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1.1 AAMEREDOHRK L HHZRE

SFeHiAE. 190 0FNYKEDNoissan¥ Lebeaull k> TEHREZh =
DTRET. Ladb, 7 - HREED 7 — 7 Mk O Mk EEEE N IEE I
TKNEHATHS. TORERRAEHBOMRELL LTS -TOITH
Y., 19558 HATHDTTAYNTARBRHINT AEHB(GCB : gas
circuit breaker ) ¥ UTEHEZhi=. BEICEWTHRE - EHEA B EH-
EORKMA OERWEATH Y. ThE#E GCBLLTEF TR BRLOK
HE. BHEMSLL-RBICEEEARRBIHALE wWhY3 S Fef AHif
BABA%EE (G 1S : gas insulated switchgear) £ UTCTAEICEEL TW-o
. SHTHEHB66KkVOEREHEMNSS500k VOBEERTITERALZLTS
Y. RERHEOEELBRILRSTWVS. X512, 20H#EKIKPEZHLTY
2B48BE (UHV) XECHUHVEEBREGISIKRBRBELTH S,

HLDIFP20FE6TOMICENBBADS Fe A XDERAIZD &L S ICAHE
KEAEHEBAX., OHAEEFOFH > B EMBEEL 7 - MR =D
BEFBICNE - BHEEBICTESZ2L. QEBHABRBICNMEIATVWEE-DEF
PRELLOREFMM I M ETEZZ L. ORFEEFOHKS D 1 ATFILNE
{ETCELEERFRAHMRESRIMAEATEZEZZL. OEFECCALADVOZEBESTT
BEEERZL. OREESIBEETRARAB 2 L. OXEFEREN
RNWZLRLORERBRENDENDTHB.

GISI. B1. 1T XS, GCB. Bi¥&E (DS) . EHBEER
(ES) . 8% (BUS) REYTHBBRIIEBRBTHY. EAHNICETIERHE
EAMBROBHER Y >V 7 OFICBMEh AR—-F0HiGD v KEOHEY
THEHE - - X/FZHhEESEELE LTV, TORARICEEbarLLOFRED
SFeHANREREh. GEEHEKLBEHMERES V7 OMIE oo~ +cnd
BERICEERATWS., ZOEIREVWHSERHE TI00kV~1800kVDEF A N
WABREKMARTAIEE RS2 nwED., FHENAEL UH»DHEOERWVWGI S
*GCBRITHEDICIERRTHEBIZIREDS Fe HAMBISEEHREIC
FBILHFFRARTHS. 4 0ERIRIGIS - GCBOXALLLEEE
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PREYFTEDLMRRTHY . HROELDOUEGEABEOHNELEE
EAED = DHESGEWBERITbhE, BEELLI—BE LB 0 H£40
BRIV MES, ROWT, EEEELSED L, Z0BBICBVWTHE
MEBHHHER - RACHEIS IV T ML - BEFEELHEA L BEL T
CARULTEE, R1.1EFZhS:2FLDEDDTHS. SFeH R, BEZD
BEDOIEICHAEYERGHOBREEESHEVICAEL . —BRERLA
TRLITOVF-—NETHERLIDTVWEWSIHENH S 0. BREDICIE
BILBETHY ZhiCHT 2B EORE L HEIHEDO R THo L=
STHBRETHERV, REUBICEWT S Feff AL DM & Blikts
MRHOBEBE T TEORRKRICODVWTERET 3.

CT : current transformer
DS : disconnecting switch
ES :  earthing switch

GCB : SFe¢ gas circuit breaker

LA :  lightning arrester

ps disk cone
Spacer spacer

GCB ES DS

Fig.1.1 Typical configuration of GIS.

1. 2 AHRAEHHEEOHERE

SFeAIARBERBEIERICHERTATHY. BAEBRBEIDZ—F
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£1. 1 BEFBBIPBITASFeH AMBHZEERE
A oA oz S > I = ]
- HHEUKEOWEERMAE | - 75 v VA —NBHE
EAx B H | EBHEOERE c AR—-HHBROHE
LU -EBREATAZDHE OB — Hi SO &
SEELD cAVFavaVIHE & (MW Jridyay)
FL | - Ky DR [ vt
-V — t B G| %
OWBEREE S - A %
avNT ME | OBRBRERESR - R A&t
D M HE BB R - BRERSME
OSEBEREBODHEABADR 75;/%-»%%.
- BRI
OLEBRFICEB3 759y |0 [ 7
BIEEERD *-—NEEDET
E i OC&RNTFDOMWME QUL & B EMH
OEBREBOEEYDR
-AC/IMPEEED Al v
75wk — N

MIce 3 L BT 5HE D 5. Pedersen R I EFDAHZAALIIODWTER
BYREAAEBHEHELETORN IR LED
EBEDBVWARNY —TKERL IS v -—NFT 3L AR —THERIC
S ERMLE, Z2UT. FEERAPTRERBRBAMERRCEL (2
ZERS.89P MV/n (P : AREH [bar] ) (T % BIRMSEERE cr & ML)
TI7S59 VA -—NFTHZLEEHLE, BHEK?.

LRSS 2w,

DILBERZE.

ATEHEABLNBZ

E.-=8.89P (1+

(7¥)
AC : MABKEERE.

O : BRIXDHFEAER.

IMP : EA4AVYNIVABE

XZaDHNAEDIOEBTHBRBEEERE W (1.1)

LERLE.

T
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ZZT. PERARESN (bar) THb. ULHL. ZOEIRENERBRET
SFeHANB T T oV F~NTEDOEHFAENMEVEZIBOLATEY. =
BETHEHEINZ4barlLOE VA RAEAD L 2 101k, BREESA LY D
BWERBET ISy VA —NF 3510 BHBE NN/ EEI DL
DEIRHEERBEDBETARNZIEITHY®., ZOEHEL L TEBER
., EBEHE. EBHE. k9REFAZEXOhTEE,
ERBREICIHNLRRENEEL. COBRBICXYVERNSHHICHRLS 2 3
MR, ELAX IO HEBRAE VEREEERU T TH-TH IV OICE
BLRERMTARNY —RRUPEREDTLEN TS o VA —NEAEL B
Db, BBREHEALMHA UBSEERBEYIET L. 2hizlx
KWHUTHETHY., XA AT IcohRKBICETT 31219 Pedersenf1%?
. BRRALOMAREEXLREETHEBL CTREEHOER & MHM.C
KD, AN -THEHRLBERAIT DL LI YVHEERBE NP XR (R : %5
REOHE) OBBTEISLNBZ L mRUE. 2LT. BEERRE MEE
WEEAMSGETLULVWERMEE (1. 2) RATHEXPhZZL. BPRAKE
KRB ONBEERABENMETLUTHC L 2 BAMCHLO ML,

PR<40 (bar+ gm) ettt (1. 2)

R % E & Mk (Agapov K 1®) DS H LB (Cooke R17) THEBLEESD
FAROTEEHOTHETE S, BROW-> EATHARBREEAVWCHET 3
L. COBEATLTHEIKBEERBE*HETZ3LO>THS. LaL. £
BBECEAEOAREREROEBICS VW TRERRKEERICIEET 3 2 L3R
BEICES. ZOEIRHECIYVMBEERARE X HET I 2L HEE LR
THb. A
BeDREDOHRKEI IV DIEAZOTIHRL ., bo LTIV OIEAT. 2
BRERIELISAE LTV DL EXATHEER AN E-EIEd> AL VT
KUTHB, 77y VA — N2 ERDLEEERBEFARBICLEAET 205
ﬁ&(:y¥4ya:ydﬁ%)ﬁﬁu‘:nﬁ75yy1fﬂu¢uﬁﬂﬁ
REWHILER - REZhIEDTHI3ZIL D, COBOKESABELR
A S LK VMBI B EOREZZDNHEANE L BTEZIL 0D
BEANDB. AVT4va VI PRBES TR EATEE 2L 28200
WL ZDiCookson K1 P TH Y., FHES 2V F s h 2 XHICRBEXHTA
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THHEEEBALUTEREASICX 3220468 ROMZBCEHBEDR (EBARSK
EL B LHEERBENMETIAHER) KOVWTHEHEIToE. 74T V%
HEAVTHBEOARZREBOBREERABELHET L. Z<O05EXHE
LAY EL—HTE3LITHB. UL, ERBOAPORLHEBEETIE
—RBOWBERRETFR ISy VA -—NBEENREILEIRZILAH Y.
THhLsEfEL LT UL —HET RICHBHEHOA NGRS, ZhiT 7F
HHEh{EWEE” (unexpected low voltage) X EHHTWBH. EBETHE
TS5 oVt —NGEHIcETRTAERS T, —REOEVWTI Ty VI —NE
E3H FRICIHETZZZLIBDOTEEILR->T VWS,
EEHE OB LT,
(1) 759 v —NEEREBOMEERZEEI NS HEBHEHEE
BxhhhnwZ i,
(2) BBHBLLUTAFYVARF—IWERAWELEL ISy VI —N
BEAMRDEL. #l. VVIZJLDOHIELS RS Z L ,
B S MIXh TSRS 121322720 FLOFERAKEOLPT E24 22 &
(CEOTERFT 21| g 2VEREBMBYROFHELEALNLTVW S,
TOEILBBHEHRIEBEEOASVWHEA RN, EES103cn®(IC %
ZEHEBROEVAI R RYVERALRERMETERVWIEAHALMIR->T
w59,
SFeAIAFDKSDEENEREREIN D KD R DMK 19665~
1967 ICMTTZ AU A TGCBOMBHEIHAMRVWTRELEZILICH
KT 52, ZhESFeHAPDOKSENH X TR R EILHFFRATH
Y., BEBA-HEHPLK LTHENEARETE T > AVRAZSATROZ L
AL MR- TR, '
(1) K APEEE UTHRALTWARYMBHIIEZEL RV,
(2) KW KEBET 2 LGHHIPMETT 2. HBIETren(vol.) DK
BOLEIIRET S,
(3) Ky AEPOKIC RS LM AEIEL LLET LRV,
ERETH, SOOI, TR IUSBMUEARL K LORIGEZERLT
B Erpn A FOEVWKASBECERZATEY. EfE £2<HEORVRALD
%, ,
GISHERTBHICON. BREBBOSFeHATHSELUII LV IERMD
TTEE, BRAMSTIEERL WY XERMEN DS, ThEHVICERL
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EORENFRARFHLEREALES TS Y. 1964 ~1965E1C1ThhEBE

TPEBEROE~RARICEVT ABMOEFES00kVRER IS H5mAD K E 7%

BERNCHEEIATNVE®D, Z20L =D H AEHitbbar. BT 6 114X

$340X 229000 mmTH Y. NEPEA(RDERBEIL SN/ nTH 2. FOBOH

KLY, BERIEBRALOMNREBEISDEFOBRKML 32D

BREDFEH2BERICLI3MARBE>PICEET 2 vwWbhTEE, LAL.
INSDOMETHBEERIENLED 2 BRIL6bar BICIMV/nBE IC R Y . L3k

DEIREVEBRATHEBRIRANAAIXGETERBETET VRN, 20

FHROBHE MBIV ERAEREARICLYVEEILR->T WS,

BESIVNI NICRBCDNEBRTHSERHETZ22F. Z0E>5 %
LEBBEMBY CTHET A LEEBRTOMMIC L IRESRBED R T
DB L EERMB L VEYDTH . BRE*»HEBET 22 ick YBEER
HMENELKHLL, BRESEEALAZELVANVETHEXH 13 3435
T, WA EERN FAFET AL 2 b HEBERBEDA LY REDS 2 2
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e D
electrode]diameterigap length|discharge éurface
D (mm) g (mm) Jarea (cm?)| finish
1 70 5-56 16.6 buff.rough
2 240 5-56 370 rough
(a) parallel plane electrodes
o
S
. o [ -
% a M §
= T l
1130 . l
} 1430 —ef
electrode|{diameter |gap length|discharge [surface
D1/D2(mm)| g (mm) {area (cm?)|finish
3 700/850 46 5340 rough |
4 700/850 52 6420 rough
5 700/850 63 8730 rough
6 700/950 56 5040 rough
7 700/950 102 8320 rough
8 700/850 112 11400 rough

(b) eccentric cylinder electrodes

Fig.2.1 Electrode configuration
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{(a) buff polish (b) rough finish

Fig.2.2 Surface roughness of electrodes

1 DC voltage generator : 1000kV 10mA

2, 3 Current limiting resistance of 2.5 & 0.1MQ

4 Voltage divider : 5000MQ

5 Coupling capacitor : 1000pF

6 Bushing

7 Test vessel

8 Test objects

9 Current detector
10 Amplifier
11  Recorder

Fig.2.3 DC test circuit
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Fig.2.4 Estimated reduction ratio of breakdown field
strength Epp due to a protrusion on parallel
plane electrodes ;

protrusion-initiated Epp

reduction ratio =
Epp of smooth electrodes
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Fig.2.7 DC breakdown field strength of electrodes 1.
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Fig.2.8 Weibull distribution of breakdown field strength
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polished electrode 1.
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Fig.2.10 Weibull distribution of £first DC breakdown
field strength of rough finished electrodes 1 ;

: first flashover

----- : flashover after conditioning.
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Fig.2.11 Weibull distribution of first impulse
breakdown field strength of rough finished
electrodes 1.
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(b) particles in the test tank 25 um

Fig.2.14 Metallic particles
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Fig.2.17 Electric field strength E(8) and effective

electrode area per unit angle Aseff/Ae
around the inner electrode in eccentric
cylinder electrode 4.
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Fig.2.18 DC flashover voltages of eccentric cylinder
electrodes 3 - 8 ;
----- : critical flashover voltage
——— : calculation fram.eg. (2.14).
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Fig.2.19 Electrode area effect of rough finished
electrodes 1 - 8 for DC voltages.
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flashover voltage (kV)
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Fig.2.20

breakdovm field strength

critical field strength
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length = 915 mm:
i 250 f f %

Bortnik '®

: calculation from eg.(2.14)
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gas pressure (bar)

—
N

Flashover voltages of buff polished
concentric cylinder electrodes.

0.1% probability

[ - — E
—— - ——
- — - -
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g : Bortnik'®)
Menju'2)
Ermel '3)

max.
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min. 1 4 b%r

;
§

Cooke 13!
author
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Fig.2.21

0 102 . 103 104
electrode area (cm2)

Comparison of calculated. flashover voltages

with measured ones of buff polished large

electrodes ; DC ;
—-—: calculation with the data after conditioning,
----- : calculation with the data during

conditioning

—— : calculation with the data of first flashover
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Fig.2.22 Breakdown field strength of a concentric
cylinder electrode for lichtning impulse
voltages ; $20/ 960 ; area = 62.8 cm?
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Fig.2.23 Comparison of calculated breakdown field strength with
measured one under lightning impulse voltages in the
case of large electrode surface area ;
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electrode condition field strength (MV/m)

NO finish clean-
cathode| ancde | N9 0 1 P 29 30
" - dark current
T buff buff A inception \ //9

2| rough | rough A ‘ *g/ (
3| rough | buff A »/—é)——o *
4 | buff rough A *'C< gigzgovej
S| uff rough B >?—0 \?
+

6 | buff rough D
/
7| buff | rough c '—CS—' o

: wiped with clean cloths immersed in aceton
: ultrasonic washing

: cleaning by blowing of high speed SFg gas
: cleaning with an adhessive pack

o Q0w

Fig.3.1 Dark current inception and first breakdown
field strength for parallel plane electrodes
of 70 mm in diameter at 4 bar at the first
voltage application.
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Fig.3.3 Dark current characteristics for parallel
plane electrodes of 70 mm in diameter at 2
bar ;
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Fig.3.5 Dark current - time characteristics for
parallel plane electrodes of 70 mm in
diameter at 4 bar ; cleaning A ;

(a) : after flashover at 24.2 and 25.3 MV/m ;
(b) : after voltage application up to 20 MV/m
without any flashover.
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Fig.3.6 Fowler - Nordheim plots of dark currents at
the first voltage application in the case of
cleaning A.
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(b) cleaning B (c) cleaning C

(d) cleaning D (e) after flashover at 26.2MV/m
(cleaning C)

Fig.3.7 Metallic particles adhered to buff polished electrodes
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Fig.3.8 Size and number of metallic partiéles on
electrodes.
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{b) shape B % ¢ field strength at point Q

Fig.4.1 Specimens of epoxy rods.
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Fig.4.4 Electric field distribution at the gas
wedge of shape A specimens.
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Fig.4.5 Electric field distribution of
a shape B specimen (no.9).
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Fig.4.6 Polarity effects of surface flashover
voltages.
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Fig.4.7 Effects of high-voltage electrode
curvature R on positive flashover
voltages

R=2.5 mm : no.1 specimen ;
R= 5 mm : no.2 specimen ;
R= 10 mm : no.3 specimen.
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Fig.4.8 Influence of epoxy rod length on positive

impulse flashover voltages
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Fig.4.9 Depecdence of positive impulse flashover
voltages on gas pressure
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Fig.4.10 Size effects of epoxy rod on positive impulse flash-
over voltages
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Fig.4.11 Distribution of electric field strength on epoxy
rod surface of shape A specimens at flashover.
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Size effects on electric field
distribution on epoxy rod sur-
face of shape A specimens at

flashover.
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H.V. electrcde side

(a) residual charge (b) enlargement of residual charge

Fig.4.13 Dust figure of specimen no.5 at 3 bar for +375 kV.

H.V. electrode side

discharge

NS AR A

5

(a) residual charge (b) enlargement of residual charge

Fig.4.14 Dust figure of specimen no.5 at 5 bar for +530 kv.
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Fig.4.15 Concept of calculation of

surface flashover voltage.
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( start )

AJ:BRHH O (x) |

FIMEE V=V + AV |

PRk x = x + Ax

BR E)DEE

no

¢

I = f aeffdz

e

yes

in coaxial cylinder electrode approximation
E(z) = [100 - ®(x)]/[z 1n(1+x?*/R?)°-5]

E. ¢ critical field strength
Xmaxs Vmax ¢ Max. distance and max. voltage

for calculation

Fig.4.16 Flow chart of the calculation of flash-
over voltages.
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Fig.4.17 Pressure dependence of electron avalanche intensity in the
case of specimen no.3
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Fig.4.20 Comparison of calculated flashover voltages
with measured ones ;
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: calculated volt.
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Table 4.1 Comparison of calculated flashover voltages
with measured ones

FOV (kV) {upper : measured, lower : calculated)
specimen

2 bar 3 bar 5 bar

1 360—470 460 —600 540—710
280 380 580

2 430 —560 510 —660 730—950
390 550 840

3 580—750 740 —960 1120—1460
350 770 1220

5 240—320 300—400 420 —3550
230 310 470

6 340 —440 370—480 5901770
310 420 660

7 180 —250 230—-300 - 310—410
170 230 340

8 250—330 320420 430—560
220 310 470

9 - — 620—2810 860—1120
-—— 640 820
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Fig.5.1 Electrode configuration
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Fig.5.2 Spacer configuration
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Fig.5.3 Three kinds of the spacer A arranged

in a concentric cylinder of 80/305 in dia.
: inner cylinder, (@ : spacer

® : outer cylinder
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Fig.5.4 Arrangement of particles fixed on an inner
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Fig.5.5 Influence of diameter of 5 mm long metallic
particles on flashover voltages both of AC
and IMP waves
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Fig.5.6 Pressure dependence of gap flashover

voltages of electrode E-2 ;
wire particle length = 5mm.
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Fig.5.8 Pressure dependence of gap flashover voltages
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wire particle diameter = 0.45 mm.
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Fig.5.10 Relation between the breakdown stress Epp/P
and particle length
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Fig.5.11 Light emission from a 5 mm long copper particle
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Fig.5.12 Model of the corona stabilizing effect
for estimation of particle-initiated
flashover voltages.
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Fig.5.13 Wire particle movement in a coaxial cylinder
electrode of 80/305 mm in diameter, where spacer

A is set ;
wire particle : dia.=0.2 mm, length= 5 mm,
aluminium.
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Fig.5.14 Distribution of particles adhered on spacer A-a
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Fig.5.17 Parallel components Ep of surface breakdown
stress for the spacers A-a, A-b and A-c.
copper particles : diameter 0.45 mm,
length 5 mm
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Fig.5.18 Effects of particle length on the parallel
component Ep of breakdown stress for the
spacer A.

copper particles : diameter 0.45 mm
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Fig.5.19 Effects of spacer size on the parallel
component Ep of surface breakdown stress.
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Fig.5.20 Ac flashover and levitation voltages in the case
of free moving aluminum particles in a concentric
cylinder electrode of 80/305 mm in dia. at 4 bar ;

post spacer A-a.
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Fig.5.21 Dependence of impulse flashover voltages on
particle position X for spacer A-a ;
copper particles : diameter 0.45 mm,
length 5 mm.
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(a) circular grooves (b) profile of grooves

(c) external appearance of electrcdes

Fig.6.1 Artificial surface protrusions on hemispherical
electrcdes of 100 mm in diameter ;
h = 300 uam, 500 am, 1000 am, 2500 um.
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Fig.6.2 Concentric cylinder electrodes.
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Fig.6.3 Negative impulse flashover voltage ~ protrusion
height characteristics of hemisphere (100 mm in
diameter) - plane electrodes under bare and
coated conditions ; gap length : 30 mm ;

1 mm thick epoxy coating.
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Fig.6.4 Negative impulse flashover voltage - pressure
characteristics of hemisphere (100 mm in dia.)
- plane electrodes with different kind of
grooves at 30 mm gap.
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A bare 1000
O epoxy coated 1 - 1000
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Fig.6.5 Influence of pinholes of coatings on ac and
negative impulse flashover voltages.
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(a) FOV=309 kv, L=0 mm (b) FOV=380 kv, L=22 mm
particle length =5 mm particle length =5 mm

(c) FOV=227 kV, L=0 mm (d) FOV=353 kv, L=22 mm
particle length =10 mm particle length =10 mm

Fig.7.5 Dust figures of post spacer S1 after positive
impulse voltage application.
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Fig.7.7 Particle-initiated surface flashover voltages
of post spacer Z at 4 bar ;
copper particles : length 5 mm,
‘dia.  0.45 mm.
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Fig.7.8 Dust figures of spacer A-a and Z at 4 bar
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Fig.8.1 BaTiO3 powder.
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Fig.8.2 Decay of surface potential of electret.
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Fig.8.5 Surface roughness of coatings -
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Fig.8.6 Dependence of levitation field strength on
surface potential of electret.
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Fig.A8.1 Equivalent circuit of charge conduction through
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