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A Study on the Partial Discharge Characteristics
by Defect Types of GIS in SFs—N> Mixture Gases
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A Study on the Partial Discharge Characteristics
by Defect Types of GIS in SF¢—N2 Mixture Gases

by Hyang-FEun Jo

Department of Electrical & Electronics Engineering
The Graduate School of Korea Maritime and Ocean University

Busan, Republic of Korea

Abstract

Since 1960s, SFs gas has been significantly used as an insulating
medium in power apparatus. It is, however, one of the greenhouse
gases and its global warming potential (GWP) is 23,900 times higher
than that of COs For this reason, the use of SFs gas is being
restricted across the world and studies on substitute gases for
reducing SFs gas has been in progress. Until now, the insulation
performance of mixture gases has been mainly evaluated by
breakdown voltages, while studies in aspect of partial discharge (PD)
have not been carried out.

This dissertation dealt with the PD characteristics depending on

defect types in SFs—N2 mixture gases for insulation design and risk
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assessment of gas insulated switchgears (GISs). Related parameters
such as discharge inception voltage (DIV), discharge extinction voltage
(DEV) as well as discharge magnitude (¢), pulse count(n), phase
distribution (®), and polarity ratio at the DIV and 1.25 times of the
DIV were analyzed in SFs—N> mixture gases.

Three electrode systems such as a free particle (FP), a protrusion on
conductor (POC), and a protrusion on enclosure (POE) were fabricated
to simulate major insulation defects in GISs. PD signal generated by
defect was measured according to IEC 60270 at 0.4 MPa and 0.5 MPa.
In addition, an algorithm was designed and applied to phase resolved
partial discharge (PRPD) analysis.

DIV and g were higher in the FP than other defects. Parameters
were not affected by the ratios of SF¢—No mixture gases since they
were dependent on the particle moving. PD pulses were distributed in
all of the phases.

In POC, DIV, DEV, as well as maximum and average magnitude of
PD pulse decreased as an increase of N ratio. In case of phase
distribution, PD pulses over 95% were distributed in the negative half
(230 °~310°) in pure N2 but they were distributed in the positive half
(40°~130°) as SFs ratio was more than 20%. Parameters measured at
DIVx1.25 showed that both the maximum and average pulse
magnitude increased and PD pulses over 90% were distributed in the
positive half (40 °~130°) in all ratios.

In POE, each DIV and DEV in N ratio below 50% was the same as

those in pure SFs and it decreased rapidly when No ratio was over
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than 80%5. The average pulse magnitude was the highest in pure SFg
and almost same in other ratios. The similar tendency was observed
at 0.4MPa and 0.5MPa. As applied voltage increased to DIV x1.25,
breakdown occurred in SFg50%-N250% and SFs20%-N280%. The
pulse count increased with the ratio of Ni The phase distributions
appeared opposite to POC. PD pulses over 95% were distributed in the
positive half in pure N2 and they were distributed in the negative half
as ratio of the SFs gas increased. However, the phase distributions Iin
POE were not affected by the applied voltage and they appeared
identically at DIV x1.25.

DIV of mixture gases, which are related with insulation breakdown
was compared with pure SFgs in three defects. PD in FP was almost
incepted at the same voltage without the influence of gas ratio. In
POE, DIV in Ny ratio below 50% were the same as those in SFg 100%.
However, it decreased rapidly when the N ratio was over than 80%
and DIV of N2100% decreased 60%. In POC, DIV decreased with the
increase of Np ratio. In SFg80%-N220%, SFs50%-N250%, and pure
No, DIV decreased 6%, 18%, and 70% comparing with pure SFKg,
respectively.

From the experimental results, although DIV in POC decreased
below 6% in SFg80%-N»20%, the use of SFs could be reduced to
maintain insulation performance. Therefore, pure SFgs could be replaced
with SFg80%-N220%. All of the parameters presented in this
dissertation can be wused in aspect of design, manufacturing and

operation of GIS.
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1.1 A9 73

48-3}3(Sulphur hexafluoride, SFs) 7F~& 4
gas)® =& HAUHY gold olasieHow AeAdne Aoz
Zg AbgE 3 Qo 19661, 2o EDF WA Aol A SFeE Al

% gk 7FEEANHFA I xR AFREHACH, o= WA WA
4, TAES v A3k S B2 7]olE Ak

a8y SFs= CO. CHi N2O, HECs % PFCs¢t &0} 60 227t~
Z Sty SHAEAE obzlslH, E3] 19944 IPCC(Intergovernmental

rr

] 71 #| (Electronegative

A

ol
rir

=

panel on climate change)ollA A 7213} %] 4=(Global warning potential,

GWP)7} 74 2 7h2s EEEHEA AR o] Al H L

ook 19609t o] F ALHA AAWAF ALAF FAG A
4% oAk 53, BAMN I A 19809 11,020 MW A

19954 6] 3= 35,356 MW7 Hglom, A= ok 86969 MWE ol 4
28] ®3 1990 d0] wE] 2013del F& 5y Zvhsa g o Axn
S uete] AV~ wEHE2 FEe] FUFsER A, 2012Y Vo=
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UNFCCC(United nations framework convention on climate change)ol 4]
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x 1.1 F7hd 2471 vjE
Table 1.1 Greenhouse gas emissions by countries
(9] - WTrE COzeq.)

=9 =7} 1990 2011 2012
1 s 6,219.5 6,717.0 6,487.8
2 Z] Al o} 3,363.3 2,284.3 2,295.0
3 AR 1,234.3 1,306.5 1,343.1
4 =Y 1,248.0 928.7 939.1
5 dhR=s 590.9 701.2 698.6
6 o gk vl = 2955 685.7 688.3

2012, ejAlelel mdo) A7k~ wjE S 1990 din] Zh7 31.8%,
24.8% Zraeh wri ws & B sfuvheE 7hzE 4.3%, 88% R 18.2%
S7hekA k. 53 S-guEhE 1329%9 S7tE g vekeel ws 204
2 2ATFE wiE FTRECl M E=dkwh 3 129 2014 =7 24T~

AWlED Hi1A (2014 NIR)"olA] g sk gjvyele] dmwl 224712 o

g, CO7F A2 stel mA= FFS 7Fo= <)
Zutstol] 7lojets AEE dERd A Folvh A2 AAE7|ZE
= 100de= dAA rtad 23t Vo= 20129 7+
90.9%¢%1 Wk SFe 1.1%°l &3akA Rt 1000d 5 7F2 ARl
7] & SFeol w7k syl wEel 1 7]oie of 109 4

Ho g Hr}



® 1.2 A= 224712~ vj&

Table 1.2 Greenhouse gas emissions by years

9 | 95 | ‘00 | 05 | 08 | ‘09 | ‘10 | ‘11 | ‘12

CO2 252.8 | 386.1 | 442.3 | 494.8 | 537.1 | 540.8 | 594 | 623.4 | 625.7

CHy 32 296 | 293 | 287 | 285 | 282 | 293 | 296 | 29.8
N2O 96 | 144 | 183 | 221 | 128 | 127 | 133 | 139 | 142
HFCs 1 5.1 8.4 6.7 6.9 5.8 8.1 79 8.7
PFCs - - 2.2 2.8 2.8 2 2.3 2.1 2.3
SFs 0.2 14 2.5 4.9 77 82 | 103 | 88 7.6

[

FHlE | 2955 | 436.6 [ 503.1 | 559.9 | 595.7 | 597.8 | 657.1 | 685.7 | 683.3

S7HE[%] | - 78 7.0 0.7 2.2 0.4 9.9 4.4 0.4

F 13 247E FRE AT

Table 1.3 Global warming potential of greenhouse gases

b T AT sk A] 5
CO2 1
CH,4 21
N-O 310
HFCs 1,300
PFCs 7,000
SFs 23,900

E3] 7t2=d A H A2 (Gas insulated switchgear, GIS)2] A uf ) &

ol AHgH I itk SFeel AAuEe 1714 F71el 3w b e
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dolvk Aghell wE Ad=7E 47 g2 dEhgr] miel o= ddA

1.2 A7W &
B =M SFs A HE A7) Y3 AT R SFe-Nyo| &g
o 2 Ashd REUA EAd dslA AT 7t TEH &S

% H7FAIE, SFs100%, SFs80%-N220%, SFs50%-N250%, SFs20%-Na
80% B Nz100%°ltt. th/d SFeE + AAvAZ Ab&ates 7F=d AV
HgA oy, Fa 2
(Protrusion on conductor) % €% &% (Protrusion on enclosure)®] 37}
A ASFAE A#staL, IEC 602700 wh& S8 A 28s A8ttt =3
PRPD(Phase resolved partial discharge) #4< 98 duzg]l&5S A4
sto] A &5kt

W] wrAeky] AlAbsk we) H sk WA 7| Al 9 (Discharge inception
voltage, DIV), W7ol A"H3 wjo] HtS w7 A4 (Discharge
extinction voltage, DEV)o]gtal &}, o] Ade] Aeel ¢xo uwte}

Agsure Adugls 7HAA AN $dT A= Tha SdH

kol w=HA o] E A (Free particle), =4 =3

4=l 04MPast 05MPaz stlow, 7k wAl Al A=A WEE

=]
=
10°torr FEl® dte] FRFoRN MR b2 uge tavh EREE
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A2 o F

21 44 71A

714 Wl Ay = FEol23t Ao o3 Ao=m AVFHSte]l =
i, AARe 7 B wf At 2y V1A e A A zbe] Fak
Aoz AALE=H, oy 7|AE FA7]A (Electronegative gas)ehil s}
o, ddAna Z=sb vl$ Ak 2 o2, SFe7h o

a7 A= dgAdn] el glo] v bl videlt das g

& F719k sdatt o 9lol T3 AAV|A= CO, CFC(ZH)

27b2)l SFt olth 58] SR T 71456 e we davs

7}. &3} 3 (Sulphur hexafluoride, SFe)

A7), Zh A AR AR, Mk B Tt Aol E To A wiAlR
SFe7} @Wol ArgEolxa glom o] Fdgh 7oA F 7] H3)] v
9 o AAYH(Dielectric strength)S 7FA 11 ¢t}
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A3 ek ol @ SFeel 2eld 54 w

x 2.1 SFs9 &74 54
Table 2.1 Physical properties of SFg

2.1 vER QT

24k (Molecular weight) 146.06
== (84, Melting point) -50.8 C
oA = (Liquid density at 25C/507C) 1.33/1.98 g/ml
71 A" = (Gas density at 1bar and 20C) 6.2 g/
H] = (Relative density) 5.0(F7]1=1)
o] Al % (Critical temperature) 456 C
A Al = (Critical pressure) 35.56 bar
9] Al &= (Critical density) 0.75 g/ml
#F =% (¥4, Boiling point) -63.0 C
%3} 4 (Sublimation temperature) -63.8 C
H] 4 (Specific heat at 307C) 0.599 J/g
o A &= & (Thermal conductivity) 0.1407 W/m*C
4 & (Dielectric constant) 1~1.07
<71 (Vapor pressure at 20C) 10.62 bar

SFe= &4 <t o]

FoA oY 7HA

Aol AgEE T, GFE

WAL PAS fdetd etk ey

A M7 W dgel

AT SFe
g Egste] ARl fals

mfp- FHour] el
500 CT(1719H) 7 A= Halu =] ol 3}azo=

PARE YN EF

9 733 5 oud £Re) FEHuE
st 5zl wAew
et AL BARe A7)

4O

L FHe AN ey




1

rok

At 2] o] rhxeol HAvEHE S WA 3E7FsstH, o
& SFee] olaAhssHS ¢FA e Frh

A714 Aoz Qg SFs 7F2=9 FAHES SF; SFi, SeFi, SOF,
SOF,, SO HF, S;OF; SF,; SoFs SFs, SiF, % %232 (Metal
fluorides) 5ol Att ol tFE ofa oA & A Ahaep

o] #fd A¢ IZUPHAAE TR A F Ark. 53| SiFy,
SOF, ¥ HF9 A% f#5402 7pdd Fo7t Fasi.

SFeE dAmiAl= st= tHiAl 7171 29 210 yebd 7F=d Ay
A G2, F4587](Enclosure) Woll =4 2 s#A =, WAY] 2 927
5= WAAZIAL SFe2 S, BHee] dAdS FAANTI= T AALA

O] q_[lZ].

Jm

gy 21 A ANA A
Fig. 2.1 Gas insulated switchgear



o] 1966\ Z @~ EDF WA Ao HEE ALEHJoH, A= A

ol SRR ALGH I vk AAAAN G &
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oX
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o
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rlr
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4
w obyel SgAASH BBAY 7ha0l SFE ASFOEA AT =
JESE PN AGAE SHEe 0e ¥ 229

i
9,
w
)
(o)}
i
o
™,
ol
ol
£
>~
>,

o

2471 (Circuit breaker, CB)ol $t8& 4+ Folvt. 2% F= o=
7] (Disconnecting switch, DS)e} X 2 2] %] (Earthing switch, ES)ol 4]
WA E 7] wiol DS ¥ ESol A el Aty HaEA ol

dgoz ALgHE BkVE 7FEdANAgA = dALAER A8

Jou 2udEE ~gst T A= A&o] Erlesit

=
P

¥ 22 7t2AdANHZR SEHE ARELY
Table 2.2 Pressure by GIS class

B kV 170 kV 370kV 800 kV
CB 0.5 MPa 0.6 MPa 0.6 MPa 0.6 MPa
DS/ES 0.35 MPa 0.5 MPa 0.5 MPa 0.4 MPa

Y. A A (Nitrogen, N2)
SFe¢t mzt7iAl &= B2 7IAl®= shehA ko w <ls) deAdne A
A2 714 WA AFLE AT No= AZzE 7] Hu) 9 78.08%2 214

e, Al f9a ToA gEol obd W4 AHE EAss A T
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A= ol sbg BWrh o= FA, R A, 5 wrgAol

wor], EAQ 54 E 2.3 e A

F 23 N9 294 54

Table 2.3 Physical properties of No

2% (Molecular weight) 28.0
5= (8 4, Melting point) -210 C
of A % (Liquid density at boiling point) 0.808 g/cm’®
71 A = (Gas density at 1bar and 0 C) 1.251 g/l
o] Al % (Critical temperature) -1472 C
o] Al 9+ = (Critical pressure) 33.5 bar
o] A & (Critical density) 0.311 g/ml
#Z =7 (¥4, Boiling point) -196 C
7] A 0.248 kcal/kg C
H] & (Specific heat)
ol A 0.493 kcal/kg C
4 % & (Thermal conductivity) 25.83x10 °W/mT
=74 (Vapor pressure at 207C) 1 bar
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Fig. 24 Typical PD patterns under AC voltage
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v o= AlmolA & Wxo] A Ae S Ao FEHF[FIE Ee
A IRE AEAZE F 7] "ot SA AA= LAY HAY, o
= AA ¥ Noise blocking filter, Z,), A3 %A (Coupling capacitor,
k), A&7 d2(Measuring impedance, Z,) 2 T%7](Amp.) To= T

et AdZdA oA FiEgdo] wAshd Alge] FEH Aseh

27t ddow FEHe AS WA s AF 2 Y ~E o] &
sto] HB2E FASlelof dhd). AA Abgo glo] AEIEE AHAE
3] 2 (Straight  detection circuit)®} 33 71 & 3] & (Balanced detection
circuit) F 7HA Wy o] A4

ARAEI = 29 2784 2ol AEAY Rl EFAAE&ZF] ¥E H
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|
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AC @ —_— AC @ —_—
RS Output C J—_R >
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a9 27 A AEde

Fig. 2.7 Straight detection circuit
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v(t) = q x et (2.13)

7 o] AL oA, ¢ L &= 2 Alolo] EASE RHFAAEL
Zola ne A= R HIALE Yed= Fo= 4 (214)9 2ol &

AHH, = 2 AHFE 4 (2159 2ol xdH
_a _ R _ C’
n = ? - 7 = C (2.14)
1= Rxla+ C+ (n +1)C"] (2.15)

& AP BAR AF RGOl thstel G TS Aol A HW A
o) sjFo] wAastel 2 AUl Wk AFENN % PEYNA~F
thAl A stelo} sha, HAEE wE7] 9 Axrt Basi

=
o B2 AT gom, AAnt A FEEAS WY FS o

dat Aol oJate] Ao BE oUAG AFE WHsle] EAZ =EF
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I 25 HAruke] 54
Table 2.5 Characteristics of electromagnetic wave

A A -
AApse 3455 i gdvabetd, olefd A S
o] &43le] AATE AHEAY} EA wEo g Hu= A
HEA} o] 7}5etth, w3 AAIE A2 ogE udS uhytS o
Aol Wb =l olwe] Al WAL Zom,

o] 24deo] WA (Snell's law)e] e} o).

{\—% _E R4 ]
o wheb Ape = EolHi @apelt)
ARSI FlES v HE w, do2 ZolA s
34 v d4o® AFgdgs dAo] et aFuto] A
w Agstel 4240 BalA 3 A ofshct
. ol gRol e Add AARs AANE W, 1
ER L g azpelel ols) Waukate) Walal @ 4bol)

aEEAZ o] Foizl otEly Fe AlA & UHF o< (300 MHz~3 GHz)
% T+ UHF fAZoletal gt} o

T AHERE £33, AEHA7E 7] W&l suhe] AAE G &
Qo] 7psata, e AME 9AFAE & 5 dg P g g
o] 7hssty] wiEel 7had AN

A o] Fikd AEell 7hd wol o] &Ha glom, 17 299 o] 3t
of UHF AAE AAT F e F2= AA o] 2t UHF AAE U

g oR AR 2R 5 e, 4742 <470 MHz ~800 MHz)

—

2 F21(800 MHZz ~ 2,300 MHz)t & o] %52 11838t oF st}
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Detection circuit
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SO; 9 olel 7HA] Ao EFAIR g 7t=E EAse] FEgA

o] FHE AGs ¢ 9= 7t~ ARutE 19 (Gas chromatography)ZF
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Fig. 2.11 Architecture of a signal processing system

_36_



a9 2112 T-F mapel A& Agade depd Aoz, F2ide
SAsta Aze] Aqrst AAE Fote]l A Aarstd Az A
(216)3 2ol vepd 4 St}

(2.16)

(2.17)

(2.18)

s(f)E s)e Felol MaEely = AFsE A5 FAFNOR A
(2.19)9} o] mHHL},
T~
ty= [ ts(t)at (2.19)
0
Rom, wol=E A AT

d71el A& ol&ste]
Fa2gde] AIzE g Fakgro] tie S 2R E Agddo] Jhesitt



)
ru&i

>~
59
ogt
Mo
1%

rok
N
OHI
o
fr
T
_l
2,
M
1%
ro
Ky
i~
™
offl
K-
=
%
ox
oy
L
::
e
O
(e}
o\o

100%°l1 A 0%7kA] et st Ad Algbolw, AbsAIba} shadAlzke] &

< AF F(TYez st A F8& 40

Voltage [V]
Twl i
Trl Tﬂ :
Kurtosi}ﬁl, skewness;
/VIIIRX i
1 |
= = ;, Time [sec
To T T I3 Ty free]
VlilElX :
: i Kurtosis,, skewness;
To To |
™
T w2 !
a9 212 RRWA Beo) g
Fig. 2.12 Parameters of a PD pulse
T3 Hxo Z84 A4S #4E ¢ =S H = (Kurtosis)¢F ¢l =

M
=
o
o2
N
e
o
o
=
r \r
nZL'
=
o)
(o]
=4
@]
S
o
=4
S
o
_V,‘i
_O|L
M
o
RN
e,
Y
o
=
rlr

_38_



% A (Flattykurtic) o] 2} a1 gk}, wkef 0

AR (Mesokurtic)gkar aopo g m = o gode] A AS ot
= AoR et 0Rn AW $Fow 1 mnyE Ze g 9=
(Positive skew)o] ¥ i, 0xT} ZtoH FH=o07 71 nyE 2zt 59 9
% (Negative skew)o] HrTh weba & o mE FEix= 11
2.13(b)¢t .

(a) A= (b) =

a9 213 A= g =

Fig. 2.13 An example of the kurtosis and the skewness

AEet des 77 o 2 22008 221)% +3 4= Ut} olu ue
X

=] Ry 20 3¢
Ty Ty ooy X, A FHOEFE O HifolH, o5 3%

K=Y [%1—3 (2.20)

(2.21)

_39_



Q1A 1Y 1

El

-

R

ot

S

@ PRPD(Phase resolved partial discharge)

)

P u)o A HFCT, UHF¢HE Y

53
o

o
|

gl
Ton

fu

—_
fi%e)

0
_Zrl

]

<
il

e

X

i

o~
T

A3

=1
=

I (@)

°

2

Foll w2 914 (),

s

2
—_
o
gl
!
o
o
fro!
pl

—_—
fils)

(n)E T4

=
BA

o2}

o]

=
)

- LA AA T

A3} 7

T
=0

B

_iﬁ
e

il

gk Abolol
35 ol ]

J

S
=

LEE!

vzl
il
o

—

O

Ho

PAY,

S

s

i
=3

B
il
AO
Mﬂ

Table 2.6 Phase distributions of PD pulses

o] ]—4_[38],[39]. EH B3

2

}

]
yl

Joﬂ‘

%
A=

_40_

717k aA 24
T 7k A= 9

4




%me
T
-TEx
= o 2
aaufﬂﬂu
@_l: ..
\I;OLJIO
T
Oﬁquqm;ﬁ
. "o W
zn |
A —
i ho
)
= =Z0
%umeime
Moﬁﬂu}wu
%Lomﬂnhay
H]ﬂﬂl
zﬁjlawqorl
O\:AI‘._:NO\I,H
s oW
Bo

. —L
=

_41_



A3 AF % 2

3.1 434
7 &3 AlE"

Hoolze] S FHA3 37] 98] 2}
# 3H(Shielding room)< o] &3] 19 313 Zo] AIAZ FAHS
A gel 271 1,020 mm(L) x 720 mm(W) x 760 mm(H)o]m, ]l 7
FAS ARsta RAYS QAU 5 Q= Fxolth AHE UlRe A
Hdl 50kV7ZEA] AgFe) Sl7bE =z utA ol Bt A Apo]o
TEe ddugoe] FRFHA Fow AAdy ¥ IRUE BAAAL F

Stk olE FAY slste] I FA MDY AARE ALt £ 1

oy
_O‘L
2
o e
S
o
rN
i)
[»
il
s
i

s
rir
N

7F 30mARl =3 1% MYTE ALEate] AS5Al0l WS AVstA e
M, 10,0001 72 A7ARES SANAT. HYTIE AdF el
FA(ERIANA FEFAA e T2 HAS ek A=A iy st
22 04MPast 05MPa= FX&tl o, 7k~ 9 Hol+= 338 = (120
¢ /min)E ol &3] HAIA WHEE 10 torr® 3] A2 T

24 b5 2n&AMEE ol gkl AFA WPE BAIAL. TH
5

_42_



L_Ld___Shielding room ,

,j'P/DES'J,,/ ‘

- 0008
- sees

i

(a) ALZ

Shielding room

HV Tr.
(220V/50kV)
T oiv
@] i
; i RG-58
VR, y T, , SO e .

’ Vacuum pump
(b) 8=

a9 31 AdAe 4
Fig. 3.1 Experimental setup

_43_



2 ASA BAH A

5}

of Ve A o]l A& 1% 502 FEA

A
;OO

X
N

Fig. 3.2 Detection resistor

- 44 -



1l

Solr}

oy el
s

o] 9
X (Spacer)°l] F-zF

|

e

2}

7

of wel 7k AN

o] A7+

HEe A%

YAY AL

=
!

—

0

]

o

o}, ohehA

Eis

0

[

= ==

[

3

NEE Bhea sy o

7N #H 7 =]

mK

oM =H4 olzdy 2=

=414

-
T

Fom, Tl 334 YERATE (a)

A%s

ol

TR

=K

e (b (e =4 &=

5|

=
=

7110 mmeol ™ 71}z

80 mm, T

=
=

(a) Free particle

_45_



A
|
4

1
=

4
J

s

™
-
.

o

5

=
i

=

o
=
%
-
-
.

%

=

o
-
-
7

o

o

7
i

5

o
i

=

-

=

2

=

i

=

2
5
&

%

-
-
-
=

i
5
5
o
i
5
3
5
5

.

5
2
.
5

o

o

-
i

=
5
=
S

o

(c) Protrusion on enclosure

-

(b) Protrusion on conductor

-
i

=

=
e

%

B

i

S
=
i

o

5

2

2
2
=

ik

i
S
o
5
=
%

e

i
-
.

5

2
-
-
:

=

%

2
=

=

55

%

i

5

2

-

i

T

i

5
5
e

=

o

-
-

.
s
.

:
o

i
5

o
o

-
.

i

%
.
S
-
.

-
o

o
2

5

&

-

5
55
i

=

i

7
5

2
=

-
-
-

-

-

G
2
=
&

=
%

i
.

s

T

%

i
£

.
=
5

S

5

5

=

3
o
o

5

:
o

2

o
033
2

=
@

:
:
-
.
-
-

o
-
i

5

S

=

=
.
:

2
%

=

5

5

%
o
i

£

i

.
-
=
=
-
-

-
-
-

5
3

=
=
=

i

=

5

o
o

75
S

o

5
%

o

-

o
%

s

=

o
e

5

2
-
-
s
.

S5
2

B

=
3
i

B
o
—t—d

o

55

i

.
:

2
=

=
n‘

=

o
3
i

i
=

5
a

o
o5
-

5

i

2

%

55
=

%

T
-

-
-

7

2

L

i

-

=

-
-
=
-
-
5

o

=

7
-

5

&
%

i

£
k

A=A
3 Electrode system

3.3

Fig. 3

_46_



3.1

Ay A
it

o]
100%

[e)

=

0.4 MPa# 0.5 MPa

20%
80%

S57HA & o}

=

[€)

[e)

&
50%
0%

ENEY

F 7)

&3t
80%
20%

o

1 A

I

100%

FS Tt
SFs
N»

Table 3.1 Ratio of mixture gases

w

|

—~
file)

el

)
—~

3 A

5

71 #

=

—

T

gl
9
i

u

o]
H

0.5 MPa=
0.1 MPas =

=

O~
= =1

-

T o

@7t

-

0.4 MPa, N

WD

N

1 SFs

o

S50 SF80%%} N» 20%2]

AClAE °l&

=
=

==
=

o}
H

=]

o

|

—
o

o
N
,_Ivyl

—

o

N
ﬁo
B

Hlo

wol Bt

est7] o

X2

fol % slxe) spag

e

=%
|

]
AEFe

94

<]

shel

S

Qs

Aol BE 2x10 L torr 9]

ol SFe= F<i3t7]

WE bR g

M
=l

X
iz
)

r
ol
)|
(]

22

2527} 120 ¢/min, Hd] 6.7x10 >

Ay
o

iz
™

1
T

el

_47_



107 torre] AEIE WHEo] FRFaE sbae] Fe HAsE

X 32 gEe wE BAER(E7], 25°0)

Table 3.2 Value of molecular density as a function of pressure(for air

at 25°C)
Pressure [torr] Molecular density [molec/cm®]
760 2.46x10"
1 3.25x10'°
107 3.25x10™
10° 3.25x10"

A T An)e AYWHEEL B4 110~120% =2, o] 11ysle], W

AIRA A el A BERE ofyel Wd7RAI Qo] 1.258) Hjtel A= Z42to]
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X 41 WAMAAY
Table 4.1 Discharge inception voltage
N o, | SFe80%- | SF¢50%- | SFs20%- .
T | SF100% | o006 | Y Nss0ss) | Nesovs | Ne100%
0.4 MPa 339kV 35.0kV 35.3kV 35.0kV 33.4kV
0.5 MPa 36.1 kV 35.6 kV 35.7kV 36.5kV 36.0kV
42 WHaEAe
Table 4.2 Discharge extinction voltage
- o SF¢ 80%— SE¢ 50%— SF¢ 20%— o
T SFs 100% No 20% N, 50% N, 80% N2 10096
0.4 MPa 24.3kV 235kV 24.3kV 24.7TkV 25.8kV
0.5 MPa 255kV 26.5kV 25.2KkV 25.6 KV 271kV
HARA Aol el A 2 Fw BAmv|E SAs e, 474 a9
459 19 469 YEFA AT SFs80%-N2 20%2] 4-$- 0.4MPayd w it

2717k 05MPakth =gtov, T 9fol= shEel Srides Hd 9 4

o "7 3A YE
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71 35

100% thH] 13% <7tgk Aeolth. 0.5 MPa¥d
SAE AN, SFs100% thH] 26% 7+ =%Th
o W= SFs100%°1 4

0.4 MPa¥

H] 28k dth. 0.5 MPadd

7t gy

Z A

!

# Arz77} g

Apolte wip- A pERRL

X 43 H" =9 =L7](at DIV)
Table 4.3 Maximum pulse magnitude(at DIV)

Dy

HE ~37]% 0.4 MPa

33 F 44 HA 2 Hd 22A71E Qe Aolth HAEAa
o, SF620%-N280%°N A4 7Hd #kom o
= N2 100% 1l A1

# kol

Kekol SAENCH, T oo SgH &M=

+ SF650%-N250%7F SFs100% thH] 12%

17 ¢ =k

A4 ole=de A

o
0o
=)
Ho

A9 gFgoz Ar) % %

CAY 9 g Baa)

. o | SFs80% | SFs50%- | SFs20%- .
T SFe 1003 N> 20% N>50% N 80% R 0%
04MPa | 847mV | 81.3mV | 91.6mV | 96.0mV | 93.0mV
05MPa | 986mV | 87.6mV | 1047mV | 103.2mV | 1245mV
I 44 HtHx=2] =7](at DIV)
Table 44 Average pulse magnitude(at DIV)
. o | SFs80%- | SFs50%- | SFs20%- .
T | SFel00% | T\ omos | No50% | N.goos | T2 l00%
04MPa | 231mV | 250mV | 254mV | 257mV | 252mV
05MPa | 247mV | 244mV | 276mV | 264mV | 267mV
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X 45 =2d¥](at DIV)
Table 45 Polarity ratio(at DIV)
- o SFs 80% - | SF50% - | SFg 20%6— o
T SEe100% | "\, 9006 | No509% | Nagovg | 21007
A=A 0.51 0.51 0.48 0.51 0.52
0.4 MPa
=4 0.49 0.49 0.52 0.49 0.48
A=A 0.53 0.51 0.54 0.49 0.53
0.5 MPa
34 0.47 0.49 0.46 0.51 0.47
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x 46 HFx=9 A 7](at DIV*1.25)
Table 4.6 Maximum pulse magnitude(at DIV x1.25)

" ., | SFs80%- | SFs50%- | SFs20%- .
T =185 100% N 20% N> 50% N, 80% B 10076
04MPa | 1008mV | 1114mV | 99.0mV | 1294mV | 1365mV
05MPa | 1240mV | 1101 mV | 1051 mV | 137.3mV | 1295mV
¥ 47 HEHE~9 =7)(at DIVx1.25)
Table 4.7 Average pulse magnitude(at DIV x1.25)
. ., | SFs80%- | SFs50%- .| SFs20%- .
T | SFel00% \\0o0os L No50% 0 Npsoos | T2 l00%
04MPa | 274mV | 254mV | 245mV | 282mV | 30.0mV
05MPa | 278mV | 260mV | 290mV | 288mV | 287mV
a9 4113 329 4125 SAMALA(LX1.25004 9] 7H2~ E3d] Sl w)

Aotglen, Hdxar= WAMNAEAGEY A YEsT B2 e N
1009%6(0.5 MPa)oll A1 o 110717F wetskes, 1 oo= 25 807 A=

R S RE L S P b1
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i 4.8 =7dn](at DIVx1.25)
Table 4.8 Polarity ratio(at DIV x1.25)

- o, | SF680%- | SFs50%- | SFe20%- .
T SFe 100% | \0 9006 N2 50% Ny 80% | T2100%
A=A 0.48 0.53 0.48 0.52 0.49
0.4 MPa
L=y 0.52 0.47 0.52 0.48 0.51
! 0.51 0.53 053 0.49 0.49
0.5 MPa
nax 0.49 0.47 0.47 051 0.51
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Z 49 WHRMAASG

Table 4.9 Discharge inception voltage

SFs80%~ | SFs20%— | SFe20%-

=) [©)
T SEI00% T oh0s | N.50% | N280%

Nz 100%

0.4 MPa 32.4kV 30.5kV 26.7kV 21.8kV 9.2kV

0.5 MPa 34.1kV 32.5kV 28.8kV 23.4kV 11.1kV

E 410 BALEAY
Table 4.10 Discharge extinction voltage

SFs80%~ | SFs00%~ | SFe20%—

=) [0

N2 100%

0.4 MPa 29.8kV 2711kV 247TkV 18.77kV 8.0kV

0.5 MPa 324 kV 28.2kV 26.0kV 20.7kV 94kV

WAMNA Sl A Y] A 2 s Hxav]E 19 4159 19 41690
et en Z2S 7 4113 % 41200 Aesdh gAE Ny °H &0
71kl wel xa7)7r gAastglon, 04MPa o wro 05MPa &
el Ho @ Hy FAA7|7 F7beth 05MPaY ) Hdo 2 Hy
H=719 ZHago] 04MPad wrth 274 debyth E3] 0.4 MPaol A
o] HHE2ATE Npo| vl &o] 50% oY wWi A Fdstgdow,
SF680%-N>20%°1 A1 SF100% thy] 14% = 7hAa= 74 Sokrh

b
—OrL'

_73_



50 80

0 20 100
Ratio of N> gas [%0]
¥ 415 HuEx¢ A7|(at DIV)
Fig. 4.15 Maximum pulse magnitude(at DIV)

12 ]
I . _._‘ +e= 0.5 MPa
e —— 0.4 MPa
% 8 1!\‘ “"’--5 _____
i B
D e —
5
5187 R NOCESTERUESS: USSP - ——————  —
=
5, 2 . S | S
0
0 20 50 80 100
Ratio of N, gas [%0]
a9 416 HirHE 229 A7](at DIV)

Fig. 416 Average pulse magnitude(at DIV)

_74_



SFee] 749 05MPacl A1l HB22=7]7F 04MPayd wjrc) 228 A
= E=%on, SFs80%-N220%, SFs50%-N250%, SFs20%-N280%<F Ny
100% M = 5da Fekoldel. T3 SFs100% the] Bxar]e] fdag
2 04MPa¥ w®Rth 05MPa¥ woll o2 Z713kich

0.4 MPaoll X H#HB237]E SFe100%04 7.7mVE Al Egkow

flo

SFs20%-N280% A1 7F wkgkom o] uw SF;100% thHl #Aa&
14%o]|t}. 05MPad w H#HEA=A77F APz ZFrhstgow, SFy
10090 A FH Hgke], Np100%l Al #H g gko]l vebwkeh o]w SFs100% t
H] N2 100%9] 7282 34%0°] ).

X 411 HFE =9 =A7|(at DIV)
Table 411 Maximum pulse magnitude(at DIV)

SFe80%= | SFs00%— | SFe20%-

[0)
N2 20% N2 50%6 N> 80% N2 100%

T SFs 100%

0.4 MPa 175 mV 16.3mV 145 mV 11.7mV 94 mV

0.5 MPa 39.2 mV 269 mV 21.5mV 18.7mV 105 mV

% 412 HHFH29 A7](at DIV)
Table 4.12 Average pulse magnitude(at DIV)

SFe80% - | SFs00%- | SFg20%-

[©)
N 20% N2 50% Nz 80% N2 100%

T & SFs 100%

0.4 MPa 7.7mV 7.3 mV 6.7mV 6.6 mV 6.8 mV

0.5 MPa 11.0 mV 10.6 mV 9.4mV 7.6 mV 7.3 mV
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3 4.13 =“dH](at DIV)
Table 4.13 Polarity ratio(at DIV)

. o, | SF680%- | SFs50%- | SFe20%- .
T SFe 100% | “\p 9006 N2 50% Ny 80% | Te2100%
A=A 1 0.98 0.97 0.99 0.02
0.4 MPa
E=y 0 0.02 0.03 0.01 0.98
A= 1 0.99 0.99 0.98 0.05
0.5 MPa
=] 0 0.01 0.01 0.02 0.95
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x 414 HFB 29 A7](at DIV>1.25)
Table 414 Maximum pulse magnitude(at DIVx1.25)

SFs80%~ | SFs50%- | SFe20%-

[©)
Nz 20% N2 50% N 80% N> 100%

T & SFs 100%

0.4 MPa 50.7 mV 476 mV 37.4mV 27.4mV 125 mV

05MPa | 523mV | 483mV | 435mV 29.5mV 224 mV

* 415 HF 29 A7](at DIVx1.25)
Table 4.15 Average pulse magnitude(at DIV x1.25)

SFe80%— | SFs20%- | SFe20%-

0]
N2 20% N2 50% N, 800 | Ne100%

T 7 SFs 100%

0.4 MPa 10.7 mV 9.7mV 8.6 mV 8.1mV 74mV

0.5 MPa 126 mV 11.3mV 10.3mV 9.6 mV 9.0mV
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Table 4.16 Polarity ratio(at DIV x1.25)
. ., | SFs80%- | SFs50%- | SFs20%- .
Tz SFal00% | "\, 0006 | No50% | Npgovs | N2l00%
A=A 0.99 1 0.99 0.98 0.90
0.4 MPa
254 0.01 0 0.01 0.02 0.10
A= 1 1 1 0.98 0.92
0.5 MPa
254 0 0 0 0.02 0.08
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Table 4.17 Discharge inception voltage
- o SF¢ 80%— SFg 50%6— SFg 209~ o
T SEe100% 1, 200 N2 50% N3 80% Nz 100%
0.4 MPa 274KV 26.7kV 26.7kV 195kV 8.8kV
0.5 MPa 30.1kV 30.0kV 28.6 kV 23.0kV 115kV
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x 418 WHAEAY
Table 4.18 Discharge extinction voltage
- SFg 80%6— SF¢ 50%6— SF¢ 20%— o
T = SFs100% 1\ 209 N2 50% N 80% N2 100%
0.4 MPa 23 7kV 245kV 245kV 175kV 8.3kV
0.5 MPa 265 kV 26.2kV 26.0 kV 19.2kV 94kV
a9 4259 19 4262 AU 2 Hy H22A7]E vEhd Aol 9 E

o] o4 , 1 523tk SFs80% N2 20% Y
W Fa=A3)7 b fekod,) diAl A o ® SFe100%e A1 & HAzko] e
Wtk G E A= SFe100%7F 7HE wken, 9] EH &M= A9
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Fig. 425 Maximum pulse magnitude(at DIV)
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R 419 HuF 29 =A7](at DIV)
Table 419 Maximum pulse magnitude(at DIV)
. o | SFs80%- | SFs50%- | SFs520%- .
T = SFs100% 1\ 209 N2 50% N 80% N2 100%
0.4 MPa 23.3mV 10.0 mV 16.7 mV 15.7mV 13.3mV
0.5 MPa 26.7mV 224 mV 26.6 mV 28.0mV 19.0 mV
X 420 HyrB=9] A7](at DIV)
Table 4.20 Average pulse magnitude(at DIV)
- i o SFe 80%— SFs 50%~ SFs 20% - o
T | SFe100% 3N, 202 L No509e A Nos0ge | N2 100%
0.4 MPa 8.6 mV 59mV 6.7mV 6.6 mV 6.5mV
0.5 MPa 11.1 mV 84 mV 8.2mV 81mV 75mV
UhS 2% 42739 19 4288 7l | & wmE R EA A4S

553 vl AFS YT N,100% wi
ol A s e, ol

e Aol w4

DR AR 95% o] ol

05% ol4te] REwAH sl REST. ol wE dugle] BE %
dgt GAe mgow, WA WA 5 ool 4 - B wE F 4210
Jep Qe B S AAE 10464 Al 5007) Aok wAas.
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3 421 =7d9](at DIV)
Table 4.21 Polarity ratio(at DIV)

. | SFs80%- | SFs50%- | SF520%- .
T SFe100% |\ 009 | Np50% | Np80% | Ne100%
A4 | 002 0.01 0.02 0.05 0.95
0.4 MPa
w4 | 008 0.99 098 095 0.05
D 0 0.01 0.01 0.04 0.99
0.5 MPa
B =y 1 0.99 0.99 0.96 0.01
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x 422 FHFB =9 A 7](at DIV>1.25)
Table 4.22 Maximum pulse magnitude(at DIVx1.25)

SFg 80%6— SF¢ 50%6— SF¢ 20%—
7 % 6
T SF5 100% N2 20% N2 50% N 80% N2 100%
0.4 MPa 40.6 mV 354 mV - - 25.3 mV
0.5 MPa 474 mV 41.0 mV - - 41.1 mV
I 423 HB =2 A7](at DIVx1.25)
Table 4.23 Average pulse magnitude(at DIV x1.25)
SF¢ 80%6— SF¢ 50%— SF¢ 20%—
SE 5 % ©
T = | SFel00% 35\ 209 ML No50% A Nos0ge | e 100%
0.4 MPa 84 mV 7.8 mV = - 6.0 mV
0.5 MPa 10.8 mV 9.2mV = - 9.9mV

a9 431 8 39 4328 BEAAAGEA 1256 F7A RREa
o 4e AT Aol PAANALTN FAF PP, N, 100% S

W

Al9)&kal 0.4 MPa, 0.5MPa 25 220°~300°9 FFAdolA FEAE~
o] 90% olde]l WAEF o Ny100%E 40°~130 oA AA] Hxo
90% oldo]l EEath 2y SFs50%-N250%, SFs20%-N2 80% 9l A
= AddE S o]71A Esta dde] HHA AT B2 FE SFs100%0
A 20078 Lol EFstl ot Nool ghekol Eobd = 6,0007H, 7,0007H
2 308 o] F7Fskd e, Ny 100%91 A= 190,00071 7141 &4 = ek, A
Axy7F wAE7] A SFs50%-N250%, SFs20%-No 80% 0l &= H2a 4=
7} A v 80,0007 7FA] wkAY 3} 9 )

3R
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i 424 =749 (at DIVx1.25)
Table 4.24 Polarity ratio(at DIVx1.25)

. | SFs80%- | SFs50%- | SFs20%- .
T SFe100% | "\ 00% | Np50% | Npg0% | Ne100%
A4=4 | 002 0.04 0.95
0.4 MPa I
v | 098 0.96 0.05
Breakdown ]
2424 | 003 0.09 0.92
0.5 MPa -
Baxn | 097 091 0.08
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ol& Qlaf W o FAA7F WA Hrh
it 425 B2 F(at DIV)

Table 4.25 Pulse count(at DIV)
FP 30 30 30 30 80

0.4MPa | POC 200 200 200 200 200

POE 70 70 70 500 19,000

FP 30 30 80 80 80
0.5MPa | POC 400 400 400 400 1,500

POE 70 70 70 70 11,000

No¢| Hl&o] F7hgtel] whe} Hx F7F @olxd AL o]y gk o] folH,
Nooll A FHoff B2 F7F B Zolv, =44 o249 4% 3EE9
wAYo R qlete] Jh2u| &l g Pl AHow, HXx Fo| Zolr} A
A %

Azpe] ol s AA &8 7H&EE7] wjZol Hgto] FoldaE Ak
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Table 4.26 Pulse count(at DIVx1.25)

SFs80% = | SF50%— | SFs 20% -

[0}
N,20% | No50% | N,g00% | Ne100%

T SFs 1002

Fr

FP 30 30 30 30 80
0.4MPa | POC 2,000 2,500 7,000 20,000 7,000

POE 1,000 7,000 Breakdown 100,000

FP 30 80 80 30 100
05MPa | POC 5,000 5,000 8,000 8,000 14,000
POE 500 2,400 Breakdown 190,000

54 23 2HE SFe100% thAl= 7Hg 4§ £91= SF80%-No
20%95 FAstdrh. vnt ddvyel ddd v E s AR St
o8 LA EZAAY BHAMAIAYGe] 6% 7 FasAAINE o= Mt

Wl el s, AAMA dAA o] FEel wia] e o]
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