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Abstract

Space charge has been recognized as an a,éent of insulatibn‘dégfadat‘iéiiyf'of power
transmission cable espécially under hig:h'\if'éllt'aiée aé'é,ﬁpl'i‘c‘é;c‘idrﬁ\."lt 'Vﬁénétraﬁés into
bulk of insulating material, namely cross-linked polyethylene ‘(XLPES;'%}"I time
during dc voltage application. The increase in space charge dénSity'enhangé§ '1885’1
electric field in the insulating material. In other words, the local eleétric ‘feld
is distorted. When the field distortion réaches a critical value, dc bréékdown"([jf
the insulating material will occurs, causing a cétasﬁfophic damagé to "the cabls!
Therefore, it is important to understand space charge inside an insulating material
in order to improve the reliability of next generation power cables. - 7

In this thesis, pulséd'—electroacoiiéﬁic’g(PEA') 136thod is utilized i Srder to probe
space charge behavior inside an insulating material undef high Vblte‘mgé de Voltage
application. This method is a highly pro‘&en method in pfobing space charée be-
havior in a dielectric material. Furthermore,' 1t is also applicable to on-site c¢able
assessment. In order to improve the reliability of the data, space éhérgé ’b'ehavi()‘r
is simultaneously measured with external circuit current, which is partially corre-
sponded to the spacé charges dynamic. The objectives of this thesis is to in{/estigzt‘té
space charge behavior in an insulating material (namely 1ow—dehsity polyethylene
’ (LDPE), which is used as insulating material for medium voltage power cables), and
to clarify how dc breakdown occurs after spacé charges accumulate in ihsula&ing’
material.

It has been poéﬁulated by ‘several researchérs that'space charges: travel inside
the bulk of insulatiﬁg rhaterial'throug}i the frédvolimme. Frée-voliime is frée 'shace
between polyrmer chain of LDPE ‘material. {8 beélicved :t.héti;'ﬁgﬁé'tr’é;bigﬁlaﬁdl
accumulation of space charge in LDPE will suppress the free-volume size. s is

considered by the fact that Maxwell stress is enhanced with the increase of space



charge accumulation in the bulk of LDPE sample. However, free-vol_ughe‘:s are ‘t‘o!_o
tiny to be observed. Therefore, density of a LDPE fﬁaferial, which is réléfed to the
amount, of free-volumes, is altered. A 3-dimensionally branching chain material,
namely polyisobutylene (PIB), is,added into LDPE in order to.reduce its density,
}vhe::reas,l a_jqw,mo_l_ec_ular weight material, namely paraffin wax (Pr), is added
nfo, LDPE:Ip order to increase ifs,density. From results, it has been found that
un_dgr (,1,0 ‘pf)siti\’fe hig_h yqlte\_,ge _qpp};catiqq, )tihe _pen(?tratlio_n Qf_ppsitziy\e space cha‘rges
are suppressed under_Pr—addjedLDPE, whereas the pene;‘_cr:altio‘n of positive space
charges are increased in PIB-added LDPE sample. It impligs thap' the alte_ratiop
that is made to micro-struc’qure of LDPE affect the penetration behavior, of space
charge.

Matsui et al._pgstu!e}tq(;llithat pepgfc;ati_or,l of space charges are preventedi yvheq
it reaches a certain pqutra‘c_ion depth inside the bulk of LDPE material. The pen-
etratip'n ’giept_h_decreases with ith'e_i.p_(;reas'e of hlgh voltage dc stress value. They
eyﬁplain that there are 2 regions exist when the penetratiqn space cha{g.gslis. [)'ré—
vented; hlgh conductivity zone, which i_s behind space charge cl‘oser to an‘ode,_ra,ng
low .gonducti\{ity zone, which is in front of space charge and closer to cathode.
Similar phenomenon was also Qbseltved in LDPE with no_a‘dditxi.ve ggmple and Pr—__
added LDPE sample. It is unusual to observe such phenomenon. It is like there are
ano'ther lg}{gr of die_lectric in f‘ront of space chargp, Whicl} work as tzqr_aiexr, causiglg
the (_:harge_s to stop. Renetrg{qing f-ur_tljl_er.‘ From this point (?f view, ‘obs.ervation to
clarjfy‘ WhFl"e breakdown is i_nilt_igtec}, are carried .outb. A saq}plq‘ppmpose'(i of .2‘ laye,r
of different dielectric material (liquid and solid (this film)) is prepared, so that the
injepfed chgrges may accumulate a:t_interface of the ? maferials. _It is . important
from ‘t}}_(le'rle to claréfy, Wl}ere‘_breakdown,,will occurs. From the. obtained results.
brea.kdown_dOes not necessarily occurs at the film.,.Sometimes it was.initiated at

other; places.
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Chapter 1

Introduction

1.1 Overview

There are 2 phenomena occurring in these days related to solid dielectric insu-

lation material that motivated studies in this thesis :
1. the increase in demand on renewable energy power generation and
2. the replacement of old cables

Firstly, the increase in renewable energy (RE) based power generator-as a re
placement of the conventional fossil fuel generator, is one of the efforts to fulfill
the Kyoto protocol [6]. In European countries and Japan, the number.of RE-based
power generation facilities that are built far away from the load centre, is growing
(e.g. the coastal area (wind farm and wave power generator) ) [7]. High voltage
direct current (HVDC) transmission is more favorable in order to transfer the gen-
erated power to the load area. This is due to the low transmission loss of HVDC
i;ra,nsmission, which is 30 % - 50 % than comparable HVAC transmission line. Fur-
thermore, transmission loss can be reduced if operated at higher voltage. In HVDC
transmission, polyethylene (PE)-based power cables, such as cross-linked polyethy-
lene (XLPE) based cables offer outstanding electrical and mechanical properties are
utilized in order to run HVDC power transmission efficiently. Therefore, nowadays,
XLPE has become a very crucial part of a power cable for HVDC transmission.
Basically, the power cable for HVDC transmission is a huge-sized coaxial cable that

is used in residence as antenna cable. To know the limit and later to increase the



limit especially of breakdown strength are important for long term run and under
harsh condition utilization.

Secondly, most of old underground cables (e.g. those installed during 1950s
- 1960s) reach end of its lifetime mainly due to insulation degradation [8]. ‘These
important apparatuses need to be exchanged with a far better system in responding
to the higher demand on electricity and also for the continuity of electricity supply
to customers. The increase in demand for energy requires power companies to
deliver higher energy capacity per cubic meter of the power cables. The cable should
ideally possess long-term endurance, high temperature and mechanical resistant,
no impufities and voids content and strong water-tree resistant.

Factors such as localization of contaminants and micro-voids during production
have significant role_z in initiating b_reakdown._ A lot (‘)‘f‘ experiments apd"c_heories
related to breakdown of dielectric insulating material have been proposed. One of
those, is a theory on the influence of space charge on the breakdown of PE material.
However, how space charge affects breakdown of dielectric insulating material is not
clearly answered. Therefore, continuous efforts.are needed in understanding space
charge phenomena in dielectric insulation material and how to suppress its influence
on breakdown of PE. In this thesis, space charge behavior that leads to breakdown
process is discussed. Space charge behavior in insulation material was observed
by Pulsed Electroacoustic method.- Optical observation of the material during-dc
preakdown test was also carried out. In optical observation of breakdown, the

material was composed of liquid and solid insulating material for easy observation.



1.2 Polyethylene

Figure 1.1: Polyethylene chemical structure.

- ' -,

Polyethylene (PE) cherﬁical structure is shown in figure 1. It is a polymer of
ethylene monomer through radical polymerization process. In‘a highly purified
method, ethylene is directly traris’,féf; fr'(’)"rh"petfdleurh‘ v'r'eﬁﬁeiry';i':o ﬁélyr'nér'i'ﬁgti‘é’r’l
plant. Under appro[f)riat:e condition"(te}mﬁei."at'ilre, pressure catalyst), the double:
bond of ethylene mdnomer break to give vs;aj}"‘t(g form long chain. It was first
accidentally discovered by Hans von Pechniahn; a German scientist, while heating
diazomethane, in 1899. His colleagueé Eugen Bamberger and Friedrich Tschirner
characterized the white solid as contéining' methyléiie units and called it poly-
methylene. The discoveries did not make it very useful for some 30 yéé,rs. PE from
ethylene monomer was probably initially s‘ynthesiz‘édv by M.E.P. Friedrich ‘when
it was an unwanted by-product from reaction of ethyleﬁe and lithium alkyl com-
p;)und. That occasion took place while he was a“stu'dent"‘(')f Carl S. Marvel in 1930
[9].

The PE we know nowadays is attributéd to the work of British”ICI’s Eric

Fawcett and Réginald Gibson in 1930’s'wheh they were expetithenting or ‘what

.....

. 4 . RN ."!ll 1. J0 .f‘:r‘,'l\"s |
march 1933, formation of a white solid was found whén'they‘cén{blﬁed"ethylene Aitd
benzaldehyde under high pressure; at approximately,1400 atmospheres,, Next time,

they attempted; the same, process, but with ethylene alone but.it, did not produce

3
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Figure 1.2: Polyethylene chain type [1].

PE. It was barely a decomposition process of ethylene. Their work delayed again
until decémb(;r 1935 when they got new a;}d be*ggle_lj hlgh pressure eguipment,_Wh‘i'lie_z
experimenting with the new \_{essel at{_lSOJ"‘C, pressure inside the v,e_slg,el_ _cgnsister}gly
decreased with the formation of solid. They inprqatse(ii the pressure in the, vessel
again with pumping more ethylene into the vessel. They found out that the pressure
drop was not totally due, to formationi_of the solid but there were small leakage
found. The leakage allow small amount of oxygen in which accidentally a right
amount needed to catalyze reaction of the additional e_thyl_ene. As the ICI scientists
found the new material, J. N Dean of British Telegraph Construction heard about
_the new material. He believed that PE would be a suitable material to insulate
and enclose their new pnder_séa cable [9]. In july 1939, sufficient amount of PE was
made to coat 1 nautical miles of c;ble. Polyethylene is classified by its density. The
density reflects the 1_ev<;1;pf crystallinity of each type. Usually, PE is clllividgd as low
density polyethylene,(LDPE), medium density, polyethylens (MDPE), high density
polyethylepe (HDPE) and lineay low depsity, polyethylene, (LLDPE) Eigye, 1L

shows chain type of differept, PR [1]
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‘e Low dénsity polyéthylené’ (LDPE) - Hak betwden'40 - 150 short alkyl

"“branches for every 11000 &thylene thits! Tt can be ’p’r‘bdtfcéd under high 'p'i‘éé‘i



sure between 15,000 psi to 50,000 psi and at-350°C. LDPE has density be-
tween 0.912¢g/mL - 0.935g/mL. The branching in LDPE matrix making 1‘0 an
amorphous with 50 % of crystallinity and allowing gas to permeate through.

Melting point of LDPE is 100°C [9).

Medium density polyethylene (MDPE) - -It can be produced. by
jon-coordination polymerization. MDPE has density between 0.93 g/mL:-

0.94g/mL. It has good shock and drop resistance [9].

High density polyethylene (HDPE)- HDPE chain is packed due to its
low level of branching. This is attributed t(.)“ the regularity in structure of
its chain. It is a 90% cryStalliné with derisityﬂ of approXimafélS/ 0.96 g/ ml
HDPE can be produced under low pressuré with the pfesér;ce of Ziégler-
Natta or Phillips catalyst. It possess less ‘than 15 Sh'()ftlélk'jl branches for

1,000 ethylene units. Physi;:ally, it is Stiffef than LDPE'with ﬁi'gﬁei' meltmg

r.
PR

point which is at 130°C [9].

Linear low density polyethylene (LLDPE) - This material can be
produced under 300psi and at 1000°C. Its density lies between 0.915 to
0.925g/mL. It is a copolymer of ethylene with approximately 8% - 10%
of an alpha olefin (chemical »for‘_mula CrHa, having a double bond at the the
most front position) e.g. 1-butene, l-penetene, 1_-he.xene‘and l-octene. It
does not contain long branch as such in LDP.E. It has higher tensile, im-
pact and puncture strength than the LDP‘E_.t,Usual applice}tion can be seen

as packaging for cables, toys, pipes and containers [9]

Crosslinked polyethylene (XLPE) - Cross-linking method is introdiiced
to PE in order to improve its chemical; mechanicaliaid electrical characteris-
tics. Chain of PE is 'binded’ to each othér making the XLPE cablés'resiliérit’
'to elevating temperatiite- during’ voltaéé‘ ‘application. “As'a ?reES'illts,;‘?i""‘t'h'e"r-i

moset material is"borite. 'Other thani‘ad élédtiical insulating material; XLPE



also used as'tubing'material![10].

In the early 1970s, PE cables failure were reported. It occurred earlier than the

R TR S At T R O (e LGN S TR S
estlmated lifetime and at rapidly 1ncreas1ng rate [ ]. However XLPE cables failure

Ea ‘r et wyovat *l! g
rate not so much as that of PE cables [10] Since then extensive approaches were
undertaken either in cables prodiction process or theipolymeric material itself to

solve the problem.

1.3 Space Charg_e in Solid Dielectric Material

Mason clarified polarity effect on breakdown of solid_ dielectric material (11].
25 % greater stress was required to trigger breakdown under negatwe polar1ty volt-
: LI o L. ' Ji W ! [TIvE

age than under positive polarity voltage, regardless of the solid dlelectric thick-
t | ! ) K i B ) " Y . ’ . : .

ness. Artbauer and Gr1ac Coopers et al |and Fava found1 “t‘hat 1nipulse break-
dom strength s approgimately 507, that under dg (12, 13, 1], Bradwell et ol
discovered that impulse strength of polyethylene (PE) significantly, increased, by
applying same polarity of dc voltage prior to impulse voltage application [15]. In
contrast, application of opposite 'polarityyol’tage, reduced irnpulséist‘i‘érigg]tli; This
phe'nornenon is'known as.pre—'stress effect. 'During pre—stressing, Space charges accu-
mulate in bulk of solid dielectric. Pre-stress with same polarityvoltage, preventing
instant increase of electric field in the insilation this reducing the impulse break-
down voltage. .On the other hand, opposite polarity of reSidual chargé by opposite
polarity 'pre-sti""ess. resulting' :iri' the increase of ielectric field near the electrode al-
most in:stantly, vlfhich 'c'au'sing brdak‘doi;vn!to oceur at 1ower voltage. Watson studies
shows that breakdown strength inci"ease with lower ’Jvolta:ge‘ris‘e timg[lﬁ]

- Kitani, studied several types of, polymers under nanosecond.(ns)..impuls'es voltage
[17].. His studies was further, extendedto:a study in,the influence. of pre—stress to
impulse breakdown strength, [17]., The.yielded 1 result Wwas in agreement with that by
Bradwell et al.. /[15]. /In his, other studyhon PMMA sub Jected to ns impulse voltage,:

he zf_<'.>}1.n9-x.that;,tr@¢:\:chap}-}ﬁlr.(el<?9t.r‘19alstrﬁ,e.>;W%;longe,r..-_and-there discharge light



was more intense under positive rather than the negat_ivéfoﬁe. In addition, the tree
grew faster qnder application of @lte{pa!ting positive z?,_nd ’ngg)a,tiv;e @p_lp‘ulsglthan
under repetitive positive impulses _app}%c_atign. :Under_ repetitive 'r}elgat'ive\ilmpu‘ls:el:s,
the tree channel did not grow instead, it got broadened [18, 19].

Ieda et al. studied the influence of oxidation on spaée éha'rge in PE [20]. Oxi-
dation increased the conduction current*by a:féw orders of magnitude and negative
homo space charges were formed near the.cathode. The introduction of an oxidized
PE layer on the surface of unoxidized PE enharices both electron and hole injection.
The enhanced electron injection predominates over the hole injection and plays an
important. role in the inérease of conduction with oxidation. The negative homo
space charge is released a 40°C and give rise to a. Thermally Stimulated Current
(TSC) peak. They also quantitatively observed -space charge by LIPP method [21].
The amount of negative space charge increased with applied field;and this suggests
that the electron injection was enhanced by, the applied field. ., . .+ .

These previous studies indicate that understanding role of space charge in break-
down of solid dielectric is important particularly in designing high voltage appara-

tus.



1.4 .SpaceiCharge observation method-

" Thére'are 2 types of method that can be utilized in’ordér to observe the space

NPT
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charge in a dielectric material; 1) destructive ‘and 2) non-destructive methods.

1. Destructive method

° -Liéhtenbeg Figure/Dust . Figure - meéthod- Lichtenberg figure is
- named after.-fhe. person’ who . found - it, -a german. .physicist. Georg
Christoph Lichtenberg. In:his experiment in 1700s; he applied high volt-
age to varioué dielectric- material such as resin, glass and ebonite (hard
rubber). After that, he sprinkled.a mixture of sulphur and minium (red
lead/ lead tetroxide) on the surface. He found that sulphur is attracted
to negatively charged region while minium-is attracted to the positively
-charges fegion[22,.23, 24].»
e Capacitive Probe method--This method allows rough éstimation of
" charge pattern'and fésidual chatge distribution. However, the fésolution
is véry poor, which'is'in the order of milimeter.

e Thermal Simulated Current method- Allows one to obtain activa-
tion energies of the different kind of charges and their relaxation time.
This method does not allow continuos measurement of space charge. It’s
very sensitive to polarization particularly in dipolar polarization but less

sensitive to space charge [25, 26].
2. Non-destructive methods

e Thermal Step (TS) method- It is prbpbsed b‘y Toureille during ex-
ternal current rneasufement in PE film. 2 piece of film is electrified by
corona discharge on 1 side. Then both electrified-die film were brought
together so that the sufféces face each other. Thé sample was placed in

'a thermostatic container under -10°C for 90 minutéé and then the tem-

perature was raised to to 20°C. This process creates the thermal step



Piezoelectric
Transduceyr

‘and the corresponding current is recorded. Temporal behavior of space

charge during voltage application in not observable by this method [26].

Laser Induced Pressure Pulse (LIPP) method- Spatial resolution
of this method is said of 1.5m in Teflon'FEP [27]" Laser pulse (width
from 70s to 1200s) is directed to a graphite “electiode on the target
sample, pressure wave is generated.The pressure wave travel through
the sample. Current generated during this tlm.e I1; 1;1%0’portlona,l to charge
density. In spite of having veryhigh résolution, this method is prone to
noise. Plasma generated during near the electrode can the noise source

thus disturbing the desirable space charge distribution.

Pulsed Electroacoustic (PEA) method- Figure 1.3 shows principal
diagram of PEA method. This method is the most popular because
of its comparatively easy setup and low noise. Pulse generét(')'r'i:s.ccﬂ)'ff-!
pled to high voltage soﬁrcé. 1During szifaéé émpplic‘atioﬁ,’ flsi)’éuce -ché'fg)e is

polarized. The application of a very short puféé voltage '(5'ns) the the

C7thode PE Semi-corlducﬁv_e layer

Anode

l Charging
Coupling resistor

Sns

Lo
Loy
-

Highjvoltage
Pulse|voitage bc

Digitizing oscifloscope

Figure 1.3: PEA method.



‘polarized:sample creates a sudden distortion in the local electric field in
bulk: of thesample thus generating pressure wave (acoustic wave). The
presslurel,wavej;is detected by. a _piegoel_eetr}c tra\nsduper (m some cases
_polyvinylidene difluoride (PVDF) is,utilized) and then amplified so that

it, can be viewed on oscilloscope [28].

1.5 Contribl_itiion |
- In this thesis; space charge behavior. and pre-breakdown phenomena in solid
insulation is discussed.. Space charge behavior measurement is carried out by PEA
method. In some cases, external.current . measurement is carried out simultaneously
w1th space charge measurement. External current here Is partlally correspondmg
to space charge behavror It is assumed to cons1st conductlon current and displace-
ment puirrent.'_
er :the ‘_othe_r hxarr‘d‘,(‘ '1t 1s e?rprerrrely, _difﬁc_ol\t to observe a breakdown phe-
nomenon process, in soiid urrder dc stress, for exar‘rrple,'from r.m@latmg process
(pre-breakdown process, su.ch as partial discharge etc.) and its development (how
the breakdown light propagate) until the breakdown complete: It oan oceur alrrlost
instantly and at an uncertain tirrre. Dc breakdown in solid may finish in only 1ns
after initiation. The operating speed of currently avail-able optieal observation sys-
tem can not match thls ultra—fast phenomenon Solid is replaced w1th a composite
insulation of liquid and solid, which represents 2 reglorl with dlfferent conduct1v1ty
in1 sample (w1ll be elaborated further in chapter 2), in making optlcal observation
of dc breakdown process possible. By doing this, pre- breakdown hght image can be
observed by the optlcal method. In this thesis, optical observatlon method refers to
image guide scope (IGS) and streak camera system. The processmg delay time in
streak camera requires one to have an image delay path (sometimes noted as light

delay path) so that the camera can record a desired image.' In this thesis, image

delay pa‘sh refers to the IGS. It is a fiber optic cable for translating image from

10
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