthe end of this chapter,

the objects of this project are also summarized.

Chapter 2 introduces the setup and the procedtitbe experiments.

Chapter 3 lists the results of every experimerdeatail. This chapter also

summarized the average breakdown voltage for éifiteexperiment case.

Chapter 4 presents the analysis for the experimaiiout barrier. The
electric field distribution at breakdown is caldeld using Coulomb. Through
analyzing the electric field, the internal relasbip between breakdown voltage

and electric field distribution is established ne @analysis.
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Chapter 5 analyzed the influence of barrier on theeakdown
characteristics. This chapter focuses on how drgehgattern changes with

different position and different height of the barr

Chapter 6 concludes all the progress made in dsisarch program. Some

suggestions for future work are also proposed inis thchapter.

42



Chapter 2. EXPERIMENTAL SETUP AND PROCEDURES

The main target of this research project is ingasing the influence of
grounded back electrode on the breakdown propestiesolid insulation system.
To fully understand the behavior of breakdown wibhck electrode, the
experiment is divided into two phases: The firsthis experiment without barrier
while the second is the experiment with barriere Tetails of experimental setup

and procedures for both two tests are listed s ¢hapter.

2.1 Experimental setup

2.1.1 W.ithout barrier

High voltagéelectrode

Ground electrode
Insulation plate

Figure 2.1 The experiment setup for the test vathoarrier

The test setup is shown in Figure 2.1. The matéosrahe insulation board
is epoxy resin. Both of the length and width of #y@oxy board are 12 inches

(30.48 cm). The thickness of the board is 0.50 ificB7 cm). On upper surface
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there are two aluminum electrodes and two epoxg.bHne bars are placed in
symmetrical. The length of the bars is the samtha@doard while the width and

thickness of the bars are both 0.50 inch (1.27 Giné¢. distance between two bars
is 9 inches (22.86 cm). At the bottom of either, ihere is one groove on the
inner surface. The depth of the groove is aboutatgr of an inch (0.64 cm) and
the width of the groove is the same with the heightthe electrode. The

electrodes can change their positions easily thraiding in the grooves. Some
researchers have pointed out that if there is a lgstpveen the groove and
electrode, the experimental results would be imiteel. Therefore, when an
electrode is inside the groove, we make sure thatsturface of the electrode is
close to the groove so the experiment results arenfluenced by the groove.

In the experiment, there are three aluminum eldesan total. On the
upper surface, there are two electrodes. One iBigfevoltage electrode, which is
connected to the high voltage source. The othdrasgyround electrode, which is
connected to the ground. The dimensions for botjin Moltage electrode and
ground electrode are exactly the same. The dimessice 9.50*2.00*0.06 inch
(24.13*5.08*0.15 cn). The ground electrode is fixed while the hightage
electrode can move through siding in the groovesceSthere are no gaps
between the electrode and the grooves, the twdretkxs can be kept parallel
with the high voltage electrode by moving in theaye. The radius of the
electrode edges is controlled between 20 to 50 ameters. With a so small
radius, the impact of the edges on the experimambe avoided.
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The third electrode used in the experiment is thekbelectrode. The
figure of back electrode is shown in Figure 2.2eTdimensions of the back
electrode are 8.50*7.00*0.03 intlf21.59*17.78*0.08 crf). When we do the
experiment with back electrode, the back electnodeattached at the center at
back side of the epoxy plate so that it can colventhole area between the high

voltage electrode and ground electrode.

Back electrode

\Connection to

ground electrod

Figure 2.2 The picture of back electrode for expent without barrier

The connection between the epoxy boar and the vuodfage generating
capacitor is shown in Figure 2.3. The maximum A@Gage limit of the lab is 100
kV. The primary side of the CT is connected to thgh voltage generating
capacitor. Then the applied voltage can be read tre voltage meter connected

to the secondary side of the transformer.
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Figure 2.3 The connection diagram of the experirsetup

2.1.2 W.ith barrier

The setup for the test with barrier is shown inufeg2.4. To avoid
breakdown high voltage electrode to the back eddetr the dimensions of the
electrodes and the epoxy board are changed. Ttent#ss of the epoxy board is
still 0.5 inch (1.27 cm) while the length and widitte much larger. The length is
21 inches (53.34 cm) and the width is 24 inches9@®@m). On the epoxy board
there are no epoxy bars, instead, there is a bacress the whole board, which is
also made of epoxy. The barrier is fixed on therdboaith epoxy glue. The
distance from the bar edge to board edge is abmdh#s (20.32 cm). The length
of the barrier is 24 inches (60.96 cm) and the hvidt0.50 inch (1.27 cm). To
investigate the effect of the barrier height, twifedent barriers are used: One

with height of 1 inch (2.54 cm) while the other lwtieight of 2 inches (5.08 cm).
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Ground electrode

High voltage electrode 1
Pl

Barrier

Connectl_on to ‘E_he !

Figure 2.4 The experiment setup for the test Wétrier of 1 inch (2.54 cm) high

The high voltage electrode and ground electrode sdilé made of
aluminum with dimensions of 4.75*1.00%0.06 iiqt12.07*2.54*0.15 cr¥). They
are placed on different sides of the barrier. Tinielate the tip effect of the
electrode corners, the corners which face the dyaane polished into a smooth
circular arc. The radii of the arcs are betweero 4 tmm. Both high voltage
electrode and ground electrode are movable. Thetretkes are fixed on the

surface of the epoxy board using thin double sideés.

The size of the back electrode is the same. Theembions are
8.50*7.00*0.03 incf (21.59%17.78*0.08 cri). The back electrode is fixed using
double sided tape and the position of the backirelée can be adjusted to cover
the whole gap between the high voltage electrodegiound electrode in every
experiment. The picture of back electrode is showigure 2.5.
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Figure 2.5 The picture of back electrode for ekpent with barrier

2.2 Experimental Procedures

In the experiment without barrier, since the grousdctrode is not
movable, the gap distance between the high voltlgetrode and ground
electrode, which is referred to &s is determined by the position of the high
voltage electrode. Every time when we want to dodhperiment with different
L, we will move the high voltage electrode slowlyth® desired position so the
surface of the board will not be damaged. Aftetisly the high voltage electrode,
the gap distanck will be measured at several different points tdkenaure the

distance is correct and both electrodes are phvalle each other.

In the experiment with barrier, besides the gapadrelL, the distance
between the high voltage electrode and the bamubich is referred to as, is

also a variable which needs to be controlled. Sthenexperiment with barrier,
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besides measuring gap distacea is also measured at several points to ensure
that the relative distance between the electroddgtee barrier is correct and they
are in parallel with the barrier. Additionally, senthere are no bars on the board,
the movement of both electrodes is not restriciéen the distances from the side
edges of the board to both electrodes also havébetomeasured before
experiments. The distances from the side edge efbthard to both the high
voltage electrode and ground electrode must betlgxae same to make sure that

both electrodes are directly facing each other.

For both tests with and without barrier, the expemnts are conducted
both with and without back electrode. The experitm@ncedures strictly follow
the instructions in the IEEE standard [19]. Duriexperiment, rise rate of the
applied voltage is controlled to be continuous bs$ than 2% of the estimated
breakdown voltage. For every test case, we wikatphe experiments for at least
8-10 times. All the experiments will be recordeddamera. In the experiments,
we must avoid the impact of other factors, suchttes edge effect of the
electrodes and the effect of the insulation baneréfore, to ensure the validity of
the test data, the captured videos for all the ex@mts will be reviewed. If the
breakdown occurs near the corners of the electrodes is too close to the
insulation bars, the result corresponding to thgteement will be thrown out.
For each test case, there are at least 8-10 valad @hen the breakdown voltage

of that test case would be the average of all &hiel data.
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To avoid the impact of residential charge on thectebdes, the high
voltage will be grounded before each experimentstdhe time interval between
two experiments is more than one minute so thelatisn strength of air can

recover during that period.
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Chapter 3. EXPERIMENTAL RESULTS

In the experiments, the average breakdown voltafyes different
experimental cases are obtained. The detailedtseful both with and without

barrier are listed in the following content.

3.1 Without barrier

To investigate the influence of the back electratie, experiments are
conducted for both with back electrode and withbatk electrode. For the
experiment with back electrode, the chosen gajntel. values are 1 cm, 2 cm,
3cm, 4 cm, 5cm, 10 cm and 15 cm. To make a directparison between these

two test cases, the test results are listed isdlien tables below:

Table 3.1 Breakdown voltage for gap distance aihlwdthout barrier

Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 10.5 9.2

2 10.4 9.1

3 10.0 9.1

4 10.0 9.0

5 10.1 9.1

6 10.3 9.1

7 10.1 9.2

8 10.2 9.1
Average 10.2 9.1
Standard 0.2 0.1
deviation
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Table 3.2 Breakdown voltage for gap distance ofm2without barrier

Test #

Breakdown Voltage with
Back Electrode (kV)

Breakdown Voltage without
Back Electrode (kV)

15.5

15.9

15.8

15.5

16.0

15.3

15.7

15.9

OO N0 (WIN|F

15.7

Average

15.7

Standard
deviation

0.2

N/A

Table 3.3 Breakdown voltage for gap distance ofm3without barrier

Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 18.9 18.5

2 18.8 18.9

3 17.8 18.9

4 17.9 19.0

5 18.6 19.1

6 18.4 19.1

7 18.1 18.9

8 18.5 18.9

9 18.9 18.6

10 18.1 19.2
Average 18.4 18.9
Standard 0.4 0.2
deviation
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Table 3.4 Breakdown voltage for gap distance aindwithout barrier

Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

22.2

22.5

22.4

22.7

23.0

23.1 N/A

23.2

22.6

OO N0 (WIN|F

23.3

Average 22.8

Sta_nd_ard 0.4
deviation

Table 3.5 Breakdown voltage for gap distance ainSwithout barrier

Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 26.9 26.9

2 27.0 27.4

3 26.5 27.0

4 26.3 27.2

5 26.0 27.4

6 27.0 27.3

7 27.2 27.2

8 26.5 26.9

9 26.3 27.5

10 26.2 27.0
Average 26.6 27.2
Standard 0.4 0.2
deviation
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Table 3.6 Breakdown voltage for gap distance(ofrh without barrier

Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 35.4 46.8

2 35.9 47.8

3 34.9 47.8

4 35.1 46.0

5 36.3 45.8

6 35.6 47.5

7 34.8 45.1

8 34.5 45.8

9 36.0 46.8

10 34.6 47.9
Average 35.3 46.7
Standard 0.6 1.0
deviation

Table 3.7 Breakdown voltage for gap distanceSofrh without barrier

Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 40.8 58.2

2 40.8 58.6

3 40.7 58.7

4 43.7 59.0

5 43.3 57.7

6 40.8 58.1

7 42.1 58.5

8 41.9 58.1

9 43.6 58.6

10 41.2 58.8
Average 41.9 58.4
Standard 1.2 0.4
deviation
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Table 3.8 Average breakdown voltage and standiewdations for different

values without barrier

With back electrode

Without back eectrode

Gap Predicted
distance Breakdown Star_1dz_;1rd Breakdown Star_1dz_;1rd breakdown
(cm) voltage deviation voltage deviation Voltage

(kV) (kV) (kV) (kV)
(kV)
1 10.2 0.2 9.1 0.1 8.6
2 15.7 0.2 - - -
3 18.4 0.4 18.9 0.2 19.3
4 22.8 0.4 - - -
5 26.6 0.4 27.2 0.2 28.1
10 35.3 0.6 46.7 1.0 47.7
15 41.9 1.2 58.4 0.4 64.5
70
—&— With back electrode .
sl —t1+— Without back electrode L
— +— - Predicted voltage without back electrode . - -
’ —~
50t
z
E’ 40}
§ 30t
@ 20}
10}
U 1 1 1
0 5 10 15
Gap distance (cm)
Figure 3.1 The relationship between breakdownageltand gap distance without

barrier
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The breakdown voltages obtained through the exmarisnare shown in
the tables above. Using these data we calculate@vtbrage breakdown voltage
and the standard deviations. The results are showable 3.8. In Table 3.8, for
the case without back electrode, the predicted kioicean voltage is also
calculated using Coulomb.

The curve of breakdown voltage versus gap distanseshown in Figure
3.1. The red solid line represents the breakdowtage of experiments with back
electrode while the blue dashed line representsabdts of experiments without
back electrode. The black dash-dot line is theipted breakdown voltage for the
case without back electrode. Without back electrtite curve-fitting function for
the blue curve i¥; = 9.09 x L%¢%3 while for the black curve the function is
Vg = 8.47 x L0750, With back electrode, the curve-fitting functioor fthe blue
curve isVy = 11.27 x L%*°2 In all these function¥; is in kV andL is in cm.
From Figure 3.1, without back electrode, the ddfere between the measured
breakdown voltage and predicted breakdown voltagdesss than 10 %. Therefore,
it is valid to use Coulomb in further analysis.

From Figure 3.1 it is very clear that the back &tee has impact on the
breakdown voltage. Generally, with gap distancereases, the breakdown
voltage of both with and without back electrodeoailscreases. When the gap
distancel is less than 5 cm, both two curves almost oveldpin that case, the
back electrode almost has no influence on the bieak voltage. However, when

L gets larger, the two curves start to diverge. Bilgakdown voltage of with back
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electrode becomes less than without back electrbais. phenomenon indicates
that when back electrode is attached, there eaist#tical gap distance, which is
referred to adc. WhenL is less tharn_c, the influence of back electrode on
breakdown voltage can be ignored. The breakdowtagelis nearly the same as
without back electrode. Whdnis larger tharlc, the influence of back electrode
turns noticeable. The back electrode will lower tireakdown voltage. With
increasing L, the difference between the breakdown voltage @h vback

electrode and without back electrode becomes nmgnéisant.

3.2 With barrier

From the experiments without barrier, with backcetade, when the gap
distancel exceeds the critical gap distarice the breakdown voltage would be
lower than without back electrode. From Literatyi®], [17] and [18], the
researchers have pointed out that a barrier irs@rte the gap would increase the
breakdown voltage. Therefore, we will further ingate the influence of barrier,

especially in the condition that with back eleceod

For the barrier test, three gap distances are ohedach are 5cm, 10 cm
and 15 cm. Since the position of the barrier woallsb affect the breakdown
voltage [17][18], in the experiments, three differgositions are selected. The
position is defined by the rat@lL, in whicha denotes the distance from the high
voltage electrode to the barrier, whilerepresents the total gap distance. The

selecteda/L ratios are 0.1, 0.2 and 0.5 respectively. Theidraheight, which is
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referred to a$l, also has two different values. THevalues are 1 inch (2.54 cm)
and 2 inches (5.07 cm). The detail experimentalltesvith barrier are listed in

the tables from Table 3.9 to Table 3.26.

Table 3.9 Breakdown voltage for=5 cm,a=0.1,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 40.6 44.5

2 40.9 44.8

3 40.0 45.6

4 41.2 45.4

5 40.0 45.5

6 40.4 44.7

7 41.1 45.0

8 40.9 45.3

9 40.1 45.7

10 40.6 44.9
Average 40.6 45.1
Standard 0.4 0.4
deviations

Table 3.10 Breakdown voltage for=5 cm,a=0.1,H = 2 inches (5.08 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 53.5 56.0

2 54.7 56.4

3 53.6 56.9

4 53.7 58.1

5 53.2 55.4

6 54.8 58.1

7 53.6 56.8

8 53.2 55.9

9 53.8 58.6

10 52.9 58.3
Average 53.7 57.0
Standard 0.6 1.1
deviation

58



Table 3.11 Breakdown voltage for=5 cm,a=0.2,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 42.1 44.8

2 41.9 44.6

3 41.2 44.6

4 41.8 45.3

5 41.4 46.7

6 42.1 45.4

7 41.5 46.1

8 40.9 45.2

9 41.7 46.6

10 42.2 45.9
Average 41.7 45.5
Standard 0.4 0.7
deviation

Table 3.12 Breakdown voltage for=5 cm,a=0.2,H = 2 inches (5.08 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 56.2 59.0

2 58.4 57.9

3 55.3 57.2

4 58.4 56.9

5 55.9 57.7

6 54.7 56.8

7 54.3 58.3

8 54.5 56.6

9 55.4 57.2

10 55.0 56.7
Average 55.8 57.4
Standard 15 0.8
deviation
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Table 3.13 Breakdown voltage for=5 cm,a = 0.5,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 42.2 44.2

2 41.1 44.5

3 41.9 45.4

4 42.1 44.9

5 41.6 44.1

6 43.1 44.4

7 42.7 45.2

8 41.8 44.8

9 42.4 45.2

10 41.8 44.9
Average 42.1 44.8
Standard 0.6 0.4
deviation

Table 3.14 Breakdown voltage for=5 cm,a = 0.5,H = 2 inches (5.08 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 55.9 55.9

2 55.4 56.2

3 56.3 58.6

4 55.5 57.1

5 55.3 55.3

6 55.8 55.6

7 55.0 56.3

8 55.4 55.3

9 56.9 57.1

10 55.4 56.6
Average 55.7 56.4
Standard 0.6 1.0
deviation
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Table 3.15 Breakdown voltage for= 10 cm,a = 0.1,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 53.2 61.0

2 52.8 59.5

3 55.8 60.7

4 54.8 60.5

5 52.6 59.9

6 55.3 60.8

7 53.3 60.5

8 54.2 60.1

9 54.7 60.9

10 53.9 60.5
Average 54.1 60.4
Standard 11 0.5
deviation

Table 3.16 Breakdown voltage for= 10 cm,a = 0.1,H = 2 inches (5.08 cm)

with barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 63.4 65.6

2 62.7 66.3

3 62.3 65.9

4 62.9 66.6

5 63.8 64.7

6 63.5 66.1

7 62.3 66.4

8 62.6 66.7

9 63.1 66.4

10 65.3 65.4
Average 63.2 66.0
Standard 0.9 0.6
deviation
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Table 3.17 Breakdown voltage for= 10 cm,a=0.2,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 54.6 60.4

2 55.1 59.2

3 55.0 59.3

4 55.0 60.1

5 55.1 59.1

6 55.1 58.1

7 55.0 58.5

8 54.9 59.6

9 55.7 59.2

10 55.1 59.1
Average 55.1 59.3
Standard 0.3 0.7
deviation

Table 3.18 Breakdown voltage for= 10 cm,a=0.2,H = 2 inches (5.08 cm)

with barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 64.0 65.6

2 64.3 66.4

3 64.6 64.9

4 65.6 63.9

5 65.1 64.0

6 65.3 65.9

7 64.3 66.2

8 64.5 66.1

9 63.9 67.5

10 63.9 67.3
Average 64.5 65.8
Standard 0.6 1.2
deviation
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Table 3.19 Breakdown voltage for= 10 cm,a = 0.5,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 50.7 58.2

2 48.8 58.1

3 52.0 57.6

4 50.0 57.8

5 51.5 57.7

6 52.3 57.7

7 49.6 57.0

8 49.9 57.1

9 49.4 57.1

10 51.7 57.7
Average 50.6 57.5
Standard 1.2 0.5
deviation

Table 3.20 Breakdown voltage for= 10 cm,a = 0.5,H = 2 inches (5.08 cm)

with barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 59.1 64.9

2 59.0 64.3

3 59.2 68.1

4 58.4 64.4

5 59.0 65.8

6 57.8 65.2

7 58.4 65.5

8 58.4 65.5

9 58.8 65.3

10 59.1 66.2
Average 58.7 65.5
Standard 0.4 1.1
deviation
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Table 3.21 Breakdown voltage for= 15 cm,a = 0.1,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 55.7 70.3

2 55.4 70.1

3 53.5 70.9

4 53.6 71.3

5 53.8 72.5

6 55.1 70.6

7 56.4 69.5

8 55.9 70.6

9 53.6 71.7

10 56.0 70.0
Average 54.9 70.8
Standard 1.2 0.9
deviation

Table 3.22 Breakdown voltage for= 15 cm,a = 0.1,H = 2 inches (5.08 cm)

with barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 66.5 74.3

2 67.4 74.1

3 65.6 76.8

4 66.2 75.2

5 67.5 74.2

6 65.8 76.6

7 65.9 76.1

8 67.3 76.4

9 68.3 73.6

10 67.1 75.1
Average 66.8 75.2
Standard 0.9 1.2
deviation
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Table 3.23 Breakdown voltage for= 15 cm,a = 0.2,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 54.5 69.2

2 54.9 70.1

3 55.3 71.0

4 55.9 70.5

5 54.1 71.6

6 55.8 71.5

7 54.4 71.3

8 54.8 72.1

9 55.4 70.9

10 55.0 71.3
Average 55.0 71.0
Standard 0.6 0.8
deviation

Table 3.24 Breakdown voltage for= 15 cm,a = 0.2,H = 2 inches (5.08 cm)

with barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 67.9 75.0

2 66.7 73.5

3 67.8 73.2

4 67.3 72.4

5 68.7 74.7

6 67.0 74.2

7 68.9 75.4

8 67.3 72.4

9 66.2 72.8

10 67.8 73.4
Average 67.6 73.7
Standard 0.8 1.1
deviation
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Table 3.25 Breakdown voltage for= 15 cm,a = 0.5,H = 1 inch (2.54 cm) with

barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 59.5 69.4

2 58.9 70.5

3 61.7 68.7

4 61.5 68.6

5 60.2 70.4

6 61.6 70.3

7 61.0 70.1

8 60.1 70.3

9 61.6 69.4

10 59.9 69.2
Average 60.6 69.7
Standard 1.0 0.7
deviation

Table 3.26 Breakdown voltage for= 15 cm,a = 0.5,H = 2 inches (5.08 cm)

with barrier
Test # Breakdown Voltage with Breakdown Voltage without
Back Electrode (kV) Back Electrode (kV)

1 68.3 72.3

2 67.7 72.3

3 69.2 72.8

4 69.5 72.9

5 69.4 12.5

6 67.4 73.4

7 68.9 71.6

8 66.7 72.2

9 69.6 73.0

10 68.6 71.2
Average 68.5 72.4
Standard 1.0 0.7
deviation
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Table 3.27 Average breakdown voltage and standiewthtions fol. = 5 cm
with barrier

With back electrode Without back electrode
Barrier . Breakdown | Standard | Breakdown | Standard
. a/L ratio o o
Height voltage deviation voltage deviation
(kV) (kV) (kV) (kV)
No barrier - 26.6 0.4 27.2 0.2
h 0.1 40.6 0.4 45.1 0.4
1linc
(2.54 cm) 0.2 41.7 0.4 45.5 0.7
0.5 42.1 0.6 44.8 0.4
] 0.1 53.7 0.6 57.0 1.1
2 inches
(5.08 cm) 0.2 55.8 15 57.4 0.8
0.5 55.7 0.6 56.4 1.0

Table 3.28 Average breakdown voltage and standiewthtions fol. = 10 cm
with and without barrier

With back electrode Without back €ectrode
Barrier . Breakdown | Standard | Breakdown | Standard
) a/lL ratio . A
Height voltage deviation voltage deviation
(kV) (kV) (kV) (kV)
No barrier - 35.3 0.6 46.7 1.0
h 0.1 54.1 1.1 60.4 0.5
1linc
(2.54 cm) 0.2 55.1 0.3 59.3 0.7
0.5 50.6 1.2 57.5 0.5
] 0.1 63.2 0.9 66.0 0.6
2 inches
(5.08 cm) 0.2 64.5 0.6 65.8 1.2
0.5 58.7 0.4 65.5 1.1
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Table 3.29 Average breakdown voltage and standiawthtions folL = 15 cm
with and without barrier

With back electrode Without back e€lectrode
Barrier o/ . Breakdown | Standard | Breakdown | Standard
. L ratio . s
Height voltage deviation voltage deviation
(kV) (kV) (kV) (kV)
No barrier - 41.9 1.2 58.4 0.4
Linch 0.1 54.9 1.2 70.8 0.9
inc
(2.54 cm) 0.2 55.0 0.6 71.0 0.8
0.5 60.6 1.0 69.7 0.7
0 inch 0.1 66.8 0.9 75.2 1.2
inches
(5.08 cm) 0.2 67.6 0.8 73.7 1.1
0.5 68.5 1.0 72.4 0.7

The summary of the experimental results with barselisted in Table
3.27, Table 3.28 and Table 3.29. In these threensary tables, the breakdown
voltages of different test conditions for one gagiahce are listed in one table. It
is very obvious that with barrier, the breakdowrtage increases significantly.
Generally, the breakdown voltage with a barrieR afiches is higher than barrier
of 1 inch. However, the impact of barrier heightdffierent gap distancdsis not
the same. When increasing the barrier height foeerain value, which in our
experiment is 1 inch, the percentage of increaseedkdown voltage for smaller
gap distance is larger than longer gap distancéh Wérrier, in every experiment
case, the breakdown voltage with back electrodsilislower than without back
electrode. However, the difference is smaller dréhis barrier. Additionally, that
difference will get even smaller when the heightloé barrier increases from 1

inch to 2 inch. Therefore, we can conclude fromdhaga that inserting a barrier
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into the gap can efficiently increase the breakdeawhiage, especially when in

the case with back electrode.

Another factor we should pay attention to is theifpaen of the barrier. For
the case without back electrode, the maximum b@akdsoltage is ad = 0.1 or
a = 0.2. The breakdown voltageat 0.5 is always the lower than the other &avo
values. This is consistent with the results in pghapers [26],[27]. But in this
case the impact of the barrier position is quitealbmThe differences of
breakdown voltages at different gap distances with@ack electrode are usually
less than 2-3 % of the total breakdown voltagethin case with back electrode,
the results are a little more complicated. [At= 5 cm andL = 15 cm, the
breakdown voltage increases with increasing galue. However, at = 10 cm,
the breakdown voltage decreases increasing wdlue. Moreover, at = 5 cm,
the difference of breakdown voltages for differantalues is small, just like the
case without back electrode. Howeverl_at 10 cm and. = 15 cm, the difference
of breakdown voltage between= 0.5 anda = 0.1/0.2 can be as high as10%.
Since the influence of barrier is so different betw the experiment cases, it is
not feasible to generalize a function or specifitationship between the gap
distance and breakdown voltage. In addition, weehsw investigate why the

impact of barrier position is so big at large gagiahce.
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Chapter 4. ELECTRIC FIELD ANALYSIS AND DISCUSSION FOR

EXPERIMENTS WITHOUT BARRIER

4.1 Influence of back electrode on electric field dimition

The electric field distribution is computed usingmumercial software
named “Coulomb”. Based on the given model, thewsoi® uses Finite Element
Method (FEM) to solve the equations and calcul&ie ¢lectric field. The 3-
Dimensional model used in the simulation is budséd upon real dimensions of
the epoxy board and electrodes. The voltage ohiple voltage electrode is the
average breakdown voltage for that gap distancemRhe results presented in
[22], in the experiments with AC applied voltagee residential charge is far less
that experiments with DC. In their experimentseafipplying high AC electric
field on the cable for one hour, the quantity cfidential charge is very small. In
our experiment, typically we get breakdown aftelyamne minute. Therefore, the
impact of residential charge on experiments is v@nall. Additionally, from
[21], due to the nature of AC voltage, the polaatyd quantity of the residential
charge is totally random. That means the residecti@rge can randomly increase
or decrease the electric field. In brief, since juantity of residential charge is
very small and the impact of residential chargearslom, we do not consider the
influence of residential charge in the simulatiditer solving the model, the
cross-sectional electric field distributions alotihg central line ay axis of the
board for different gap distances are shown in féiglul and Figure 4.2. The pink

sections are electrodes while the white sectioaslanoted as epoxy board.
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The figures in Figure 4.1 show the electric fieldtabution without back
electrode while the figures in Figure 4.2 demorstthe electric field distribution
with back electrode. Since the breakdown alwaygéap on the board surface,
we concentrate our discussion on the electric freddr the board surface. In
Figure 4.1, without back electrode, the electreldiaround the gap surface is
almost parallel with the surface. All the electfield lines start from the high
voltage electrode and end up in the ground eleetrddowever, with back
electrode, the situation is different. The electrgtd lines are no longer parallel
with the surface. Wheh is small, along the whole gap the electric fiefek$ are
only in a small angle with the surface, just like tsituation shown in Figure 4.2
(a). WherL is larger, the angle between the electric fietgdi and the gap surface
varies. In the region near the high voltage ele®rahe angle is pretty small.
With the distance to the high voltage electroddimgtlarger, the angle is also
increasing. When the distance to the high voltdget®de is bigger than 4-5 cm,
the electric field lines are almost vertical to tiward surface, just like Figure 4.2
(b) and Figure 4.2 (c). The value of electric fisldength in that area, which is
less than 5 kV/cm, is also much less than in tres arear the high voltage
electrode. This phenomenon shows that the eleodtt distribution is distorted
by the back electrode. With back electrode, soraetiet field lines will travel to
the ground electrode while others will travel te thack electrode. This results in
a “competition” between those two electrodes. Whgap distance is small, the
electric field near the surface is influenced byhbelectrodes. However, when the
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gap distance is longer, the influence of groundtedele becomes weak and thus
the back electrode dominates the electric fieltriistion. In this case, almost all
electric field lines near the gap surface will gbfrom the high voltage electrode

directly to the back electrode.

4.2 Maximum electric field strength for with and withidaack electrode

The presence of back electrode not only changesrtss-sectional electric
field distribution, but also changes the value adiximum electric field. The
maximum electric field strength on the surface different gap distancek,
which is referred to aBy, is listed in Table 4.1. The curve of maximum &iec
field strength versus gap distanceis shown in Figure 4.3. The red solid line
represents the maximum electric field with baclcete while the blue dashed

line represents the maximum electric field withbatk electrode.

Table 4.1 Maximum electric field strength for @ifént gap distances without
barrier

Gap e (o) | e | wmat b St

1 123 64.7

2 177 -

3 197 67

4 241 ]

5 273 67

10 328 71.8

15 366 68.2
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Figure 4.3 The relationship between maximum dleéigld strength and
breakdown voltage without barrier

From Figure 4.3 we can see that without back eldetiE,, is a constant
irrespective of the.. For everyL value ranging from 1 cm to 15 cig,, stays the
same about 70 kV/cm. However, the back electrogmgbs this characteristic.
With back electrodek,, is dependent oh. Generally, with largeL., E;, would
also be bigger. But the dependenc&gbn breakdown voltage, which is referred
to asVg, is not uniform for all thé/g values. When the breakdown voltage is
small, which is less than 26 kV in our experimehg maximum electric field is
almost linear with the breakdown voltage. We plois tlinear function as a
straight line in Figure 4.3 in a black dotted linkhe function of this line is

E,, = 9.15 X V5 + 30.62, whereE, is in kV/icm andVs is in kV. For the upper

75



part of the red curve, the function Ag,, = 6.09 X V3 + 111.58. When V; is
above 26 kV, the real curve fd&, which is shown in red solid line, starts to
diverge from the black dotted line. The slope & turve forVg > 26 kV is less
than the slope of the dotted line. This phenomestmws that the impact of back
electrode is different betwedfy > 26 kV andVg < 26 kV. Recall the experiment
data in Table 3.8yg = 26 kV corresponds to the breakdown voltagée ef5 cm.
Additionally, the critical gap distande: discussed in ChapteriSalso 5 cm. This
illustrates that there may be some internal retatiip between the electrical field
and breakdown voltage. The breakdown mechanismgesaal_ = Lc, which is 5

cm in our experiment.

4.3 The internal relationship between the tangentedteic field component
and breakdown voltage

It is very likely that there is a mechanism diffece atL = Lc when there
is back electrode. According to Townsend Dischaildeory [23],[24], the
charged particles in the electric field will acaele and travel all the way to the
electrodes. During that process, the speed andikiaeergy will also increase.
The kinetic energy which a charged particle caraiobts proportional to the
electric field strength. If the charged particles lmufficient kinetic energy, then
before it hits the electrodes, it can liberate fedectrons from the molecule
through colliding with these molecules. The fre&ston can repeat this process
to free more electrons. This will result in an &lec avalanche and eventually

breakdown. From Figure 4.4, it is very clear theaidown occurs only at the
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surface. This means that in spite of the high telfettric field strength, the
tangential component of the total electric fieldjieh is also the component that
is parallel to the board surface from the high agdt electrode to the ground
electrode, is the key that dominates the breakdcvemacteristics. Therefore, we
will use the tangential component of the total #ledield, which is denoted as
Es, in our discussion. The maximum valuekaf which is referred to a8g,, with

respect to gap distanteare listed in Table 4.2.

Figure 4.4 The snapshot of breakdown without barri
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Table 4.2 Maximum tangential electric field foffdrent gap distances without

barrier
Maximum tangential electric field strength Esn,
Gap distanceL (cm) (kV/cm)

With back electrode Without back electrode
1 80.5 42.1
2 116 -
3 132 44.0
4 162 -
5 183 44.0
10 223 47.3
15 252 46.2

280 | —5— With back electrode
—L— Without back electrode
------- Line fitting curve with back electrode for L<bcm |

240

200

120

40 =t ——a8———— — B ————f

Maximum tangential component of the total electric field(kW/cm)

0 10 20 30 40 50 60
Breakdown voltage (kV)

Figure 4.5 The relationship between maximum tahgkeelectric field strength
and breakdown voltage without barrier
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Figure 4.6 The distribution of the tangential cament of the total electric field
strength for different gap distances
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The curve of maximum tangential electric field styth Esy, versus gap
distancel along the central line of the board is shown iguFe 4.5. The shape of
the curves oEg, for both with and without back is almost the samth E;, in
Figure 4.3 except the values are different. Salteeussions and properties about
Enin Part 4.2 also apply t6sy. In Figure 4.5, the function of the black dottag|
is Eg, = 6.30 X Vg + 16.68, whereEgy, is in kV/cm andVg is in kV. For the

upper part of the red curve, the functiorks, = 4.51 X Vg + 63.14.

From Figure 4.5, it is very obvious that the batdceode has elevated
Esn several times higher than without back electrode. further investigate the
influence of back electrode on the electric fielthe distribution ofEs along the
surface gap for different gap distancealong the central line of the board is

plotted in Figure 4.6.

The shapes of curves in both figures in Figureadebvery similar. When
there is no back electrodgg starts from the maximum value, which is 40-50
kV/cm at the region very close to the high voltafgctrode. Theiks drops to 4-5
kV/cm and keeps that value for most region in thp.dgn the area very close to
the ground electroddss raises again back to 40-50 kV/cm. in brief, desplite
high electric field in the area near the electrodbs electric field is evenly
distributed for most area of the gap. No matter twipap distancel is, the

minimum value oEs can be always above 3-4 kV/cm.
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However, with back electrode, the story is totalifferent. At the region
near the high voltage electrodg; can be as high as 100-200 kV/cm. From Figure
4.6 we can see that in the region near high volegetrode the red solid line is
much above the blue dashed line. But later theevaflEs falls very rapidly with
the distance to the high voltage electrode gettinittle bit larger. When the
distance to the high voltage electrode is abou2lch, two lines intersect. After
that, Es is still getting lower. When the distance to thghhvoltage electrode is

greater than 3-4 cm, the valueEygets so low that it almost can be ignored.

The curves in Figure 4.6 can be used to explain Wwagk electrode
increase<ks, several times higher than without back electrdgetem Townsend
Discharge Theory, the electrons must have enoughtiki energy to generate
electron avalanche and eventually to generate boyak Assume for a certain
gap distancd., the kinetic energy needed to generate breakdewan ¢onstant
value. Then without back electrode, since Egevalue is always beyond 3-4
kV/cm, then the electrons can accelerate in thelevgap. However, with back
electrode, the distribution ds along the gap is quite uneven. When the distance
to the high voltage electrode is larger than 3-4 Egwill be too low to accelerate
the electrons. Therefore, the electrons can onlyateelerated near the high
voltage electrode. To provide enough energy forelketrons to get a breakdown,
with back electrode the electric field in the regizear the high voltage electrode
should be much higher than without back electr&aethis explains why the back

electrode makeBg, bigger.
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The electrodes are placed in parallel on the serfaben from equation
Vg = [ E dl we can get that at breakdown, the relationshipvée breakdown
voltage Vg and Es should bé/; = [ Eg dl, wherel is the whole gap distande
From Figure 4.6 we also found that with back etmty for different values, the
effective distance for electrons to accelerate resnalmost the same, which is
about 2-2.5 cm. So this explains why with back tetete, Es,, is proportional to
the gap distanck. Then with back electrode, in the equatign= [ Es dl, | also
can be expressed as the effective distance. Sar iexplanation is correct, with
back electrode, the integration result/df d! for bothl = 2.5 cm and equals to
gap distancé should be the same with the breakdown voltdgewithout back
electrode, there should be a big difference betwdmse two results. The
integration result is in Table 4.3.

Table 4.3 Comparison between integration resultsraeasured voltage

[ Egdl (kV)
Gap distance Measured Integral Integral
L (cm) \?glcfgkg(()ﬁv\?) upper limitis | upper limitis
g L 2.5cm
_ 5 26.6 25.7 24.0
With back 10 35.3 34.5 32.1
electrode
15 41.9 41.2 38.4
Without 5 27.2 26.7 13.4
back 10 46.7 46.2 14.0
electrode 15 58.4 57.8 15.1

The results in Table 4.3 confirm the discussionsweele previously. The

required kinetic energW for breakdown can be considered as a constatofbr
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with and without back electrode. Then from equaltor= [ F dl = [(Eg * q) dl

= Es 4ve * q x L, for a certain gap distance, the averagegwhich is referred to
asEs ave, Is the same for both with and without back efstr Therefore, from
equationVz = [ Egdl = Eg 4. * L we can conclude that the breakdown voltage
Vg is the same for both with and without back elad¢rdor any gap distance.
From Figure 3.1, this conclusion is correct onlyewh < Lc, the reason whi.c
occurs and why the breakdown characteristics chahge= L is still unknown.

We have to further investigate this phenomenon.

4.4 The influence of streamers on breakdown charattis

From the recorded videos we find that with backtetele, the breakdown
process is different betweér< Lc andL > L. With back electrode, whdn< L,
during the experiment process, nothing would happethe epoxy board surface
until breakdown occurs. However, where Lc, before breakdown occurs, when
the applied voltage reaches some certain valuee tvll be partial discharge
streamers on the surface coming out from the highiage electrode. The
streamer will cover a certain portion of the gapaarAfter these streamers are
generated, with higher applied voltage value, émgih and covered area of these
streamers will also increase. It should be noted éven the applied voltage is
close to breakdown voltage, the streamer covered iarstill much less than the

whole gap area. Figure 4.7 shows an example oarsges wherl = 15 cm.
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However, when there is no back electrode, theré lv@lno streamers like th

whetherL <Lc orL > Lc.

1
|

Figure 4.7 The snapshot of partial discharge streameL = 15 cn

The streamers can explain why the breakdown mesimaahanges L =
Lc. From streamer discharge the(23],[24], while the streamers travelling a
propagating to the ground electrode, electric field distribution around tt
streamers will be influenced and distorted. Whesrehs no back electrode, t
maximum electric field is only 50 kV/cm, it is too low to generate stream:
Even when there is back electrodeL < L¢ the electic field is still not high
enough. In this case, once a discharge occurs,oiildvlead to breakdow
immediately [10]. Whemh > L with back electrode, the maximum electric fielc
high enough to generate partial discharge strearBanse the tangential elect
field strength will decrease with the distance ke thigh voltage electroc
increases, after the streamers propagaiertain distance, the tangential elec

field at the streamer tip would be too low to leeamers continue propagating.
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that case, the travelling direction of the streameill suddenly turn to the bars

and then vanish.

From the Streamer Theory, with the streamers tiagetowards the
ground electrode, they will further distort the attee field and enhance the
electric field concentration near the streamersatTheans the actual tangential
electric field strength is even higher than thecgldted value. Recall in Part 4.3,
we have discussed and confirmed that the averagenéal electric fielcEs ave
for a certain gap distance is a constant, whetheretis back electrode or not.
Without streamers, the actuBk e iS equal to the calculatelfls ,e. However,
with streamers, the actu§ ae is higher than calculatesk ae. This explains why
in Figure 4.3 with back electrode, whers L, the calculatedts, is less than the
predicted value. Then the required electric fidietregth for breakdown can be
also achieved with a lower applied voltage. Thisvisy in Figure 3.1, the actual
breakdown voltage is less than the predicted valhen L > Lc with back

electrode.

The existence of streamers solves the problemlwlsxists. But it is still
not clear why the partial discharge streamers oatarso high electric field. The
typical value of partial discharge inception figsdabout 20-30 kV/cm. However,
from the calculated electric field value, the stnea inception field strength is
more than 180-200 kV/cm. Therefore, the reason tbypartial discharge occurs

at so high field also needs to be analyzed.
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Figure 4.8 The distribution d&s near high voltage electrode for differént

Figure 4.8 is the distribution dEs along the central line of the board
around the high voltage electrode. From Figurewie8know that although with
back electrode, the maximum B§ is very high,Es drops very rapid in the first
0.05-0.1 cm. From [25], partial discharge streanwgtisoccur when the applied
electrical stress exceeds a certain value. 20-3@rk\is enough to generate
corona, however, it is not enough to generate glagischarge streamers. From
the experimental and simulation results, comparedthie partial discharge
streamers, the impact of corona is much less. Tergée streamers which can
influence breakdown properties, the streamers haveover a portion of the
whole gap. That means the electric stress forgbetion should be high enough.

With back electrode, whdn< L, although the maximurs is much higher than
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20-30 kV/cm, the total electrical stress around high voltage electrode is not
high enough becaudss drops too quickly. Additionally, many other factdike
the electrode shape, insulation material and emyrial setup, all those things
also impact the streamer inception. So all thes¢ofa combine together and
result in a so high partial discharge inceptiomdfi&Vithout back electrode, from
Figure 4.8, the electrical stress near the highagel electrode is almost the same
for every gap distance, which is far less than Wk electrode. So that is why

streamers are not observed without back electrode.
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Chapter 5. THE IMPACT OF BARRIER ON BREAKDOWN

CHARACTERISTICS

5.1 Without back electrode
5.1.1 Influence of barrier on breakdown voltage

As discussed in Part 3.2, without back electrode,darrier can increase
the breakdown voltage. The breakdown voltage reachaximum value when
a/L is between 0.1 and 0.2. To study the influencbasfier position, the results
for different cases are listed in Table 5.1. Thecgtage of increase denotes to
the percentage of increase of breakdown voltaggeoad to without barrier.

Table 5.1 Breakdown voltages for different expemncases without back

electrode

Gap linch (2.54 cm) barrier | 2inch (5.08 cm) barrier
distanceL | al/L ratio Brve(z)all;gg(\évn Per_ centage Br\/egl:gg(\;vn Per_ centage
(cm) (kV) of increase (kV) of increase
0.1 45.1 65.8% 57.0 109.6%
5cm 0.2 45.5 67.3% 57.4 110.3%
0.5 44.8 64.7% 56.4 107.4%
0.1 60.4 29.3% 66.0 41.3%
10 cm 0.2 59.3 27.0% 65.8 40.9%
0.5 57.5 23.1% 65.5 40.3%
0.1 70.8 21.2% 75.2 28.8%
15 cm 0.2 71.0 21.6% 73.7 26.2%
0.5 69.7 19.3% 72.4 24.0%

From Table 5.1, the influence of barrier positisrsmall when there is no
back electrode. For a certain gap distance, tlierdiice of percentage of increase

between different/L values is less than 5% of the breakdown voltagaout
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barrier. This is smaller than the results in sortieopapers [27],[28]. The reason
may be that in those papers, most of the researdbeus on the point-point or
point-plane electrode configuration. These ele@rodnfigurations will generate
extremely inhomogeneous field. Then if the positbdibarrier changes a little, the
electric field around the barrier may change gye&tbwever, in our case without
back electrode, the electric field is homogeneou®pt in the area very close to
the electrodes, like Figure 4.6. So the electiiedfiaround the barrier will not
change much when the position of the barrier vafibat may be the reason why

without back electrode, the influence of barriesiion is small.

For different gap distances, the influence of leans not the same. When
only considering the percentage of increase, fer game barrier height, with
larger gap distance, the influence of barrier islgen. In our case, whdn=5 cm,
with 1 inch barrier the breakdown voltage is 65%hier than without barrier.
However, wherl. = 10 cm and 15, this percentage drops to only @®-3When
considering the increased breakdown voltage, wherb cm, with 1 inch barrier
the breakdown voltage increases about 18 kV, whild. = 10 cm and 15, the
increased voltage drops to about 10 to 12 kV. H@amwewhen we consider the
ratio of barrier height/gap distance, we found santeresting phenomena. For
example, the ratio of barrier height/gap distarecaéentical forL = 5cm with 1
inch barrier, and. = 10 cm with 2 inch barrier. The percentage ofease is
more than 60% fok = 5cm with 1 inch barrier while that percentagensy about

40% forL = 10 cm with 2 inch barrier. If we compare thereased voltage, fdr
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= 5cm with 1 inch barrier the increased breakdowitage is about 18 kV and the
increased voltage is around 19 kV for= 10 cm with 2 inch barrier. This
phenomenon reveals that for a certain barrier Iiggph distance ratio, the

increased breakdown voltage will be almost the stmdifferent gap distances.

Another factor which we should pay attention tehis influence of barrier
height. Generally speaking, when increase the drafreight, the breakdown
voltage will increase. However, the influence o tharrier is not linear. When the
barrier height increases to 2 inch from 1 inchhltbe percentage of increase and
increased breakdown voltage are smaller than frorbanrier to 1 inch. That may
be due to that the increased discharge length framech to 2 inch is smaller than

from no barrier to 1 inch.

In brief, for long gap distance like = 10 or 15 cm, inserting barrier into
the gap does not seem to be a very effective wayctease breakdown voltage.
In our experiment results, even we increase thedodreight to 2 inch (5.08 cm),
which is equal to 50% df whenL = 10 cm and 33% df whenL = 15 cm, the

breakdown voltage only increases 30% to 40% adritginal value.

5.1.2 Electric field analysis

The electric field distribution for breakdown alotige central line af axis
of the board without back electrode is shown inuFég5.1 and Figure 5.2. In the
simulation the breakdown voltage is the boundargpddmn and we do not

consider the influence of residential charge.
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Figure 5.1 The cross-sectional view of the eledteld distribut
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Figure 5.2 The cross-sectional view of the eledteild distribution without back
electrode with 2 inch (5.08 cm) barrier
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In Figure 5.1 and Figure 5.2, the pink sectionsraferred to electrodes
while the white sections are denoted as epoxy baaddthe barrier. From Figure
5.1 and Figure 5.2, without back electrode, theutation result shows that for the
space outside the barrier, the insertion of a @adoes not change the electrical
field distribution. That means the improvement iddkdown voltage is due to the
increase of creepage length induced by the bartrerChapter 4 we have
discussed that to generate breakdown, the electnoiss accelerate in the electric
field and get enough kinetic energy. With barrighre electrons can no longer
accelerate along the surface because the presénuareer blocks that route.
Therefore, the electrons must find another routecrtwss the barrier and get
breakdown. Most probably the electrons will take thute from the high voltage,
then go up along the electric field lines to jumpeothe barrier, and finally go
down to the ground electrode. Obviously this pregokreakdown route is much
longer than directly from the high voltage elece#dd ground electrode. That is
why in the case without back electrode, the breakdwoltage with barrier is
higher than without barrier. To confirm this hypesis and to find out more
information about the relationship between breakdoharacteristics and electric
field distribution, we must know how the breakdowajectory looks like with
barrier. The snapshots of breakdown for differeay distances are extracted from

experiment videos and they are shown in Figure 5.3.
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R

(@)L =10cm,a/L = 0.5, 1 inch barrier

(c)L=15cma/L = 0.1, 2 inch barrier

Figure 5.3 The snapshot of breakdown for diffeegeriment cases without
back electrode
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From Figure 5.3, we can see that without back eddet the breakdown
trajectory follows the same way for different gaptances. The discharge route
initiates from the high voltage electrode, goestaghe barrier upper surface,
cross the barrier along the upper surface andlyirgd down to the ground
electrode. Then for different barrier position,stmoute should be different. To
simplify the analysis, we assume that the breakdowie from electrodes to the
barrier is almost a straight line, just like Figs&. Then the breakdown routes

for different barrier positions are shown in Figbréd.

Posi_t_ion Position 2

| -+~ High voltage electrode

Epoxy board d a
L

Ground electro_de_,,,v__,.,. =<

Figure 5.4 The proposed breakdown routes for mdiffebarrier positions without
back electrode

In Figure 5.4, the barrier has two different pasii. Position 1 is the case

thata/L = 0.5 while position 2 corresponds to the casedhat 0.1 or 0.2. From

geometry, the discharge length\i§L —a —d)2+H2++Va2+H2+d , in
which a is the distance from barrier to high voltage elade, H is the barrier
height andd is the barrier thickness. From the differentiaule of this equation,
when the barrier is exactly in the middle betwesn electrodes, which is near
position 1, the total length of the breakdown rowthich is route 1, reaches the

minimum. That means the length of breakdown roatefL = 0.5 is always less
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thana/L = 0.1 or 0.2. This explains why without back elede breakdown

voltage is minimum whea/L = 0.5.

From Figure 5.4, the length of breakdown routeeases aa/L. decreases
all the way from 0.5 to 0.1. The length will reactaximum ata/L = 0.1. That
means that breakdown voltage will always be maxinaira/L = 0.1, with a/L
increasing, the breakdown voltage will drop and bnreakdown voltage reaches
minimum at a/L = 0.5. However, the experiment results do not meet th
projection. Sometimes breakdown voltage reachesrmam ata/L = 0.2 rather
than 0.1. This is because the charge accumulaffentenear the barrier. From
Figure 5.3 (c), whe/L = 0.1, the breakdown route is very close to theidra
surface. From [16], when the electric field is sbbng, due to the nature of AC
voltage, when the applied voltage alters from oalé-¢ycle to another, there will
be charge neutralization process for the residealiarge. Thus the quantity of
residential charge is small. However, when thelletectric field is higher, like
the casea/L = 0.1, in each half cycle, the charges which hiwgesame polarity
with the high voltage electrode, are more likelyatmcumulate near the barrier
surface. Since the charges with same polarity wapel each other, the
electromagnetic force from residential charge thets as an “elevator”, which
pushes the ionized patrticles in the air to jumprdkie barrier [28], thus enhance
the breakdown process. That explains whg/ht= 0.1 the breakdown voltage is
lower than expected. WheiL gets larger, since the breakdown trajectory starts

to get away from the barrier surface and the ateéild around the barrier is
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lower, in this case the residential charge will daaalmost no impact on the
breakdown characteristics and the breakdown voltajews the theoretical

analysis.

Generally, without back electrode, the length oéaidown route for
different barrier position does not have too mudffecknce. Although the
residential charge has impact on breakdown wdier= 0.1, from the experiment
results, the influence of residential charge is |snfderefore, the influence of
barrier position on breakdown voltage is small.

Table 5.2 Maximum electric field strength for @ifént experiment cases without
back electrode

linch (2.54 cm) barrier | 2inch (5.08 cm) barrier
Gap Maximum Mammgm Maximum MaX|mgm
. . . tangential . tangential
distanceL | al/L ratio electric X electric :
. electric . electric
(cm) field Em . field En, )
(kv/cm) field Egm (kV/cm) field Esm
(kV/cm) (kV/cm)
0.1 98.1 88.0 125 113
5cm 0.2 96.1 83.7 121 106
0.5 96.0 85.1 121 107
0.1 85.8 76.3 96.2 84.8
10 cm 0.2 81.2 70.9 90.2 79.5
0.5 80.8 70.7 90.6 80.6
0.1 82.0 72.5 88.9 78.3
15cm 0.2 80.0 69.7 83.8 73.0
0.5 80.2 70.4 85.2 73.2

The maximum electric field for different experimerases without back
electrode is shown in Table 5.2. Compared withekperiment results without

barrier in Table 4.1 and Table 4.2, b&if andEs,, increase. Both gap distance
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and a/L ratio have influence on maximum electric field.tkViargerL, bothE,
and Eg,, decrease and they will approach to a constantevdhor each gap
distance E,, andEg,, for the experiment case afL = 0.2 are almost equal to the
case ofa/L = 0.5. However, whes/L = 0.1, bothE,, andEg, are higher thaa/L

= 0.2 and/L = 0.5, although the difference is not very langkich is in the range
of 3-7 %. This is different from the relationshiptlyeen breakdown voltage and
a/L position. The breakdown voltage is almost the séone/L = 0.1 anda/L =
0.2 while the breakdown voltage is lower @t = 0.5. The reason is that the
maximum electric field occurs at the region verpse to the high voltage
electrode. From Figure 5.1 and Figure 5.2, whemidrars ata/L = 0.1, the
electric field around the barrier is just like ‘falbbing up”, which is in an angle
with the board. Then we can determine that thetijposof a/L = 0.1 in the region
“close to electrode” and thus the barrieradt = 0.1 will have impact on the
maximum electric field. However, when barrier isait = 0.2 or 0.5, the electric
field around the barrier is almost parallel to Huard surface. Then the positions
of a/lL = 0.2 ande/L = 0.5 are not “close to electrode”. Therefore,itifrience of

barrier ata/L = 0.1 on maximum field is higher tharfL. = 0.2 andw/L = 0.5.

5.2 With back electrode
5.2.1 Influence of barrier on breakdown voltage

The results for different cases with back electragelisted in Table 5.3.
The percentage of increase denotes to the pereeofamcrease of breakdown

voltage compared to without barrier.
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Table 5.3 Breakdown voltages for different expetimcases with back electrode

Gap linch (2.54 cm) barrier | 2inch (5.08 cm) barrier

distancel | a/L ratio Breakdown Per centage Breakdown Per centage
voltage . voltage .

(cm) (kV) of increase (V) of increase
0.1 40.6 52.6% 53.7 101.9%
5cm 0.2 41.7 56.8% 55.8 109.8%
0.5 42.1 58.3% 55.7 109.4%
0.1 54.1 53.3% 63.2 79.4%
10 cm 0.2 55.1 56.1% 64.5 82.7%
0.5 50.6 43.3% 58.7 66.3%
0.1 54.9 31.0% 66.8 59.4%
15 cm 0.2 55.0 31.3% 67.6 61.3%
0.5 60.6 44.6% 68.5 63.5%

Compared with breakdown voltages without back ebelet in Table 5.1,
for a certain gap distance, the breakdown voltaijle back electrode is 10-20 %
lower than without back electrode. That means ewgh barrier, the back
electrode will still lower the breakdown voltagdsowever, if we look at the
percentage of increase, for gap distances longar 1® cm, the percentage of
increase with back electrode is much higher thathouit back electrode. For
instance, with 1 inch barrier, the average perggntaf increase with back
electrode is about 50%, while without back eleatrasl only less than 30%.
Therefore, with back electrode, the barrier hasngfer effect on the breakdown

voltage.
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From Table 5.3, with back electrode, the breakdmaitage for 2 inch
barrier is higher than 1 inch barrier, which is s#aene with the case without back
electrode. However, the influence of barrier positon the breakdown voltage is
different for different gap distances. From thelgsia in Part 5.1, without back
electrode, the influence of barrier position onaown voltage is very small,
which is less than 5% of total breakdown voltager Every gap distance, the
breakdown voltage reaches maximuna/t = 0.1 to 0.2. With back electrode, it
seems that there is no consistency in the breakdwmitage. Wherl = 5 cm, for
different barrier positions, the breakdown voltag@lmost the same. Whén=
10 cm, the breakdown voltageat = 0.5 is about 10 % less thafL = 0.1 and
a/L = 0.2. AtL = 15 cm, with 1 inch barrier, the breakdown vo#taga/L = 0.5 is
about 10 % higher thaa/L = 0.1 anda/L = 0.2, while with 2 inch barrier the
breakdown voltage is almost the same for all theeidrapositions. To investigate
why this phenomenon happens, we have to take a #bothe electric field

distribution result.

5.2.2 Electric field simulation result

The electric field distribution for different gapsthnces and different
barrier positions along the central lineyadxis of the board are shown in Figure
5.5 and Figure 5.6. The model is build based ohdimaensions. The boundary
condition is the breakdown voltage for the experimease. Like the previous

simulations, we do not consider the influence efrtbsidential charge.
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Figure 5.5 The cross-sectional view of the eledteld distribution with back

electrode with 1 inch (2.54 cm) barrier
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Figure 5.6 The cross-sectional view of the eledteld distribution with back

(c)L=15cma/L =0.1

electrode with 2 inch (5.08 cm) barrier
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In Figure 5.5 and Figure 5.6, the pink sections eleetrodes while the
white sections are epoxy board and the barrier. g2oed with the electric field
distribution shown in Figure 4.2, with back eledo the barrier still does not
have much influence on the electric field distribnt

Table 5.4 Maximum electric field strength for @ifént experiment cases with
back electrode

linch (2.54 cm) barrier | 2inch (5.08 cm) barrier
. Maximum . Maximum
Gap Maximum tangential Maximum tangential
distancelL | a/L ratio eectric gent electric gent
; electric . eectric
(cm) field En ) field En, )
(kv/cm) field Egm (kV/cm) field Egm
(kV/cm) (kV/cm)
0.1 324 292 430 387
5cm 0.2 322 287 432 384
0.5 341 303 452 402
0.1 418 372 489 435
10 cm 0.2 415 366 486 429
0.5 392 351 455 407
0.1 443 379 540 461
15 cm 0.2 413 363 496 434
0.5 453 388 512 439

The maximum electric field strength for differendperiment cases with
back electrode is shown in Table 5.4. Compared thighresults in Table 4.1 and
Table 4.2, the barrier has greatly increased theevaf maximum electric field
and maximum tangential electric field, especiatlgmall gap distance. From our
discussions in Chapter 4, whEg, values are over 180-200 kV/cm, there should
be partial discharge streamers coming from the higllage electrode. From

Table 5.4, thé&egy, values for every experiment case are much oveérthineshold.
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So we can predict that there would be partial disgé streamers generated in all
the experiment cases. With larger gap distancegbreh barrier height, botkn,
andEsy, values will increase. This is different from theeriments without back
electrode. The influence of barrier height will bee less with larger gap
distance. For a certain gap distance, the bapasition has more significant
influence on the maximum electric field than withdaack electrode, and the
influence of barrier position is not consistent flifferent gap distances. The
reason is probably that the breakdown voltage absuggeatly for different barrier
positions, thus influences the maximum electriddfieTherefore, the key to
solving this question is to investigate why breakdosoltage changes greatly for

different experiment cases.

Since the electric field does not change too muth barrier, only the
electric field distribution cannot explain how tHmarrier position impacts
breakdown voltage. Additionally, from Chapter 4,istknown that the partial
discharge streamers also have impact on breakddWwerefore, we have to
examine the videos again to find out the how breakdmechanism changes with

the presence of barrier.

5.2.3 Influence of partial discharge and residential glear
From the videos, it is found that for every expennncase with barrier,
evenL is only 5 cm, there are partial discharge streammeming out of the high

voltage electrode, which is consistent with thedpmton in Part 5.2.2. The
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partial discharge streamers are shown in Figure Bhé partial discharge starts

from the high voltage electrode, and ends at thedsa

Figure 5.7 The snapshot of partial discharge stega at. =5 cm,a/L = 0.5

As discussed in Chapter 4, the partial dischargeldvenhance the electric
field distribution and lower breakdown voltage. §hs why with barrier, the
breakdown voltage with back electrode is lower thathout back electrode. The
other factor we should focus is the breakdown ttajgy. From the analysis in
Part 5.1, without back electrode, the breakdowry dials one discharge pattern.
For different barrier positions, the differencetlie discharge length results in the
difference in breakdown voltage. However, with batkctrode, the breakdown
trajectory is not the same. With different bargesitions and gap distances, the
discharge pattern would change. There are totdihget different kinds of
breakdown patterns. The details of these breakdmatterns are demonstrated in

the following discussion
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Breakdown pattern 1

(@)L =5cm,a/L = 0.5, 1 inch barrier

Barrier

lectrode \1‘ High

(b) L =5 cm,a/Ll =0.2, 1 inch barrier

(c)L =10 cma/L = 0.2, 2 inch barrier

Figure 5.8 The snapshot of breakdown pattern & batck electrode
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The figures for breakdown pattern 1 are shown igufé@ 5.8. This
breakdown pattern is the same as discussed inag®e without back electrode in
Part 5.1. The discharge starts from the high veltatpctrode, jumps over the
barrier and then goes to the ground electrode. dissharge pattern happens at
small gap distance like = 5 cm, or longer gap distance with sn&dll value like
L = 10 cm witha/L = 0.1 and 0.2. With this breakdown pattern, theriba
position does not make too much difference in liealn voltage. From [22], in
AC system, the quantity of deposited charge is déget on the electric field
strength. With higher field, there would be moresidential charge. In our
experiment case with back electrode, the maximwhd fis several times higher
than without back electrode. Therefore, we can ipteithe residential charge
would have more impact on the breakdown charatitesisWith this breakdown
pattern, the breakdown voltages &k = 0.5 anda/L = 0.2 are always higher than
a/L = 0.1. For the maximum electric field, it's almdise same foe/L = 0.1 and
a/L = 0.2, while the value foa/L = 0.5 is always higher thaaL = 0.1 and 0.2.
The reason may be the influence of the resideahatge. The residential charge
changes the electric field distribution and thuardes the breakdown voltage.
However, even though the influence of residenti@rge is higher for the case
with back electrode, we still do not see a sigaific difference with larger
guantity of residential charge. So, for breakdovattgyrn 1, the influence of

residential charge can be ignored.
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In the discussion of Chapter 4, we have discuds&dathen there is partial
discharge streamer generated, these streamersatertiie breakdown properties.
However, this does not apply to this breakdownepatt Since the breakdown
trajectory is far from the board surface, the impzfcthese streamers is limited.
With 1 inch barrier, the breakdown voltage with batectrode is about 10-15 %
lower than without back electrode. With 2 inch btrthe breakdown voltages
for both with and without back electrode are almegtial. Compared with the
results without barrier in Table 3.8, we can sest the barrier can effectively
reduce the impact of partial discharge streamer#h Wigher barrier, the

influence of partial discharge streamers woulddss.|

Breakdown pattern 2

Figure 5.9 The snapshot of breakdown pattern B batck electrode &t = 10cm,
a/L = 0.5, 1 inch barrier

The snapshot of breakdown pattern 2 is shown iurEich.9. In this
breakdown pattern, the discharge starts from tgk Woltage electrode, travels to
the barrier along the board surface first, thamatld go along the barrier surface

to the barrier top, and finally it crosses over Hagrier and goes directly to the
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ground electrode. This kind of discharge happers laing gap distance with a
largea/L value, such as/L = 0.5, 1 inch barrier with = 10 cm and- = 15 cm,
and 2 inch barrier with = 10 cm. However, when we investigate the electric
field distribution in Figure 5.5 and Figure 5.6, fumd that this kind of breakdown

is theoretically impossible. In the cases wha¢h = 0.5 and. = 10 or 15 cm, the
electric field near the intersection of the boand &arrier is going downward to
the back electrode. That means if the dischargpguates to the barrier along the
board surface, it is not able to climb over theribarsince the force from the
electric field will always push the discharge te thoard surface. Therefore, to

find out the reason, we have to focus on othepfadhat influence breakdown.

(&)L =10cm,a/L = 0.2, 1 inch barrier

(b)L =10 cma/L =0.5, 1 inch barrier

Figure 5.10 The snapshots of partial dischargeasters with barrier
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The snapshots of partial discharge streamers aersin Figure 5.10.

From Table 5.4 we know that the maximum field sgtbris much higher than the
threshold of generating partial discharge streantess all the experiments with
barrier, the partial discharge streamers initiadenfthe high voltage electrode and
travel along the board surface. However, due tetistence of the barrier, when
the streamers hit the barrier, the streamers wdmert and finally vanish since
the streamers cannot penetrate through the bafinarefore, the barrier would
limit the area under influence of the streamersh space between the barrier
and the high voltage electrode. As discussed irp@na, the electrons would get
extra kinetic energy from the streamers thus trealkmfown voltage is lower.
Therefore, with largee/L value, the breakdown process would be influenced
more by the partial discharge, and the breakdowitage would be further
lowered. That is probably why the breakdown voltégebreakdown pattern 2 is

lower than breakdown pattern 1.

Although partial discharge streamers can explaig bteakdown voltage
is lower, it is still unknown how the discharge gamp over the barrier and lead
to breakdown. To solve this question, we have ok k&t both the partial discharge
and the residential charge. For a certain gap riistathe partial discharge
characteristics are different for differeaf. values. Like the pictures shown in
Figure 5.10, whera/L is small, the partial discharge has a higher @isgihg
frequency but the discharge current is small. Walenis larger, the discharging

frequency is lower but the discharge current is Imhigher. From discussions in
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[16], in AC system, as applied voltage goes up,résedential charge is likely to
accumulate, and the polarity of the residentiargbas the same as the polarity of
high voltage electrode. In our experiment systeimgesthe discharge streamers
would always vanish under the barrier, then thergdw carrier by the partial
discharge current would accumulate under the barfieom the equatio =

[ 1dt, the charge accumulated with largé value is much more than smalL
value. This can explain why such kind of breakddwappens. The electrons first
get a lot extra kinetic energy from the partialcti@rge streamers while they
travel to the barrier. When the electrons get nieahe barrier, since there is a
large quantity of residential charge near the barthe residential charge would
repel with the electrons. So the force from thedes#tial charge would push the

electrons upward, help electrons cross the baridrfinally lead to breakdown.

When breakdown pattern 2 happens, typically thekmtewn voltage is
about 10-15% lower than breakdown pattern 1. Th&imam electric field is
also lower than pattern 1 due to the strong eftdcpartial discharge. In this
breakdown pattern, both residential charge andgbaischarge streamers play an

important role in the breakdown process and theynarlonger negligible.

Breakdown pattern 3
The last kind of breakdown pattern, which is breakd pattern 3, is
shown in Figure 5.11. This pattern happens whendigtance is longa/L value

is small with low barrier, such &s= 15 cm,a/L = 0.1/0.2 with 1 inch barrier.
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Figure 5.11 The snapshot of breakdown patternti3 mack electrode &t =
15cm,a/L = 0.2, 1 inch barrier

As we can see from Figure 5.11, in this kind ofalkdown pattern, the
discharge starts from the high voltage electrdden directly goes up and crosses
the barrier, then goes down to the board surfadefiaally travels to the ground
electrode. This type of breakdown happens wherrdtie of barrier height/gap
distance is small. As discussed previously, wite #ame barrier height and
position, whenL is smaller, breakdown pattern 1 happens. The eaptan of
why breakdown pattern 1 transfers to breakdowrepaf is that wheh is small,
compared with the energy needed to get breakdowenelectrons also need a
relatively larger value of kinetic energy to jumyeo the barrier. Then once it has
enough energy to cross the barrier, it can gohallway directly to the ground
electrode and leads to breakdown. However, whén large, the electrons only
need a smaller value of energy to cross the baifieen once the electrons cross
over the barrier, they do not have enough energgdd to breakdown. So the

electrons have to go down to the board and get ranezgy from the electric
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field. That is why this breakdown pattern happenly @tL = 15cm and barrier
height is 1 inch. Actually when the barrier heighanges from 1 inch to 2 inches,
the breakdown pattern would change to breakdowtenmat, just like the picture

shown in Figure 5.12.

S8 )
High voltage elect

ound electrode

_— s

Figure 5.12 The snapshot of breakdowh at15cm.a/L = 0.2, 1 inch barrier
with back electrode

The breakdown voltage of this breakdown pattertovgest among all
three kinds of breakdown patterns. As we can se® ffable 5.3, this kind of
breakdown is 10-20 % lower than others. This isabse for other breakdown
patterns, the energy needed for crossing the bagid¢arger than the energy
needed for getting breakdown, while for breakdowattgyn 3 the energy needed

for crossing the barrier is smaller than the energgded for getting breakdown.

5.2.4 Summary of the breakdown characteristics with klektrode
The simulation result shows that the barrier does hmave too much
impact on the electric field distribution for bothth and without back electrode.

Compared with the case without back electrode ptkakdown for the case with
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back electrode is pretty complicated. Depending dififerent barrier height,
barrier position and gap distance, the breakdoviteqgmawould be different. For
most of the cases, the percentage of increase @ mmigher than without back
electrode. So adding a barrier is an effective teaynprove breakdown voltage.
The maximum electric field is several times higtiean without barrier. Another
factor we should point out is that we are unableldantegration like we did in
Chapter 4. The first reason is that the breakdorafedtory is different for
different breakdown patterns, and it is hard touaately get the exact breakdown
route. The second reason is that both partial digghand residential charge play
an important role in the breakdown process. Thelregould be inaccurate if we

do not consider these factors.
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Chapter 6. CONCLUSIONS AND FUTURE WORK

6.1 Conclusions
This thesis deals with the influence of groundedkbalectrode on the AC
breakdown characteristics. The research establighedationship between the

breakdown properties and electric field distribatio

6.1.1 Without barrier

The back electrode has a great impact on breakdvMiren there are
partial discharge streamers generated from higtagelelectrode, the streamers
can enhance the breakdown process, thus reducdheobreakdown voltage and

maximum electric field.

The back electrode also influences the electritd faistribution. When
there is no back electrode, the maximum electald ffor different gap distances
is a constant. When there is back electrode, thamuan electric field is much
higher than without back electrode, and it is prtpoal to the gap distance
value. The back electrode also has an effect ofexanating the electric field on
the area near the high voltage electrode. The itnpfalback electrode would be

more distinct with longer gap distance.

When the tangential electric field exceeds a certaitical value, there

will be partial discharge streamers generated. $treamer initiation field
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strength is higher than typical corona inceptiolugaWe can also get breakdown

voltage through integration of the tangential eledteld along board surface.

6.1.2 With barrier
The presence of barrier will not change the eledteld distribution. This

is valid for both with and without back electrode.

The presence of barrier can improve the breakdmitage, especially for
the case with back electrode. So adding barriebeaan effective way to increase
breakdown voltage for the case with back electréttevever, adding barrier for
the case without back electrode does not seem ta lgeod idea since the

influence of barrier on the breakdown voltage igbm

Both the barrier position and barrier height haw#luence on the
breakdown voltage and electric field distributi@enerally, both the breakdown
voltage and maximum electric field are higher fagher barrier, but the

effectiveness of barrier is different for differemperiment cases.

For the case without back electrode, there is onky breakdown pattern.
The barrier position does not make too much diffeeeon breakdown voltage

and maximum field.

For the case with back electrode, there are threakdown patterns
observed. The effect of barrier on breakdown v@telganges greatly on different

breakdown patterns. All the factors like gap disgrbarrier position and barrier
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height contribute together to determine which bdeakn pattern would take

place.

For the case with back electrode, both partial disge streamers and
residential charge have impact on breakdown cheniatits. Depending on
different breakdown patterns, the influence iseatéht. It is not feasible to do
integration since the breakdown trajectory anduifice of residential charge are

hard to measure accurately.

6.2 Future work

In the present work, the impact of grounded baektebde is studied. | n
this article, we mainly focus on the impact of badkctrode on both with and
without barrier. To more thoroughly investigate thBuence of back electrode,
more factors can be taken into consideration, sashdifferent board width,

barrier width, electrode configuration, board mialeand so on.

Another factor can be improved is to precisely gttee influence of partial
discharge streamer and residential charge. Inesg@arch, due to the limitation on
the tools, we are unable to measure the dischangent and residential charge
accurately. If these can be precisely measurea, Wee can get a more precise
electric field distribution through the simulatiand we can analyze the impact of

these factors more easily.
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