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Abstract

This thesis presents design and construction of a high-frequency current
transducer for partial discharge detection. There are two models of the current
transducer in the consideration. The first one is the air core current transducer. The
other one is the ferrite core current transducer. Both of current transducers are
tested into three categories, i.e. frequency response test, signal linearity test and
measurement of background noise. The tests are used in evaluating the performance
of each current transducer. It is found that the ferrite core transducer has better
performances than the air-core transducer. The measured patterns of partial
discharges are compared by the developed ferrite core transducer and the
conventional instrument system. In addition, the measured output voltages of the
current transducer and those of non-inductive resistor are compared. From the
experimental results, the patterns of partial discharge detection obtained from the
conventional technique and from the developed transducer are similar, according to
IEC 60270: 2015 standard. Also, the output voltages of the transducer are similar to
the real current pulses of the partial discharges. From all experimental results, the
developed partial discharge detection system has ability in measuring as the
conventional system. The background noise is lower than 2 pC. The developed
system, therefore, can use in detecting partial discharges in high voltage equipment

for testing in a high voltage laboratory.
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UM 2.8 nMsvihnuvesiklainsswanufaielinssualnaniu

[ d' = d' Y] 3 o Y a 1 @
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|
H = — (2.2)
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R S|
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B = uH (2.3)
¢ = [B-da = BA (2.5)

B = UH = — (2.6)
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¢ = BA = —=- 2.7)
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Y v ¢ 1 & a v A v .24' v e 18 &
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do LNA dI

= —N— e - .

dt ( dt

out

) NA ' ~
AMuuatn M = KA wazknuAl Tuaunisa (2.9)

(

C

dl
vout = T M ) -
dt
1
in - - ﬁj.vout dt

dlo 1 Ao nszualnih ()
H fe Anuduauuwdiudn (Magnetic field intensity; A-turns/m)
L #o Arwemseuiiuihdamufirvosaunumanlndi (m)
B fia Anumunudundndudngn (Magnetic flux density; Wo/m” 3o T)
L fe Anud@urnusivan (Absolute permeability; H/m)
L, Ao anudusiuwivianuesgeyeyinie (Permeability of free space; H/m)
A ANUTUIULILMANEUIWGS (Relative permeability)

Ao Wanduaiman (Magnetic flux ; Wb)

3

dy dd‘ (v 6 1 @ 1 2
Ao fuNAndndwaivanluaniu (m”)

Ao usuadeulwiunideni (induced voltage ; V)

z ™ > o=
]

A [
AD ITUIUTOUVDIVAAIA (Turns)
le A9 ANYIVBILAUIAAIN

M Ao anunilentiisiy (Mutual inductance)

(2.8)

(2.9)

(2.10)

(2.11)
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Tuauni1si (2.9) Watinn15iasunUaIndnduillndnmaual fmulainseikaninud

geazasrananduiminluianienssdiuiunisiuisuulamdndudinantuniungues

Wsunduarngrenaud nuuasiliianseualiilvaluveasluiieiuandugin (2.8)

91N@NN15N (2.11) KAAIAMUAUNUSIENINNTLUADUNAKATLIIAUD NG NEIAD

NITUABUNANILAINNITBUTLNTARSIAULDIANATULDY ATUAIILSIFUDFNRIINFIwUAY

nszuanudgusumBuiinTaiizauazlanszuasunn (8]

2.3.2 299TENYAVRIAUUAINTTUAAUDES

R L

C C

/\AA/\//YYY\

Mis () c

. 2

5UN 2.9 19sauyavesiUainsziandLias

_|_

<

INFUN 2.9 UaR9tNIT93aNYATDIRIUUAINTLUAADNNDAET TI9INITANYAFINGT

A5 N1 NS NaATY (Transfer function) #3NIIUNBSDUNLAUS (Transfer

impedance ; Z) 16 fauansfa@un1sn (2.12) lnensiunesduiiuaud Ao 9nsaiusening

LD IANATUNTERABUNS

(2.12)
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9N nauYed R /L. Aawunndledieununat /Ry L kagway R. A8
Waieuiunayd Ry astiuluannish (2.12) lidndudeaimay R, /L. wae R. d1AIUIN kA

AU IUANNITNT U DS DUNLAUD INUAIAUN1TN (2.13)

M
S
v L.C,
7=—~x
L 1 1
s 4 ( )s +
R.C, LC
M
—S
LCCC
~ R (2.13)
.
(s+ s+ —)
R,C. L, (2.10)
| fa o P - RT 1 =
Alna (Pole) ¥898UNISNINUMNBSDUNLAUTLUANNIST 2.13 AD — WAy G
L, R.C.
%LLamﬁmmﬁﬁwaanéfﬁLLﬂaaﬂigLLaﬂaﬂmﬁqﬂ (Cut off frequency) Fepudneo
v ° a R A o v
AuA1 (Low cutoff frequency) UANUsEU8U —TLLazm’maﬂmaaWquﬂ (High cutoff
27
a1 1 d‘ [} 1 1
frequency) 4ANUTTUIUN ——— LALANNFUNITN (2.13) @1UITONIDATIFIUTTNI
2TR, C_
wsssiulnierdnaiunssualnfiduns (Gain) Seaunsh (2.14)
RT
Gain & — (2.14)
N

Weo Z A9 neuwesduilaug (Transfer impedance ; V/A)
Ao wsssiulniedne (V)
| Ao nzualiiBunm (A)

M fa Auten1sIy (Mutual inductance)

= ¥ U

R, fle Anmshuyuvesuanszuanufig Q)
R, fo dduvmuuamds ()

L, fe mmmﬁmﬁwaaéfumaaﬂixLLaﬂawuﬁqa (H)
C. Ao anuglwihwessnuainszuanmias (F)

N Ao §1u7useuvesvaaIn (Tums)
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VOutput
R
|input Gain =T
A N
P Frequency
R, 1
27l 2TR, C_

5UN 2.10 naneauauadsanNivesiIulaINIElanIunge

¥
=

9n3U7 2.10 wandliiiugn anuddveeniiunziuediua dfunIuuungs

(Ry) wag Anuwlerivesiiwlainseuanszuandnudgs (L) @runnudieanaugeas
PUOYAUAT AIFUNIULINTI (Ry) waz ANglnihvessuUainszuaninudgs (C) agnlsh
ld‘ o o d‘ a va o U U 1% 1 L% U
muanuvteailiihvesiudainssuannudgidunsliidamnsadnels winisine

AnugliivesduUansenannudadumslfintuinlaenn dsiuluinerinusiauioz

denldanumienhvesiudanssuaninudasluniseaniuuanudaves ity

2.3.3 nMsmuinanilienivesiulanssuanungs

Anuwllgniwesiiuainsewanuazgnldlunsesnuuy anudAneenaue
YoaRUaensEnandufas deluimdetinanaisnisAuiuninumiledivessiudas
NITLAAUDEMY 2 Usein Ae Mmudasnszuannugeinldunueinie waziiulanseua

Anudgentdunumeslsn

1. Audasnszuaadudgeanldunueinie
ANumilgativesdinlasnseuanuiaildunueinia agaiu1sanAlaain

aunsi (2.15) (4]

2

Nh b
H, In(—) (2.15)

27T a

r_
I
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5UN 2.11 wuudaesuUasnssuaninuigantdunueinie

dio L, o mudumundndnvesgaane (47TX10 H/m)

N
h

AB TIUIUTOUVAMIAVDIFIUUAINTEUARAIND G

k) AIMUENUBILNUBINFA

Ao ANUEMILEUHUAUINANAEUDNVBINUAILUAINTELARINNAZY

Ao AU TIEUruAudnananglure UL UaINSERARILDE

Aaudanszuaaudganidunumaslsn

lun1sAwumatanuwmileaivesiulainssuannudgeildunumeslsiasly

VANNSAWINMUMENIUIUINNYVOIBNRUSUAZNVBI1T AL

<
AY —

JUN 2.12 msAuunnumiletdvesiiulamnssuannudaimldunumesls
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INNGUBILOURUS
N = HL (2.16)

NI
H = — (2.17)

wnuaunsi (2.17) Tuaunsi (2.3)

NI
B = uH = K (2.18)
LC
mﬂﬁ?ul,muaumiﬁ (2.18) Tuaunsi (2.5)

NIA
lC

! ¢

— —

n) 2995NugIUN1 i %) fugruvnssdwantaii

JUN 2.13 2sasiiugrumslniuasusdmanli

313UN 2.13 wanan15UTeuieuasiug1un il inas299snugIuni
wlimanlnin tngluguil 2.13 (v) wansanuduiudsening Wdndudmnan () wsaadoulih
wiled (Magnetomotive force ; mmf) LagAnuAmIUNILLLUan (Reluctance ; R)

NUUUIANUFUNUSAINANUENUIUANNISN (2.19) satuaIusadguauni1shdlasg

A1 (2.20)

NI
b = — = (2.20)
R |
l

frarju R = (2.21)
LA
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91NNYVINITNAE
d N°A di
vV o= —N—d) - _Had (2.22)
dt L dt
dl
dt

Tuaunsy (2.22) wansauniswssrulninnuatensansinauewnlainsehaninud
49 WazaunsN (2.23) wansauniswssnulniihinnasesanumile il daduaiunsai

AN (2.22) Wihiuaunisi (2.23) 18 feuanadaaunsi (2.24)

dl N°A  di
L— = bl (2.24)
it L dt
2
f1911 L = YA (2.25)
l
wnuaung (2.21) Tuaunsdi (2.25)
N2
L = — (2.26)
R

Tunsdindudasnszuannudgelitesineeinie (Ar  gap) AMNAIUNILLLAANTE
Usznausae 2 diu dudeanufumuidmvanvesnuuaain (R) wazanudiuniy

usiwanueatesieernia (R ) dagud 2.14

mmf = NI

JUN 2.14 sauyaniaudmaniniwesiuuanssuanudgenivesineinie
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fufuunudn R =R_+ R luaunnsi 2.26)

2

N
= (2.28)
R +R,

2.3.4 Uanuazdaiduvasiiuuainsiandnungs
= Y vy Y o = o A &g v
M19199 2.1 wansdelaiuSeunazdaidailSeuvasiulanseuannungaildunu
9117 uaz Muvainsziannudgenldununeslsn dwisitandulssleniluniseenwuy

AuUainssuannudgasioly

o Y o Y o Y d' !
19191 2.1 SU'E]@LLag“U@Lﬁfﬁ]@ﬂ@nLL‘UaQﬂiSLLﬁﬂQWNQQ\TLLWagﬂﬁgLﬂW

Usetnnuas

e
©
o))}
e
@
)
[es

AUAINTEIE

AUDEA

[ |

- Lifiansdudannnssualniing | - A1dnsidiusznineainumiien
ANUANS 39T UIAVVIUIAVDIAILUAINTZ LA
ANuAgs (L) A6 nafe
ddoani1sammieninige
YUINTOIFILUAINTERAAIIND
geresvunlviey

=

- fafudaanszuaninuigadl
FanUaanssia aualug nsiasldeuas
Aigedild TumafUavinlaenn
WAUBINTA - n13eenuuutItAudlung
aurildenn esainnisiia
41UUTIUVAAINIT L9 AD
aawisiintuudasinli
FNIAIUTENINUTIAULDIANA
funszuaduwn (V/1) fldsinas

[y

- IRTIEIUTENINUTIAULD AN

)

funszuadunm (v/1) dendn
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o Y o Y o Y] a ! '
M1919N 2.1 EUEJWLLaqu@LaEJ‘UENW'JLLUaQﬂﬁgLLaﬁ’J"I@JﬂE‘J\‘]LL@agﬂigLﬂW(m@)

Usetnnuas
AUaINIsLe

AUDES

=9
()]
o))}

AwUadnsend
ANUDFWLY

wNUas N

- DRMSIAIUTEIINILTIAULDIANAN U

- ADATIAIUTENINGAIIULNAN YN
YIAUVUINVDIFILUAINT L LA
ANUDge (L /A) HAge na1Aenn
AeaN1sANULTe N igeuInves
Aaudasnszuandtuigaly
o I~ Y = 1 dl'
dnusosdaurnluguiniile
WSgULNEUNUAIkUaINT LA

a e v
ANUDgenldunueInA

1Y

9

nszuaduns (V/1) dang

- AlaNANANITAUAINNNTL LA
WA AAIuINT U il
A5293UNSLARAATISIUNIEIUL

ANURANAA




UNA 3

nN59RNLUUKAZUSENUEAS1Y

Tuunilagnanfainiseanuuuiazlsznauaiieiinuainszuaninuigs 2 Ussan
Mgy Ao Mwdainsehanudgenliunueinia wagdudainsewannudgeldununes
1591 nudnAIARBNYIULNMAN (Permeability ; 1) TudiawdasnszuannudgansasUsznm

fanuunneneiy lesainmsidenldunuunainvesiiiuainssuanudgenuandeiu 8n

(%
1 =2

AANNFu URlmantardinalagnssseainnumideninvesdiiulainssuaninuigs

Anee

3.1 nMseanuuUasdsEnavassdaulainszuaaungeldunueinia
3.1.1 MseanuuusiulaInszuandudgenldunuaina

dunsunisidenldunuainiaduazliuneldiinnisdudiainnseualidifalinud

' £%
a a <=

[ dll [ 4 1 I3 d‘ Ql' v ]
PAIU pInNSnGwdn AT uINATInaveInseLalidna u1sardaunla e
daseluanie lnedeledutefegrmildunisidenldunuainia weilsSauifisuaininu

%‘U%’]‘ULLﬁLiﬁﬁﬂ“ﬂ@\‘lLLﬂU@’]ﬂ’]ﬁﬁULLﬂ‘LlL‘I/\IE)%liﬁ WU’TW’J’]&J%@J“U']ULLJJL‘Viﬁﬂ"UE)\‘iLLﬂ‘L!E)’]ﬂ’]FT

-7 K% ! ¢ ] | v i ° o
(47TX10 H/m) ﬁﬂ’]uaﬂm’]LLﬂULWaﬂWMmEJLVI’] aﬂNaI'Viﬂ']ﬂ']']ﬂJL‘V]ﬁﬁ'ﬁuqm@ﬂmﬁuﬂaﬂﬂig

waaufgenldunueinaiaininitdmiwlainseuaninudgenldunumeslsi wananien

1% '
0 1

ANULARYIUNVDIFILUAINTLLAAINUDAIUUILAINALAATIADYIIAINUD LUNITII9U

3
(Bandwidth) vessuuasnszuaruigedslanamudaluumi 2
Tunnseenuuufudasnszuanudgeiildunuoinia uansdsgud 3.1 Taediay
MuualiFIANEweIwALeINA AAHeIEURUgUgNaInsluren Uil UaINSEUA
AWAge AN uguinanansuenvesLnuiLUAINTELARILAEY S1UIUTEUTDS

[

YARIN AZAIATUNIULLNTI LARNIAIT



20

AINEITOILNUDINTA (h) =18 cm
ANNgIFuruAudnatgluvenuikUaINSERanLDas (a) =28 cm
ANNEMLEEUAUNaNAEUeNTaMAUmIkUAINTELEAINRAEY (b) = 11.4 cm
UIUTUVRIVAAIN (N) =16 50U
FAUULINA (R,) =50 Q

L h =18 cm o

it = / \ \

=== B A

a=28cm|b=114cm

-

| I

5UN 3.1 vununuvesiklanseuanungmldunueInie

anmafidenldimunuuunda (R,) Svuawiiu 50 (2 esnanelauenidea

(Coaxial cable) Nl4dANATABUNIUAUT (Surge impedance) Wiy 50 €2 Fsn1sidonaAw

AUNUNTVUIANUALESIDUNS WA UTVIae Ak T oAz llvilRAnRduas oL Lazda

yMlEn1sRsaTallAAAINLRANAIADNARE

ANANLUTEIEIINNTEBNLUUEINN SN LR NENNITN (3.1)

Nh b
L = H, (n(—)
27C a

(3.1)

ATTX10 ' X16° X18X10 ° 11.4X10 " |

= (n(

27T 28X107°

= 1294 UH
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[

AINU AUDANDBNAIUNIANNNITEDARUULANGIL

R
Low cut off frequency =~ —— (3.2)

2T
50

Q

2XTTX12.94%X10°
614.97 kHZ

Q

3.1.2 msUsznauadisiulanszuaanungenldunueinia

(%
Y

nsusznevaiemiUasnszuanufgeildunuenaiduneulunisusenavaing

o
Y [

Tunauil 1 NMSLENUNUVBIAUUAINTTUAANNDES

lumsidenunuvesiiiUainsziandnuias awdenldunuienanasin 1enuny

'
wva A

FgnaafnilANANUTLTIULLLRENLYITAUDINTA BNTedaTliaanTRNaIL1TTULTININg

9

1Y) yaa v a o a o a
mﬂmiwuwa’mlmaﬂms 1@8578631@8@7@\1LLﬂu@']EJWﬁ']ﬁfﬂﬂ‘ﬂgLLa@QWQEU‘W 3.2

- ~

12 cm
2cm

>
||

18 cm

N

AN
N

JUN 3.2 unuenenanann
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Funauf 2 m‘sﬁ'wuma':ﬂ%aaﬁmﬂaenizl,taﬂfnu?iga
NMSNUVAAIAL TN NATNUAULUUVARIALINBWEN NAIFAD LUUINITHUTAAIN
sandu 2 dussiu TnefidiulsnasisunufEUnaIAVeuAITaULALRENAIERNABY B
szusivun 16 50U Tnefisvozrnaseninesounisiuasdeaiissosiiasiane uazdndau
wilsaziudoundunuilusnaindiunsniinuly Tnendnnisiusinaniiden Aeauisoan

[y

FEAUAYYINTUNIUIINABUBNL Faanedsgun 3.3

5UN 3.3 sudasnszuannudgeildunueinie

ArANrileIIvesiaulainssuanudgeildunueinimiusnuvesuaain

[

[ 2/ <3 § Y a1 1w v & Ao 1% o a1 &
‘Via\‘]'ﬂ"lﬂﬂigﬂ@‘Uﬂi']{lLﬁiﬂﬁuuﬂimLLa?NﬂquqﬂU 15.2 uH AIUUANUNANDDNATUANLAINIL

50

Low cut off frequency = —
2XTUX15.2X10

~ 52354 kHZ
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[

warsns1aunIseUaInseladunsssuiiafadl

|
ul
o

— = 3125V/A

Q

Gain =

3.2 pMseanuiuuasUsEnauasssaulainszuaadungeldunumaslsn
3.2.1 M3eanuuusiwlainszuanungenldunumaslsn

lun1seeniuuknuvesikUainTzuanudgzdenldunuiviwianaisesls

3

a &4 Ao ! ¢ . P P &
LLHALURANNIBNLIYNIN LLﬂ‘ULWB%\lTﬂ (Ferrite core) Lua\if\nﬂLLﬂULW@ﬂiwu ANYUYIULLHLAAN

g9 dealvirianumtignihvesiiwdainssuaninudaildunuwlaslsniAuinniiining

'
Y]

~ ° o A  dgy Ko o v ¢
L‘VTUEJTL!']SU@\TW'JLL‘UﬁQﬂiSLLaﬂ'J']iJOQ\TVIIEULLﬂu@']ﬂ']ﬂ UBNITNU QNﬂ'ﬁ@@ﬂLLUUI‘VTLLﬂULW@ﬂiV]

a

199971991 ANBNANLABINSDUA VDN U BS LSNTLAANI NN W AN U 39A U

WA lngseavidunvuaveswnunelsv wansisguil 3.4

\ A

55cm
8.6 cm

~25am 1 25am
JUN 3.4 vunaunuvesiuUainseiannudgdldunumeslm

o
Y

lun1seenuuuiiiuasnseuaniudaanldununesls asimualvdriunndise

v

YOIMAUNBILIN TIUIUTOUVAAIN FBIINDINF UAZFIFAIUNULINTS Lanesall
2

Nunthdavesunulaslsifivunm (A) (1.55 cm x 5 cm) =7.75 cm
I1UIUTBUVAAIN (N) =5 58U
F9331981n9 (1) = 0.035 cm

50 Q)

fsnumuuand (R,)
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ArANatleve sl UaINTELEaAUDENIINNTERNKULANINTAMIAINELNTS (3.3)

2

N
L = — (3.3)
R +R,
N2
L = (3.9)
L |
C + S
HA KA,

a A a a ] = ' < ' 51 ¢ o
INEUNIIN (3.4) LMEJLUTEJ‘ULV]EJUV"I'W]'NN"UZJSU']ULLNLﬂaﬂﬁgﬂﬁl’]QLLﬂULW@iliWﬂ‘U

29971991077 NUIAMUTULIULLNANVDILN U LSHTAILINNINAIAN LB UL IULLLAEN

1 ¥

1 | [ Y1 £ 1 [ e d‘
UBIOIINeINIA (L > L) bieanuiumukimanveaLnueslsvidiadesuiniile
Wiguiteuriuanuiumussivanvestesiterna (R << R ) dululuaunisi (3.3)

TisndudeaiAimnudiuniukiivanuaanumeslsviunsiuia

N’ N'HLA,
R L

5 X (ATTX 10 )X (1.55X10 ~ X5X10 °)

Q

(3.5)

S

Q

0.035X10 "~
X~ 69.56 UH

[

FINU AUDANDDNAIUNIANNNITEDARUULANGIL

50

Low cut off frequency =~ —
2XTUX69.56X10

~ 114.40 kHZ
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3.2.2 msUsznauaieiulasnszuandudgeanldunumasls

nsUsgnavasmkUanszLanungmidunumlesisvidivuneulunisusenavasng

3 YUNDUAIL

fumeudi 1 Msdaunumlaslsiiiaadrevesineennia
unuleslsifidenldasfivuinniusuil 3.4 Fauinarnunumesls 2 Fusenouidn

fhefufiodfiuinumieimesiulanssuaninias ndmintu nsfauiiniuny

wleslsiileaiadosinernmaiiendnidssnsdusvesnuieslsi Tnsiivesernimazi

ANUNI9UTEU 0.035 cm UARIAIFUR 3.5

JUN 3.5 unulaslsvinimsuusesaiierilviiingesineinie

TunaUi 2 NMIRUVAAINVBINIUUAINTLUEAUNES
n1siurAaInveiIlUaInsELanunaRgldndnnsiuauLuuYaaInlsnean
Wil uAUMBUaINIZLaNlguAUDINIA NaNAALLUINITHUIRAINDNLTY 2 dusieniy
TAYAIULINALNUTDULNUIAAIN WALDNFIUNTIILNUTDUNA UL LUINAINAIULTA WHNNS
) ) A Ao v s a o | A v v YR
uvnaInvesiulanszuanudgenldunumeslsissuiuunainludiiiugoundud
1TUINAINVALINNN (LAUALAY) LATABINNTUTINUVAAINTOULNUNDS L SNV9NUA 5 59U

v
a o a

(FuEINRY) BuanIRagu 3.6 uag 3.7
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ﬁ Air gap

5UN 3.6 LuudnaamsiumuranmsiuluuInaIalsnean

JUN 3.7 dudaanszuannudaeiiasoauysaludn

fumeuil 3 Mavsznevaiaaatiasiuresiautasnszuaniuigs
inatlesfuvesiindanszuanuigezutsesniiu 2 dufe nadudne (U 3.8

() waz wwad1uwa (53U 3.8 @) lnsiaadosfuraaesdiuagyindsuiunatan

(Plastwood) U1 10 mm Avhnisdeusiutuianua 9 du Fauanadazuil 3.8 Tned

MeaviduavuImadaaiuvesilUainsEuanudausasTUILUARIAIIUN 3.9-3.17



) WPAAIUTNE ) LAARTUYIN

A) NNSUTLNOUAMANIADIAULYIN AU 3) wnatesiuiauysai

SUN 3.8 LAaUaInuuBIILUaINSEWEAINDE

Y

v

N 425 mm /

35m _—

=20 mm=
) SIUALLDUAVUIAVDILARAIUGNE

5UN 3.9 s1eazdenvuinvesaadesiudun 1 (@ugw)

) S18ALLDYAVUINVDILARATUVI

27



30 mm

25 mm

n) 5198LLDUAVUINVDAAA UL ) S1YALLDYAVUIAYDIAAAIUYI

5UN 3.10 waviduavuinvenalesiuiui 2 4u 4 uasdu 8

] /—\ 210 oot
™
-

I
10 mmiJ\j

o [
-~
- -

35 mm|

20 mm

1) S18aLLDUATUIAVDILARAIULNE 9) 18ALLDUATVUIAVDIARAIUY I

5UN 3.11 swasidunvuinvednaleiuiui 3 wavdu 7

28



30 mm
]
[T
5mm

R1p
S

Y
25 mm

n) 5198LLDUAVUINVDAAA UL

) $1UALBUAVUIAVBAAAAIUYY
5UN 3.12 wavideavuinvednatesiuiui 5

s
/S
%
/ xf &)
2,
i II
L] R 60 mm
|
||
Vo
.\\ \
\ \
NN
\\\ AN / |
NN\ /
\\ \a /‘ /
AN /)
///
-
,,,,,,,,,,,,,,,,,,,,,,, " A
.,.//
Lo | 30 mm N ’
51“*} i 10 mmI (D 2
y mm : ,,,,g_/\%
- » // m
25mm T

1) S18aLLDUATUIAVDILARAIULNE

) T1UALIBLAVUIAVBUATAIUYI
5UN 3.13 sgavideavuinvedaalesiuiui 6

29
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) SNUALLDYAVUIAVD AN UL

n) $18azL8YATUIAVBAAAAIUTY
5UN 3.14 wavideavuinvadaalesiudui 9

) SNUALLDYAVUIAVD AN UL

n) 5198LLDUAVUINVDAAA UL
SUN 3.15 5798808 VUINVDLAAUDINUUSLIULNUNANAILATUN 1 — 9

Y
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20 mm

5mm

5UN 3.16 wavidunvuInveRududeuseiudirevesaslalenlsausiiu

JUN 5 waz 6 (A1uL1e)

wasanUszneuinatafuvesiiulainssuaniiudauadoauysaludy Jauueu

a a

Wosdeaililoy (Aluminium foil) inAnnieluea GauSsulatioudulantesiuauuluiag

Y

& v 1

9199 UTUNIUTTUUATIITUMSIAANSAaYSaUIediuld wenanilfaddendiiaggn

° d' ! ¢ v a v = =
UNUNBDUNDAINTNINVBDITEUUNTIVINDARNIY %QLLa@QE‘U‘Vl 2.17

5UN 3.17 wadesiuvesaainlnenanfiiiunisiausulesdegiidouue
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waaniiBandesiuawnlniiiadaauysaludas mntuihfmuUainszwaninuiiaan

ussldinlvluaadesiu wasiuiunatadinuuiseaa 0.035 cm  W1AAUSINSBEAE

o
1Y 1Y

1 [ o '
MU UTUADUNFNAYDY1IUIN

o

A
1Y

sennawnueslsiiielfduteinsennia lneNdunauil

=

WesneAanumiieatvesiiudainsrnannuigeiuiuegiuresineeiniavasnues

Ts% LLamgUﬁ 32.18

JUT 3.18 mMsussyilanseuannuantluluaadaaiu

5UN 3.19 Mmudasnssuanuigansaunatosiu
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druluguil 3.19 uansdeiuuasnssuannudgaildunumleslsinsounadesiu
naINTuddkUaInsEaANUDgRena 1IN InAIAIwlet1eIeLAsee Universal LCR
meter Fsaumienivesiiwlainssnannudaanltdunuleslsiawiniu 64.68 pH

[

HINUANMUDANDDNAUNTI AT

50

Low cut off frequency ~ 6
2XTTX64.68X10

~ 12303 kHzZ

v
I v A

warsns1aIunIsiuanseladulsIsudamad

R 50

Q
Q

Gain ~ 10V/A

N 5
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N1INAGIULLASHANTIINAEDU

GLuU%ﬁ%zﬂﬁ’l’Jﬁ\‘lmiLU%EJULﬁ‘&JUUizaw%ﬂWWﬂ@ﬂﬁiLLﬂadﬂizLLﬂﬂj’mﬁq\‘iﬁg\i 2 Uszlan
FaavSouiieulssansneenisnageuranun 3 Ussiavldun nsvadeunanauaues
m'amm%aqﬁaLLUaaﬂizLLammﬁgq mimaa‘ummL?;Jul,%qLé’usuawf‘f’aLLUaQﬂﬁzLLaﬂaﬂuﬁqq
LLazﬂﬁmaaumaﬁﬁmzﬁué’@mm‘um‘wuaﬁmﬂmmmammﬁqﬂ Mntudensauvas
nszuanmigeiuszaniangenin lvihnsvaaeusUuuumsiindaufaunsdiunaznis
nadgauAuaunsalunisilasnselanishavisavsdrudunssduvesinlasnssia

A
AU

4.1 MINAHBUNARBUHUDIANBANNAVIIAILUAINTEUEAIUDES
N1SNAFBUNARNDUAUDIADANAVBIRILYAINTEUAAUDFIADN1TNAAB UMY

Y

AMUALlUN5Y9U (Bandwidth) ¥83fauUaInselanudgamIedenudlun1ingiady
doyeyraun13ia sV ILTUe AsuYItAURluNTYIIN UYL AN TELAAIND S
ABIATOUARNAIUUTENOUAMUDVBIH Y IUNITAAYITIUINEIUVIINUA D992a1U1507TITU

AsRRavNsaUalIulaegNaLue

4.1.1 aunsalnl¥lunsnaseunanauauaianUBVIRILUAINTEUEAINNDAES

1iedastialnihnszuaaduiiannsausuanudle 1 1p309
2 shgumuldnnuwdsathvun 50 Q 161
3 fhuvanszuanuiganldunuoine 161
4.¢TQLL1Jaqmzmem?igaﬁi%’uﬂumaﬂiﬁ 161
5.f3neaseadalaalay (Picoscope ) 1 A384
6.a1elaLonTea (Coaxial cable RG-58) 2 &

4.1.2 m'iaﬂﬁgww&msmaauwamauauawiamw?immé’qLLﬂaanizLLammﬁ'ga
Naimimaaumamauauamamm?ﬂmaa@hLLUmﬂszLLamm?{gwizﬂaUé’wm‘%aq
fudalninssuaaduiiaunsauiuasuainudlédsazyiuindifunmasarowsaiu i
nseuaadulnavUsunuaRaLe 10 kHz 89 20 MHz - d@usndunulinnumientivue
50 Qazgnihunsevuiuiuunasdng uagiulaanszuaninuiigaazgninanadeaiiotn

nszuadlrarudidiumulianumieatifingd Juanaiagui 4.1 lneiin1svageuilazm

'
P

gnIdIusENII I inanaTIdaldInMuUansELanud ge waznsELaBUNs

anialaaindniunuliaudedn a A 9
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\
—N
Mi
— 7
N
—£ ’ ‘/ Mi

5UT 4.1 2995MsnndeuNanauaURIsianNivesiLUaINTELaAINNDES

4.1.3 HANTNAFDUNANBUAUBIABANNDYRIMUAINTEREAUDGINTdUnURINTA

INNANITNAFDUNUI BRT1aUNISHEUaINTELaTuLTIAU (Gain) Aiani1eAsddiian

o a1 -

Winu 2,64 V/A %se 8.42 dB AuddmeensusisiAniniy 552.24 kHz waganuisnesi

'
a

Augedlangend 20 MHz druludeanudnainitainuddneenaiuiidnsidiunis
WasuwlasAdnsdiunsuiainsziaidunsiunonnuddiiiussunn -21.38 dB/dec &9
Laneeagun 4.2 uaglugui 4.3 uansrnuduiussenitennudiana (LsaiueIanaiu

nszuadunm) fuANuveulanITLanudgwmldLnueIne

20 : —— : ———— : —

4 5.42dB

Gain (dB)

| ' i I S T N R |

30 \ Ll
10" 102 108 104
Frequency (kHz)

JUT 4.2 nsmluansrnuduiiusseninedasdiunisuuainszuailuwssiuiuainud

YakUaInszRanungwmldLnueINTe
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90 : ———y : ————y : ———y

80

Phase (Degree)
o
o

EN
o

30

20

10 i i i I R | i i i I | i i i I R |
10" 102 108 10%
Frequency (kHz)

JUT 4.3 n9uanannuduiussenien Ui anaiuaunves

U a o v
@3uﬂaﬂﬂi%uﬁﬂUWMQQQWI%&ﬂu@WﬂWﬂ

4.1.4 wamswmaauNamauauawiamm?i%mﬁqu;tlaanszLLamwﬁga’L%'unuLWE)ﬂiﬁ
IINNANISVAFOUNUT SrT1dIuNsuUansuaduLsey (Gain) fiannzasdaiian
WU 9.16 VA w0 19.23 dB Anuddvesdusfidwindy 151.31 kHz  uazAaud
ANBaNATLEINANEINTI1 20 MHz (Bandwidth = 151.31 kHz - 11And1 20MHZ) daulutas
AUATEINIIARAeeNE U TSR dunsAsuLUassasd@unsuUasnssuadu

WseiusoMUDNATUSEINN -18.44 dB/dec Fauananagu 4.4

25 . —— . —— . ———

17.23 dB

Gain (dB)

5 \ R S A
10° 102 108 10*
Frequency (kHz)

o v v 6 I W 1 [ v v =
gﬂw 4.4 nFINLEAIANUANNUTTEMINDATIEIUNTHUAINTZLETULTINUNUAUD

vassulasnsziannungenldunumlesisn
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90 - —— - —— - —_—

Phase (Degree)

| s i I S R | L i I S R R A |

-10

10" 102 108 104

Frequency (kHz)
JUN 4.5 n9muaneanuduiussEniennuianaiuaunves

fuvasnseuwanuasilsLnunesls

Tugui 4.5 uamaruduiusseninmnusiiana ssiuednaiunseuadunm) fu

ANUDvewLUaINTELanNRganldunueIne

4.2 nsnagauanduBaduvasiaulainszuannudgs
Aanududaduresdygrauiinliuanidsanuiadosnmuesaisdiotn nanfe

A3siladaniiadealanuulug lun1sianasdostiarnualdosnnnsaiautduldady

o = =« I 4 A U Joa oA A
UULBN E\I\TQSZ\I@"L@'NLﬂﬁ@QNGQWUUNﬂ’NNUWL%@ﬂ@

4.2.1 gunsaildlunisnagauanauduaduvasiaulainszuannudgs

1.LA39991a0INAdNSAATISAUIIEIY

(HAEFELY PD CALIBRATOR TYPE 451) 1 Lﬂ%iaﬂ
2.fdumulanumieaniwunn 50 Q 161
3 fhuvanszuanuiganldunuoine 161
4 fudasnszuamnuigeldunueinaduununesls 1 6
5.f3neaseadalaalay (Picoscope ) RGEGY

6.@8lAwaNTea (Coaxial cable RG-8) 2 \éy
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4.2.2 mM3fafrasnIsnagauaaludaduvasiaulanssuaninuigs
lu2993N1INAdeU 1AT8I91809N15AaYISIUNAIgnUu T uLaIT e NadN I3

AaunsauIsEIy %mﬂ%’mzﬁwmﬁmoﬁ 10 pC 20 pC 50 pC 100 pC Wag 200 pC

o 1

o w PN ! YA U Ao Y o N °
AINAINU I@EJ‘V]LL‘V]aQﬁ]']EJWﬁﬁﬁ]3ﬂﬂu’]3J']G]'EJEUU']UﬂUﬂJG]'Nnu‘VHUVLiﬂ'JWNL‘VIUEJ'JU"IGU‘U']G] 50 Q

Y

WaLAINTULFILUAINTZLAAIUDAIUIAA DN D TANTLLANAAN IAANIUAIAIUNIUAINGTD B9

Y

WaRaRagu 4.6

|

' |

| —I— HAEFELY

| | pp cALIBRATOR
| J— | TvpE 451 ):( 2

| |

JUN 4.6 1asnisnegeuaududaduvediinUainssuaninuias

4.2.3 nan1svagauanuliudaduvasiuuainssuaanudgaiildunuainia
1NNINAAUILYIINTIUTBUIBUTEnIegUARUNSELABUNRTINTIATALAR NG
funulianumileni (I3 mENIRY) warIUAIULTRIUDINNANATIINAINFAIMYAINTELA

ANUDalELNUeINTA (NSINEA) NseauUsEasng 9 Fauanaiagun 4.7 - 4.11

Input current (mA)
Output voltage (mV)

-1.5
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time (us)

o

JUN 4.7 n9mluanensidSeuiieuseninansenadunn (Fuik) wasissiuendng (@)

voakUanszuanufamlyunueIna Nsesulsey 10 pC
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0.75

0.5

0.25

Input current (mA)
Output voltage (mV)

| | 1 | | | 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (us)

[%
o a LY 3

5UN 4.8 n5mluaninsiIeuiiguseninansenadune (@ Eu) wazlswiuedne (@)

Yosulamnsziannudgenldunueinia nseAudse 20 pC

Input current (mA)

Output voltage (mV)

| | | 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (us)

-6

JUN 4.9 nemuanansilSeuieuseninansewadunn (FUik) wazissiuendng (@)

YauuUainszuanudamliunueIna Nseaulseq 50 pC
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Output voltage (mV)

T T T T T T 20
6 — -
15
4.5 .
< 410
E T l
£
g 5
S5 1.5 ]
o
E
g
= 0 /\A.—‘AM 0
1.5 -5
3+ -
| | | | 1 | | -10
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s)
5UN 4.10 n9luannsiUSeuiBuTEnInseladunn (FURu) wazisanueang (Fd1)

YosulainsziannungeldinueIniea Nseduusey 100 pC

Input current (mA)

1

1

1

1

1

0 0.05

0.1

0.15

0.2
Time (ps)

0.25

0.3

0.35

-20
0.4

Output voltage (mV)

5UN 4.11 n9luansnsiUSeuiieuseninenseladuns (FUku) wazisenueang (Fd1)

YosulansziannungeldinueInie Nseduusey 200 pC
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o & a v o A ag vy
M19190 4.1 Naﬂ'ﬁm@a@Uﬂ'}'}NL‘U‘UL%QLauﬁU@QW’JLLTJENﬂﬁgLLaﬂQWNOQﬂWIﬂLLﬂu@"Iﬂqﬂ

r ANGNAAYBINTEUABUNS ANANYBILTIFULD NN
Uszadeu (pQ)
(mA) (mV)
10 0.44 1.96
20 0.8 2.98
50 1.87 5.62
100 3.75 10.76
200 7.08 19.83

M15NT 4.1 UARIAGeAAYRINTELABUNATIATIVIAlAAINMIR U ULTANLmTe

[y

WaE ANEIEATBNIIRULEIANANINTITIRlAINAILUaINsELaAUDgInlduLnueINIA NIsEdu

1 [y 3

Uszqane 9 uenainildlodimaianveusssiuednaiuszaulszaiitounndannsiniiem

Y 9

v (% 6 v !

ANuFuRuS azlaanuduiusassun 4.12 Taefanudunusainarduainuduiusiuy

a 174
LU U
25 T T T T T T T T T T
20 -
N
E 51 -
[
=)
8
°
>
5
a1t -
S
(e}
5 _
v
v
0 I ! I ! I L I L ! L
0 20 40 60 80 100 120 140 160 180 200 220

Charge (pC)

JUN 4.12 nemuansmnududaduvesiudanssuannudgeildwnueinia




4.2.4 nan1snasauanuliudaduvasiuuainssuannudgiiidunumasisi

a2

31INNINAFUILTIINTIUTBUIBUTEnIegUARUNTELABUNRTNIATIATALARINGY

funulsanumieni (5 miEdIRY) karFUAIULIWULNNANNTIInANAIKUAINTELA

AuRgedildunumeslsn (nsmdung) Asefuyszaeng 10 pC 20 pC 50 pC 100 pC 200 pC

MNAGU BaUansragunt 4.13 - 4.17

0.5

0.25 -

Input current (mA)

-0.25

05

1

0 0.05 0.1

JUN 4.13 nsluannsiuTeuiieuseninenseladung @k) wazissnuedng @unq)

0.15

1 I I I 5
0.2 0.25 0.3 0.35 0.4

Time (us)

¥

vassulasnseuanudgeildunumesls Nsedudseq 10 pC

0.5

Input current (mA)

-0.25

-0.5

1 1

7.5

[$)]

[t
n

0 0.05 0.1

0.15

I I I 1 5
0.2 0.25 0.3 0.35 0.4

Time (ps)

JUM 4.14 nslUSeuiieuseninanseuadunn (FUk) washssiuedng (@und)

yossuwlaenssianudamliunumlesis Nsedudseq 20 pC

125

Output voltage (mV)

N
[

Output voltage (mV)



Input current (mA)

€aN
(il
<.

Input current (mA)

0 0.05

0.1

0.15

0.2
Time (us)

0.25

1

0.3

0.35

20

-10

0.4

43

Output voltage (mV)

4.15 n3muanen1sUSeuieusenIanseuaduns (Funtu) uasusaiuedng (@)

YosiuUainsenanudgentdununeslsn 9

[y

¥auls

v
v

950 pC

1

1

1

1

0 0.05

0.1

0.15

0.2
Time (Ps)

0.25

0.3

0.35

0.4

40

-20

Output voltage (mV)

JUN 4.16 ns1vluansnisilSeuiiiguseninanseuadune (@ NRY) wazusaiueing Fung)

vossuwlanszuanudgeildunumeslsy Nseduuseq 100 pC
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10 m

75
75 n

25 125

Input current (mA)
Output voltage (mV)

25 1-25

Sr ! I I I L L L 1
-50
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time (us)

JUT 4.17 nsvluansnisilSeuiiiguseninanseuadune (@ R) wazusaiuedng Fung)

vossuwlanszuanudgeldunumeslsv Nseduuseq 200 pC

M19099 4.2 nansnageurudududuresiiulainssuanudganildunumeslsi

Uisfgﬁﬂau (PO NITUADUNA (MA) WIIFUDIANA (MV)
10 0.28 3.62
20 0.67 6.25
50 1.59 14.61
100 3.14 27.80
200 6.15 54.79

N5 4.2 LARIANEIERUBINTERABUNATNRTIRInlAINdIR U ulSATawm e

a

LAy A1ENEAveLLIILeIANRTingIaTalaandinlainseuanudaantdunumesle 7

v o 1 U (3

szaulszgane 9 uenanildoliAmasdnavenssiueanaiussiulszndeunmaennsin

Y 9
LY s

P ¥ v ¢ 1% [ v a ‘:l' [ A Y ! < v o o §
LWBUIAINUANNUD ﬁ]%VLG’Iﬂ'J'HJﬁiJW‘Llﬁ I5UN 4.18 lneianudunusainarndunnudunus

Y

WUULTLEY




a5

70 T T T T T T T T T T

60 -

w B (&)
o o o
| T T
1 1 |

Output voltage (mV)

N
o
T
|

10 - n

0 1 1 | | | | | | 1 1
0 20 40 60 80 100 120 140 160 180 200 220
Charge (pC)

JUN 4.18 nsmluansmnududaduvesiuainszuaninudgenldununeslsi

o o/

4.3 NMSNATIUATININTZAUA U IUTUNIUVBIAUAINTZUEANDES

v v v

e

'
YY) =

saudggrasunuiiatulussuuiadudsiivavenisuss@ninmuesgunsalfild
ATIVTUNSAARAYISIVIEIY Bau19gu IEC 60270 Tanmunlrseiudyansuinintuly
sruuRodliguiuninATwmilavesseAuyan1sRay IUNEILNATIaNY endieg1ugu Ll
insnegeunsiinfaviiavsdluaewadalafu wud seAuUseansiausaunedy
a o v & v o da X v ° ] = A 4 A o I
fAi1iu 10 pC AatuseAUdyIsUNIUIAATUABININTY 5 pC feagiiodnaTasiloTanu

~ oA A
UANMUUYDOD

4.3.1 gunsalnldlun1snagaunstainseiudyyrusuniuvasiiulainssuaadnudge
1.vloulamAaeULTIRUEITR 75 KV 40KVA 161

2.9unsainTiadudyaanisiaysaunsdiu (Coupling capacitor ; Cy)

Y9 1 nF A 100 kV 16
3 fhuvanszuanmiganldunueinie 161
4. fhudasnseuannuiganldunuesls 167
5.9UnsaldnasensiinfawIsauIedIu 161

v o

4.3.2 MIANAINITNITNATIUATININTZAUA U IUTUNIUVBIAWUAINTZUAANNDES

[ Y] 1]
U

TUNSRARIINNITNAZOUNTIVIATL AV IUTUNIUALRARIINATNAAD UL DUAY

<

NSNAABUNISIAAAYYITIVINAIUANLINTTILANG TIAAIRIFUN 4.19 Tnesudanseua
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Audgeazgninunadesuinudnilwifideainsnd Seudasnszuaniuigeias
Feudefudinsosdaaias (Omicron mtronix technology MPD  600) WaskaASHANTS
naaousElUTLNTI OMICRON Software for MPD Gsgunsalfanaridugunsaiilélussuy
psafunIsiinfarsaunsdiununInsgIuaIna uenainineuasiinisnsiainsedu
Fuanasundiiatuluszuy asdevinisusuiisussuuianoudiiolfiinanuusiugily
n135153339 Iagvinsusuiisuaieiadnisfavisau1edindiaesainguninidnasanig

fAay139u9dIu (PD pulse calibrator) NseAuyseamnAy 10 pC

— 1

Q)

LY

3UM 4.19 199N IMARUNTIVINTEAURYYIUTUNILYBIMIUUAINTEULEAINNES

4.3.3 NANTIINAFIUATIVIATEAVTYUIUTUNIUVBIAILUAINTEUAAIINDN G
Nlgunuainie
IINMINAGBUNUT SEAUFYYINTUNIUYBIRILUAINTELAAIND g Ldhn eI A

1A1¥1nI1 5 pC Fawanasiaguin 4.20

5.0 nC

4.003ms 5.006 ms 12.01 ms 18.01 ms Gamut Intensity Main  Statistics

[FDssl - [mpD 600 1.1:

1.0 nC Q
T T4 =
4.002 pC
545

4.01

Freq. integration at

100 pC 250 kHz + 150 kHz
2.98 from: 100 kHz
tor 400 kHz
0PDs
218 nDs
WA, | A P AT A AT A i i P B AP Dy i PR AT -
Gated Percentage

static: 0%

10gC static partisl; 0%
1.18 dynamic 0%

IEC 60270 status

. 087 conforming, Calibrated
today 2t 17:19:46
0.64
047 MPD 600 1.1:
0.35 V."VZ
OMICRON 0.26 v
RMS

23.60V

fV
50.00 Hz

5UN 4.20 seaudyanusuniuvesikuanssianinuiagantdunueinie
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4.3.4 HANTIINAHBUATIVIATEAUTYYIUTUNIUVDIAILUAINTEUAAIINDES
Nldununasle

ANNNTNAFBUATIVIATEAUAUUIUSUNIUVBIAILUBINTERARINUD AT LY WNU

g U

v v =

waslsvinudn seAudyiasuniudeniindt 2 pC Fauwanafaguit 4.21

[y

JUN 4.21 szavdyanusuniuvessinulanssiannudgeildunumeslsv

MNMINAEBUHARDUAUDIADANT MnaaeuauTuBLdutaznismaaoy
G]i’Jﬁ]iJ@iSﬁUﬁliy,ﬁyﬂmiUﬂ’JuGUENgf’JLL‘LJa\‘]ﬂiSLLﬁﬂ’J’mﬁg\‘lﬁ’jﬁ 2 Uszunndinaniuludnedunudn
Tun1smaaeunaneuauasienmd Mulainszuaniuigaildunueimaiidnsidiunis
wdasnszuaduusaduiinindudasnssuannuiigaildunumesle waztianudlunns
vhauvesfulainszuanuigsildunueiniawaunitfudasnssuaninudgeilduny
woslsiBndne danlunsmeaeueuidudadunui fudanssuaniufigais 2 Ussam
fanuidudadu uisuaduussiueidnnainduainszuanuigeiltunuenmaiidnas
uAnFsaINFUARLNSELAB IR Bemseruduiuandudasnszuaniuigeiildunumeslss

¥

A A Y] 3 Y] a = v o
ﬂa'nﬂagi]ﬂaULLﬁ\TWUL@WWV‘!W‘UWﬂW?LL‘Uaﬂﬂﬁ%LLaﬂ'J']lIﬂfﬂ\‘ﬁ/ﬂfﬁLLﬂULW@ﬂﬁ/ﬁJaﬂUmgiﬂaLﬂENﬂU

YY) 1

SUARUNTEUABUNA LAZIINNITNAFBUATIVTATEAUTYYIUTUNIUNUIN SEAUFyey 10

e

'
IS o LY [

suNIUYBIfLlasnsERanudgeldununeslsiliAfinitseAudyy1usuniue s
Y = Ao v v o PR A e v

fuUainseuannudasildunueinia deduauisoasuliiiudainssuaninudamldwny
woslsliuszansamanitdiwlainssuannudgeiliunueinia deiududenldfiudas
nszuanMudgenldunuesisilunmmaaeusduuun1sinfaysaudin uasn1svegey

AnuasalunsulaInszLan1siavisavsddulsiuvesiwUainseuannuiawely



4.4 MINAFIUFULUUNSIAAREYISIUNEIY

lunsmageuslluunIsNIsAarsaIueEIL AginsilSeuiieusen

AARAY15IVNEINTATITUAIERILUaINTERand U R gl dun e sy

AAYIFIVNEIUNNTIITUMEITNINULINFIUENS

4.4.1 gunsalnldlunisnagauuiuunisiinfayisaunsdIu

LudlauUamaaauilssnuasiin 75 kV 40kVA
Z.ﬁjLﬁUUizﬂquLﬁ'm (Coupling capacitor ; Cy)

UM 1 nF WAm 100 kV

3.9Un30ln5993Udy 1NN 5AavITIUeEIU (Coupling device ; CD)

4.faudansuannudgeildunumlesisv
5.9UNI0id180INSLAnAAYISIUINEIY
6.AAneanoadaladlay (Picoscope )

7.@18lAanTea (Coaxial cable RG-8)

4.4.2 N3ANAIINAININAFIUFURUUNMSIAAREYITIUNEIY

48

193UUUUNIT

sULUUNIS

2 \éy

1993MINAARUIULUUMITIAANTSAaYISIUINdINarUsEna umendaulainadey

wswugadaduunasinglinssuaaduainud 50 Hz Wifuaunsallasihuimageu (C,) 89

lunsveaeuiiavunugunsainzihuegeumegunsaldnasinsiinfay saunsdiuusay

Usznn $9USENOUAIY N1531889N15AARATISALUUIALTUINIULIIAT N15T1809NTEAA

Aavrsanuulalsdidiunsegs N1531809N15ARRAYITINNET LAXN1591809N130154AN

Aavrsaniglu druduiudszgaiuies (C) wazgunsalnsi9dudygimnisiiafasise

11989 (CD) Wugunsalldlun13n3a9dun1siinfannsauediunIuuInsgIuaIna waz

mwlainszianudgeazgniuadesusnamtiNieainsinesgunsalitasinisiin

AAYIFIUAUND TANTLUAVDINTNARAYITIVNEIUATI IaBuaneiegun 4.22 uag 4.23

Zf
— 1
— Ca — Ck
Q)
Teo ) cc 0§
-
= [ cC 4

MI

JUT 4.22 1asmegeulIeuliigusuLuunsiinn1siaysausdiu (31ae9)
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Uil 4.23 2asmisnaaeuilisuiisusuiuunainsiansaunsdin (a39)
1) nifoUUamMARDUTIIUGINNR 75 kV 40kVA

2) ﬁaLﬁUUizﬁ;mmﬁIm (Coupling capacitor ; Cy)

3) gunsalnsadudyyrunisiinfavisauisdiu (Coupling device ; CD)

4) fhuvasnszuandufigs

5) unsaldnaeensiinfavIsauIsEI

4.4.3 wansnagaugluuunsiansAavsaunsedu
1) msifafawfaunsdruuuulalsinduusenn

nMImaaeuULuuMsiAinAavsanuulalsifuussiingraduiieisny
LMIFILANANUTT sziuusadiu 12 KV azifaiadnisfiavifauisdimudnmugm 90° uaz
270° vosgunaleidsLnauesadnsRau SausduUTInL 270° SlFgendna 90° uay
yunaduesusazauazivunslndiAsstu Jeuansdisgud 4.24

drunismadeugUuuunsinaassausdmuuulalsunduussindingraduse
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Analyses of Rogowski Colls for Partial Discharge
Measurement

W. Chonpathomphikunloed, B. Paophan, A. Kunakorn, P. Yutthagowith and M. Leelachindakrairerk

Faculty of Engineering, King Mongkut Institute of Technology Ladkrabang
1 Soi Chalongkung 1 Ladkrabang Bangkok 10520 Thailand
E-mail: warakorn_ch@outlook.com

Abstract — This paper presents analyses of toroidal air core
Rogowski coils (RCs) with self-integrator for partial discharge
(PD) measurement. The RC is the electromagnetic transfer
device for measuring fast current pulse. The RC has linear
characteristic and no saturation due to the air core. There are
four configurations of the RCs in the consideration in this
paper. From each designed RC, inductance and turn of each
RC was determined almost the same values but different
configurations. To analyses of the developed RCs, those RCs
were employed to measure partial discharge current with
various artificial charge levels from 10 pC to 50 pC. Also,
comparison of the PD signals measured by the developed RCs
and low inductive shunt resistor was carried out. From the
experimental results, the best developed RC has the highest
sensitivity or lowest background noise. It composes of two
copper winding wound in the different directions. The first
winding is wound around the toroidal air core and the other
winding is wound with the opposite direction of the first
winding. The both winding are crossed at the inner of the
toroidal core. This RC also has wind frequency bandwidth for
PD detection. The developed RC is an attractive sensor in
partial discharge measurement.

Keywords: background noise, partial discharge, Rogowski coil,
sensitiviy

l. INTRODUCTION

Partial discharge (PD) is the partial derogation from
electrical discharge within the insulation. The insulation must
be considered carefully in design of high voltage equipment.
The insulation of high voltage equipment is deteriorated in
normal aging due to electric field stress. However, the
defects, i.e. voids and impurity within the insulation is a weak
spot and probably leads to severe damage. This weak spot is
often located in high electric field stress area. In the event of
discharge across the weak spots which is the cause of PD and
eventually probably lead to dielectric breakdown [1], [2].
Therefore, PD inception diagnosis is necessary for prediction
the derogation within insulation in the electrical system.

Normally, PD can be divided into 3 types. One is corona
discharge. The second is surface discharge. The last one is
internal discharge [3]. The PD frequency spectrum covers up
to 100MHz or above [4]-[6]. For PD detection, The PD
measurements are categorized as conventional and non-
conventional methods. The conventional PD measurement
uses the coupling capacitor with the measuring impedance to
detect the PD charge but this paper focuses on non-
conventional PD measurement. For PD measurement in the
non-conventional method, the Rogowski coil (RC) is used to
detect the PD current pulse.

In this paper, The RC is considered four configurations.
To analyses of the RCs, those measured signal were
compared with low inductive shunt resistor by various

artificial charge levels from 10 pC to 50 pC and the
background noise signal of each RC was compared.

Il.  THEORY OF ROGOWSKI COIL WITH SELF-INTEGRATOR

As shown in TABLE I, the circuit parameters of the RC
compose of resistance (R¢), inductance (L) and capacitance
(Cc) which is able to be measured by an RLC meter. In
addition, the terminating resistor (Ry) connected at the output
terminal of RC. The equivalent circuit of the RCs are based
on lumped parameter model as shown in Figure 1.

Mils — R,

Figure 1. The equivalent circuit of the Rogowski coil based on
lumped parameter model.

The transferred impedance (the ratio of measured
current and voltage across Ry) can be derived as equation

1);

-, R, 1 R, +R; @)
ST+ (—+ )s+—°¢
L. R,C,. R,LC,

C

Where Z is the transfer impedance and M is the mutual
inductance. For self-integrator, the resistance of coil can be
neglected because it is very small value. Therefore, the
simplified transfer impedance is rewritten in equation (2)

M
, vV __ LG
i 1 1
s+ ( )s+
R-C, L.C.
M
LC °
- e ¥
S+ s+—T
C+r )+ D

The result of poles in equation (2) expresses two cut off
frequency composing of the lower cutoff frequency and the
higher cutoff frequency. The cutoff frequency of RC is
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Ry and L respectively as shown is Figure 2.
2nL, 2nR;C,

From equation (2), the gain of transfer impedance can be
estimated as shown in equation (3).

Gain =% 3)

V,

Output

input

Gain =&
N

P Frequency
RT

2nl, 2nR,C,

Figure 2. The transfer impedance of Rogowski coil with self-integrator.

I1l. THE DEVOLOPED ROGOWSKI COILS

Those parameters of each RC, ie. inductance,
terminating resistor, and turn, are defined almost the same
value. However, the resistance and capacitance depended on
the characteristic of each RC as shown in TABLE 1.

All of the RCs compose of two copper winding and the
both winding is connected together to avoid magnetic
interference. In the first RC, the first winding is wound
around the toroidal air core and the other winding is re
turned into the first winding. The second one has the same
configuration with the first one but the return winding is
replaced by the copper sheet. The third one also has the same
one, but the return winding is wound with the opposite
direction of the first winding and the both winding are
crossed at the outer of the toroidal core. The last one is the
same as the third one but the both winding are crossed at the
inner of the toroidal core. The developed RCs are shown in
Figure 3.

@ (b)

© Q)

Figure 3. (a) The model of the first developed Rogowski coil.
(b) The model of thesecond developed Rogowski coil.
(c) The model of thethird developed Rogowski coil.
(d) The model of the last developed Rogowski coil.

TABLE I. SPECIFICATION OF ROGOWSKI COIL
First Second Third Last
The parameters RC RC RC RC
Turn (turn) 16 16 16 16
Height (cm) 18 18.2 18 17.9
Inside diameter (cm) 2.8 2.8 2.8 2.8
Outer diameter (cm) 11.4 11.4 11.4 11.4
Resistance R, (Q) 0.5 0.5 0.6 0.5
Inducetance L. (uH) 15.2 17.2 15.7 14.9
Capacitance C. (pF) 20 46.9 135.7 163.2
Terminating resistor
R(Q) 50 50 50 50

IV. EXPERREMENTAL RESULT

For the excellent measuring device, the measured signal
must be linearity and it has high sensitivity. In this paper, the
RCs were employed to measure PD current pulse. There are
four configurations of RCs and their performances were
compared.

A. Linearity Signal of Partial Discharge Measurement

In linearity signal of each coil, the partial discharge
calibrator (HAEFELY PD CALIBRATOR TYPE 451) is
employed to generate the PD pulse and recorded by an
oscilloscope (PicoScope 5444B). The low inductive shunt
resistor was connected in series with the circuit as shown in
Figure 4.

| HAEFELY
! PD CALIBRTOR
I | TYPE 451

|

Figure 4. The circuit of linearity measurement.

Each RC was used to detect PD pulse current from the
pulse calibrator varied artificial charge from 10 pC to 50 pC
in order to compare linearity of the signal and background
noise. Figure 5 to 16 show the PD current pulse measured by
the developed RCs and the low inductive shunt resistor
(Rshunt). The red line indicates the pulse measured by RC and
the black line represents the pulse measured by the low
inductive shunt resistor.

I 0.2 mA or 0.57 mVv

Figure 5. The measured current by Rqn,n @and the output volatge from
the 1% RC at the PD level of 10 pC.
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$ 02mAaorosTmv

Figure 6. The measured current by Rsnunt and the output volatge from
the 1% RC at the PD level of 20 pC.

$ o4maorriamv

Figure 7. The measured current by Rqwne and the output volatge from

the 1% RC at the PD level of 50 pC.

i 0.2 mA or 0.56 mV

Figure 8. The measured current by Rsn,ne @and the output volatge from
the 2™ RC at the PD level of 10 pC.

I 0.2 mA or 0.56 mV

Figure 9. The measured current by Rsn,ne and the output volatge from
the 2™ RC at the PD level of 20 pC.

I 0.4 mA or 1.14 mV

Figure 10. The measured current by Rsnne @and the output volatge from
the 2"4 RC at the PD level of 50 pC.
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I 0.2 mA or 0.53 mV

Figure 11. The measured current by Rgn,n @and the output volatge from
the 3 RC at the PD level of 10 pC.

$ 02mAorossmv

Figure 12. The measured current by Rqn,ne and the output volatge from
the 3 RC at the PD level of 20 pC.

I 1mA or2.63mV

Figure 13. The measured current by Rsnne and the output volatge from
the 3 RC at the PD level of 50 pC.

¢ 0.1 mA or 0.23 mV

Figure 14. The measured current by Ry, and the output volatge from
the 4™ RC at the PD level of 10 pC.

I 0.2 mA or 0.46 mV

Figure 15. The measured current by Rsn,ne and the output volatge from
the 4" RC at the PD level of 20 pC.
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I 1 mAor2.27 mV

Figure 16. The measured current by Rsnyne and the output volatge from
the 4" RC at the PD level of 50 pC.

According to the results in Figures 5 to 16, the first RC
provides the peak output volatge of 1.2 mV, 2.06 mV, and
4.69 mV at the PD level of 10 pC, 20 pC, and 50 pC,
respectively. At the same PD levels, the second one provides
the peak voltage of 1.22 mV, 1.94 mV, and 4.33 mV. The
third one provides the peak voltage of 1.16 mV, 1.89 mV,
and 3.95 mV. In the last one, provides the peak voltage of 1
mV, 1.59 mV, and 3.55 mV. The linearity performances of
RCs are shown in Figure 17.

6 13

="¥=' Rogowl
5 -| == Rogow2

=@ Rogow3 4
41 ==¥='Rogow4 - a"/l

S}

Output voltage (mV)
w2

0 10 20 30 40 50 60
Charge (pC)

Figure 17. Input PD level and output volatge.

B. Sensitivity Signal of Rogowski Coil

The high sensitivity signal indicated the low background
noise signal. In comparison of background noises on the
RCs, the PD current with PD level of 10 pC was injected to
the measuring system. The low pass filter (Omicron mtronix
technology MPD 600) used in the conventional PD
measuring system with fiber optic link was connected to the
developed RCs. The results of background noise with
calibration at PD level of 10 pC are shown in Figures 18 to
21. The background noise signals of the developed RCs are
4.092 pC, 3.880 pC, 4.317, and 3.705 pC, respectively.

Figure 18. Backgroud noise of the first RC.

Figure 19. Backgroud noise of the second RC.

Figure 20. Backgroud noise of the third RC.

Figure 21. Backgroud noise of the last RC.

V. CONCLUSION

This paper focuses on the RC with self- integrator. The
RC was employed to measure PD current pulse from PD
calibrator. The performance of RC depends on linearity and
sensitivity of measured signal. The results in Figure 17
indicate that all of the RCs have linearity characteristic. In
addition, the developed RCs have the promising sensitivities
or low background noise signal as shown in Figures 18 to 21.
Also, the RC with last configuration provides the highest
sensitivity followed by the second RC, the first RC, and the
third RC respectively. However, all of RCs also have high
sensitivity enough for detect PD in power cable.

REFERRENCE

[1] N. H. Ahmed and N. N. Srinivas, “On-line partial discharge detection
in cables”, IEEE Transactions on Dielectrics and Electrical Insulation,
Vol. 5, No. 2, pp.181-188, 1998.

[2] J. Veen, “On-line signal analysis of partial discharges in medium
voltage power cables”, doctoral dissertation, Netherland, 2012.

[3] Edward Gulski, “Computer — Aided Recognition of Partial Discharge
Using Statistical Tools” Ph.D.thesis, Delft University, 1991.

[4] Baileyy, C.A., “A Study of internal Discharge in Cable Insulation”,
IEEE Transactions on Electrical Insulation, EI-31 (9), pp. 360-366,
1996.

[5] Boggs, S.A., Stone, G.C., “Fundamental Limitations in the
Measurement of Corona and Partial Discharge”. IEEE Transactions on
Electrical Insulation EI-17 (2), pp. 1143-1150, 1982.

[6] Ramachandra, B., “Characterization of Partial Discharge Pulses in
Artificial Voids in Thin Polypropylenen Films”, Ph. D Thesis., I.1.Sc.
Bangalore,pp. 517-520, 1997.

—381—



wnansiiiwenarsianubdmsunslynuienisnyiniiu lweygislmilulyysslesuaunisan

lunsdiles edu Snvanudivdaulauilon waznasedadiuavesenasnassiiinisunluly



	1 ปกนอก
	2-7. cover_Thai - abstract_English
	2. cover_Thai.pdf
	3. cover_English
	4. copyright
	5. approval
	6. abstract_Thai
	7. abstract_English

	8-12 กิติิกรรมประกาส-สารบัญ
	12-18. chapter1 - appendix
	12. chapter1.pdf
	13. chapter2
	14. chapter3
	15. chapter4
	16. chapter5
	17. reference
	18. appendix

	19 ประวัติ



