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Chapterl | nt roducti on

1.1 HVDC Gas Insulated Power Equipment

1.1.1HVDC Power Transmissi on

Nowadays, gl obal electricity consumpti on
energy consumpti on. I n 2017, the worl ddos a
trillion kWh from 13 trillion kWh5i.mM%O000O0.

share of the totalli?ml teéreerodgy eadorhsanmdpt iad ro
i n economyi,tcyohsumpeconi tends to acpmuwmad acro
thotubk mai n soiugereeroadl leynelrogeyal 1 ele@ct dinc imtayy
even traded among countrioés el Buenrbiianietdly iwsi tghr

the encouragement for affordable and cl ean

Goals (SDGs), power generationdgi ng oimn rteme wla
decades and are expected to accelerate in t
delivery ovelf. PFlong di stances

As a solution to these probl ems, high vol
pl ayed the i mportant role in | ong distance
systems, submarine power ¢%bHWDE® r cawmiddefsr eq

advanfaged hose purpoapacitswuchr amssnmhisgsh on |
di st ance(hilgohwerl desfstceosmpancty i nfrastructures (1

number of conductors), no skin effl&88lt, and
Jmaan is a good example of a country that i
pur poses, whzC ef a&chielriet iaerse i n total, operat.i
(Japahirsdeds0Dn&d/ Ki i C h athonresl h u tswwob ntaa ki knaei d
t rainssam ons, and neSMiynamme rfartea gowge ndiydaconver

converters between 50 -8kiaado60 &dmd(2ait Bayga
bad¢ack (BTB) conver-Fekumitths dddm Critingi nwlmti r
vogpea(UHV) and UHVDC power ¢t80dvsandsabaoveéo
have been progressing to fulfill'®tManydeman
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HVDC | inks used as grid interconnections &
countri esundan nbe&ufr ope, Russi a, and North A
amount of power from various renewabl e ene
energy in deseesth oaree ansi,n da nfdarwess4t dodifhe eho ad
devel opmeesntf rcoon t he Ger man Network Extensio
HVDC | inks within Germany to connect off shec
| oad hubs in '8luthern Germany

With the progressive development of HVDC
research and projects are happening to reir
DC power apparatus. Particularly in this d
insul ati on amar frerdman d ey acf voilDW@egaisbu IS&t e d

switchgear -i(nGluS)ataendd tgraasn s mi ssi on | ine (GIL

112Technol ogy of GI S/ GI L

The gas insul ated equi pment, such as GI S

trainsgn on system since the 1960s odwmahyer e pr
occur in highly popul ated areas. The equi pn
transmission system since it of fers compac
| essensitive to environmentlal *dppeoumew, and
are AC GI S/ GlLs operating at rated!¥%® |l tages
As the atpgpC icywitieoem hpveveeent wel lapplicati ot
started to be considered in 1980, and the h
Fi g.,whletlareu mber of bays cornmectsmsdmboet bkt DR
equi pwietnht asedreolamgepltveht®® Cupeareattilon HVE
Gl S/ Gl Ls {650 akVIieaséeéd voltage ha¥#er been

exampl3€, 0 VvV HVDC GI'S which was built for o
reduction upwiochg®afror amlblet he total size r
up to 10%, with typical [éoffiguration as sh
Fig. 1.3 shows the (a) appearance36Rb) con
kV, 6GI 8Al The powerrt, eguwichhm as busbars, cit
di sconnector, current transfor mdri,IwWiedadi t hi ng
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Main bus
Bus disconnector
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~ Current transformer .
Circuit breaker
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gaast high pressures. l ¢ @QlasS, i sulcfoummome wa fuls e
excellent propertaerd €ébectr,ccvwlxtli &bpudi s@dli log
the mixe Wre wsedbFto proaidesubandebhemial e wacn
mi ti gatBieemde gas insul ati on, solid insul at
forms -toy,cepasgtpe a1y peaisskaaltsoor sk nown as spacer
steadiyw tchbenductor AdiIrSithmai osnt eheofgr ound enc
the sameepamate the gag¢ Gtabsypsahraowme hfthst Fing .G11S
As é§s has been pronounced as an extremel
val u@ds, 5800 t he investigation of alsgaissnati ve
vigorously researched nowadays. I n the mean
time to reducegatishe wd adpal ofwa BERDiormgn smizti inga tti
Gl S/ GIL is one of the effectgae waysge,t hlmadat r

cost, installation spice, and manufacturing

1.13Chall enges in Solid Insulator Devel opmen

For WM EC€Chd&nN@C equi pment, downsi zi mgestuhda sgas
i higher electric field stress in the insul
controlled in order to mai nf.aitHoweree rh,i gthh ere
di ffereegarding electric field distshbatbuti or
we cannoatppdliyenpéyi sting design of HWMAL GI S/ C
the HVDC ones. First of all, the electric f
byethbermfgyas vang spacer, whereas under DC v
conductivity. Secondl vy, unl d &mpeapes mv d rtii &3 t
wi t h tehfpFeurratthuerremor e, t hiee tswiehgec oonfd utcht eo rs paancd
GNEncl omsagnese electric field intensified,

spacer, and HV conductor/ GND encl d%lre meet
Fig.hdws mlow el ectric field distribution di
DC voltage without Qit=@)rmeme¢ wateunnr @ hei fHVe rceoemaeau c(
GND enclosure, and (c) DC ybolotl8¥g e Uwideh HAEmMp
vol tage (Fi gel elc.tosit(cagfygise lidd ghhound on the sur
On bhker hand, whenabhd@=00Fit @.g eell.iédsc t@ripiypd ,feide |

5



Gastight cone }
type insulators+”

v

non-gastight conetype posttype insulator

insulators (b)

Fi g4Tylpes of solid insul dfBd&rs in (

solid insulator
(spacer) GND
enclosure
> high E stress gas

AC - -5 —— HVconducta

(b) (©

Fi gbEllectric field distribution in GIS/G

temperature difference, and (c) DC voltage wit

conductor and [@GND enclosure



i nt ensi fi etdr iaprloeu njdu ntchtet on -hkl,sr a doenwkHe/I sa gl e
spacer/ HV condlutgr od. bnt(enf auagi.er O DChivoht a
el ect rsitag efsiselid found on the spacer surface

( GNDJ ) . Bet humnctipbns are cwhéereabraakdewne
easi | yt bhe cguhre citfrsita efsiselid uncontroll ed. Ther
I's required teol ercaddtce efsisedidini ghe 1 nsul ati on

vol tage.

1.2 Electric Field Grading
El ectric field grading on hedtradesaguréahdei ng c

l ocally intensified el eeittr imorfei edwe nalty otnoe o
wi t hin otrhearionusnudl at iTohne e irha dgithu smcr efsise | ds UsS ue
unavoidable when there is | arge potenti al
equi pheenndtde must be condiskhedges that bpaakid
ocurn itnhseul ati on medi um, partncauavardeéalk sis ¢d/

spot can |l ead t% insulation failures

1.2.1 Capacitive and Resistive Electric Field Distributions

The basic concept of electric field gradin
equation, where tBtensosak ofirtdet cdedsiict y ol
charBRpaend t he di splPacemeshownlripnéquati on (

® WP b @ 1)
The conduction curuwriesntd eoffi nneodv i bnyPatchhea t dgleesc t
conducdfvitthye (mat erilaR), as in equation (

® ,0 @ 2)
and the dispiiagedamitn &ddartryeimeg di o [Bed ae dien
can be catlhceulpaetregui tdtfyi vihtey matdepahdantd thect
field as li®) equation (
0P _@ T_@ .

0 0

By substituli2ngladdu dtoi Trerfysu a(t t b ee qualtLli omi g

—n
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of total current density is obtained.

o .0 -2 (1.4)
T 0

The condawcdi petlairtetpit vhirtog pead i al properties t
the response to the applied electric fields
From Maxwelrle equati on,

10

n @ & ,0 -—, ( 5
(0]

By applying divergence Hv,echieolrodve deareintad ye

are obtained.

non @ N T ( 9
nd,0 -T—@‘ T (1
0
19, -0 m (9
T O
Her e, i f the el ecw,r ibcy faipeplldy i Eh gc hFaonugreise rwittr

cont iemuwiatty on becomes,
ny, Q § T (9

whepgies the complex electric field.

As the el@estretatedl|l do .talse f®ll ¢ otwrsi,c pot ent
@ COAA n. (171

by substituttldPngoegqudntatdame( Eodntinuity equat

foll ows,

ny, @ Q- ne T (1)

no- 7%%0“' T (1}
whefies assumed to be the fr eTghueernecfyo roef, twvhhee na
voltage is applied or i mmeld,j®t el yeaf eéem DEI
to pereasttanagu@tii)da, (i .e. the Wwistph adeaienit v a
-is usually dominant. PHeregnbhedconducti on

nO-ne T (1}

On the other hand, for DC (resistive) fie
(at DC s,f=€)a,dyonsityattehne Pwnddttit be mateenal i
to be consi deWied, nadldactbeed Eherequati on belo



n),ne T (1%
Neverthel essyanyi m@aswolofage mehange -under D
on and DC pol ar iotry craepeaeceistbifviect heal A€ shoul

accountl?2ds wel |

122El ectric Field Grading Concept

The purpose of electric field grading is
along the interfaces (surface) or within tfF
electric fields are distributeel mowrerubi ta
|l evels. By doing so, it allows us to scale
the equi pment at higher voltage. Table 1.1
as well as the ovVviBrviews of each concept

Il n geometric field grading, el ectric fie
conductive surfaces (electrodes) which are
GND) so that the corresponding diepketric s
in GI S/ GlIlL, a shield electrode is added to
I n capacitive field grading, conductive gr
and potential, such as in condemderditsype bhud
is created through [@apauwr ftane ef ibeltdvegemadiary e
a suitable potential distribution along a s
prevent surface dischmbgddedl el eanrbdedone

mat eri al or by adding conductive | ayer on
3D

Fig. 1.6 shows the potenti al and electric
are examples ofadgegmandy sfurdladegrdfi el d gr a
el ectrode on HV side, spacer shape optimi z:
spacer nebh’*! @NBeviede structure modification
Therefore, appysgn ngncanGuStispackn can be a
electric field stress while maintaining t hi
Fig 1. 7. Il n Fig. 1.7 (a), high electric f
conducesgars, afonkent i oB=a6l. sQnactehre witthher hand

9



Table 1.1 Overview of ellBctric field gra

El ectric field grading SIDgCnlfllcant P

1) Geometry (bulk field grading)

high potential
electrode

shape of el e
tot al current
el ectrodeg

-_L--h-
- [ - .
- L S S
el i . low potential L
-~ electrode
2) Potential grading (capacitivel
e - - J
Iowpotenlial.-ll - 1 | ‘f‘-..__h[__ !
eloctrode 1 1 i : -~ ;!
1 | =
I ] o
[ [Il -'“ T uo f | a eo f | a
:u [ N bet weg bet weg
R R L adjaceg adj ace
.' i H gradin¢gradin
—— T ]
I | 'l .
1 | \ high potential
‘ l‘ I \-%  electrode
—!—-" -"‘ h

3) Potential grgdadbgn@gyurface fi€g

low potental electrode \
bo—to 1 +— e T Y = I T S
J_|_||| 1l — IL It Il |||—| . .
= 11 I'— . L N YOO IO A u Gand
.-"1" _——rF=—T interface
—— N — — E _, E
primary insulation | _ _ | o — =+~ 1 &
| 1
high potential electrods
. . . . o e=f( E)
4) Nonlinear materials with field u & E) 0 H E)
e=f( x,
- - - a = x, Ei,. é )
5) Continuous or stepwise discret E7, ¢ )]a & x,
E7, & )
Not es: red dashed |ines = field |lines, blue dashed | ines

10



Potential
distribution

Potential

distribution

Electric field
distribution
Electric field
Embedded electrode distribution

Fi g6Ellectric field distrlfibuti on a

0.0 [kV/mm]

H.V. (AC 100kV)

__conductive
layer

(a) conventional spacer (b) G/e-FGM
0=0S/m,e=6 0 =104 107 S/m, e = 30-6-30

Fi g7Elctridcsfriebdtion around GI S spacel?

11



shows the suppressed electric field stress
| ayer on the spacer surfafcedl@i’tbi) me x marde n't
parabolicdWhiyclhriasedppli edi=30 ahet spasence
conductor and spacery=GNDmtt arhke icretnerefra coefs ,t F
met hod was the first stage of research on f
Nonlinear materials have property that <che
example, a certain field strength is exceedo
resistive field maependésnst wec oahsl ebiecva i gr, if 3 te
that are mixed into elastomer. Fig. 1.8 sh

composites as fiekW¥ gabtenetrmyaati ona 500

123Functionally Graded Materials (FGM)

The | ast cdomceéeponiasltyhgraded materials (FC

in this research. FGM here differ st aom t he
way that the material properties (conductiyv
the sdlaitdri bud k in order to control resi sti

sections twdett adi scabeut the materials used,
applicatit@i SefGIEGEpacer s.

1.3 Material and Fabrication

131 Material s

The materials used for field grading are ¢
matri x materials and the filler material s.
polymers (e.g. polyethylene (PE),PR)®Iryvi nyl
i nsul ator s or spacers), t her moset pol ymer:
pol yurethanel i (nkK@R) ,podryedsgsyl ene (XLPE) for
el astomers (e.g. silicone rubbers, ethyl ence
diene rubber (EPDM) for cable aldcessories,
Fillers are particles that added to a mat

such asahnditer dmdtore case of el ectnrgiec tfthieel d g

12



(m) Shielding Layer Semiconductor Field Grading
—_ (Ground) ~—  Layer Layer

0.08

0.06
0.04
0.02

° . 86 18.2
0 0.05 0.1 0.1% 0.2 0.25 0.3 0.3% 0.4 0.45 kV/mm 4 KV/mm
(a) schematic of cable structure 45 18
15 14
30 12
20 8
(b) E distribution without grading layer 15 6
)| 10 4
5 2
0
vl o Yo
For (b) For (c)

(c) E distribution with field grading layer

Fi g8Aplp.l i cati omicafr oYiaP/Mpm®rt e as fiiabs5dO0g
cabl e teldmina
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permittivity. a$pa cceornsd uacrte vmadye of epoxy res

fillers, su®f) &3 ashuniicda €@AsI0O These fillers
i mprove the mechanical and ther mal propert
durcagtilngadi thieome, atre conducting fillers (
nanotubes (CNT)), semiconducting f4ihers (
oXi dei $MiB®:) ), and high permittifviidPficpartic
Some of the common functional fillers that
devices are as foll ows.

1)Silicone Carbide (SiC)

SiiCs a semiconducting filler that has bee
conductivity, l ow ther mal expansion <coef fi
nonlinear property due to the contact i nt e
nonkarity is rather unstable since it i 'S €
doping ratio), and environment al factors (
which in turns affect the whole @ eTheical
used Si C powder wusually has a few micromet €

size. 9hgws 1t he resistivity and -greaimtti v
Si C/ EPDM compo iatre i 8 re dii fzfeer ent

I n the past riFEGaMarfoh AC lapyd i@ thitli loenr, s Sti ICa
are used for electrienfli ahd-endleaikxatihen ratt ¢
mac hli*fle are investigated for itsstioonsuctsyVvi
shown i1lM3FiBasdd on the conductivity range |
of permittivity value against frequency, Si

used in this research as wel |l

2)Zinc Oxide (2ZnO)

Pur® Zsually has to be processed into ZnO
the nonlinear characteristics. |l t s-trmonl i nea
back) Schottky barrier over the adjescent Z
(8 Unlike SiC, the Hvéldald cpmppeiticeesaref a

treat ment process, the matrix material, the

14



10" T ' S 10 T ooy .
F L ' E " ' .
T ol S rriesecaascasaeaa d : . ]
] ) . 3 Pl S e P
B 1 el weeeeaeaa 4 . X ]
[ E v ' % e - '
E1D'=_ ________ L. e L. l E 6F-------- '----.----* ---------
g f : ) . | £ . ]
% 10" [ . . - L ] E :
10 F AR T I .
* 10" i . . : : : ]
SR R 1 : : .
F ' ! ] abk-- .- e e e e e e e S -
W e . ,_ : : -
10’: NV SRR B o ul L
0.1 1 10 100 oA 1 10 100
Particle size (um}) Particle size {am)
(a) DC Resistivity at E=2 kV/mm, and TE30 (b) Permittivity at 10 V and f = 46 Hz.
Fi g9(aResistivity and (b) permittivitydo
1E-02
; _e Fe,0, 1E+4
1E-04 = ‘ A0
e;0, 20 vol%
/ SiC e,
= 1E-06 & 1E+3 -t
g . e 2 Fe,0, 15 vol% N
= / Elpam b o . \
T 1E-10 2 SIC35vol% :
I/ : IRt
g 3 SiC 30 vol%
O 1E-12 = ity b
y & 1E+1 S4-0-004-0-009-0-00-0-0-00 - S1C 20 vol%
1E-14 A 05000000000 00s0ses 5 0O
Si0, Si0, 30 vol%
1E-16 1E+0 L
0 10 20 30 40 50 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8
Filler loading [vol%] Frequency f[Hz]
(a) DC Resistivity at E=1 kV/mm (b) Permittivity at IV,
FiglQaQonductivity and (b) 3P«frinmiltetdi veiptoyk 3¢
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contact bet weedsipawsi thas. i Figs Dboksible t
composite with certain switching field and

particleds size and shape. Currently ZnO i
Gl S/ GI'L spacer s, due to the sedimentary pr
and that it uswually requires | aegerpaitiele
which can | ead to p3ddéd3¥? Nwoencehahreil ceasls , priap eirst
coatings on the inner side of% enclosure and

3)Graphene Oxide (GO)

GO for electric fieldsgeadi hgr mat eviit &l | iosv
and hence, can form stable conduction paths
characteristics of high dielectric constant
and saturati on Zsohmodwwlscet icvontdyuc tHivgi.t yl.clhar act
GO/ polydi methylsiloxane (PDMS) composites
other fillers, cam®Peach saturation conditi

1.3.2 Fabrication Technology

The use of nonleil eadneilaongproasdiitneg fnoart er i al s

of surface coating or bulk doping. Sever al

di scussed as foll ows.

1)Di p coating method

Duet fabr in@agtoeadp-hehked epoxyi {<EWP/&GRYr s ovait tekd
side surface covered in3the. cOhei pgpenbmsh
show that 0.1 wt % EP/ GR coated ins2ba®or ca
kV (uncoal e8l)kVY,0 as 33hdBwn in Fig. 1.1

Oi sehtif abr i€ &Me i t h conductive | ayer where
| ayer thickness by controllingd4shewput heéng
il lustration of, tedampladbrapgpeaonanpeocansd t he
resullkE6MoFl ashoveé@FGMol sagepobved by 10. 3%

uncoat ed?*2ilfPsul at or

16
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2)Magnetron sputtering method

Du et al then fabricated a surface functio
magnetron sputtering to sputter ZnO onto th
in FilA 1.1

3)3D printing

3D printing method has been attempted to
i nsul aitdlon fu(sdee@mo s mb d ®ini ng (FDM) technol ogy
recycl able thermoplastic materials as print
shapor geometl®y Bif@sohbojwesttasn example of spa
alumi wared resin compolk¥ t eHowe v edrD pirti nhas
di sadva&ntgagds, are unavoidable to form whic
stren@mnhiismakemaam | imit of filler contents f

resiumetak or unoptimized ell®&8ctric field rela

AHFl exi ble mixture casting (FMC) met hod
Ochiedi falbri cated a-t ytpreunaat gFdcCde paeer s wi t h
continuously geFaGdWwd upse rnngi tftliewiitbyy e( mi xtur e ¢
Fig7shows the illustration of FMC-timegenod, t
eFGM pacetrhe permitti vtihtegit g pRGMipaEheer o2 Wi t hi
i mprovement rate of di s celFa@My es piascceeretriidn e d
compared to t h%¥%Uniform spacer

1.4 FGM Application to GIS/GIL Spacers and Feasibility

| n hpeast [W®F kasppl ieFadGtMi dro ko | 2a4s5s AC-t Gp& cone
spacer has been developed by FMG I|fl aelr ieqpadtxiyc
composite eacomphoesiltief halnlde dSiepoxy coemposite
composite thatelbetiwegembbltangdFadeldRis! Bthedvn |
to the downsizing of GIS, the target was t
cross section by 50%. Fig. 1.19 emrBEMshows
spacer that <can reducet hdes hiiglhd e¢ecdges i af f|
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pri nl@; ng
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