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Development of Deterioration Diagnostic Techniques
and an Expert System for Lightning Arrester Facilities

in Gas Insulated Substations

by Young-Jin, Cho

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

Busan, Republic of Korea

Abstract

ZnO lightning arresters are the best device for protecting electrical
power systems from transient overvoltages generated by lightning
discharges and switching operations. However, ZnO lightning arresters
deteriorate by repetitive use, absorption of environmental moisture, and
manufacturing defects.

The deteriorated lightning arrester can cause to accidents such as a
line-to-ground fault or an explosion that may occur even at the
normal operating voltage. Therefore, it is necessary to perform online
monitoring of lightning arresters, especially for GIS lightning arrester
facilities, and promptly replace the deteriorated lightning arrester to

ensure the reliability of the power supply.
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Various diagnostic methods for ZnO arresters have been proposed
mainly based on measurements of the leakage current, and those have
been found to be difficult in the measurement of leakage current
because of the power system voltage harmonics and the
electromagnetic interferences. I have experimentally studied the leakage
current vs. the surface temperature of an arrester and the ambient
temperature vs. the leakage current of one to propose high reliable
diagnostic techniques for lightning arresters.

Leakage currents are also influenced by the magnitude of the
system voltage and its harmonic components, so these influences have
been analyzed to improve the reliability of arrester diagnosis.

The resistive component of the leakage current flowing through
arresters 1s an 1mportant indicator of deterioration, but the total
leakage current and its harmonic analysis are widely used in
diagnosing the soundness of arresters because of difficulties in
measuring resistive leakage current.

In this dissertation, a new method of measuring resistive leakage
current is proposed, which is quite different from conventional methods
such as self-canceling and the synchronous rectification methods. To
confirm the effectiveness of the resistive current detection algorithm, a
leakage current detector and analysis program have been designed and
fabricated. From the experimental results, it has been confirmed that
the proposed algorithm does not need a complex circuitry and is easy
to complete.

A conventional surge counter set in a grounding conductor of a
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lightning arrester can perform a measurement only when a surge
occurs and does not provide sufficient data on surge current.
Information on surge current is important in evaluating arrester
condition, and many parameters, like the amplitude, the polarity, and
the time of surge current occurrence.

An intelligent surge counter that can record the date and time,
polarity, and the amplitude of surge currents has been designed and
fabricated utilizing microprocessor technology.

From the theoretical and experimental results, an expert system has
been designed and implemented to monitor and diagnose lightning
arresters in GIS substations. The expert system consists of a data
acquisition module (DAM) based on microprocessor and diagnostic
algorithms.

The DAM measures and analyzes several parameters necessary for
the arrester diagnosis such as system voltages, leakage currents, surge
currents and temperatures. All acquired data are transmitted to a
remote computer by a low-rate wireless network specified in IEEE
802.15.4 to avoid electromagnetic interferences under high voltage and
large current environments.

The decision-making of the arrester diagnosis is completed with a
Java Expert System Shell(JESS), which is composed of a knowledge
base, an inference engine and a graphic user interface(GUI).

In conclusion, it was verified that the proposed expert system could
be very effective in monitoring and diagnosing lightning arresters in

GIS substations.
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Fig. 3.6 Relationship between leakage current and

a9 36 7IAHS v F 7] 9

wo T ™ ﬂ e X = 0 mu i~
O — W 2 wo T
3 = o S I
T s BT E R <
Mo 5 b o M = —
@ o MR R T o -
I, < ﬂﬂ” N ) o] oV Y o
N- nﬁO ~r ox N = %o o = <
T o Mo oW ool g = E 2
= ™ N = 1 NN o W = &
hs o o TR m o W R &
XI- O_ ) 0 ~ ~N ) —
o %° i o o~ =) 17r_r il mox N = X
BH Py =
G S N I 2 =
ey ) ™ _non = PV S 4]
AT ST B MG 1) BG @ g 5
I~ B\ W ol B T ® N i A0S B 3
T W B o G TR T 8 28
I -~ . P = = +_ g
e do N A o em B 3
T o= oW z T = M S S ; 2
- X = ) CI 7 X s 8 g ®
H N T 4 o= T < < @ J]
o = N 5 : T}
© oo M oxog 5o o Mom 3 S
L e P o gty i
X ° oz - ! K
B om o TE T M ow ox .
= x T T <r MW_ W2 o e m S 9
° ~ = <
Mo ™ mE Wn g M R 5 T ® T [0.] ainresadwa |
= o = o| o H o = A
o ﬂ“ w7 :A_u B2 M o N3
JIL O lru
: I ) I
T s 2wy o <N N



oo} o] 97t

il
i

N

X

J-

al]

—~
o

~
Njo

I

of
kil

7
3

i

A AA

-

Aol A el ol w7

=R

A4 A, 27

o2

&

==
el

3

i

0]
“

Aol o

o #

ki3

°] ¥

o

_Zrl

ée
X
b
o}

o)

b
o}
oF
N

H
o}

0

e
=

b

)

7

=

=

Jemok A 3°C o]4e o]}

—Z
=

g, )

Ao = 700 1A ~ 1 mA ]

SERE

I

R

1

R

o]y

A7AA 9 2 7] A FHdSott Eatol T

]
A E R

&

[¢]

A
o] &4-H

A

o

3
- 34 -

(enclosure)tol] A =] & o]
Abd o] 9



ol
h
o
T

nE
T
T

-

3tm, 154kV o]

)

7}

=

¢}

b

°©

fins

[e]

] 7] & ol A 9]

s

4

S
Tl

dAglol

1

R

-

2] =]

< 3} o}
/‘\-é]_

& ¥ % 7]

aYes v F5 ATt

S

R

el

o

o

jgise]

o
T
"o
el

j—

e}
o

v & 7]l

A} 9) 0w

=

=

A 72kVve GISE® ¥ F7]

o =

A7 =

A

]_

)

=

E:
u# 7]l 1715

Ch.

Amp.
akoih.

skof 10 %ol A +10 %

GlISE
72kV

7V
)

_35_

(e}
Fig. 3.7 Configuration of the experimental apparatus

66 kVel i

T TRVIR
220V/100kV |
el

[
[
I VR



o

)
o
goo)

o
nE

</

X

-

Al 3k

nE

108 112

104
]_

s}

Fig. 3.8 Changes of leakage current as a function of system voltage
H

100
Voltage [p.u]

096

092

088

105
100
095
0.90
085

[n-d] Juauno abexea

el

%

2717k 5

Sl FHAR

ol 244 pA7HA A

5

°©

% A

w5

o
o)

ol
gl
)
wE
i~
ol

J-

A

+10 % ol A

p—

_?40

TR

i
o}

ol
</
o
e

X

T2
o

wepd 97 e

ol

Mg.o

_36_



0°
o

5} 9}

N

[e]
A

3.3

del Ag Azwe] 74

sogeel BAE it

[e=]
=

)

3uzxv A 9757

Hel

S

d

A7k

ArEa gk ey 9570

A7 7=l

it
e

el

!
)
nH

o

B
B

TR

23|

g

pzel

ey
N
El

Efue, o] wjFo 127 s A5 7tk

—_—
o

el

ill

el

T
,_umo
—

z‘ﬁ

o}

FAI R A

]

NE Fug oleld T

5]

9]

549

g

N
El

|l

ol

fol 2717 4

]

atoll #

Aol

Vs

170l A A

O
R

M, &

BR

o

g
oy
s

Ju
7o

!

g

puzel

%

B!
o
;OD
B

H

17t 5]

u] 2] 7] 9

(3.3)

v = \/gvlsin(‘Ut—’_ \/§U77,Sin(nwt+¢") [V]

ANA,

_37_



)

nE
T

X
ol

(3.4)

i+, [uA]

Y

=N

(3.5)

2 (35)¢eF .

-

L

o]

=N

il

il
,_umo

—

o
X

xX

(3.6)

B, = Gy T8, g0, [pAl

.

(3.6) 3%

(3.6) 0l A <}

Al
2

i
~

)
o)

]

jze]

"

Fe 1 A7) whef

o 3} 9}

hyA
i

SERE

1

.

o] @ebAH, o

U
o

vzl

o
0%
o)
i
3
!

-
e

vzl

A

_38_

Aol A =

=



dge LAetw, oo U WAALFE HESI] Yool ZnO 7))
24 A8 o2rE 24 AAF PSpice Zd 4 (3.7)& H-gshgdoH

g (i)

log(V,,.) = ay+a,og(i) +ayexp "% + g exps?) (37)

10 —
- = 7 =
Ya. P
= o . =
> e
-10 i e S ¢ L 3K N NN R i S it
[0V : Applied Voltage
400 ———— T ; —
. i I
3 o [T ] i .
= —
~400 H H \ H H h H
ped <> It : Total Leakage Current
o s I
Sl —
T T o T o e o e . 8 1 B 0 1 o
-400 L L —
&6 ¥ lc : Capacitive Leakage Current
- it EEE EEREaE
3 o 4 ¢ : 3 T A AN < - M :
N e e el Ve e e s e 8 e
\.
-50 : :
0 20

10
A Ir - Resistive Leakage Current
Timelmsl

9 39 ARG} FHAF %Y
Fig. 3.9 Waveforms of applied voltage and leakage current

_39_



30

20

Timelmsl
- 40 -

(a) (0.5%, 0°)

10

Alr

B o o W o el BN
o WL o G
—_ R X 3 ~ o
V N ﬂﬁ B o oL ﬂAﬂ_ Ho oﬁa ﬂm
i T -
g E G L I EEEE N ,
© T ﬁ W op do N I ) ‘ xf | / 3
m_n_ T o P GO S A i ¥
o . - il /i
~ h T 99 ol = X % H . \
X ~o oﬁa X ﬂ _AL
I NX W B o0 oy B -7
- L H Y %™ N o= L o
= ol 3 o= DT 2
o WK o < K LA ‘
~ OE o — ° io (@] ) A \ R M .
o N X 0 X 2 N | x|
e . T Ok %k AR 2 w w3 A 2.
s B TR Mo T M s 3 B ==\ o
° o] 7 a B N == )
FT Tai8 = R Eaa:
HoO® WP O m)) SR gl N
N HoX M M_ﬂﬂ ouw = s D I M ‘ / i /
B % b
R w T O o ' o mo =2 )
@ T W % § oo P o E . /4 T
G T - - A
S W WP oy 9 Eos /
o = =) I E N S = . @% ! oy h Y
= . o} R 1
T ooom ® W oRr = e“ ES LAT £} Y AARENENY \\ =\
A T A PR 5
do S L R R H
™ ~ T RO ~X ) T o
w X TR w o X s g e 2g = g g ° g
T o K oW T oo . E o o ® = ;xm.%_%mwg_ T omniu Y T [yniaq 7
o = STNE B W
G - B TR S I
Moo %o NB R B o !
T FE oF N T "N BT R R



o
o

= oo A N
—_ e L1\ L L Lo i N}
S= x| \ 74 N SNt -\
=2, \ W M f -
= x N T A e 1 4
= SN R

= A4 =~ LN NS

-10 . i ‘

v O V3 x 40

400 T N

3 0 |——— S
el P B & i \ - /
= \_,_L . /\I

-400

v It
) - A

100 — T I
s Y A C
p. Fy i
320 — N ol

« * AL
= / | \/

-100 WA ; Y

A H H v
O A 10 20 30
Time[ms]

(b) (3%, 180 °)

a9 310 A 33w At A8 YAl mE 93 Y o
Fig. 3.10 Example waveforms to magnitude and phase of
the 3rd harmonic voltage

Aol AdzRE, 19 399 &4 Ay Ads A5 A7

= "eks 29 dA vAdTe ARE rAdF Adgte AT W

N
w
=
N
jf_l,
2
=
Lo
i
Ho
o
-
()
!
w
X
fr
rE
i
2
=)
AL
juio)
;Y
olN
)
P‘L
2
[o
i)

- 41 -



485 A¢e AAS Wol wa WA rAARE A

AFE 10899 9%, 28319% =, 9140 180°9 Aolle 242 90

255
250 —+-0 —&20 %40 ——60 —80
25 - 100 —< 120 —»— 140 — 160 —— 180
<
2
T
e
5
(&)
T
20 [ R Y A O
205
0 0.5 1 1.5 2 2.5 3
V3[%]
(a) AA FAHHF
160
—4+-0 420 x40 —+60 —80
190 | T T T N
120 | T e
— 100 =< 120 —»— 140 —— 160 —— 180
<
=2
t
e
5
o
0
0 0.5 1 1.5 2 25 3
V3[%]
(b) A FAAF
09 311 Al 3mEsh Age] 2l W FAAF W
Fig. 3.11 Variation of leakage current as a function of the

magnitude of overlapped 3rd harmonic voltage

- 42 -



255

Current[uAl

0 20 40 60 80 100
Phase Angle[® 1]

(a) A FAAF

120 140 160 180

160

Current[uA]

0 20 40 60 80 100

120 140 160 180
Phase Angle[" 1]

(b) A FAHF
a9 312 Al 3nx3 Ao fAel mE FEdFe W)
Variation of leakage current as a function of the
phase of overlapped 3rd harmonic voltage

lo

ByolAd AnzrE A 3umxa A9t
=

Ao wWalE 7 ghad W Jend Aot a9

=

_43_



0~

180 °
=

Wake] w

GRS

1:!5(}

]'0]

o
TR S
© ~
Of o? ,HOI 0 =
HI e F 0 W ol
= ) = oF _iﬂ W O
-] vAO — wh
m@ wn_ o < dm ) S w;_ ol
= o = B ) gn Y o ny Mmu oy oo
ny {F BN i g mm © = — 2 A
B e ojy B! o = S o E ~+ :.Ly = - =
% ) =z i ﬁ o W w i Em - A R > iy
! 3 X ) o T ﬂAl .AO _— ]
~ ik oK Hon wm B © N = 3 do o - Wo -
No T o] B F p T - ojy G+ A W 5 =3 = Mﬂ R
it S Moy o T ok 8 ) E w T i
"~ 0
uE - ﬁ o ﬁm = T e M - M o o I ow HH %
A A = w 1 & N o+ N =0 JJo T o il
el ay " B B al KN o o) o ]
Lx B v i = N < il 0 ma wm © 5 ) I oy
o oy a e T " | S T N W=
o — 13 i £ z.E :.L
B N i R o M v VO S o n ooz Gl
Lfyﬂ ﬂl}zwuw R m@.z aoq@ug
B v 2 N = e & T F T Lo oo
iy o 4 F -1 of §9 0l By < poE T S
zoﬂa%ow%g% ﬂ%@%ﬂ% %gxﬂ%
W O p p x % o b " % % 5% T ﬁ N -
= il o 5 N o X . b, = X 0 I T w = MEC T
—~ —
mqaﬂﬂﬂ%ﬂw @@Mﬁiﬂz __g@ﬂgu
m. — o p Iy T N o o s i i s m A g
ox o 7E = o ° ZL ﬂ;l | X —_ ol —_ = B 1* o Eo
v 0 %wa _LULT mwwﬂme.wﬂ %
d & o o & o how = o 4 . o B @ g H o
~ ey iy s Fo) 2 1 - T ° i Y
%ogom%mﬂu..mﬂ@ Luﬂgﬂ%@kmﬁawtu.é
}ﬂo% T SIG) A@MO}MHTX_%%
N B T 1%r oo B
%la‘oaﬂ H oo &4<§ iﬁgl
o = R o B M ~ 1
,ul el o B Oﬁ — o o
o T G o WO o)) 5 T T % G
T = R ™ oy T = do = < = K
\9/u 1 B — o ﬂ_OI = H._L ‘Mll 1.._ o#a —
I 25 5 o = = @ o
— = K o
oﬁm%gwr%wﬂmf%ﬁ
- T E .
boﬂ ) o 5
e} )
= %_ =
=

} o

°©

%

7

°©

- 44 -



o] 7] A, VZET‘:— A 31xd ALY THE& % o), a, ~ e¢3E o] o] o] 9

F gyol P Aol

A 3nzst Aol Wik ZAAS) ek S skl ele) 9
g A 3nzst AL FHsd w4 @)L FEdel ANG F
AR gt ABdOES FAR FRAFY gL Masgv & 31

0.1pA oJWlZ +05% o AEEE Zteth

x 31 AlEdol A ZAA e A g A vHlu(dA FAAF
Table 3.1 Comparison of the simulation and the calculation results
by the equation (3.8) (total leakage current)
(9] : pA)
b5 36° 72° 108 ° 144 °

Sim. Cal. Sim. Cal. Sim. Cal. Sim. Cal.

0.3% | 229.60 | 229.69 | 228.70 | 228.67 | 227.40 | 22741 | 226.30 | 226.32

1.2% | 234.98 | 234.96 | 231.58 | 231.53 | 226.70 | 226.70 | 221.90 | 221.94

2.71% | 244.30 | 244.34 | 238.20 | 238.18 | 228.70 | 228.74 | 217.30 | 217.31
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Fig. 4.25 Operating principle of the JESS
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u. RETE | <312 F(RETE Matching Algorithm)

JESS®] #4olety & 4 &  AXWAHE RETE W3 Luds
& Apgeta gk AR As"eA B A BAQ Aol Fe Ham
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Fig. 4.26 Module configuration of an expert system
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Holg] Z2EE =z vt5o] Fu. webA FAIEL oy AAE
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7F 0ol A Al WSG9l ‘tempBuff[0]’ o] STX H]
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A 4

inBuff[]= RF =41 GOl E4
tempBuff[1= =J|3t
pos =0

b_Processing ?

tempBuff[0] ? tempBuff[0] ?

v

. Pieeessiiig = Gue tempBuff[O]_:mBuffh] tempBuff[pos]=inBuff[i]
pos=1 pos++

tempBuff[15
HIOIE M2IRUA ALS
b_Processing = false

A 4

% 427 dolE FAl dagE
Fig. 4.27 Data receiving algorithm
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(2) dl°lg A g
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1% 428 dYolE ZrES BA
Fig. 4.28 Data protocol analysis
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Fig. 4.29 Output display of a whole data
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% 42 317 go]lguolxe EA
Table 4.2 Characteristics of the lightning arrester database

2 0l JSESENE NN ME S
time ST AlIZE text(300)
id o2l 1D int(10)

itr A SEMT Aggh int(10)
itp A 2857 28t int(10)

ir Netg SEFs 2t int(10)

i3 H 3DXL &z int(10)

i5 M 50X0 SE&MR int(10)

i7 M 70Xx00 S8 int(10)

i9 M QDXL SHAF int(10)

ta o2 =2 2% int(10)
ts WD EH 28 int(10)
sepos %= AKXl OIHIE int(10)
seneg S=2 AMXl OlHIE int(10)
DB IN/aLT @ e oz
fosmn v M oATARE

Total RMS =

Day

% 431 delguol~ A B gz &9 3
Fig. 4.31 Output display of the database processing and graph
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L7135 AP ek ot
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. dHlely A%

F 42014 13709 dHolEl= SQL Z & F 'insert’ F &S AMES)
of diolgulo]zel AR 7] Z4 Anel doly 5 ReRh
He 10&2vkd 3 w94 deolHE AR Ha, v7= oy tio]7]
mEel FAEE BE dolB s Adstel st dol Mol xe 717}
AHGA soldrt. 98719 £5e] 10 ~ 154 Ateld & 7T v e
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t}, dolE 2hA

dolefw o] =5 W lstAY Al 2ds Z27|A 7 we} o] 5 A
S ARE ARl o s dolEulo] e A FE ] = HolHE A
A 757 A wekaA 1Y, 370, 6704, 1d, 3, 51 o] H 9

ARE AGATE Auste] 4AT F AEE FANY

L~

2

HlolEwo] 2o FlolE AbAle] A% ‘time' AEL o] gake] AbA ),
A A Zko] 20079 10¥ 189 174 35% 222 7§, dlo]Efuo] o)A
3ME o1 dHeolHE Ay 1Y 4329 2l o] o AHs
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™ 200739 109, 20073 9€, 2El3 2007 8¥o] old EE HolHE
A e

delete from 'ar_table' where 'time' NOT IN (select 'time' from 'ar_table'

where 'time' like "200710%" and "200709%" and "200708%")

19 432 tloly o] 2o HolE 2AbA o o
Fig. 4.32 Example of the data delete from database
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4319 ot A AEF7| e FA HolHE FolA A= Ho
Blo] Wstgkel e ajzrt ¥ H = sHolth HolE o] 2ol AAHE
dolHE 1d, 1Y, 12, 1d @92 Jdzs RHojzozx 379

ERT
e

1

g AsE BAT F ol dHle] dnE BuRty =42 Frh
7 ogsMe adxg FEs PEe G A
- 19(day)?l A% oMol 2ol A AF B AFE @S A% 1

A7 B BRFE Fokel 4N Ge T F

- 1% D(week)Q) A delE el 2N B wE FEFE ool T
Ao ge FH F @z e

- 1% (month)el A% wlelE Mol zol A % WAz Hite Fake] 30
Ao ge FH F @z e

- 1d(yeandl A% delEulel oA @ B wBelw HEe Fakel 12

Aol e TR F oz epin

- 100 -



a9 4332 id'7F 199l 979 AR FAAFA dad T 2 Tt

o] M3le TR Ho]F7] Y3 9 Al = (pseudocode)o] U}

SAIZE = 20078 108 23

days = 0
while (days < 30) {
x= = 30 - days

y= = select avg('ir') from 'ar_table' where 'id=1' and
time='(81 JHAI2} — days)%'
days = days + 1

19 433 t©lolE Wskg aHE ¥ oJALI =9
Fig. 4.33 Example of the pseudocode for data trend graph

x5o] 18 A%, vy 'ar_table’o A ’'id’7F 1®Ho]al "time’el 20071023
o] 9 = HeolH Tl fir' ZHwe AEstA Hrh. =, 200710239]

dlolEl= 2007 1049 2349 HolE & YEUE= Mded ol e Hds
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Hrn

Ol OB HIO] 2
(Z& HOIE

19 434 FE71Y d3dd +x
Fig. 4.34 Deterioration diagnostic structure of lightning arresters

JESSol M = Abd 2A dlo]Euo] el Agd 11719 e vejvl g
AbgetH, R eRE IE 7] o oRE AGT F e IAEAY

ALt B AFolAE WAL GISE HE7IE fFoR
S Fdety] Wil dE7kERE Wda GISS dF7 e dEE

She A4S FADT E 438 5449 G A4S et

® 43 I 719 Gz A4
Table 4.3 Deterioration diagnostic knowledge of lightning arresters

No gotde XA
1 | 88X SE2&8FIF SHLY, dH =&L88F2 Aggt £= zUE =elsttt
2 | MEE SEEFI SH, ez S48F 2t &lstt

4 | OXWe SOPF UELE, M 30X =&28F g2 =HQIstlt
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Fig. 4.35 Pseudocode of the rule 1

JIZ0l 322 1 JE #Hotct
PzS

13 435 TF

JIgt * 2)

[2]D] id gt
select avg('itr') from 'ar_table' where 's_id' order by 'time

=

limit 0,100
select avg('itr') from 'ar_table' where 's_id' order by 'time'

desc limit 0,100

if (=28 >

EH 5t
asc

gt

um §
[

s_id = &

st

719 10070 ¢+ m}A] =2 10070 2]

Njo
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lI:
ZAE A% A RS FH@.

[¢]

= select 'ts' from 'ar_table' where 's_id' order by 'time'
desc limit 0,100

= select 'ta' from 'ar_table' where 's_id' order by 'time'
desc limit 0,100

if((BHSE - F=212%) >=3) count++

if (count >=50) "HIZD|S HHSEI} SIS = TZDIIE Hotel

N —

a9 436 3 39 oAtz
Fig. 4.36 Pseudocode of the rule 3

a9 4369 JAmEE dadwe 98 A =79 AT 1007
dole g 7hAsh F9ewe ¥ALES vamdth olw £ER7} 3C o
491 757} 508 o 4olw AW HAAE e =l

9.3 40 A 312 AR 7}

A 3nzxs FAAAdFE ARE FAEAAFS 39 2 277 gEARE
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422 37 2 &4

e wAg NsE digoz AGAudA oy AS mE=
FaEA o U AYL
SRSk A 23 dold HE REN 24 Ag s e Eo)
10251} @ WA pCel g mEA A2Hol A% fuolE Hgow,
A7) 1D 2, A dole 2, AA doly %, Axn WA &
o J550 AAY U A%
e wAR o do WH¥sE gaen st A8e AN 19
WL ol gale] AAl AH e 7]

=74 dolE e 22 FAoE HolHE wEY AFsEs Forn 4
o

4373 2e =A doly AMA TR

&1 Lighting Arrester Simulator
02,01,2007

0251 42500,0203,087,0096,0068,0070,0064,0041 ,0039,0038,0427,0012,03 ~
02,01,20071025142510,0223,0549,0097,0088,0073,0078,0047,0042,0045,0417,0034,03
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