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ABSTRACT

This doctoral thesis presents techniques for development control, and
implementation of solid state transformers for AC high-voltage testing with the
adjustable frequency from 50 Hz to 400 Hz. Two developed testing systems are based
on power frequency converters with different techniques, i.e. 1) pulse width
modulation and 2) resonance. Each developed system utilizes a power frequency
converter and RC filter and/or resonant tuning circuit to feed the electrical power to a
HV testing transformer with voltage rating of 75 kV,.,, and the apparent power of 40
kVA. The developed converters are single phase types and in a form of H-bridge
configuration. IGBTS (IXXN110N65B4H1) are employed as electronic switches
controlled by pulse width modulation or square wave signal which is generated a
microcontroller (STM32F407VG). In a case of the resonant converter, the resonant
condition is tuned by inductance adjustment which is performed by adjustment of the
air gap of the adjustable inductor. The inductance can be varied from 3 to 300 mH.
The proper inductance for the resonant condition is determined by an Improved Prony
method which is proposed in this thesis.

For confirmation of the validity of the developed approach and system, the
developed systems were utilized in the HV and PD tests of a voltage transformer (VT)
and a power cable according to IEC standards. It is found that the resonant system has
higher performances than the PWM one in terms of the generated voltage quality and
interference in the PD tests. In the cases of the frequency of 50 Hz (For the power
cable test) and the frequency of 200 Hz (For the VT test), the output voltage waveform
that is almost entirely sinusoidal (THD, < 0.5% and DV < 1%) and has a background

noise level of under 1 pC. According to the experimental results, the developed system



and the design approach is superior to the conventional one for the HV and PD tests

of HV equipment in actual practice.

]
|.-

o)

»
>
>
S

-’

& (4

dy I dl Y o U 14 d‘ = V 1 5 1 Y o ¥ € Y ¥
wnanstluenasianulidmsunisldnuienisfinwivingu ldeygnlriluldusslevisunisen

I i O L& a Oy agve & Y Y a = v & A ° v
Imﬁqﬂiﬂﬂ@q NIdU @ﬂV]QV']ﬂJ@JIW@@LLUaQLu@W'] LLaSG’]@\?@W\T@QﬂQL"i]'TGUENL@ﬂﬁ'ﬁﬂ/‘]ﬂﬂiﬂmuﬂqﬁuqlﬂisﬁ



AnRNssuUszneA

Inerfinusii o nilewdasdidannsednddmiunianaaeulniiuseas lasuyu

q

atvayunsindelulasimsiautdnidowaznuideiieanaivnssy (wie.sedulSygiien)

£

a o

Fyynavil PHD6010023 nneldmsdndunuvesdfnsunesmuatuayun1sise (@)
Fiu MAdeTieanssulnd augdmnssuans anrdumalulagnszasundidnumnis
a1anszUs lngsermansnansy asdisad gustnin Wuiimdilasenis aaenyu usew
azyandaudaslii 91dn v3a UTYN waa1 wes 91dn Tuiaireu lnuAuAna

! L3 Y Y 3 ) v = Y 1 a v dy
udllseul nITUMITHINNTS wazgIavih LludnAnwdvaeidelulasanas lulenail veveuna

U
Asmatuayunuideynremermnugiudenida

=% a

ATl Usravkaduiagaasldfoarummmnganeinsgiunuineninug
593fN@n5197158 A5 M5 ewsinan fiiausssiuaum dumsaou mlseAnuduni
Warnusdmnslniussgeededeios aneneavszaunisahidusunuuvesilily
THSsuag1miase Mmanalunisionyuzsioguassalagliges dniou TuiAnyuues

warnnaga ulugufiview UseAuussaesatuauunisynauideaudiiogaieiieh

'
a

savmmmdtiasfusuatunuwuiilisudusiely
Y9Y9UAMBI158 5.05.A3TY InSivna sa.as.oduniad aung sA.A5.
uslAsyg ML 919138ae3vimnssalii asuienanstnaviiu fldeusudsasuan
shemsUsaun Ussansussamivianiug aunseisdiiamsinuussqiimene
1vauAN A3 35 218AT AT lusna D0V03 AT.UBENE LWINIY AT.UIAM
ns¥aundsng uazandus nedade Snsamesasdszaumsai@ingflalusdsedy fifou
foadudsnuimnsulniliusageied Suarlaly fefifuuarlaiviu yeainsydaauniug

Uszaunisainiuniaian waza1evas JukuIniauvuegandausafuuiveuselowily

[
Ay Ay

Nulniihussgessnfenwideliimeg uenanilveveunumddainieuatinynvin uazaiy

v
A %

Frewdeativayudeiianenamefiauent iWunaliustauanudiionsal

'
a

vneanilidnvihuensiureunsean Ia1 115A1 wavaseuaTBuduAIINSNEs s

Y 9

[

WiummddgresnsAnyinisudaavdiunuiionsdneieg1adun ulswandudAgy

lunsinfiudinasesnulunssasinsedsssuiionnuaiyintnge Juld anuaiud

sulafiinduanauided veeiimdunmaugundldruierdemnvinu §invidrdnszdnd

Y

Lo

i
AUANUATLAS UL WAZNIIUTRUNTERANILT 1 91T

oyl Sanasena

<



W

UTIAREID oot |
ABSTRACT <.ttt et ettt et e e teete et b e s et e eae et et et e et et e teeaeenrens 1l
AARANTTUUTEN IR .ot %
BTTUDY vt Vi
ATTUUNNT N oot VI
U PR3 T e IX
YT RRTU Y SO ot orst e .. SH 1
1.1 A UunLagAUEI AUV oot 1

1.2 AU aianguas IngUIEAATOINITANY . oot 3

13 AUURFTHUBINTTANGY et imassssssssbessssssssssssssssos e essssssssssssnnns 4

1.4 yquRndoutmuAeAEIUAITITE 4

g IR 00 R o AP o T S T —— T e U W T 7

1.6 DN SURATIS S UTU .ot o s e e 7

17 VUNIUITSUNTTUTIABITON oottt 9

1.8 UTATUTIAANATIEIRTU et e 14

L7 o v e ). HOIOIOYATON €7 i N dy | = J I 15
2.1 2935ulasiunInudmdslnda (Power frequency converten(16].............. 18

2.1.1 2935 8anseuafiunduiuu 3 wid (Three-phase full-wave

bridge, reetifieraCir€UPR. ... Lo L vt O 19

2.1.2 Wsuwlasundumasbnihguiuy H-bridge (H-bridge inverter)........... 20

2.1.3 yastosiuussiulnnsssinuuy RC (RC snubber) ... 21

2.1.4 399siindayananuANtdiinsEla (Control Circuit) ..o, 21

2.2 29T INHASTBRUUTUUU RLC oottt 22

2.3 S IUATUANLIUINTEUE coovrrrrvvssiescssionsennnsrenereeeersesessessssssssssssses e seseeeees 24

2.3.1 AIUANFUARLARTA (SQUATE WaVe). ... 25

2.3.2 dygyiauuAusukuuUuUsRundeiad Unipolar PWM[L5]........ 26

2.4 35nstUSuUTe (Improved Prony method)[17] . oo 27

2.5 Aav139UNaIU (Partial Discharge, PD)20] ... 28

2.5.1 USBANUOINITAAREYITVUNEAIU coooooooeoeeeeeeeeeeee e 29

2.5.2 WATAUYAVDINTAARAYITVUNETU oo 31

Vi



#1508y (%i9)
%
2.5.3 MInTfunmsiinfaysaviaunuannsgulugunsalliiiusegs.. 33
‘U‘VH?]I 3 ﬂqiaLﬂiﬂgﬁLLag’ﬂ@ﬂLL‘U‘Uﬂ'ﬁ‘VIﬂa@‘U ............................................................................ 38

3.1 MTIATIRIITMAdURTIITUM SRARawIsauedlugUnsallnilusaas 45

3.1.1 MTBATIZHNIIATIITUNISAAAATITIUNAIUAUUIATE I oo a6
3.1.2 MTBATIZHNIINTOWALUTURAWTIBUUUT oo 48
3.1.3 Fnilentn U SuaFFTBIINEINIA . 51
3.1.4 TATIERFYYIUATUANLHUINTIUE ..t 53

3.2 MSWIANBIAYSENBUNINHNY89995n50MarUS ULASLS ko ULg 98ng
WP TTINTTUTUUTE oot e 56

3.3 MsAsEsHan1smAtssrUsEnaun1iiinlusageuns1adu

maAnaRawsavsdlugUnsallniusegs Medensnstusuuse ... 61
UV 4 DVVIAROUBABHANTITINTTU.. . .obeteeriehonresnses e bssssteobbbeens et e 67
4.1 msvadevasnisugmeaeugUndulyiiendouasdianvselnd.. ... 69

4.1.1 nanisadnalswiugaedeusieiiiawladidnvselind Auausie
dyaaugundudnia (Square wave) Nian3en193935 sl uuud
(FesoMEnae) JONQEATDLOM, €97 T ey = ¥ .. 70

4.1.2 namsasiuswivgmnaeudlenlonlasdiannseiind Aruausag

wiatiausuUTIAunTeiad Unipolar PWMIL5] ..o 73

4.2 mMsvedeunsIdunsinfarisausdlunioulataiadieTaussdiu. ... 76

4.3 MIVAAUATINTUNISIAAAEYIIIUIEIUTIUEIBLALTARAIRY. oot 81

UNTl 5 agUnaI ATy TolAUBNUE LABLUMAMTRAI oo 83
5.1 AFTUNBITUITY ceoceurerrooeeeceee e stiseesessess e b b ssibe st 83

5.2 UDLAUBUUEUABIUININNTHAILY oooecsss it 89
LOABTTONIBN oo eeeee s b 6200 e e eee e eeeeeee s eee s eseeeess e eess e 91
DV AN e e r e 94
UTETARITYU oo ssecesse s 147

VI



A1500A1579

P137971 Wi
2.1 Foulunsanuvenasuuamniumdslifiniguiuy H - bridge oo 20
3.1 FesAusznoumslitiinesiumiloni i USUAE o 63
4.1 HAN1TASUIIFUAVMAABUA BN OLUBIBIANNTOTNG .oovvrcr e 80

VIl



L4

GREAVITRAY

g‘d‘ﬁ )%
11 Fn15a$euseiugmaaeusUaRuled WUURRAL 4
1.2 finsadanssiugimaaeuzuaduled suuvuiivnauelulnendwusd ... 5
1.3 2995auyasynsuves RLC M9zliaseinan1 st sTOmuud oo 6
2.1 ADFINTIUAFUARULUY 3 WA e 19
2.2 1995auKavTUUANAUMAIITINFULUU H = bridge ..o 20
2.3 guUnsaleduda IGBTs 39 IXXN110N65BAHT MABNTHLI6]. oo 21
2.4 199500 ULTIAUHNTEYNNUUY RCorveerrrrerre i 21
2.5 siiadyumIuRNyatINsERd wageastunn (Control Gircuit) ................ 22
2.6 WIARLAEVANNITUBIN TAMTIBUUUANITINNY e 22
2.7 2993010yn5V83 RLC AANNIESTBUUUE o e 23
2.8 ARNAAIURNIUARLIRTA & B .o 26
2.9 msysuugenunheied serisduanuguedulsduassunauanumaen(1s). ... 27
710 2 inleu TR (AOR) W akih - . O ). ooy ). 22 A .. 30
A SR T el N f A A AR st (CETWA SV 0 i 1 B 31
Dl 2 o5 AR taganhdtull . A\ SRR\ - B Y ke o AL 31
2.13 NS AANTLWENAR UM TRARAYISTUNAI ot sbesnee 32
2.14 usssuiinmsonaunlugUnsallaifiussgeuasnssuaiiaduos

DA RaT Aol .. g YKL SO (R S 33
2.15 JURAUNSYUANARRBINSLAAREVITTUINEIY 1 e 33
2.16 MAIATIITUNSIARREYIS TUNAILTBURLAUT TR 7, MRaUNTUNY

NPT CNZ N AT ... OBl 34
2.17 Wasnsadumaiindamssunduibdufinaudin Z,, desynsuiu

TONAADU (C, oo - RO L e 34

2.18 199305IFUMIANAEY ISV WAIURUUNITUIATANASTENTNYNB19B (Coy Zn)

VUNUAUTANATDU (Cagy Zim1) veveerrsessemereereereessssseessssssssssssssssssessssssssssssssssssssassssssessessssssee 34
2.19 Nﬁﬁm’mi’umsLﬁmﬁaﬁzﬂ%ﬁ]wﬁauﬁﬁﬂmwﬂ%ﬁé’i’ﬁymm ............................................. 35
2.20 mstlounssiugmaaeuimIusouUataT eI AT o 36
2.21 M3UounsugmaaaUdnFUMBLALTAMEY i 37
3.1 e9susfeuvasdidnnselinddmiunsmaaouliiiusageusunnadlel 39
3.2 2993meluiedoaasiuiddlyingild DC-link WuUMARIBUSIF o 40

IX



GURIGTATECE))

U7 PN

€l

3.3 denssendowdasdiannsetindfldwaianiuauiuy Unipolar PWM

Tusruuns UM ainfawsausd U UNT BN e 45
3.4 famsseviionadidnvseindiliinadamuauuuy slauuud

TuszuunsadumsiinfaunsauedluguUnsalliilinsaga e a6
3.5 Nﬁ]iam‘gamduqﬂmaﬂimuLﬁ'*&n (Coupling device; CD) .vvveeveeceeeeeeeceeeeeeeee a7
3.6 BuiinaudonelouluiningeaRveBURMAUTIA oo 48
3.7 RTANYATINVBITEUUNAADUTAEToUBURUAUANEINIARTIG o 49
3.8 1TAULALUUEUD5EUUNARRUINFURUUMATOUNTUYBY RLC hircrrncces 49
3.9 fnigathliiauuaild ARATUETABANY o 53

3.10 wan13391a03Uaud QI Unipolar PWM vaughifndoesnsesnnuidiuy

(Without additional filter CIrCUIt)IL5] ....u.vueiiieeeeiir it 55
3.11 nan1s3napadoudygiad Unipolar PWM wasllounadaauisaundiu (PD pulse)

Y RARTIIsNIBsLEGL (With additional filter CirCUIL5].... oot 55
3.12 Useugenaaeu 5 kV amuasasasudamniuind sl (H-bridge inverter)

cau i ansat . oY/ SRR W\ Bl Y e o BN 57
3.13 nasuguaduitldnmsiassuiisuiunansUSURBUTURRY oo 58

v @

3.14 wanauauaswsaiulniinisavenegeumeguaiuidn Saludiaainaula

9

WS U UNATENINT LA INAITAIUINUNITANFDUTT oo 61

v &

3.15 N3 1WLERN 1A INEUNUT I WO T1VEIB LTI ININAT a8 o Uy
T LIV 7 O e e s RS e AT 62
3.16 vwAkoNUAgRasanvasilsrdumelouluiginsaud inisisemnaasnses
nazUulsasTuLUA AN AM99 11099 A SUTITUGMAGBY 63
3.17 éhﬂizﬂaanaumﬁuﬁs&aaﬁmmwaﬁﬂmiLﬁmﬁaﬁdﬁamaﬁ’mmaa’miaugai’m
UDITEUUNPEDU ..o ssssssssss 602 oo eessss oo sesssseees e 65
3.18 usadutlouirsunauinFauazuswiudrseengunauled vemiloulamaaey
WG ﬁamwLﬂsnLLuuémaqaqaiamuﬂammaﬁzwwmaau (gnangleuyn
BIAUTENDULITINVAUTIE) corverrrrrsrerrrsiensr s 65
3.19 naRaUALBIvBILIIAUTITed i RawSausdI (PD port) dhennsteu
Uszqfavisaswnn 1 pC Pnwdesiieviuiisunseuaiaduardyaasuniu

Twsasislowuud WeRnaaiuiuuszaiianiiy Nsedunsaiugd 100 kV ... 66



Uil
4.1
a.2

€l

4.4
4.5

4.6

a.7

4.8

4.9

GURIGTATECE))

Wi
fufivaaounsrafumainfarfavnsdluios fiRnsIifussgs o 68
5% “Ué’zyapmsumuﬁwﬁq (Background noise) 0.803 pC
VU LN TUBUMTITULNTN s 68

gunsaifldaidludiunsasulamndumddlniiuazasasnseaayUusuusiaslouuud. 69
Ui UA U9 T TR T URAY IS IUNEM 70
CH1 é’nﬁgmmmugﬂm?{u%ﬁﬁa (Square wave) CH2 &gy uaN899naINI997
wlaswndumasiwifiauuu H - bridge Imalﬁﬁmﬁaﬁuﬁuﬂ%mﬁmﬁm (without Coyy)
TUDTNTON UAZUTULANTIIWUUE ..ot s 71
ussdugsmasouiidanzisTouuudlinsasmanou Taglifassiuifuseuiub
(without C.uy) waz 145N MAUNIIAIBRAUADADD oo 71
CH1 dryannuriuRugUadudnsa (Square wave) CH2 dygai180ona1naas
wlasnrumasiiiniuu H - bridge Tmaam(?\y'aﬁal,ﬁuﬂssmﬁm@u (with Cagq)
TUDDINTON UAZUTUUANTIYUUUE 1ot 72

wssiugmaaeunantisslouuudluesvaaey lnafndunulsyaiandy 1 uF

(with Cagg = 1 UF) Lzl ufaINT8atauN IR IUANTURIADG 1oorvereoee oo 73
LswiugaeaaauAIUANiemAdia Unipolar PWM Tngliifinnefaifiulszqiituiy
(without Coge) M5EAULTITUGS 14 KV FRYYITUNIUNUNEY 162.4 pC[15]....coe...... 74

4.10 USIPUAIVAFBUAIUANAIBWATIA Unipolar PWM TagRnaasiaiuysequiuiia

(with Cyyg) 1 UF ﬁazéfwmﬁuqq 40 KV &oyeyrusunIuiumas 18.08 pCl15]............ 74

4.11 wsiugwageumuauiiematin Unipolar PWM Inefinsadaifivusyguiiania

(with Cagq) 16 UF Viﬁzﬁumqﬁuqa 40 kV &yeyassuniunumes 2.055 pC[15].......... 75

4.12 MINAFBUATINITUNISNARETS VAU UM BwlatAsaalia Inwsssunng 24 kv .77

4.13 NANNSNAFBUNTIATUANSNAREYISAUAIUL LN D wUALATO LD TR LS9 U

[

NzAuksaiy 28.8 kV Man1esloluud Sy 1nmuAt URRUTRTE .o 78

4.14 NANSNAFDUNTIFIUMSLAARETISIUNEIU T UNTBLUaLAT a9l D TS a9

a

VITEAULTIAY 28.8 KV MEIRINTBIANUANMINZ AL FysyraunIuny
FULUU Unipolar PWMIL5] ... 79

4.15 HANISNAFDUATITIUNTHNNRATNS IU9d LI ABADANET NISEAUBIINY

s o

20.8 kV Nen1eLslouuud Sye)1umIuANTUARUTRTA .o 82

X



1.1 anudunwazanudirgyvaslgm
szvvdstemaslnihnunaadnngdldln senaudegunsalluiihannung gy
insesiudlalaiii (Generator) vidfautasluidin (Transformer) gnéneauau (Insulator) gunsal
finusiuiY (Arester) aUn3alAnme39as (Circuit Breaker) anglufilafiu (Underground
Cable) gunsailuiinfifvsfosadvmnuiunsuaziafiosnminszuulninlae sy Tuussna
Inedinsnalaseigdaiandanulnihinundwdnludalisessuuluiuseduas dagng
sdslwinsinuftuivhilnasndemstngadnsungnuiigueudomiefuiindaumuiudy
a1 femnigunsallwindlianlds ndudosdanumd fuld (Compatibility) wanzaniunis
T uiivanuats Woaussaugosnsldlain dafumnsgureswansasiuazeim
Uaansounaundenseu aeds §loln wasufvRanudsdinnuddndueeisds Jadvd

£

Rendosruinnsgrusdadusiidudiuin mseenuuui mstdeniagiivi mswand msvaaey
routhlUl4f nissudwasfindei sonuuuszuuunsindsgunsnildimnyan manaaoy
Ur393nwd Jafowadussneuiuasshlissuudadne hdslnifanusfunsuasiedosnin
g failumsmumitiafemsudnieduissidues 1daiimednteuf iRduuszddnis
vilido matfuyaaiubiunndasasivesgnamnssunsaangunsallaiinusegs

geamnssunsnangUnsallniusegs lulssmelveidvlnd ueghaiuldda de
ANABINISLENATNUlAETINVRIUTEMA ANUATIMTUINIINTANY) AIUNTOUTBIUAAINT
Tutszna fmgfvnaontuusssulunngaaunssy ionudsBuresenamnsaui ns
AUALINASHIUNAN eI Telanud Fylidmd sulundinmseauausuplunisudn i
Anspvildviuiiuaglinadnsaugiuld Aonismivauauatedndaslngnismaasy
mﬁmﬁmﬁﬁnﬂ%yu (Routine Test) ABUAIIIMUIY NMINAADURNIZLUU (Type Test) NINadauy
fieiy (Special Test) 1wy lumsnageumanisnduagdewhnelfinasgiuanaiiiedu
fvonsusiiu wazidalenavesmislunisdsmiegussimaiioniu Wunismaaeumnie
wlaslnilpuninggiu 1IEC 60076 [1] NMINAABUANAIEAUIUAINNINTFIM ANSI C29.1 (2]
NINAFDUAUANLTIAUAUAINLINTFIY IEC 60099-4 [3] N15NAABUATIITUNISLAARAYIS
UNEIUALLINTFIU IEC 60270 [4] WJusiu

nsnaaougUnsalliiiussg sluningraiunssudowd udunound el drdgyly

N3¥UIUNIINANVEIYUTENOUNIINAZA BNVl LARNNIATEIU IEC 60060 [5] 13ufuaN



v '
A I

funnaaeululsenu (Testing Area) A3adiloasiaussdiuamngay (High-voltage Generator)

szuunuaziasasiodniiiedaved (Instrument and Measurement) s¥UUN1SIANTTTBYANE

A I

n1snaaey (Data Logger) 5austunaun1sujifisiunaasy (Procedure) fotdudunuly

¥
@ o

sEAUganndmiuUszneumsvuIanans sadnlulssmelnemndesasudeii esilo
NnguanivedsdumsUssma msldanddsasdanudanndidsvmaamesulaiiusgs
ﬁﬁLs?hmﬁ‘uwmwashq?iﬂumsﬁmmﬁawﬂﬁ@ﬂlﬁ/\lﬂ%mqq (High-voltage Testing Room) Tu
mAgRanIsL iUsslomiasRntutumaniuguiunumandn sauimafiugad i

NARN wazkiulanian1answietulussUsemnanag

()

N31UAuAI1 Manaaeuliiussgalinazysenounieiai sallenaaeuvuinlvg &

<

v
° LY

Umlnan wagsImas 1y wnastglnihusgs loun vifoudadlulia wIesiudalviiy d
guassAlunIsIawIennud largusnd msuaenuraielniusiugmaaeuvedlseny

vislidangusianisvudslunagouninauiu (On-site Test) uannvuIAkazdminzidy

(% o o |

Ja38ua7 ANALSIPU RInNIa9verasate i Flinanosiaisenulwag 1989 nameda

v
a v = =

fifagetuaziismgauduiliidusnlunudoaiu fuedesiotanausegaia Hud
wUsL59 U (Voltage Divider) saufuas asilatnntausn 1wy Adnoaseadalaalay
fdnoaafdiwed nisdotnnszualwin (Curent Meten) 1a3 padioTana1ud Lol
(Frequency Meter) 3¥fasi AU nAeelunisin (Accuracy) ianuliuwiueulunisin
(Uncetainty) finsmouauesgrunmsia (Banwidth) fvsngaunagiduiloousunusnasgiu
nsnadeudadumgliiisrngsdae vedidoldouuiuludadidudosinsududen
(Calibration) n3sanaiIAnfirviug ﬁ'lms?fa'ﬁwsdﬂﬂmaqéﬂssﬂaumiﬁg&éu
nsaIneawnalulagsidnnsedndiida (Power Electronics Technology)
arufnviiesemasifanetuitausady Adamds uagnATANITEBNKUULALAIUAY
guUnsaladude (Switching Devices) 181 Power Diodes, MOSFETS, IGBTs t{ufu @sanunsa
vhundsggndltlugnamnssaldegramainuatsiiu sumstundeuneimeslui (Motor
Drive) Arun1suuasfuluifia (Converter) nasnaunisaluAuEiiusnIm (Stability Control)
USuuganaunnlaii (Power Quaility) wazednsadlwilh (Uninterupting Power Supply) oA
gunsalmeufimesuaznisdoansniulaseiisuuuaisuarlians (wired and Wireless

Communication) @ufle131N1857189n15T09A USUNT18AINUTIRULAY (overvoltage) Tu

a

5EUULEB99INUIINY NN TINYIR 19U e (Lightning Strike) astatona Tuvas

(9 v 1 o

mamwiudidnrselindidsganinegenasniliiianisudngunsaldidnnsedndids

gerunuiae Wuwelisamasauneiulseangaineg19quas meanula3auds

q
2 < <

wiadadvilniuddeia wiulanian danudulile Fedauyaluddasziigunsal



idnnseidndideiifuszansamgauasinaandAunzauniamuuazussyndldlunig
nagouMaImnssuliiiugsgs iieandunu annsiiuaiesdlenaaouaindadseima 19
NINYINTOYAUANYY 1287 WFI9U Honas NINYINTUARA AN IAAFINNTTUNITNER
gUnsnilafiussgednifoviliesdanarifensquaiununisudslishasiiues
minaaevgUnsalluiussgeussinnmdowdaslniinfings (Power Transformer) uas
wiaudaslningmite (Distribution Transformer) 81984N15MAFBUANNINTFIY IEC 60076
[1] Wansnaaeulsysn (Routine Test) n1snadautaniy (Type Test) NINAADUN LAY
(Special Test) duntioudannissiloTans ey (Voltage Transformer; VT) mﬁﬁagﬂuimmhﬂ
Tnlfvasnsluiidrenda (EGAT) nmslnfinuasvais (MEA) wagnslifindiuginia (PEA)
Fadsmaneasuiiatiununinggiu 1EC 61869-3 [6] MIna#aUiieg ausnsgiudiadiu
wagmnhluldnuazyssnauseesduseneuiidduiadungulve)q WWn unassreli
(Power Source or Voltage Source) wazip3 oo tauazdufinnanisia (Instrument and
Data Logger) 9 nUszaumsalvesfinidednvedszaudgmilunimmaasugunsallniiusegs
mudedrfinvaturasinglufinauewy wdediyadewswiulniinnssuaadu 50 Hz uag 200
Hz dmiunaaeuauamulideussulniinseuaaduanudvdnga (Withstand Test) waz
AuAUlERaRs AN STLAAAU (Induce Voltage Test) mudsiu itevindeunsionlas
Iwihiade uaveraiinsnaaeuiiinidaluiten maaeunsiadunisiiafausaunsdanlu
viaudasliliirfids Fedndudedddundatglaiinszuaadu 50 Hz AUsIAaINA19LAn
Aay1saudnlussuvaiesdyainusiugmeaau (Accepted Background Noise) #1nvin
nMsnedeuaTITuMaAniavsaudnluniouUasliiinaiosfiotauseiu (vT) eded
NSNS UG INAEBURITEA ULTITUN TR IS U (Pre-Stress) NouanszfULIIfUaNNg
JEAUSIMUTUTNAINISLARAAYITIUI9EIU (PD recorded level) Tumsnadaumuunsgu
i xdedldundsseussfulniififiaruiigeaninarwindnya (Fundamental Frequency)
agnation 2 i1 dwmsunsiiussRuns Ry Tnve mlioulannsesdleYausaiuiiug
WU 100 Hz 150 Hz 200 Hz tJudu andregetnedudndunesiiunasansussiulniogng

oy 4 yaseiu fedndugUassregndslunmsimsvaaeuniioulanasosiioTausiiu

1.2 AU mRIsuaIngUsEaIAvaInIsAne
ANULIINBLaIngUsEasAveInIsAnwnaiinisnisaine n1saiuau wasldanu

wilauUasdiannsefindadiuswuginssuaadudmsunismeagaulniiiussas awnsauiu

audlniale Tneldasasuvasiuninudmdsluila (Power frequency converter) wlaLien

WUU H-bridge squivsastesiulwnszyin (Snubber) Aafuisasnses (Filter circuit) 91



Mgl lifundeuUamageuusias AinMasUsing 40 kVA fifawseiu 75 kv lngauay
YUUINTTWavea Unsal i nn 83935 (Switching devices) A elulasnaulnsaiaes

(Microcontroller)

1.3 AUUAFIUVINITANEN

auufgruvesnsinwmaleisnisadne nsmivay uasldruniauadidnnseiind
dmsumsvaaeuluiusags Ae mnauamsasaisussiuliiinnszuaaduus L
gan1N1esulasiuaudmdeliiniuiunasusuudaslsuuudlieg1aiussans anene
Fanid snh i1 UsuA a9 0971907074 (Air gap variable inductor) TngniaAAI1Y
will g lalfineg1aua udid 135 InsTuuUUFUUTe (mproved Prony method) al#
dyaalinfifiauniwnsssmniieans Telitunieuvadwihmaseuussgedoudadld
Lsstugeaae Uit g auunvadeuliiussgs waglineliAntlamdnyaia
sumuundmnnsvhnureideulad®dnnseindiituaue lunsvaseunsiadunisiin

Aagnsavnsaulugunsallviihus e

1.4 nquivseuuannuanililunisise
2TEusITugedmsunMsmageulwilussg lasvialy Uszneumouvadieliin

W39 (Low-Voltage sources) A1ud 50 Hz USuwsssuluihdrensowvasluinusuails

(Variable autotransformers; Variac) 31efiaatnialifundewdasiwilmadeuusags (High-

voltage testing transformers) as3u# 1.1 wuindnussauivdgmamuninliihvedunasdig

Y

Trilusaiuiuaznaandfinisdusveswnuminildlundeowvaslndisualdiaue villd
dyawssiuliihsuedulediinsiameuluiiuniiimnsgiug ensunagddyaasuniu
fundeansruvdmigliilunismeaeulniussgasniglutazaeusniesufinag

Tiihussgeiuduguassanennsenisaiuauiasuilueeg1es

Variable autotransformer High-voltage
(Variac) testing transformer
ine o———— ich-
Line - © High-voltage
Input voltage ¢ o Output HV voltage
AC Sine 50 Hz AC Sine 50 Hz
(Vivin) (Virvou)
Variable voltage
AC Sine 50 Hz
(Viar)
] ! !
Neutral o 0 o _L © Ground

JUN 1.1 damsasaussiugameaeusuaaule wuunudy



¢ da v

nilowlasBianvselind Nliguautfvanzauiunmeaeuliussgedinnuiiaula
og9BefiazgninanTfiduuasiremasluimauwusuudadu denstandsenovatilu
Snvaiz9956n3 saudasdurdslifinuuy H bridee converter wuu Lula Taefiungsdng
Mdaluinszuadu 3 wia WWuuvamdsnu Fgui 1.2 wazreidsluiildiunsiouyas
nAAoULsITUge deudssimiiiiadiaussfugedmiunisvaasulniiusagslalisienin
FBnsraiu mninisdnesdusznovisasmeasuldeslumnzanuagmunuLuinsLAves
gUnsaliinfensas (Switching device) ¢ doudfasairaussfugmaasuiianansayuaudls
agelsAmduiinsuiuiin teswartumdsiniagnazaddgminisdeatuasTudnug
seuulwihldluvTinagaeuty Snisdaiiliymiiunsiaifieusiuveguadunszud uas

LI NLADINANTUNTIUAUAY

High-voltage
testing transformer
Tuning and filter circuit T oHV
Power frequency Adjustable inductor
converter .4
Output HV voltage
Lio— m AC Sinusoidal
¥ T T Variable frequency
LV voltage LV voltage (Vivou)
Lyo—— AC Square wave C AC Sinusoidal
Variable frequency add Variable frequency
(Vivsquare) (Viviin)
Lio— Square wave l o o l J_ Ground

'
=

sUN 1.2 dansasaussiugaedauguadiule sUusuuidiauehineinus

ITAUYAVBNINITAT I UGUTENOUMUBIAYTENBUVB NI TANYa ve M oUUad
luihaestusiofudazuil 1.3 wud1anngeiaeastiils mnanmsausuatesiusznauma
Iihaessesauyasladmildldgenamsadaanizvesisesauyaliodluannzveniasis
Twuuuduuuiaduvy fuvierthliin uagdifulseq (RLC Resonance circuits) 16

'
1 a

annuslouuudlnasdaiuniu fuvdenh fufudsey ssddeuiislouuudamils
F il ofea150u17995v8 0083 peuUasnndurngelui 1 1 vla wuu H - bridge (H -bridge
inverter) Wu31 dygy1aiangeanaziaNAuNUSIUAYAIUANLITINTELAY09UNTOIAR
#e2993LaU8 (Switching devices) ialiaisnsmunuyuinszualasialuinegluguuuy
N3AIUANME Y IMNAE (Pulse) 138 WadluuUTuuse (Pulse width modulation; PWM)
fafu Fyradigesnaininasulasiuaanuddidelnda (Power frequency converter)
F1ududesiiieasnsesilimnzanaiug futae Jsazlddyyinusaiusigesnsundule
Arudfidesns Tudwtwuihannsnaiaussiuiigesnainsasulasiuidsliiifanunse

AIUANAUDvRIFaIla AsinaINIkaIINATRUaRuMA LA aeineasnIeen



WLNEANTULELD FITUMINAS199999N509N @UNTUSUAIANLDLS I WUUE b audunus

[ 1 1

fUPNUDVIE NI DNAIINMITHUAIURAIWHN dauazdadlamSasasawsenulniia

(]

sala v v d'

sundulgundaudnvaenudonsla Aanudiane du Wedeudygyruiaiininnies

q i Ae 7}
¥

wlasumaslniihd iivueainsulgugivemdoudasluiuseduas dousaslausaiugs

nageusUnaulsuntinudaenadaaiuld

High-voltage
Tuning and filter circuit testing transformer
— AN _@% M
LV voltage LV voltage Output HV voltage
AC Square wave C ewinms  AC Sinusoidal C —t— AC Sinusoidal
Variable frequency | e==p== Variable frequency 2 sy Variable frequency
(Viv.square) (Viviin) (Vv ou)

3UN 1.3 1asauyasunsuved RLC Nagldimseimanizislowuid

evmuadanandisiuil Tademnudululdednsbs fazduernnulanduveudas
dmvesesausznavlunisadianssiugmeaounssuaaduguaaule Ysuanudld Tnons
AUAT mATATENTIIN1999s NN madiadsnismuanaesulaiumaalnil inadaisnis
yamsimesnsliinde s nmsmendamians Weduainide damanngimnzauly
navagevaUnsalliiiussgeiienisadiussiugsannieudasdidansednd edelshanis
nageugUnsallwiiussgefiumnsnafugondsrasionsinaninzasasmalulin msemuey uay
wiadasmavetesrysenaunelninluiasnagey

1UsEAUNNTalIeIe13E IS A Inendinus weztindnw lunmageugunsal

(% a

Triflusegelurissy JuAnislafiussgeinuunty nudn nasasiadumsiinfayisaunsdiu

calal d'

Tugunsallwiiiusegs dnmslddygrausiugmegeusunduluiniaudainitanuiiven

v

yaveaszuulnia anisnszsususiu (pre-stress) 8uANaAnaavsavsdilugunsal
Ty Aisgduussiuaaninfidauesgunsal iiendndesnisdusiivesunumanlunisnagey
gunsallnihifidruusenevvewnundn wazgnsmeaeuiinauligs (Sensitivity) u1ndenis
wWasuwdadluisamaaey nMswasuwdadulrsunasdieidslii saudanisgnsuniu
£ 1 3 3 Y a < [ & (% (Y
memuudwaninilusmelunalAfaudygrasunuiundslunimadgeunsiaduns
WndaysausdnluTuiuas auvnassliawisavinisneaeuseluld JusygiuAinis
gausunsiinAavsausdnluuiazgunsalluiiussgeiidisunisnaasy mewgilduden

nsnageuasTuMsinfassausdnlugunsalluiiiusegs lumsuszidiunmninees



Ty ausiuganageunasldannmdendasdidnnsetind uwasdygasuniuiundddunis

nageuidufmyinaunmvssssuvaiusiugmageuendouUadidnmseiind

v a

Fafinanutauadneiu asdlid nerdnusatuisihunandssyndldiedos
wUaadumdslnn (converter) niautaslndimagounsags (High - voltage testing
Transformer) Y1193 21AY A8N1IAIUANYNUINTERAVDIRUNTAIANADI93T (Switching
devices) fiafsldannlulasnoulnsaians (Microcontroller) $afuisasdiuinn (Gate driver
circuit) a¥1ausadunszuaaduUumLale dnanenissesmamguisasiiinslouuud
wuudduny famieni dafdvysey (RLC Resonance circuit) Tnglddamideniludi
USuAlé feves119e1ner (Air gap variable inductor) @adudruusznounisluiasnses
way/vieuTuudaanisislouuud wazruaiIFemanslsuuuduSuudaneBneadinaans
punguiilngtl (Prony method) \Sunlvalviavansniiudn udeuuasdidnmsetnd T¥dmsy
aaussiugmaaounszuaaduuaauled Uiuanudls dwsunismaaeulniiiusegs Tae
Usziduuszdninmvemifeudasdidnusedndsionisilvassussiugmaaeulunis

naaeURTIRIUNSinfavisausdnlugunsalluiiuseg

1.5 ¥aUlUAN13IY
YoulwANTIdeniisuUaidiannsetinddmiunisnaasulni1usege azAuainide
wpTiAdEN158379 n1smuau wagldrunioudasdidnvsetindlunisvaaeunsiadunisiia
farfaunsdnlunioudanaiosdetauseiu (Voltage transformers; VT) uazaneiaidanias
(Power cable) msiinAsg iy IEC TukosfuiAnislusiiusags wisuiiiouivauidedisium
Tngfiansamamsniatunisiaiansauedin Tuuiguatmvesussiugmagouuadule
200 Hz U@z 50 Hz AWEIRY fgrInuLAnA1sYBsgUAduLTafy (Different in voltage;
DV) ﬁ'wmmﬁmLﬁaui’zmaagﬂﬂ?{mmﬁu (THD,) LLazﬁwé’igwwmsUﬂauﬁuwﬁa (Background

noise)

1.6 tunsuwarISANduIY
Sudusnensfnwmguifiieitesseneuiufuaiinuide mnsunudeya
AnuileUsudse Aunh mmedaiBnsmangud wagiSmsauauasisln Tunsesnuuy
wazmununieulasdidnnseinddmiunmaaeulniiusegs ieliliussfugmaasud
wingauiunsnaaeugunsalluiiuseas luiidenisaaeunsiadumsiinfiavisauiseaiy
TnazvhnsmaaeunsradunsinfansauisdnlunieulanedeafloTauseiy uavane

widamas Tuiesujuanmslaiuseas aondumalulagnszasundndnaaummsainnss s



i oBudunanisosnuuuazauuvlonUasdidnnsetindd ldinauslilunismagey
lutiussgeluineninusid Tnsasfinnsanansanisnsadumaiaiassausdiulunde
wadaTosdlataussiu nadeusisusstugenszuaaduaud 200 Hz uazansiaLdanids
NAAUMBLSITUFINTELARSUAILA 50 Hz luudAnn e eus sfugmaaeuiifIAIy
uAnsinavesgUAduusafy (Different in voltage; DV) A1muRaiiisusiuvesguadunssdy
(THD,) wagiiasaUsednsn1nvesseuunaaaunsadumsiinfaysautsadiulugunsal
iﬂ/\l‘ﬁ'}LLiﬂqqﬁwmizﬁuﬁ’mmwiumuﬁwﬁﬁ (Background noise) aadzvagaulngUsIman
nsiAnfavauisdnlugunsaiisumsmaaousanan

[
@

IneninusatuilteuSoailomansyaudwuauddandu 5 un &l

unil 1 nandsfiunazaudidyuesdgmi anuswmaneuagingUszasdvea
nsAne ausfigueamsane nquinieutaradnilidlunisivy vaulumniside duneu
wagdsAuifinau numwssanssuiieides uastselonifldmainarlésy

unil 2 namdeguiifeatesldun ngufrsasivasiuaud fdslnia (Power
frequency converter) @siminiiudasiusdsiniarnunasdiglniansyuaadu 3 wa 50
Hz Wil dhesasiSeanseeadurdudsmduussiulnihnssuaadudulniinnsswanseds
Wa”amﬂﬁl,m'awmﬂmwnm”uﬁwé’ﬂﬂﬂwLWaLﬁ'mgULL‘UU H-bridge (H - bridge inverter)
AIVANLNNTELAYRIRUNTalfnMaI9aT (Switching device) saelulasapulnsaiasssiuiu
2993700 (Gate driver) W3audaeastiasiulunssvinuuudidiuniu dufiuvuseq (RC
snubber) fnsngan daaumadsininniasasnseuas/mIaUs LA uUR el
FufiuUszs fomaiadsnisnasesiwislanuudoynsivesiadiuniu davieni &
\iuuseq (Series RLC Resonance circuits) Frefidslniinnszuaaduusumud lalisunse
LLU@&MWW@&@ULLN@,& (High — voltage testing transformer) Lﬁlaa‘%jNLL’Nﬁjquma@U
nsruaadulun1sunaeunsiasunIsiinfauisauisdiu (Partial discharge detection) &4
NANMRMEYNMIAARAYIFIVNEI UTHAMMSIANRAYITIUINEIN WNATNIAFBUALLINTFIY
warrsnadeunTIITuMsinfarfavdnildlunmegeunouvanadesdotnusediu
waranaiaLamas el luusagnsnageussiiaanisusuus aslowundiuansaefus sz
namdsnsmaUuisnansTswuudsenguiistngd (Prony method) wedsuluumil

undl 3 namdinsiesgiuazeenuuuNsNadaUATIITUN SRR ausdly
gunsallaifiusgs deiedosudastufdslihfivsenevasaduinnoumiddewmaia
F3nsmsasiifisleuuudanesdusenaunsliinvenasmaaeudssenaudiediu
2asutasiumdsinimdaudieinasuuuiastowund defumionhusuaildietesiig

81N1A WITANY AV DUUAMABULAE NITNAABUATIITUNSIRARAYITIUeE U Vadlaeld



Bnamadamamsimesmalniiegsusiugiieismsveddnsduiuuse (improved
Prony Method) iaugluuni saufumsadtedyyrumuauuuinssualiiifoulsiy
IGBTs fidenldluineniinusd Wisuisuiuseans mwnsmuauuainssualuiives
IGBTs wuu PWM figniiiauslusuidesnnout dahuuandiluunil 2 8nads

Uil 4 nanfammeaounazransmaaey lngldnadamasasinihuuuislouuud
USuamsuuusasTauuudimeiumieathliiinueldfenmsuiuieainsenia 38ns
muANMIaFLTsTugsnmieulasdidnnsednddmniummaas uliiiusegsildinaue
Fulmiluiverdnust wldlumsvesouaratumaiiafansavdnlundeutanaiasie
TALSIAU LazangLaLlanIad ANUNINTIU IEC61869-3 [6], IEC60502-2 [7] WS8UWEUNA
mMannaeunsIITuMsAnAarsausdlugunsalluiiussgesuswiugenseuaaduiiasng
MniedosulasiuidalwihiaTuauLUY PWM Ransangaudnuazussfugeamnaounseuady
Tundvesaamnussiuiiadalduag sedudggrasumulunimeaounsadunisiinfianda
U9 ﬂmmwLmﬁ’uﬁmmmwmmﬁmﬁlaui’;mmgﬂﬂ?{mmﬁ’u (THD,) wagA1AL
LLmﬂmwmgﬂﬂﬁuLLiaﬁu (Different in voltage; DV)

unil 5 naafsunaguueanuiseuseneusiy nsagUrauide detausuus uay

LUINWNNISTHAIUIABE DALY

1.7 %U%?U'?iimﬂiiuﬁlﬁﬂ?%aﬂ

numuIssunssaiiiedesluineinug fil

Tud 2015 UnA1LT¥IN1545 09 “PD Detection Test of a Voltage Transformer
using a Variable Frequency Converter” [8] 1igulng B. Leelachariyakul, P. Yutthagowith,
and S. Potivejkul I nanessuunsaasunisinaasaursarulundanvanadasiion
L3suieeE sauUasn LA U UAlE wudn ussiugameasuiilianiadeaudasniiudlu

=

unanuifinunimduigousu unuszaududgund esdygiasuniuiungs 3ednns

1%

ganuUULarUsznavasefinsasnuafuussfus Afeuddn 700 Hz Wonsesdnynyia
iUmuﬁwé’w%mmqnmﬂm%mLLUaﬂmm?{U%JUmVLé’ lunmageunsINTuMSinAawIse
vdnlundeutanadesdioTausaiu nanismadeusiuiuiinsnsesaudfnannnuii &
ﬂsaqmm?iﬁﬁ@um%ﬂuwmm%mmiﬁmmiaﬂiaqé’ﬁuuzynmiumulé’aué’iyﬁugmﬁumuﬁu
nadlunInAaaunsITuAaYIsIVIdINeylusEAUUSENIM 3 pC LilEaNaRBNITNAdBY
asTUMsaRaYsaunalundeuwlanniasdonuseiu fueususzrunsiinfayisa

UNdwd 5 pC
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Tud 2017 unANI 11945 89 “Multilevel Frequency Converters and Noise
Reduction for Partial Discharge Tests” [9] v gulme Phattarin Kitcharoen, Anantawat
Kunakorn, Peerawut Yutthagowith kay Worrakan Limcharoen laudiaue \A3 panUa iy
anuduuuvansseduLazsandygrnusunulunmeaaeuaTIaTuRarfautsdu Tag
thiaueiadssuUaiua i sunaudnfauuy 2 seiu uar ideauasiuanuisundudnia
wuu 5 ey Tumsaiaussduganaey SaufusasnsesmNifiinty 3 sUkuuldun sULuy
Faflend (L filter) dosynsuivisasvaaey JUwuudfAulsey (C fitter) Aovutuiuises
nAFoU Lag JULUURAmTeniR AL (LC fitten) Tun1snsesdynnsuniuainiages
wlasfumnuiinedecuy nuinaseslasiunnuilnintdetuusan fuiasnseaiaany
Wuy Lwiamw5ﬂ'§admm?{m‘l’wsi'luamﬁaa%f’mLLiqﬁ’qumaaUﬁﬁﬁwmmﬁmLﬁyaui’mﬁum
sURAUUIIUAINTY 5 % (Huilgensunuunsgiu udiasnsesnnudaiuguuuush
wilsathdauiulssq (LC fitten) wuuieavindudsdianuden 1 kHz Saufuasasuuasiy
AnuBTEe UL AflAdyaasumuiundsindy 2 pC uflsensulumsnageunsindu
msiaRarsavsdulumeulaasesde Tnusedy

Tufl 2018 unA1UT¥1N1543 83 “Development of A Partial Discharge Testing
System for Potential Transformers” [10] v gulme T. Prombud, P. Kitcharoen, and P.
Yutthagowith lalaus szuunisnageunsiadunisiiinfasnsavisaulundondas
inTesioausediu Tnglfiedosuasiumdsinihiléinadaaiuniatingsuaes H bridge

[

IGBTs anuuuuliun suadudnsa (square wave) gupiiufs

v v

. o
n3d (quasi-square wave) 133

UNSEka 30 210 931 WasNVYAINTERa 150 330 a9en warFURAUUTUUTIANUNTRNAE

q El Y

a L1

(Pulse width modulation; PWM) fiflanudaing (switch frequency; f,) 2 kHz nadausEUU
afraussfuganszuaadusUaduledilssdunssdu 20 kv 1W3suiisusendng lifhaasnsos
Lagiasasnses wuln LT osulastumdslilihiléinada PwM muausnTzLaves H
bridge IGBTs $aufuasasnseasiniy fasraussduganaaouguaduley 200 Hz fenaa
ﬁmﬁaui’mmmgﬂﬂ?{w,lﬁﬁu 3% Lﬁuﬁaau%’ummmmg’m daumﬁzy,zymiumuﬁwﬁﬂ
(Qeo) vosnnNTasIausItugadidiings 5 pC ilevhssuuatussdugmaaouiiaundul
lunaaeunsradunsiinfiavssusdlunsioudasdssiioinuseiu wuinfissdutuiind
nsiindamsavnsdiulunioutanndssdeiausedy 14.4 kv usadugmaaeufidiaiiy
LANFIIYBILTINY (DV) uazA1ANAALA suTINYDI3UAR LLSIAY (THD,) agluinmsli

UINIFINEONTU UazldyausunIuiumdsiingd 2.5 pC Litgsnwelun1snaaeull
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10T 2018 UnAIATINSITeT “A Partial Discharge Testing System Based on A 5-
Level Converter with Different Control Signals” [11] WWeulae N. Yomkaew, N. Marukatat,
and P. Yutthagowith lfthiaue ssuunageufawsaviaaiudiens ssulasiunuu 5 sziu
mugm’f’mé’mmgmﬁumn@mﬁu 3 wuuleun ﬁmmwmwauamgﬂﬂﬁuﬁﬂ%’a 5 530U (5-level
square wave) ﬁ’miyﬂiumuqugﬂﬂguﬁﬁ%ﬁa 5 520U (5-level quasi-square wave) Lay
FyaynumuausUaduUiuUgannunitsiadlod 5 sz (5-level sinusoidal pulse width
modulation; SPWM) ﬁ'm”ﬂjﬁmﬂl%’uﬂiqa (M) WIS 1.0 wazAIuaAa unY (carrer
frequency) 1.2 kHz ¥nusasfuisesnsesnnudsmsumuuimienidfiulseq (LC low
pass filter) 7ifiAaAdn 1 kHz naseUTTUUENILTLgInseuaaduUaduleifissfunsady
40 kv LU'%&JULﬁ8U5xuiwqé’m€gwmﬁ’;uqmﬂgqawuLLUU Wmfmﬂ%ﬁmﬁfgigmmuqum?muﬂm
FulUY 5 seduTaniulssnsesenudseuil a%"mLLiaﬁugammaaUﬁﬁmmmﬁ@Lﬁausw
maqgﬂﬂ?{umaﬁu (THD,) #1A31 5 % muﬁmmgmsam%’u mé’fgz:gmiumuﬁwﬁﬂ (Qed)
fna 2.5 pC antu dhiadewudasiuluu 5 seaulddygaumuANLUY SPWM Pidelan
AU TUA A TNYDILTITLGINAREY TTAIAILLANAIYEILTIRY (DV) WazAIANsRnLi oy
iammgﬂﬂﬁmmﬁu (THD,) s1n31 2 %uasrdayanmsunauiunasiangd 2.5 pC luvins
naapunTIAdunIsIAafaYsavdlundouwUaunioslie Tausaiy nuiifiseauns ey
JurinAINsIAnRaYISIUIEIL 30 kV @mm‘wsuaqLLiaﬁqumaamLazﬁzgzywiumuﬁywé“q
vuzvnaoy aglunasifininsgiuseniu TuunenuifuusiliinsAnyuieatuanud
Y9IAAUNA (Carrier frequency) TiilasieUszAnSammsaaussugednse

Tud 2018 UNAINIYINTLS 09 © Development of A Low-Pass Filter for Partial
Discharge Testing System with the Power Frequency Converter” [12] t3aulay T.
Prombud, P. Kitcharoen, and P. Yutthagowith lsinaue ANSIAILN903ATOIAINARENY

o [ a

dwfuszuumageuiavisauisdiusieiaieuasiumddlni lagsasnsosnufineud
thiauatiogluguuuuasnsasadmiunuuiamienifafuuse (LC low pass fitter)
AfiAranamdoniliii 4.4 mH Al AnwiTouiiisudaianugluldii 1 uF uaz 16 uF
fiansanAesdvszneumdiiiivenesnssauagvsauyavemloudamaaeuwaz iy
Usganuiiien azldauffnvesszuuadiusaduganszuaaduil 800 Hz uay 2650 Hz
audsy Whesnsesrnudnwiui saufuaiesudasiumdslundihuuu unipolar carrier-
based PWM ﬁﬁﬁmﬁmiﬂ%’wqa (m,) 1.0 AUREIRG (switch frequency; f,) 10 kHz nagsy
sTUva LR Ugmaae Ui sEFuLs It Ugs 30 LAy 40 KV $ifursasnsesanuissuiie

AIUVUNUTT UssrugmaaausUaauley 200 Hz TA1AULANAIYBILTIAUY (DV) WazAT
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AMURANEUTINYDITUATULTIAY (THD,) f1N11 2 % ANFEIUTUNIUNUNS N AUDGR

[ '
(N = v a

YoITTUVANALTIRUgIMAGEU 800 Hz HAwnin 2.5 pC uiAdyanasunIuiungsianad
ARYBITEUUATIUIIRUEINAFBY 2650 Hz HANAUNTIT 2.5 pC tseuuasausaiugamagey
fafuasesnsssermdsruiidnwluuneruidsilfssuvaaussiugedinudda 800
Hz lUneaaaunsadunsiinfassausdnlundowvanadedniaussfunuinfisefuusedu
nsERuIS Y (pre-stress) 40 kV U59ug maaauilAIAULANA Y8 ILTIFY (DV) uazeT
mmﬁmLﬁ&lui’gmaagﬂﬂﬁmt,iaﬁu (THD,) fnin 1 %LLazﬁwﬁmmﬁmiUﬂauﬁuwé’aﬁ”mdq 2.5
0C ey 29asnsesuBmE vl TUUTianuaie 800 Hz finuwanzaniierldlunis
NAFDUATIITUNISLAARATIFIUISEIU

Tud 2018 unAa1uT 3101545 B4 “Development of A Resonant Frequency
Converter for Partial Discharge Tests on Potential Transformers” [13] 1T aulne P.
Yutthagowith, T. Prombud, and B. Leelachariyakul 1auniaus nNsWAIUILAS peuUasiy
mdslniusTeuuuddmsunsmaaeunssdunmsiniavsavdnlunsioutanaissdiodn
u399u 1PERNIUUNAITNTBINNANS 0T US UL E denlieasusuuisnuduuy
Funderidafuusey fidareumienni 17 mH tagamugliia 50 uF Taeddiaana
fuvlugunsaiBidnusedind 4 Q AuimnudtsTauuudld 172 Hz a¥aussdugesaui
i3 osuasiiumdslwih s uaumaiinszuasedyyagunaudnga (Square wave) U5
AYIASENINE 100 89 250 Hz muasusasiliidauseqnseuans sisesulsaiu 20 Vg, way
niloudasvaaguiiin 460 /70 KV uay 40 kVA vadeussuvailusivgmegeuluanizls

v

Inan wudn nglaReuluiiivueanseassssdugmegeusUaiulydiagani ey

[

Ws9U 18,72 KV fianudvesdyanamunusuadudna 170 Hz ussiugemnaousUadulesd
flFTauaeandosfunIseonuUY SAAULANAIDIS IR (DV) kazAAufaLouTI
maagﬂﬂ?{mmﬁu (THD,) #i1n71 2 % LLazmé’ayzyﬂmiumuﬁwﬁwﬁﬂdw 2 pC Mnturins
naaeuUsEAVEA MY NI MadeURav i susdluniouasaiedio TaussiuSeuiiioy
HEUYIUAIUANLUY unipolar PWM ﬁué’mmwmmmgﬂﬂ?{u 3938 (square wave) fiaud
islowuud feapsgunuunismuauuhnszsuarlimansesnudadiuuuioadud
Uszneusedamienth 1 mH wasfufulseq 22 uF ¥lilianuidnvensasnsesuszanm
1 kHz wuin Aszfuussiunageu 14.88 kv dyanamiuauguadudniannud 160 Hz e
auislauuudlndivihsluanmsesnuuy Wesnemnugliiiwemsieutasedesilea
wsadufiisAndlUluszvuneaoy Tnedussdiudatszsqnszuansadfios 18 V ussfug
NAADULAIAIUUANGAIYDILTIFY (DV) LLazﬂ"lmmﬁﬂLﬁauiammgﬂﬂﬁmm@fu (THD,) #n

N31 2 % UagAFYINTUNUNUNEIUTEUIN 2.3 pC NTEAULTIRUGINAADU 14.41 kY
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wunA3eudasiumdsliiiuuy unipolar PWM Tusadusauszanszuanss 102 V ussdu
geagouliAPLLANANIBILIIRY (DV) uazArmmiafiouTIuveszUaiuunsady (THD,)
fnan 3 %LLazmé’muigmiumuﬁwé’wwmm 2.0 pC

Tud 2019 unAN3YINIS3 83 “The Development of An Adjustable Low-pass
Filter for A Partial Discharge Detection System under Testing with The Power Frequency
Converter” [14] W@gulae Banyat Leelachariyakul Lag Peerawut Yutthagowith letiiaue
MswaLasnsesnud i uUuAlddmsunmaasuasniunsAnfarfaunsdy
srufuieTosutasiuind sl asasnsesnnuinwiuriadumdoniduiuuszg Tnsudu
A1ANd fave9asnsadlilaglddini sriusualdnietesinsernia Uuainiy
wignhlilildsening 8.96 9 18.82 mH $aududufuUszadinairmis viililieas
n09ANARK LT UAIA AR ATessE ULl T8MIng 135 fi9 290 Hz vhnsmadeusEUU
a¥aussiugmaaougUadulen 50 Hz s/ in3eaudasiuiidslviinuuy unipolar PWM
frmaiusuuse (m,) 0.8 AARAUNY (carrier frequency) 5 kHz Ui ﬁsxﬁmmﬁuqq
40 kV 3995n583AA s USURIANE ALY ansnsansesdamsunauiesainnis
varuresgUnsalaivdeld vilvissuunegeuanadunsiiafaviaunsdiu Auseiug
yaaeugUadule 50 Hz JaranuAnmeusuvesgUaduLssiu (THD,) #1n3n 1 % e
ﬁmmmumuﬁwﬁa fngn 2 pC

Tud 2020 115875393117545 89 “Development of High-voltage Testing System
Based on Power Frequency Converter Used in Partial Discharge Tests of Potential
Transformers” [15] 1Waulng Tongpian Prombud and Peerawut Yutthagowith Toiniaue
mMsimuszuuneasulniug sgameindssuuasfuidslninlunsnaaeuasiadunisiin
favfaunsdruluvsioudaanieadatausedu w3saudasiuidaliiaziansnseagn
vl Suuvasirglyiiusssuslinunsioulameaouiiioafisussiugmaaey uagld
szuvadusugmaaeuilunsnsatunisiedassounsdlundeuvaneiosiotn
wsaiu Tuansansivnasildhnisissiuagiauniwsnsesiivildssuunaaeuiiduly
AUTDNMUA IBNITUIAIAILUANAINVDILIIAY (DV) LLazﬂ'wmmﬁmLﬁauiaumaﬂgﬂﬂﬁu
W39 (THD,) #aasinin 5 % ﬁﬂé@zmmi‘umuﬁwa‘”wsé’aaﬁ’m’j’m%‘;wﬁwaqmmsLﬁm
favsafiveusulunismaaeunsradunsiaiavisavsdinlundazgunsalluiusegs

o

ANENYNEYDITLUUNTRIVITIUTILYNIATIE LA IR0 IUUNNABLTILAD TNTEAULTIFY 40

' a

KV A1AURALTEUTINYBIFUARULTIAU (THD,) N1 2 % WarANd sy 1usUNIUNUNAS
A2A0RIN91 2.5 pC uananuilazierrudadasda (f) wazdvdnisusudss (m,) a0

MAITUIPIE WU AUDATVTI 1 - 20 kHz AFwTin1sUsulse 0.8 uag 1.0 ludinasan
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U IUTUNIUNUNEAEANURALTYUTINYDIFUATULTITY V19T] ANURETYT 1- 4 kHz Uy

ArtinsuTuuse 1.0 inadniaaluudvesnnudesnsnadanuuissuuainusdugimaaey

1.8 Uszlomfiildarndnezldsu

WedulunAndunuunisains nsmugy wagldeuvssulasidnnselinddmiu
nsnaaeulninussgeifiuszansnmgelures foanisiniusegs Afnadnwaunis
TnlfussaenuunsgIu IEC 60060 [5] aneauiunisvaaeugunsalliiussgenisuseiu
genszuaaduguaduley Ufuanudld loua maveaeunsioudaslyliiindsmusnsgiu 1EC
60076 [1] 2udaniTnedounsionUaca’ safletausesfunIuu1nsgIu IEC 61869-3 [6]
uaNIINMTVARRUNLFILFE FUAR LTI TELAR U LIRS TIUNE wagtagiutlam
nsidafavrsausdnlussuudaiedslwiludssmalneduind uwuannlugunsal
Inlihusgeildaurumanau nioudasliihids wifsuvauasesilofnussiu wazauuuds

a o w 1

WY @eLALTaNa ANanaldngTAINkAEANUUIRBD D lAVRdSEUUAIR e AT TN ae 198

= o o

Jafipnudrdginduluswianigunsallninssgednnniazdesiiun1saae unsI93unIs

<

a _a s v = a

AaRawsauednindy wiaswnedidsiiinszuaduiadanudifyddumsnaaeu
PITUNITANRAYISaUISEILAINASEIY IEC 60270 [4] AneniinusadtuiiTeilanuduly
1¥otned s aztieuszansnamenaldiiFsumsdidnnseatiindmdssenoudumaia
299507 uazelulagiunisaununsasadelnl inUssenald duivasaiamalniily
myvnasuaunsallifiussgeiinseunqumnensvadevlugunsailniiussgeynadn wud
s ausIugaURLANTluaAN SN Ie nAgRa NI TIRARUaE RN AR 0T
wazh A uANALaUssshwssuUdsItamaslihaglniussduadlaun nsluiuasvads
wagnslnihdugiana sniadedijaduduiusuuunandmiuindnu dnitouasiun
faulasiald il enoganosdaug asudtandumalulad uassiauiszuudasng

Y

Aasludin



Inefinusaliuil vniauensiouvasdidnnsednddmiunmsmaaeulniinusegs Fevin
winfiduuvasdneidslainilonsmaasugunsalluifiussgs Tnsadaussiuganssuaadu
sUpdulediidaud uazseduussiugeumnanstulunmudnuazveanisnaasugnsal
ussgausazussian Tagilunmsmaaeugunsafiniiussgediyauszasdlunmsnsiaaey
AnmvasgUnsailalfinussaenouiluRadalden wu gndauauiu (nsulator) wioudas
Til#ads (Power transformer) wisfauUadn3 aasiadausesu (Voltage transformer) @1
wdarda (Power cable) WWusiu aaunnvesgunsadlniiussgeduunlondu 2 Ussinundn
A9 ANAMNAIUNTYINIUYRRUNTAl LT IgIMINNITEBALLY LavAMNINTBINITAUIY
gunsallniiuseganuunszauLssauliihuesseuy

'
a

wiaulasdidnnsednd i wawidul duduilssimunionisnadeugunsol

%

Iniflussgefunmuamnisauruliin audnvasiidrdgsuduediddudunsumanaaey
punsaflwilussge Meuswiuganaeuie nstinanseiuLsIfugmMaAe UALAIBIFDINS
YDININAFDUL U 1A UNUUNIINRFOY LazdszinnvasgUnsallwiliussganield
Torfmunveninsgiu dmivgunsailnihdmnusfeutadluindddiuusenouvesunu
winlunsasiundsnulifinsssduussulasmsniuifeasnesesusivdnlwidy fns
nadeuvsIonsfisdudeuiinszduLsifugieauiuadsRuussulifiszuv v
Qﬂﬂizﬁﬂfu ynyadeUMBLIITUgIN T LadunLAnanya (Fundamental frequency) g
ylsAnnsBudavoaunumdn iantsfiauioulivessafuussfugmaaoy uazliamnsn
WinseAulssfug mageuldmufnmsgiudmun Rarugadelunnuindneianslsiin
mnuAansesuazdunseiiuagegld endndedamnisliussiugmaaeuszduganiy
ussiuRifnueagunsalluily anmnsavilalnegldusiugamaaeuifinnuigeninanudldanu
vasgunsallnih Tassnnsgu IEC60060 fmunlimnasufeusafugamaaauiifirnuiagedu
Tuiduduauduyinvesanuiissuuie szuulwiihanud 50 Hz azldussiuganaasud 100

o

150 200 250 300 350 %30 400 Hz naaeuld Fsunudnuaziiddydndudnetmilsie

o

Uudsuanudle
e mManageugunsallnfiussgeluiosufuRnisluiussgeiuienldndoudas
InfinuSuanla (Variable transformer; variac) dmsuliinanszAuusadugmagey dndnns

(9

MU ULR eI UL awlatesld (Autotransformer) JaNwEIARINTINAUTENINUVAAIN
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a 17

Uguglinazunainnfend useuwnumanies USuussiuiiunigisenisuiu(Tab) fiain

<9 Y 9

LHAaYIaU YNNNSUSULSIHUINEDaNTANFUNUSAUNITNLUUALSIAUABTBU (Volt/turn)

vosmlowUaaliiuanld Wunaliuswiugmeaeuitunisusvuseiuliazden Nilidueg

Y

al

funsiauUatusefugmaaau (Testing transformen) My Yugimihduiaaiadnidigeend
mMamdouiusunssiuagylfAnnsausa (Spark) 1ane dewaliindudyamsuniuse
NMINAABUUNTIENITNEY LU MINAABUATITUMSIAARAYITIUINEI (PD) lumsnaasy

a A

gunsallnf1usegafi dAnA11uq b1 (Capacitance) @4 vy wlaudaslv (Power

o w

transformer) #fififnf1§age uioaneiAiai1ds (Power cable) fivhnnsnaasumasnaI
817818 ﬁﬂﬂisauﬁuﬂiymmiﬂ@L‘ﬁawmgﬂﬂﬁuLLiﬂﬁqudqu%ﬁaLLanﬂ%’Uﬂ'wléf DEITER
AuuanTAvesunuEnuasRtavemiiouUasiliussiugmaaoufisUadufinifiousasiAundy
Anasgugensy

anuivesusiiugimaasy Sududesldyaueinesiatueisines (Motor-generator
set) Luunaseiasinihlunisnaaeugunsallaifiussge Tunisasaussduingeenain
wdsrindnlwinazdaruddumzamiaviniumuildsunisesnuunianguan i 200

'
U a o b %

Hz shensiuemesiuiifidn mndesmsusuldsuanudiynisuuseuresmaines i
Tngldgunsaimunuuaines (AC drive) avnuinfidnmadweaaisaidalvfinunideathian
anasniiszyld (Name plate) lanzdruiiasuindousuanudldndosnmsusdesgade
fiffues.adosiudalvinly Wothewewesiaueismaiynilunadeureolsasaswudnid
1snFeuTnLaden sem ldiaveed ssdudnluiing A famasiansanselias
ppnsalldinasRenfnnisiinfiouressuaduussiugmpanudnge tngldfiansanisnns
HOIATNAAB UL LA 87 widuila wenaintyninissrumedands Saitgwiies
yung wwidn anudifnsds Wunaliyasinisamuszuunaaougaunn wagssuuiinnssly
Vet URnTsiiaududou geensenisufufnuvesvinnisageu tagdedldianldnig

Fan15NaaeU USULUASUINITNAADUIENINNSNAAD U LB

I3 a =

SLannsadndnias (Power electronics) ¥ @ SUNISWAILUIBE1959AL5 37N

AuiTmimsiunalulag Yana1snas (Semi-conductor) Faviliigunsaldidnyseiind

q

¥ v
v a a =% U a

MAWUsEANEA MA@ UINAANTEua kavinALTInY SIudanAliAIsn15lun15UsENaUNas
wagnsauAu Jsdinsinssynaldlunsdeihundsliihadeiunsinuvemtiowdas
I rmasegelannulunivesidanias wazdauaiuisalunisidriuls (Compatibility)
Y0957 uUlH A& fidauuanenety 1wy seRuLsaiusaiy anudaiatu ﬁqﬁaﬂaUQm

USuas wagiiensvasnisdsinunaanulniilasienisaivauimngay
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o w

gunsaldiannselindidsdinanlednainn (Solid state) azvieulu 2 dnwag laun
a#ind (Switch) waz fvenedyaal (Op-amp) lasildeunnsraduiinisaruaunisinayes
nszualilih namde sueedugaazeenlinssualiinlnaniuienedyaalulsunad
ﬁuagﬁué’mmwmuqﬂmaﬁbﬂﬂﬂﬂ%’é’zyzyﬁmmuqmizLLaIULLaa (Bias current) Tun1s
MmUY edyaal druaindazseslinszudliinlvadesidyaamunudlidomas
(Close circuit) waUSinmunszualifiilnaruaindayliduegfuruavosdyaimuniva
aindlugauafazUsAIINAIUAIUNIUIUETAINDT LAZLIIAUANATENATIAT WU O W
Tumefifaedanusouinduiisaindidefinssuagalvaruindusesssuisnnuioud
oonly gunsaleivds (Switching device) Mflmmiligagniinauszgndlilunsdssiundaau

a

Tniflwinlvidesunasiidndyyimauaunivsednsn maaisn A uTInsIwiugT uazd

[

Mauiisamesiogunsaslalvdsiidentd dadennianuraulafelulasaoulvsaaeaivin

o

AS95UrNuTNLatlounau IS NINBS NI DUABA1BUBN IUSLUUAINBA a@1u15aLUTWASY

Y

'
o o o

Adsdmsuaidygindeeantumunuaintunaviqliogiedase wavauaulaludiuiu
unlunaifieaty sgslsisafeninnusiuiuissiusiuuueundoainevausmananld
Futusiufurnudesnisvesaindidonld

nsnaaevgUnsallwiiussasiaealy azdeddusedugaduidomfuszuulnsing
syduussiuiigunsailaifiatun gniiluassldaulumsnaseudufeussiulifiinssuandy
sUnAulsifaafvinduaaivessruulnil edislsingunsallwinfioonuuuuasnaniy
whedlisunismaaeuiftefiuduamunmuesnisdsvauduiusauiuvesgunsalliilduies
ilelvisiuleldinarannsasessunaziauldfianaghivndluszuulnigu nisifiousedy
Auneluszuulwindosannusngnisainissssumnasimandan maAaussiuidossin
msafudalusguuliiiusedugs ssdanalsinlunismnaeugunsallnihusigmainvanewia
S dudosldussduganaaeuiidssfunsswugannanesiudusiuiunnn lugunsalluiiig
drudsznouvesvaaInuaznuMa nazUszautlyviil e saasuious sfug i dseiu
ussuAundussussuuresgUnsaifudssndusos fudsunudldannsonaaeuldd
LSRR N zAuAnvasvesAUManITlI e swimaR LN sziiiuldin uenan
seiuussiugmaaeuiinanssiuudr mnudvesgunduuswiugmeasuifinudndudes
USuiasuludne ﬁﬂﬁuaﬂﬁﬂszﬂauﬁLf’ludauﬁwﬁzﬁunﬂ6] mMsnpgeutuie swUsyneudild
dwfuahaussiugmaaouguaduled Uiumnudld mnfinanuudrilumsaiiaussiugs
naaeUNIUN Wuin wilsynaiiaustugmeaeuannsaldairausedugaldifiosetafen
viliAnawesenifuesensdlunsmaasy 31/1mﬁwuﬁ‘ﬂfﬁqﬁmm:jwmsﬁ'%ﬁ’]Lauams

afusiugamaaeundavguiy JalluuiAnaviienasesuuasiuaudmaalnii(Power
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frequency converter) 3nUsggndldnsaiaussiugmaaey Jusendelvaiilu “wifoudaq
Sidnmsefind” tileeenuuy Auniinadadsns Jnsizring wazshnsmaaeuaiiausafugs
Tuneasugunsailaifiusgs Feagldiiauomeandesluinednusi
vifouUasBidnnselind Mhausluineniinug Suihfisundanulvihainszuuludi
3 wlaussiusm ATl U URnslniussge irunszuIumsdansmalsesiiit
Wleaisusafugenszuaady Uiuanudls deussiusiliiusioudadliiimeasunsagaiio
afraussiuganszuaadugundulen lasdinsginsasmaaeulusuuuuasesinsinslonud
wuudduny Mmienh dufvdseq (RLC Resonance circuit) IngmAmnsndimesnis

IniflraeiBnnsinsiusuys

2.1 299swlasiuaudnidinia (Power frequency converter)[16]
wiosulasiumasinihlaemlvsdnindnlunsdwnndsnuliihandindaly
fedniinila vdennszvunilslugessuunieiisianmuandraiu saendnnsudasgundsan
Teusastaihgesluadosudasiuiddlnia Tnefiheesliinszuansafudaudonasns
svuuiiwnnanatu Wishety fufussesmeluvenaiewdasfumddiihfdlosiussnoui
ddy 2 daumdnlaun dawdivimid sundanuliiinszuaaduudasguidund sl
nszuansd wazddvimiitasgundanulniinszuanssluifundanulniinssuaady

v

IngldasBidnnselindmas (Power electronic) lun13iIvuAFULULTEIN SAINIUNE 391

Il

£ '
= =

ey ananeluawided wWelnausnioulasdidnnselnddmsunisnaaey
Tlusags Fsdieas ssuvasfumdslminguuouialy sndnw Auadmimaidaisnis
AIUANM RSt iead sd g aluianssdugeniunudesnisunasug Unsal
Twlusags Seavinauedsesmelulasosdasiufdalndi sUuuuiiaenadesiuanuide
dieliAnAnadlatedy wavldneasBonfiveme

iwdoaudasiuidsiwihsuuuuiiaulenzsinsn@nw Waun Jiudgedmivaiiaussdy
ganaaougUaduley Usumudld asldasenFoenssuafuaduiuy 3 wa vimihisu
wdssuliiinanszuulaiiasnsialaeinlu wasgudyanaussiulaidingUaduled anud
50 Hz 1 usasuliiinnszuanss Inefidufiuyszqlfihaasivimih Afundssnag desiu
nsinszasnadu (Ripple) Mntuazulasdyanaussdulinssuansadudygyraluih
nszuaaduiiannsamunulifelsuUamniumadlaimaieuuuy H - bridge (H -
bridge inverter) ngldaUnsalfinsiai9as (Switching device) ¥ila IGBTs (Insulated gate

bipolar transistors) AruAuN1sinavasnseualniviglulasaeulnsaes (Microcontroller)
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o o &

sWa STM32F407VG as1edyqrauniuaualeyamdsdiiagy (Software) muAINABINIS
AMUANL LN TEUANIUYLNNYDY IGBTS #1824925%0 (IGBTs gate Driver) Aifin1suenlani
(Isolated) msliirmeuas (Opto coupler) L‘ﬁaﬂmﬁuawsmuqummwsﬁﬁé’q TGERUeRED
Jasfulinszenn (Snubber circuit) iwihiitesfunisiiawssuAntivae Welnnsiem
FinelD1993U09 IGBTS

andtulddn 19asnnsluied osudasiurdsliiusenoudie 2 25asudn vimidii
wdasliinszuaaduiduliiinnszuanss wazudasliinnszuansaduliihguuuudyaod
Faams dndu anluisnsesuseneufiddydmiunsinurenamdnmty avld
Yhiauesazideavensesmelupiesulasiuidslii dutelui

2.1.1 299545 89N3THALA UAS UWUY 3 1ia (Three-phase full-wave bridge

rectifier circuit)

[ (9

a 3 S ° v ao Y] =
WATLITYINTLUALNUATULUY 3 L ‘VI']V”J'TV]S‘Uammqmuiﬂﬂﬁl‘w%"lﬂigLLﬁaa‘UE‘Uﬂau

7]

@ [

o1l A7ud 50 Hz 9anszuuldrauwaiildudasduduananssaulniinsswanss viu

g7}

'
a

nasulinszuanssludaiuisey lnedaasauyadguil 2.1(n) wasAuanseiuliin

NTEUANTI91808n (V,) ANNgANAR lansauns (2.1)

' 3\/§Vpeak

Lo NSy,

S5E|.

(n) sasauyaveslugaiseinssuaiuniy (V) TugaiSeensyuasanrexsiaDF75BA80 [16]

L;

<

]

JUR 2.1 293i5eanszuafiunduiuu 3 wia

Tugal3eanszua Sanrex 53 DF75BA80 fsguil 2.1(v) famdnuaizmaluliimusio

wssruluieadaundy 800 V, waztnselnihlags 75 Ay
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2.1.2 299sudasunsiumasiniaguwuy H-bridge (H-bridge inverter)

2995uUaNNR U elnA13Uuuy H- bridge 7 Sud s aduladln
nszuansauvandududyanailaihdiweensunuunuiidoms sensaurusuiinzua
A1UB LN (G) vesgUnsalaiuds IGBTs uondaszrorudiuay 4 i vhewdwiuludnvue

asinnssuaaduaie fhevsauyadgui 2.2 waslifeulunsinudmsnd 2.1

—0
* Cis Cos A
G1+‘—| D1+ G2+’—| D2+
o S 1+ Epr Sz+ Eor
Input voltage Output voltage
(Vdc) (Vout)
) Q
D,.
A
v E, —o'

JUN 2.2 2935au3av89299suUasrnduiasinigduuy H - bridge

M13199 2.1 Waulunsvhnuvenaskiamniumasliisuluu H - bridge

N15UINTEIEVDS IGBTS wag
RN #01U2Vd4 IGBTs >
o lalandosiu Vout
A1INNU
ON OFF lout > 0 lout <0
1 S14, 5 St So4 S145-5- D14, Do +Vc
2 Sl+: 52+ 51—, 52, 51+, D2+ D1+, SZ+ 0
3 Sl*: 52+ Sl+7 527 D1,, D2+ Slﬂ 52+ _Vdc
a4 Sl*: 527 Sl+7 52+ Dl*: S2 Slf’ DZ* 0

gunsalalv® IGBTs Midonldsa IXXN110N65BAHT Aegui 2.3 dnuanuyurvas
W596U 650 V 5995UN5Inaveensenaliinsaiiios 110 A daanswsasulndndunm 15 V
595U S NUNAMUDATIVT 10 — 30 kHz Hanullun1sinseleastasnin 50 ns Nan1e

Mazay
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EQ®

G @
@ L
QN ‘6\ S
%A
; (o]
(n) IGBTs S9d IXXN110N65B4H1 () wautstselninves IGBTs
Uil 2.3 gUnsaladvda IGBTs 59 IXXN110N65BaH1 denlil16]

2.1.3 1995UasAuussaunAsZAIALUU RC (RC snubber)

29stosiunTsAulinszrnLUY RC vivth? aanisiindunsiunseiy (Peak
overshoot) 118991nN15tNsERALAZNYAUNNTTUAYD IGBTS Fgdayninmuauiinig
LU?{&mamusﬁuﬁﬁublué’wmmﬁﬂﬂé’zyiywmgﬂ‘ﬂgu (Step waveform) iatlastunisiin
wserufaunduiiuniii IGBTs Suld Jostunisfinn1sanasassninanvesisasulamndu
mdallil Fsldsuniseanuuy wasnageuldaulunudsefiiuu [16] nadufiuinelas
2995tesiunssiulinszaInLuL RC Usznaunieffiuviu 39 Q uwazdatiuysey 75 nF

yhausauiulaleatiostumelu IGBTs sva IXXN110N65BAH1 faguil 2.4

Collector

(N) 2993813 AUD92395 RC snubber (1) RC snubber i1 39 Q uay 75 nF

5UN 2.4 2astesiuunssiulinszyinuuy RC

2.1.4 299sniindyyrnadruanyatinszud (Control circuit)

Jsilladaunuauyuinnsska Yseneume 2 du leun lulaseeulnsaaes
sWa STM32F407VG vimtinii adsdyainniunuidnea Tnenisidsugaddsdusagy
(Software) 318y Y1UAIVALKNININATTULAN (Gate driver) Fofuidudnadruni i dl
mmé’wﬁ’zgasm?iﬂuﬂﬁLU?1'aué’fyfymmuquﬁ%mﬂﬁﬁmmmmzamﬁué’ﬂwmmaqmﬁu
Yunnved IGBTs ogsdaszsaumanenlan (solated) Aaeuas (Opto coupler) 38111993995

[

° = a 9} v g v dl i dl Y] = P a X vy '
ﬂ’laﬂmuizfﬂ‘uLL’i\‘iﬂusL“Uﬂ’mqu\‘iﬂﬁ’]’N«’\]SMUﬂu L‘Wa‘f]aﬂﬂummLaEJW]EWlmﬁ]leJuvmeMUN
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gy nanduAMLIuglunsAIUANLNtNTELaYes IGBTs lulasraulnsamesiagieas

Fuinn daguit 2.5 lesunsesnuuunaziudunanisvianilunudde [16] Akuuwas

: o = = 0
(") lulasreulnsa@as STM32F407VG (1) 29359ULAW (IGBTS gate driver)

o

3UN 2.5 2asmutiadyaamiuausiinnszia wazeastuinmn (Control circuit)

2.2 q9asivdsTauuuduuy RLC

MnuAn nquifldlunuisofetauvsisulasdidnmsednddvsunisnaaey
Twlusegslnetaniznismaaeunsindunisiindau faunsdiu dedndusesdunasiuie
Fyaausaiugmaaouguad uleyd anud nssdueiudesnismedeulunsageunsal
il us9ge A1TUAUA ML IAUFLABAIAIIUUANAI YD TR (DV) wazATA MR
591845UARULTIY (THD,) Hufedellan ussiugmageusuaduliazidrlndoaund
(almost purely sinusoidal waveform) 3s1sasasluiiifiannuniaule wazdululdegeed
wihliguaduissfulvideudmifoudamaaeuissgs (HV testing transformer) fiaana
Tnd1Asaguaduluide eastiiusleuuud lueesliiindesdusenaumaliiiniisinayi-l
Wiaan1ren1asiiinuuislowuud (Resonance circuit) Lo wn A1AIUA TUNIY
(Resistance) Aanamileathlaiy (inductance) uazAnaug i (Capacitance) 112395
yadoUtes nanBnienisin wnamnsnusuuiuagauuAtesdUsznaunstiiisany
Thmnzausumuioulumsiessinnasluiheynsuves RLC mumgui] assinsashii
aunsuinnsisteluud (Resonance) tanaansainnisteudayaalnienuisasinius

louuwdre dyaalnihiteesnsuaauletniunguf] asusuiAnlafgui 2.6

o— | o
t Electrical t
Input Signal ? . Oqum Signal
(Vin) Resonance Sinusoidal waveform
) : . (Vout)
Circuit ¢
o—— I 4

JUN 2.6 LunAnuazrdnnisvesn1siinslauuudmalih
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sunuuhluvenssiiislowuudfiaulasglusuiuuisasoynsuves RLC fagui
2.7 wazagldguuuuiiluvesisasoynsuves RLC fannauslouyud (Resonance) Tunns
Ansgimasasmdlifiuasfinnsanamedeussadunsinfarfaudiusia iy fil
nstAnsTouuudmalaihwessmdenilnihuasdaiuuseqladi (LC Circuit) Ao aned
fnsaneymdsnulaiinduldnduinseninadanienhlnfihluguaususmdnuazdauA
Usgqlaiinluguaunulaiinegraauysal viliannszualufiazaussiulaindnsddeu
ogeseilosaninanemaIg mim?{auLL‘anaqmzLLal‘V\IW’]LLasLLidﬁﬂWﬂ’]LﬁWﬁﬂugﬂLLuu

Wwuieaiunisuniswesgndulunienassuiglaniegumaule (Sinusoidal waveform) i

ATUNSUNTIAST
Electrical
Resonance Circuit
R .,
o ANN—N o

f f

Input Signal ? D. . Oquut Signal
Vi) Sinusoidal waveform

(Vou)
Y

(o o

5UN 2.7 29asliheunsuues RLC ianmzislowuud

FoulamslwihiviliiAnannssleuyudaugaued fo Sufiuaudlursasiudinian
Afandalndrue §sosursldaieaisueatauduesninamni el (Inductive
reactance; X,) LayA13 koAwAUTY0IAINY LN (Capacitive reactance; X) ¢ApedAn
winfussannns (2.1) uiAn3usauaudinisiasuudasmauanud Weuteulvanudusius

Tyl lesauns 2.2)

XL = XC (21)
1
wl = wC (2.2)

e w = 2nf aatudadevilimifinnislouuudniasasiiiifdanuduiuslnensaiu

AR (Frequency; ) ANudLslauuud (Resonance frequency; f,) AMUIalARIENNTS (2.3)

1
fo= 7ic (2.3)
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AunnvaInIsinslaiuudesugliriad1diusenoungmnIn (Q) Fea1aliAly
Audn (infinite Q) mugaupRms LA dedannugaydsluicas wiluanuduaimia
299501 ApatiA1Aud Ul lueasiaus Feesuielsasislanuudlinagisasini

RLC Adusznauamnm (Q) Amualdanauns (2.4)

1 |[L
Q= E\/E (2.4)

ndeunsiimsTouuudlulsesliifioynsy RLC JadediAsrdosdunisiinis
Touuud (Resonance) Usznausig aaud (Frequency; ) wazAtasausznoumnsln Teun
Arnud Ul (Resistance) Armananiontlusin (inductance) wagaaug Ll
(Capacitance) HumnganuivinmunLkay i munAesrUsTAaun1999slniin RLC v
2epABUATIITUMIIARAaY U sdulfedluangislaunud (Resonance) Madasd
AudTifviun lﬁmar"fummﬁmaqé’zyﬁywmﬂauvﬁﬁzwmaammm'ﬁaa%ﬁqLLiqﬁugUmﬁu
loddoutrunaiavgugiivemsauyainaaouus sgui oas1aussfugmaae udmiuns

NAADUASIITUNISIAARATFaUNEULA

2.3 HUINAVANYNUINTZUE

a5 osudasdumaslnia (Power frequency converter) d@ursannuagy
raudynnLssdudioeenld Tagniuausainszuavesgunsalainda (Switching device)
IGBTs Tursasdesudasmnidumadwiuuu H - bridge (IGBTs H — bridge inverter) Inga3ns
dygrurivauainiulaspeulngaiass STM32FA07VG Tuuinnaed IGBTs H1u19959u
(IGBTs Gate driver) fatiu gﬂﬂ?{uﬁigmﬂmmﬁuaiwaaﬂmﬂm?aqLLUmﬁuﬁwé’aIWﬁwzﬁ
dnwaznssiudygnumuauiaiianlilasneulnsaiaes uasdyanasigesnainiasdes
wasuUasnndurdslniil (nverter) sl udynruteudnsyuunagounsiadunisiin
Aav¥159U9dU (Partial discharge detection system) Aanzislauuud (Resonance)
DUIGY

Inendinusd duavenisaiussiugimeasuguadulud dmsunisvaaeunsiadu
nsifndawfausdnlugunsallainussgs Aannenisseslaiiislouund Fodudyaa
muRuivsnzanuazdululigean TszansnansiinisTouuudvesdygaliittlnd Ay
9auAd uazaenndasiumsvhanuludnvazdauazUnissvesgunsaiainde IGBTs luass

gosulamndufasliiguiuy H- bridge (H - bridge inverter) Ao dysyauaiunuUAGiu
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[

9954 (Square wave) L aLUTuULTIBUNANITAS 1LTsAUAIsUAd ulgddmsunisnageou

9 U}

¥ o

ATRUAAYIsIUIEINluITY [8] - [16] TamuaumedyaumuANLUUUTUYTIAY

q o v q
¥

Mnawad (PWM) T51eazidennadl

2.3.1 dyyreunlruauuAauInse (Square wave)

[

dyarumuausuadudnga (Square wave) MllunsmuAuunszLaves IGBTs

q
6

gnasasalulasaoulvsaiass STM32F407VG wendasreiudu ¢ desdyayiuiiveen
(Output port) wsiazgeddeyarmumIuAl IGBTs et aidsuiueastuvan (IGBT gate

driver) MsAuAuanEnEll 9xvlrinsdyyumuaudaNgndaulugIM1aIa198191N

a

wiszngludalulasreulnsaesinisiinuiluuuaineafidauduiinivedlulas

[ @

Inswaasidudisdmnnan dyainguaiudnsailasinudnvuglndifosdyyuiad

Y 9

AINDANINRALAR NTEAULTINU 0V way 5 V 1ailauasin 0 kaz 1 denAaednun1svingu

oY

wuutln warln995904 IGBTs ilaalanianisvinnutianainvesaUnsalaivd aleaf
dygaumuAy IGBTs luAwseaiuredavsaginuassdudumunisdoulsunsuliun

lulasaeulnsataes fegud 2.8
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A
V | I I | | |
5
: S1+
|
|
|
oF——-— -—— == e I e
| I I | | |
5 i
| S2+
|
|
|
0 ol ———= ————7—-
I I I | | |
5 |
| Sz_
|
|
|
oF——-— K —~—Xt -
| I I | | |
5 S
| Sl_
|
|
|
0 T 5 v.iie '\ xéd =% 5 k=
| I I | | |
| ! ! I vy,
0 0.5T 1.0T 1.5T 2.0T 2.5T 3.0T

[V

U 2.8 dryanumuRugUaduina 4 dyma

2.3.2 dgysyraualuansluuuysuleanund1ewed Unipolar PWMI15]

doyaruaiuaugUiuulsulTanundaiad Unipolar a1slaainnisusudsaniiy
n1149 (Modulation) 'swdwé’zy,igwmgﬂﬂﬁlulfﬁﬁ (Control waveform) ﬁué’zyiywmgﬂﬂ?{u
anamae (Triangular waveform) Tnendnsiuiudgerunineiad (Modulation index
ng)uaxﬂawuﬁaﬁmﬁd(&thmngﬂequencyhﬁ)maqgﬂﬂﬁuawmtwﬁauLﬁuﬁﬁﬁwwumgﬂuuu
YasdyeuAIUANLLINTELE 4 dyaiuendaseaeny 61’&'31]1’7{ 2.9 TagTusuide [15] 19
YsAENWIT M, = 0.8 way 1.0 finudaivde 1 — 20 kHz wagnuin i m, = 1.0 Anwdad

439 2.0 ua 3.2 kHz Wnaduiiuwela
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Control’ " Inverted control  Triangular
waveform , waveform ¥ waveform

Time [ms]

JUN 2.9 nsuTudeauniaiad sevidainsuaduletdiassuaauaumae15]

2.4 35Insiiuiuuse (Improved Prony method)[17]

35051l Ao AnsniadinatansfiuenesdUsznovressUndudnyiumisliiii
ooniduasdusznavdeslugUuvviladdudnTuiuudeaiitiastmdaduunuaiodediuan
W3 99U (multiple real or complex exponential functions) @ swut gy g o luld fu

%) -

Tyaalninnddyaiasuniulusedugs Minuanandde [18] disnistnstiusuuss Tdiie

7

[
[

mamilsifusnTunudeaifierdmduduinutiaseduddouidassesduszney
yosgUmduNsTlALazLs IR UBIWAdTHgURA LT sTmunlaBannssIY [19] UseAnEam
w893ansinsdusulsduninnugnaesduginaziatlunisaunm A1 dnes e
adlnmansfeuldiunguiisnsiuinss e
Ingndnusaduisuiiinsmetesdussnoumaliiihne risesnsesuaruSuusias
lguuudognauwiugnaeIBinstiusuuse Feuszneusaaaumdentlninely () A
AUAIUNUNETY (R, LLazmﬂ’gmquﬁw (Coge) VBITEVUNARBUATINIUNNSLNAREVISA
vsdnlugunsailwihussgalnglimiouvasdidnnseindildinmmaiinismseunuuuy
29sislenuudounsuves RLC anldmilsdduvosgundudnarailaiildduiinainnnsg
nageuATIITUNIRARRaYS v sdLluesUfURN s Lssgeiionugndesusugly
nsfvuaaIwnsdinesnislninliunsasnsosuazSunduslowuudiivngan fuay
Fosmsnageugunsalluiussgeidanuuanateiumalnii wemnutlalunisinisns
Tnsilufudganldesradila Seinsamguiisnsinstusuuse deil
finnsanguadudyanaliindiaulanuin suadudyyialii o) egluilsidud
Gial,ﬁaqmﬂnmgﬂLLUULSﬂIULuuL%aaaaqaqﬁUisﬂaU () Fsaunsdi (2.5) Budinsniladdu
() a1 0 A t Induilendu (gt) IugﬂLLU‘ULSﬂIULuuL%&JaaaqaﬂﬁﬂizﬂauLLazﬂ'wmﬁ oE

AUN13 (2.6) Wio Ay A, Uaw A; fio ArdudssAnsasiluaunis dadeulviluguwuuilendunly
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follaannanan feaunsi (2.7) Taavdanalain a; war o, JWDululavediuiuasauazsnuiu
\Jagou
y(t) = f(t) = ae®" + be®! (2.5)

[ f(®)dt = g(6) = At + Ae et + Ay (2.6)
g(nAt) = At 4 4,e%MAt = A, (e“1A) + A, (%)™ + A, (2.7

e Mviualwesausenouniuiuudea (e%A) gaaun i Wiy y;
nidlwAsnslunsudaunisuasigenius (Homogeneous difference equation) #i9

aunTsi (2.7) AENSUARNANTBYNTH N aRU ARaUNITT (2.8)

fIn+2] = (1 +v2)fin+ 11+ (ny2)fnl =C (2.8)

89310 91UIUIATeLaTINIUNINNTITINIUAFUUSEANTEIMSTUMIAN ¥4 + 72
LAY Y1y, bENNIS (2.8) Fearuisaliisnisanneeiidsaasingasuutdadulunisnien

Fuusednsiila daun yy way v, @1unsamuinlaannnainay ® 989aun1528a9auns

(2.9) ¢

22— (y1 +v2)z+ (y1v2) =0 (2.9)

28415AR AN ¥y ¥4 rEIsaMIANesRYsENaUN Wwdealuaunis (2.6)
lolaed1e wagldigmsnnnesfdsdataigalunismadudssansluannis (2.6) :ndeya

deyaralwihaduiinlaannisveaeu

2.5 @Ad¥159U19d9U (Partial Discharge; PD)[20]

Fawnsaunadau fo fawsausnamifiliauysel wdsnuiivilmAnaassatuliunn
woftazvilvauiudsuanmluiduanmilalinldnasnuuisenindidnlnia 3a5onin
Ramiauisdiu msgauauvesdidninsndunis vievaesiu Soradurends veamnm
viofinw Suduauiuiiauysaiiuncey TneRawsansdnanintulussuauuiifidnume
aulwihliaiianegs visauiuiiinnaliasiaue vielidudodsiu viefiduiovy

Fevilianuassaaunlniuiegeluawiudarganindimnnueseaauulniningn weils
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orhliAnusnailasauysalldmnusiAafissunsduminiy mafinfawsauisaay
anunsaifaldsauiliinnszuaady uavaunulwiinszuanss dusuauslninszsuaadu
ﬁam%ﬁ]mqmuauﬁmﬁu%ﬁnm 10303 (Cycle) vosusadu Tnsunfiazifind uumsfiusediy
dituangudiseen [211-[23]

naindarsaudinluioauaudy iaainnsunndesie M3oLAN1TT3A LY
\oaunu Tnsaruunmsoadodisadinanenaifnldanasanvadsoluil

- mafeRawisaundnnmndn awuliailiedaguds gnesnuuulinszane
anuaToamsliihegwatitatesendneiii wilumsUfoR nswdnsiui
inenafiundiuinauunnsesiiviiAalnswsdesiadn qiuﬁaﬁuaﬁa@

- msifefarsaunsdanainnisiings Wefinsusznauniefadagunsalliily
fudivinens enafianmaviieudemennauau viliemduauiuanas vied
aranaieamdlaiinauuiuty

- maAefardunsdiuainergmsidiunagnisid esanin lagialudag
awuliinandenanmaunianal usymsiafivesautuaslugnyane
nszuunstaelfauiuseuneas Saumuniudennméunisliinanas sl
Tuanmideulunisyhanuuna

- Mafiefansanshuannisiisuaaeseaguiull n15aneas vielauie
Junmafisenuesgannslfinliauauainnszuani ouseiuiiu feudfazifaly
Faanandun wiRdsavademeansunauuly

- mafeRamausduandemisunginsindegunial gunsallwihiane
p1ainanudemenuneninluvagldnuldandadeneuen wu aaada
TéAuenaidesmenngFuman nisnuduiivhasynauy viesaussynivin
Auluuuauu

2.5.1 Usznnvaansifinfa v saunseau

TngiluudimstAndarfausdruntseandu 2 Ussian Yssiavusndonisiia

faw159ur9drunIauen (External Partial Discharee) uazUszinndiasionisinfayisa
nelu (Internal Discharge)

nsiindasaluvinaeimalasialuazgninegluuszian nmsfavfaunsdu

A18uen (External Partial Discharge) n3 esnazgnifundn “lalsu1aav15a (Corona
discharge)” smsiamialsiniausaint uldluauiniisuazauiuman wasiniuusinn
Fri i mT o818 ninsad danvariduvarsunauniedveuaud susnadnaiasdl

Auesgaauulniiigann JevihliauiuuinulagsoureweunuvsaUa gurauinnig
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deoanimunediu aaduanansadiasamsiiinfaysauuulalsundmedidninsaUateuan &
lalsthAawsaanunsauten1siiarsanls 2 suuuufe lalsunAawsasuusegs uaglalsun
AAYIFIATULTIAINTBNT 1IN TUBYAUTULUUTBIBLENINTA LABUUUTIADILAYINTTANLATDT

U Y

lalsunAaunsauanasiaguil 2.10

HV
Z v,
ZNed
-..- Ca =
r
Co

GND | | ﬁL

1) wuudnaedlalsinfannsanuwsEs %) 1ITANYA

3UN 2.10 Msifialalstindayisa

pgslsiniunisiinAgunsauisadluniguen (External Discharge) e1aiinlusinia
TagsaunwngnszarslununuRIvesauuiluyeds useanaduauiualnuauIukd

F9AIHAA 0 AUIULYUNI DIV INNTSUIUNISLE BUAN1NF 22U IULR LT 9997AALLAS A

auliaufnauivauIuninian mseedduins (Relative Permittivity; €) Ainnan %3e

muesealninasiinduniawiy dngnisenid “Aawnsaniuia (Surface Discharge)” 39013

'
a

favnsanuiadnaLiduuuN URawINUS nandauaseagund i luwuhe funs e

v
=

AU MshgvsanuRiansaialulaiulasaaadanislasnauiutiany
& v o a & a g a ¢ o s

Wudu awuliviwiveigeanainusaiudndunaurainnisiayisandeesdusznou
fuiwsnizuvesaudlniifidagenenagvinliAnnsiauiia msfiayisanuiainlansly
ameluawiniuiaslufiie waslediaueionauinliimiuwuisesrovesauiuguiu
ATINGABIALAANIIAAYITININLUITOLRDVDIRLIUNATRANUL TnsuuuiiassfayIsaniy

Hlanediagui 2.11
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HV
Su

Co
=y
GND H

1) WUUIIADS ) WATANYA

JUN 2.11 M9infawIsanIuE

nsiiefarnsaniely (Internal Discharge) 81atind ungluauILLILaLaLIUAA?

I o [ s

fesmaindlnssornimeg neluiiioaurunied swlanvaoud dAraninesenduring
(Relative Permittivity; €,) mniflonuundnadie fuiavsaneuen L%aﬁu@@iuﬁaamu
ilesnndsudanasuimaninggenduinsiuazdamiuaianaunuliinganiuinuduly
\eauaufadldgnmsifauanannyd sunvosusstuiinsfanisasuifaldd uey fu
auefonauuliiuazanupausisiinnisiusnaavesnseinaluid sauiulee

wuuaesdaysanielulansisgun 2.12

GND L LJ
1) WUUIIADS V) NITAUYA

JUN 2.12 mainfavsaniglu

2.5.2 2993AUYAVIMIIAARAYIT AU

Tnowad fawsaursdruneluiiied uludoauiu uielugunsaldsluanunse
Funaiuldem asdufiolfanusonsafunietaadassauisdnluauild i
Fewsasauyavesauiuiififasausdndu litasduiassovudiusislafanns
ewsasauyals ieliiesionsvitanudila sasauyadaguil 2.14 Tidedienesinsiia

wagyUSHIAaYIsIuNduNMglureRTaNyaIINgUN 2.13 (1)
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mﬂgﬂﬁ 2.13 (n) LLam’J’aqamuﬁ‘LWiQﬁ"wmﬂmﬁaamu WAZRUIUINBYTENINNE
\Enlnsn A-B Insefwanunsnieuunuseanugliin ¢ dwaurudivooynsudulnsefieg
w30 C. Weouwnusmeauglii ¢, ﬁauﬁﬁiaaqmuﬁ’u C. 1 sgsufuld By ¢, druauiud
auysalfeglaesouves C. aglianiu ¢, wazsaufulududagladu ¢, ﬁagﬂﬁ 2.14 (%)
Farmuqlniivesingnaaey ¢, axdidlaguszananvia fu ¢, Feidmnnnia ¢, ung
[21]-[23]
GRC>>C>C,

é U, EI? U

=]

]

]
]
\

H
1

= ©, -
%Cc C’a a T
£ C, le
Ce
i(t)

Uc == Tg
| [B]=

n) wuudnaesasdusznausng lulnsseinie %) asanyan1alii

UM 2.13 nsiianseiaiadlunisiinfayisaunsdi

msasanyavesauulugunsalluiiingigs Weiiafamsaluauiudiudesdauwnu

Aaedniuyse] (C) asiinnszuanad (,(0) narulugdnsalluiliusegs uazidafiansan

wsruAteu (U,) Tinvauindussasunssladau w5asuaTaunuiugos (U,) asdanuauend

v A

JUN 2.14 uagnseuaiadniintipaudusslisnvagnugui 2.15

u
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____________ U,
Uc
ut/f -~
DU} U]
71
U,

JUN 2.14 ussiuiinnasedauiilugunsallniussauasnsenaiadues

ASAAREYITIU A I

100+

v/

1' ns 10b nfs

Uil 2.15 JUnAURszuaTRdURsNIsIRnAAYISIUISE Y
2.5.3 M3ngIRUNsAaRarIsaUIdumuninsguTuaunsallniausegs
N150529TUNISARA Y U838 nImNIAsgINaIng uieniSeni

11A3gIU IEC 60270 wanadagudl 2.16 s 229 duarldBufiuaudifionisin (2,) Sadudan

wilsvesgunsalasiadunmsifinfiansaundiu (CD) awsiwiusuiulsegauien ()
dieldlumsnmatuaiusey luvaediianmstaniaisuneluieauuresingneasy

(C,) oglsfinuignisnsradunisiinfaisaudiutiazliannsainaiuseqainnis
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1%

Aaysanigluiiieauiuaield dnudsinisiaauszaidunulszamuiiertoudseqliiu

gunsainmaauwnu (Appearance Charge) [24]

U 2.16 19330399FUNsIAnRaYISIUsdmTBu ke uddn Z,,

eaynsuiuianuUsygnIuLAgs (G

JUN 2.17 1995031 FUMsiinfavsaunsduiiduiuaudin Z, desunsuivingnaaeu (C,)

Zy

A
b Je.
&

3UM 2.18 24350 599FUNSLAARAYITIUAILUUUNITUTATAUARTENINND1E (Cppy o)

WUANUANATDY (Cpp, Zpny)
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o
o

5UN 2.19 39350599FUNTAARAYITIUEILNTN TR NTIFEY 0

Tnefi 7, Ao nifoulamnaounavisaunsdi
Z, Ae aunsainsesdyaasuniuluieas (Filter)
C, fie nnvnaau (Test object)
C, Ao FiAvUsEaAULAL
7, o Bufiuaudiiien1sin (Measuring Impedance) tHudau
wilawee CD (Coupling Device)
Mi Ao \n3asiiedvsuinduaanisiassaunsan

(Measuring Instrument)

905U 2.16 Fa 2.19 uaRIIRINIATINTUMSIARRAY S IUEILAINATFIUAINA
Fauynaasmsnaaeusenidu 31593 Tasluguil 2.16 1Husasaaeuiigunsalngaduns
\Anfawsavisdudeeynsududnfudszgaiuiies dwlugui 2.17 1unsasneaeud
gunsainsadunsinfanautsdiusieeynsuiuinguaaey dneasluguil 2.17 axiiany
hlunsanadunsfsdansavsduldsnniinineesluii 216 1dewingunsal
nyvdunsifnfansausdiunasiasediofneglndtugunsalilaviumaaoy usazdien
\deafiinIesflotnilomaiinanudomeduinmsusnantvesgunsaifaziumaasy
dniluguil 2.18 uag 2.19 Winsesmsnmadunsifnfausaunsdwilfidioulusunsan
seiudanasunuiidanlussuy winaenesiiirududoulunsindnsasnagou

2.5.3.1 msnsadunsiafausausdnlundendaaniasiioTausdiu

nINAaeUnTIITUAISAnAaYSausdulund oulasad sadloTausesu (Voltage
transformer) nvualidn1sdoulssduganagauiiundtseaulsiuiiinvemlouuas
indesilotausafutuiiionnianseduudu (pre - stress) AszAuusaiu 80 % vosusedy

nagauANAIUeL LA (Withstand voltage; Uy) %38 0.8U; tluiaan 60 Jundl a1ntiuliian



[

TEAULSIAIURANTTEAULTIAUZMAFRUTUANAINSLANAAYITIUIGEIUN 120 % VOIS

Anavemdoulanaiolednnsemu (U,) e 1.2U, (PD tesing voltage) msfild 30 3undl 39

[N

v = [

JuinAINSIAnAEuNsaU19E (Qpd) YounsallaamInsilndnlssmuildisunsnaaauil s
<

JUN 2.20 memall Jadndudemadeumeussiugmageuianudgenitanunszuuiign

2ONLUUITIU

Pre-stress voltage Level 2

|
: PD testing
voltage Level 1
|
|

I |
|
V 4
(|
1971
T
BN 605 37 ST ST

08U
/
|

12U,

1
|
|
|

»
P>

t

U v

5U# 2.20 msdauuswugmegeudmsunieuUainiasiodnnseiu

uadei] agldudouasadeaiotaussiufinn 24 kv lunisnadeusyuunagey
pTaTuNTARAavsadsadusTugaaaeusUaauley a21ud 200 Hz Mnnsfoutas
irdosile Tussudiautu Tnefinisteuussfugefisyfunseduusu 0.8V, wihity 40.0 kv
ntiuanse UL PuRLNT 1.20, 111U 28.8 KV laziuiinAa1n1siinfay15au1ed@In (Qec)
TPgRMTUNAUATNLTIAURIMNAFDY LLazisﬁuﬁmzymsumuﬁwé’a Hudneg

2.5.3.2 n13n3293unN1siiafayIsaunsduluaaailianias

N1snageuUnsIATuNIsIAafatsausdluaalaigs (Power cable) fisuiuy
nstounssfugmaasuguadule aanud 50 Hz faguil 2.21 umsgrudimualiviinns
nsERULSURY (pre - stress) TITeAULIINY 20, AsTisERuLssiuly 10 Fufl anduansed
WSIFUAINTISERU 1.73U, udatufindrnisiianauisaunsdiy (Qeo) vesansiadanidsiiig
Funisneaau

anewadasia Cv12/20(24) kY a8t Maaeun 5193 un1siinfawsausdinuiie

NAdDUTTUUAS LI WUgmadeumendeuladidnnselind dwsinisiiuussiugamaaey

' '
a ¥ a

WanszRwsuduiiseau 20U, winiu 24 kV (U, = 24 kV) peiiiduan 10 3unil a1ntduan

SEAULTIAUAININTLAU 1.73U, 11U 20.8 kV L@ 10UInAINISIAAREY15 U983 (Qgc)

[

YadanaLala CV12/20(24) kV 1agiTNAMANLTAUGNAZOU LaTeaudaIuIunIu

o o

d’lj [y <
Numas LuanAgy



A
14
50U Pre-stress voltage Level 2
. (VB G "N
| I
| [ Recording the
173U | i PD activity Level 1
B L e e e e N
| [
| |
| I
! | >
10s
5U# 2.21 nsdeuussiugamageudmiuaeailaida
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NN 3

N15ILASIZHLAZBDNLUUNITNAEDU

n1snageugUnsalluifiiusegs Lﬁai’mqﬂszmﬂ“Lumwsnaauqmauﬂ’ﬁmmqﬂmaﬁ
1‘1/\1‘17\1%5&@@%%%LLUULLazwﬁm%ufuﬁf\ﬁmmﬁﬁmﬁﬂLﬂuadwagadauﬁﬂqﬂﬂim“lﬂamﬁgﬂst’f
slussuudieindilaih fhnsgvindudunougainevesnisudn auuinsgiu IEC 60060-
1 [5] wisdszinnnsmeaeuidu 3 Ussaw toun n1snegeuysydn (Routine test) nsvitaeu
J1me (Type test) uagnsvaaauiilee (Special test) lngagyinisnaasunigluiosufjus
i ussgefildsumssensv esiussnauiugruiiddylunsufidnsvaaeulniiussgs
Usznousg fuiiaaeu (Testing area) wr3edlawnadldvnaou (Testing equipment) ez
Uf@ntsmaasy (Staff) Inefifid vavgamesulniiusegs (Expert engineer) tiug
AIVANALANTULUAMS

nmanpgeuliiussgauusldidu 2 Yssande nismadeuluuyiiany wagn1svnaey
wuulaiviiane Ssdanuuandnstuiindsihnisvaaeugunsaliuuduinenudisneansvie
\duigsnmsmaaeutiietuiinaudnuuesiimnzvasgunsalmunusiiivue fafu ngly
vosUFUAmslniusgeaziosiindelaindadldionduldun ssvuaiiussiugmaasy
(High voltage generation system) fisesSunisnaaauldinuANR oINS TEUUTZUU ALaY
\3esiiedn (nstrument and measurement) igafiaatunismaae wazgunsailuihussgs
firsumsneaeu (Test object) ynesAvszneuinanudondulunmsnasgiudmussy
MsnAgeUMELIITUWaRBUNSiaadugUadule 50 Hz svuuaiisussfugemaaeuIzios
aausugmaaeylimuTiunsgiu IEC 60060 [5] AmuniFoinmdnunzveigUnduus iy
gwnaeuiiy wiensmadeussIasumsiiafawsautsdnlugUnsoilifinssgeassiosdieds
Foulvfiugrunsufuanisaimnnsgiu IEC 60270 [4] 194 inesitaiadadlilunismnaey
wsedlineliifAndarsausdussofaluUiinuisensuldivu nifeulamaaeuusefugs
(Testing transformer) ﬁ'ﬁLﬁUUizﬁ;mULﬁlm (Coupling capacitor) 13 asiioTafildluns
nagoUIrAelnanauausmIAINiAToUAUE UM TIARaYIFIu NI deuusn1sda
annylumeaeulyinssiusasvaaeuininsgiuwusily Ndfyeg1edadnusznmvilede
JLUUNTMDAAU (Grounding system) 2vasegeuluiiuiineaeunsiadumsiinfayisase
9’1’@@aamwuﬁmfmaﬂmmzwimmEJﬁwmmmiﬂﬁﬁ’ﬁmimaauivmwLLiqqﬁuq
uanandmnidaruund ulaanzauusazlssianvosgunsalliiiusegeiidafunns

NAABUILADINTIVABUD19899INUINTFIULANERUNTAUIU Y SIUAY LY IEC 60076 [1]
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dvuniiautadlninfds IEC 61869-3 [6] dmTunsiounvannd eeflotnusasiu uas IEC
60502-2 [7] dmsuanewalanias
wifoudasdidnnseinddmiunsmaaeulniiussgelneialy lunuidefniumn 8-
[16] flosduszneundn 2 d@uldun druaraussiumdiesasulasiumdaidaldia (Power
frequency converter) kagniiauUainAaaULTIRUga (HV testing transformer) Udg‘dﬁ 3.1
vhaudwfulumsaiaussfugmaaeunseuaadusuadule Ufumnudls Tnefaaasudag
Fufndaladih faguil 3.2 UssneudieisesiSeanseuaifiunduanua viuhiiudasld
nyzuaaduaaanurasselnindulninssuansaiundulninszuansalilud
Wiuuseq (C) Feindrfadowduuinasnouseuliuirasuvasmnduidslniiai oo
SUMUY H - bridge Taeilaunsaldnsiaq93s (switching device) ¥iia IGBTs (IGBTs H- bridge
inverter) Wufaununisluaveanseualniluaesmas uexlidyainnivaguyuiinssug
109 IGBTs 9nlulaspeulnsaiassauiuinsduinm (GBTs cate driver) 1u3defieiuule
thiauenanansaaussugmnaoudmsumsnadeulniussliudfseandenluuni 1
wifllsraufulymiseduanasuniuiiungs lunsageunsiadunsiinRaygaundiy
TugunsallwihiidAeensunsiinfaufalussduisuinigu uifeudasedsslotaussdu
(Voltage transformer) magaaiatianas (Power cable) wiidinisthiauesmannlataminie
N150BNLUNIINTRINNARUT I UIMATAIE MIRTUAULUUUS I TsAanaad (Pulse
width modulation; PWM) Tugnuaesne dnsuisasilasunfusidsinfimatsdu (multi -

level inverter) fausiagliinanmsasiwuseiugmaasusuafulsdliidunumela udsedy

1%
[ =

dyrasunuiiunddunisnageunsiadunisiinfawsavnaniissrvadndifesiuseau

v '
[ = v a

FuasUNMUNUMaINgausulad IS UNISNAdaUASIATUNSIARREY1s aUfed L L awlag

A7}

=

LAS BRI ALTIA Y haza8LALTan1ad 39919agd Adulyy g enalunisnaasuiile
asrUsznavluisasnagevinswisuwdaniuvouen viearagnsumulddiigainanioe

windeunsvegeuasuwadlunuvgladanieuen

HV Testing Transformer

filt ircuit
Power frequency r— reremet

converter L |

HV output voltage
Lie—— 50Hz (Vivou)

V]

Lz o—r 50 -400 Hz

JUN 3.1 vesnfiawdasdiannselinddnsunisnaaeulniussgausuanudle
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Rectifier circuit IGBTs H-bridge inverter

—o—l D+ —'—I Doy

I
I
I
|
I
I Out
put voltage
Lo | (Vou)
;
I
I
I
I
I

|
|
t
|
Lo t
|
|
|
|

IGBTs drivers

Y

Control signals

JUN 3.2 v9smeluesesudasiuiaaliiihfild DC-link WWuumasdneusesiu

9INNITNUNIUITIUNTIUNABIToR AP eatuund 1 wuda tunisdaue
nam ek [61-16] Ihauslmlunussindudnin wiisudasdidnnsednduunugiu
YouATLUasiumAslnil (Power frequency converter) SaufiundouUainadoulsIiuas

(HV testing transformer) A43UN 3.1 3Judoed1995n5097 L AUITANYIIIIUTINABLEND

Y

ilosandaniedyarusuniunudgs lussdunasdmiunisvadeunsaadunisiia

Aaysavnalugunsailninusags dnvagvesdygasunuiifnvulimiugenad s

v 6 Py

Snunizitadnisiinfaunsa (PD pulse) sgrsfidfuddnasnsasdesluund 2 Fdefiavisa
VAL wazaudde [15], [25] egeiinsrufufidissuuamadunisiinfansavdn Sany
ia@iaé’zyigwiummﬂua&méaﬁmfu N199NLUUTZUUIINANEAY N1360asRY azn1stdaenu
mssumuaneausimanliiwesiosufiinisluiiusegs andumelulaBuszoouindd

Winammsatanszds lasuniseenuuudnsnsliilunseusuuds andszaumsalvenindnm

Ya

B3 Buazo1a 3 e RS N Inednudwusseiud i asunuiunddunsadeunsaadu
naindarsaunsdluiesufiinmsddasiing 1 pC lefimsideudersamaasuiy
svuulih 3 wlaild@uunadiomasiifiuuusaiy wazdarninin 0.5 pC lofiadeeas
nadeuaTIvIUMsRaRamsauElneliiensounassefasliih 3 wlakuudaiy 910
AdeAna1tiy Idmadalsnmsauauyuiinssuavesgunsaldndedasvia IGBTs Tu

InwaizgULuuUTuUTIAnunIeiad (PWM) seninsdryauguaiuled (Sinusoidal wave)

[

fudyayruguaiiuaiuwmaey (Triangular wave) N8ns1UTUUTIAUNT0Tad (Modulation

4

'
a a

index; m,) 0.8 wag 1.0 AAnunad vl (Switching frequency; f,) 581779 1 - 20 kHz Wua1

Ty AysionmunInvasdy LS IAUamAFaUNlA TAIANULANAIIYBILITIAY (DV) kazA)

[ (%

AUARLNEUTINYRITUATULTIAU (THD,) WuRgeusufisedunndt 5 % wivszauiulym
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Fyayrausuniuiundslusedu 100 pC AseAvusinugamagauiias 10 kv Fe3ndudes

¥
[ YY) = (%

ponuUUIITNIBsMLAleans Ry usuMuundslunmsaaesugunsallifiusegs 4
nstniaueavasnsadlunuide [81-110], [12], [14], [15] Adeulusneiy Fsamnsoaguidu
sULUNIsNsesTiaInsaanseRudasumulsimnddfigensuldseiu 2.5 pC A 2993
nsesmmAAHusULUUFwmiehlvihdAuUsEq (LC filter) Tnailrraumdeathlyiit
mmmﬂWﬂwﬁ'mmzauLmﬂ@mﬁ’ummmasﬂiﬂjsﬁaﬁqma&iaﬁwé’zy}zymwmuﬁwé’qﬁmdw
2.0 pC fszduussfugamaany 40 kv (Ausssugeanililunismaaouluandded) Tiunnsns
fiu agalsha 1/1mWﬁ%’sﬁiﬁi’ﬁﬁﬁaLL‘Um§L§ﬂmaﬁﬂﬁuu‘ﬁu§m%amﬂﬁﬂmsmmmqﬁ]mﬂaq

HNAUMATHH13ULUY H = bridge (H - bridge inverter) wutysuUgsAnuninaiad (PWM)

'
a a

WUl Weaudiadvds (Switching frequency; f) gsliuavdmadawsenulniiinszuansedn

Useglsiiuiafiuyszg () ludhunsastwihnszuanss (OC - tink) Siangetudofisefuusaiu
gevmaeulfisdiu Ssenaduawmmiililiannsoadhausidugmeasusuadulsdlsgaufiome
fumsnaaeugUnsalluiiusegals mnidenamudnvauenisuiuduanuniiadlimnga
wazerwiligunsalalvds (IGBTs) lunsasuuassndumdslaiin (inverten) \iuvauiumnns

yuld 9w3dy [15] Fsaguuagiiaueninisusulieaundnaiad (PWM) uwangaufe

@

gn51UsuUsIaundeiad (Modulation index; m,) 1.0 A3 d @3 4% ¢ (Switching

[ v o

frequency; f) 2 kHz vesdaaguaauled (Sinusoidal wave) fudysusUaduaumies

L] il

(Triangular wave) WS9uA383993N589ANNUAAINIY (Low pass filter) JULUUA BTN
Tnlihdaiiudseq (LC fitter) NdAanumieilnih 50 mH uwagAinuglii 16 uF vinli

193N T0IANARWIUTTAANARAR (cutoff frequency) Usyaaas 900 Hz Tusuadedus 9

Y [ P

LABATRIAUANITONLUUNATATOIAIIUAFINIUE M UA TOIT QY YIUTUNIUALAAIINAITNT

v 6

auresgUnsaldnselsasiaruaumeaiaignisusulseanuniiewad (Pwm) Lo
Ynauenan1sassussiugmaasunseuadulildegsaenndosiusglldoddny As Tu

UszinununInd g aussnugainageuainsausuusslilanaaimmuenudeansiaidu

[

9819 18N15AIUANYITENTUTUUTIAMUNITAE (Modulation) 1198r31UTUUTIAIY

n3eiad (Modulation index; m,) agAudaI¥Be (Switching frequency; f.) vaa3UAaY

lgdwazguaduanunioy uidmsudygrusuniuiungduieesnageunsiadunisia

a s

favnsavedrutuliinazesnwuuieasnsedvinnuddasunesdadluauisnanvuinve

Fygrusuniununaslun1smageunsiadunisiiafasnsauisdiulaninin 2.0 pC lalag

(7]
[V

atllunisesnuuudenmanuddnluasnisdesiiddanansenusedya i swusUaiu

Toimaad 50 - 400 Hz fneiaue
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NUITININUAN LA NUNIUITIUNTTULIWAINY TUITUTIN I aunS oAA18AE S

v oA

fufe dygiuaiuaNLNdInTeLaveUnTaldnse193591n IGBTs lursasudasnnduy

o w

Maslui13uuuy H - bridge (IGBTs H - bridge inverter) aguuituguvein1susulaaIy
n319Wad (Pulse width modulation; PWM) Lagi1s1ATUANNTAAM B9V IGBTS 21N

dnvazresdygIuamuaNkuy PWM azdunmiulainfidnvasguiendudygingudu

'
[ a

(Step waveform) §eilvaur1@u (Rise time) 90uv1a89 (Fall time) v93dygy1uiilannnnie

v
@ @ =

nansndeniledn dmavdsuwlasiuiiulalndiAesgauad muindudyyiumivauiasg

g q

nnsvnnuveslulasreulnsiaes AN Us 1 UAISYIIIULUUAIR A (digital circuit) Tnanns

<3

auAnvaslulasinswawesNiaiuau1Ring (Clock speed) gaunnidunatefosiunnzidin

[V a

AIUUTDUVTULAZTO UV 1IUR ST YEU Il PWM agdlmanuduiuslnensesiudygiaunitinives

1%

luimiw5L%aL%a§ﬁ1ﬂuﬂwsa§1aﬁ@mwmmuqummlﬂﬂiﬂaﬂmaLaaﬁﬁ Qi duditaviiana
laﬁuaqﬁuaumw%ul,t,awaumawaaﬁzgapmmuammu PWM Uszanad 3 ns egdlsina Tunisdu
PANVRY IGBTs sududnsiaeastuvian (IGBTs gate driver) Lﬁaiﬁﬁzymwmﬂauqu IGBTs
AAUAUANANYULYBIVUNNYBY IGBTs 97d IXXN110N65BAHT e Tursasduviiny uag

[

AnENBIE I 104 IGBTS Tidenld uisdueguuiiugureniaseunden dasumulmi
fandenthluli wazdafuuszqludi (Passive device) Fsazsidndrfnag fidnasiinisian
9942993 RLC xdifnaglunanlulasiung (us) Ussneuiuanuaunsoniaiailumsdaln
2995789 IGBTs dsnnlisumdsnndaainaaunuuuy PWM fewenaromaisaiaidu
duviaiiu (Peak overshoot) Tuszdugs uaziAnnaentisamiinis@alaneesiiantuigsds
FuitusTaenssiuaudaiads (Switching frequency; £.) Tnavialuluniseonuuuasulas
HNAUAAILNAN (inverter) dwSumsdsinundsnulniinge Aisderanuaadeniandgany

lusuanuoudsduagiusuiansyialniilvaniugunsalfind 3435 (Switching device)

¥
=

waznsinnsdnaeesluf aiervensasudamniuidslndmady nsuAtguludiull
aansaltmssenuuulnasdesiulrinszann (Snubber circuit) iledfnvavesdwsaALT
At uarnnsvhaiumes 16BTs gl Inslunuide 116] Idinausisastosiulu
n3E7N (Snubber circuit) MivitngaNd iy IGBTs 9% IXXN110N65B4H1 Tineuniiudn
2astfadlinszunitliinauelilusuuuusiumulsiihdadudseqlaidh (RC Snubber) 1

fA1ANAIUNIY 39 Q wazA1A1UelTn 75 nF waziilaleadesdulinszyin (Diode

[

snubber) Meluda IGBTs MAenldsuvimiiddiavuinvesdmunafuiindulivangay

'
[l =

£ 1 a1 1 a = = [ v ! v
wan agelsifduniaiiu (Peak overshoot) figsasiiogluszAunuasnsusoiasulamndy

o w

maslnfinguwuy H - bridge (IGBTs H - bridge inverter)
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NNAuENYUYINAANISAARAYSD (PD pulse) namauiluunil 2 uazdrusjaiu
(Peak overshot) fiiinTua1nn1svauves IGBTs AredyIuAIuANLUY PWM fdnway
adoadatunInludnvazvosguad uleiinua9n15unds (Damped Sine Wave) wazdl
awduiusanaiufeiialuiisaiuluiud (ns) ilnAadudedunninlunuiden
Wil saandyaasumuiundsldaing 2.0 pC frevesnsesaudairiuly
naeguLuY ﬁaé?uﬂuamﬁgwwﬁqdw duaIuAIUANLUY PWM Judanisuiladiviliifa
Fyanasumuitundslunmsmedeunsndumsiaiausauisdin dedu mndenlddyaa
muauiifimadsunUasssdunssiutosasiag uasdanuuanssvesszdunssiulilinntn
whliduanasunaufiundsdunsmageunsindunisifandus suisdiuanasases 1o

=l [

& % a o A I 1% dll
winiluna Nndeauuiguidyanumuaunianudulildasante dyarnnivausuaau

3d (Square wave)

q

ﬁnﬂ%amag'mﬁ;mé’mﬁg’lmmuQu IGBTs aNManIzAuYDd ”zyjigﬁmiumuﬁwé’ﬂu
mManadeUATIIduNsIARRavIfaUIsdIl tazasUd mmuuitanudullligsgaly
N1SAAAYYIUTUNIUALD FYINAIUANLUUIATA (Square wave) #oNIIEABININTUN
gﬂﬂﬁuLLsﬂﬁudwaaﬂ (Output voltage) MMvshUasHNAufasini (nverter) agsiinsiu
AuAsuliiiaigeanan L lamniumd sl lidnvaenssiudyyiuniuay

'
a o

pUnsaladsdafu Fesdesmnisiasiliussduluingseenguaduinia (Square wave
output voltage) 91n3395uUasmnEumasinia (inverter) muaué’aaﬁmmmmuamgﬂﬂgu
In3a (Square wave) figuadunsimnurssesnsldusugmasousUnauled

N INNT ATz InszuaaduTes RLC AILNNTNIITUIAUSNYULN I
audrenesliianudy sedeanuindwesdyaalnfiansyuaadudoudnneslin
RLC vilpSueaunudvasmumideatiilni (nductive reactance; X.) waeiuonunudaas
Al (Capacitive reactance; Xo) fiawiniu virliiAnnisinansiuseninduiiuvaud
v83A27311d 8387 bW (Inductive impedance; Z,) wazdumuaug veandug L
(Capacitive impedance; Zc) tugud dufuaud (2) vassasiiill RLC FsdApundeoiia
AnuF UL siagumlii (R) wWind (Z = R) mnumnenismeninie msinuiu
wasuIzgnatewnaulunduinseninagduuuanaliiluduiuusegluiuas suuuy
avuwimanludimdeniliin lnglifnisaremuaniudsundsnulniianaieuendn
ussilnihaneseusamdenilwiuasdufuusslaihialndidsanus fafunszualii
wgnarfanisluaninuasesidisaudumulaivesiadiunuliitluisavidy sud
uAugY092995tNHY RLC ﬁamwﬁ%ﬁmﬁ?wﬁqm Benaniemaesin anmzslowuudly

1995070 RLC way Arpnudvesdyaalninssuaadutoudiizonin anuiislouuud
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INUUIANNAAYRIIATINTHLsTowuUd RLC uavdyannlunuyudInsyua IGBTs
sULUUA YT N Ta (Square wave) agnud1dAuaenad 0an uluLIvaINITLAANT
Wasuwlaswaaszauusesuliingreeenainisasuiasuniuiidslnily (IGBTs H - bridee
inverter) ndulUndusmuguiuuvesdyyraumunugUaiuinga ad1oin (Projection) v
naedeufiuuuinaudisanuiudeaunaiiamids fafumnfnninuasuslasmesssdy
wssiulwiharseenanisasudasmniuiddlninogwselieamanan uarduiusiuauiis
Touuudlursasmaaeunsadumsinfansavsdlugunsallufinussgendaiu agvinld
aansnaausifugmageusuadulmi (Sinusoidal wave) fimudnssfunrmdosnislunis
naasvugUnsallwiiussgeluiidensradunsfndanoursduls eanunsamunuuas

MvuaAtesAuTznounslnilulmeaeunsIsdumsiinfaysauidnliegluaniiss

dl' o

Touuudn193995 i RLC wagivunaudvesdyaanIuANsUAauinsa (Square wave)

(% [

ATINIUAINABINITUIIAUGIAaRU T anudLslauuudidediuld asvilindaudas

a

ddinnseindninaueduluinerinusatull afuswiuvgmeaeusuaduled Usumnudle

o o v a

dmsunsvageunsandunIsiafavIsavdlugunsallnihussgs Inedrdyaansuniu
Nunds (Background noise) Tusgdufisuin iissmedon1snadeuasiadunisiafavise
vsdlugunsallaiiiussgeifidmsvensunisiinfiavisaunadiu (PD acceptable level)
Tusziudnnle wu vileulanedesiieTaussiu (Voltage transformen) war drewaidanras
(Power cable)

INNITNUMILITINNT TN TATI89IN9993 bl AsanAmdnuaisn1IATUANLY
Unseuaves IGBTs Mdenlt Tsasuidunguiviowuranudaildlunsideluinerinus
avuil e agldmmidoailiiiiuraldsedasineania (Air gap adjustable inductor)
wnuiRavienilifianasiluasesnsesnnad (Filter circuit) v fiusuusaisasmaaey
nsdunIsinfaytsaudliedluanniisiaiundnisnaasini RLC uagnsosdyyin
sumuiiiinanmshaurensasuamniumadinii (nverter) Fondensasilmiidu 2ees
nseauarUfuusasleutud (Tuning and filter circuit) Wad agdansgUnuuisasnsenay
Uuuinsleuuuduuiugiureneasnsssnnuduuuimisnilwidafusealwil (LC
filter) Mntiuardoudynnmaiuauutnazua IGBTs Tursasutasmniusdsluiuuy H -
bridge (IGBTs H - bridge inverter) snodayainniuaNgUaaudnsa (Square wave) A
nsafudgaunssfugimaasusundule edudunquiniounmwaaililunisidoas
YIAUBHANTODNLUTLAY A TILATIZANANNTEDNLUUT U ST Ug mAaouTUAd Ul md

o o

200 Hz \JudAey
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3.1 NMFAATININRTVAFIUATITUNSIRRRFYITaUedUTuaUN ol

I usege

ramedeurTTumsRnRariusduluinednusatuil TymajavEngazinaue
wifoudasdidnnsednddmiunmnaaeulniiussgs Tneltiadssuasiumaslni (Power
frequency converter) AIUANAIEF QY 1UAIUANLUU Unipolar PWM $3uU3495n509
A2 (Filter circuit) fangan Feiaundulunuddofdman 15 s1l5duunasdng
usesuliiusefusinssuaadusunauledusuanuald Sreussiuliihdeudrunainuguni
YomTouwlamAABRULIIAUES (HV testing transformer) fifarasluiln 40 KVA fifausafu
75 kv/460 V I18usasuganaasugUad uledlviuszuunsiadunisiiadassounaday
(Partial discharge detection system) f1uN1%351U IEC60270 [4] %ﬂﬂizﬂauﬁ’uﬁuﬂisﬁ;mu
\Aen (Coupling capacitor; G) #lA1AaRluiln 1 nF sooynsuiugaianiausaileun
qﬂmaﬁmmﬁ'm (Coupling device; CD) 81umIn1sindgyaianiuansLatia (Connecting

cable; CO) waztAI8IlRINNALTIAT (Measurement and instrument; M) #95UNA 3.3

Y

HV Testing Transformer 9 .
ROy — X Ve '3 | I Partial Discharge

detection system

Additional filter circuit
Power frequency RN 71T A
converter

- —

/
50 Hz

[
| [
[ } |
!
AN N
7 - | Cadd |
| [
| [
' [

O ~—

103[qo 383,

/
/ Unipolar PWM

|
t
|
|
|
|
|
|
|
|
[

s
p | = T Q) NS (PAUTd —— _ _a__AF [
3UN 3.3 Himsrenteudasdianvselindfildinafianiuruwuy Unipolar PWM

Tuszuunsnfunsiinfavisauisdmlugunsalluiusege

Inerdnusaduisutiufiawiteunntessasiiiinoynsuves RLC ianiaws
Twuuud (Series RLC resonance circuit) Inglddami s usuanlaietesinseinisa (A
gap adjustable inductor) iwﬁ"u@“hLﬁ‘uﬂizqﬁ'ﬁﬂ'mamqlw%}ﬂ"}mﬁ (Fixed capacitor)
Usuumenisinaslenuuduarnsssdyrasuniuluinasnad@ouns199un1sii AR d@v15e
vsduilinsfoutasdidnnseind Suunasdnousdugamaaey fagud 3.4 a¥rausaduge
naaeunszuaadusUnauley Usumudld Tnofinnsanaudnvasynannuilusasauyasiy
vowdfouasdidnnsedndiiiauniy FuiumaiaIsnsauaANyNINTERaYas IGBTs Tu

1 o

935U Uasndumaslninguwuy H-bridge (IGBTs H-bridge inverter) Aaedyayiaimiuny
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A v v

JURAUTN T (Square wave) 9T 98A 0aMATUIA A NBULENIIANUA T dOAAR 83U

Y 9

AMANBUENINANUDVBIIIATNTIITUNISAARAYITIVNEIUM NN NIATFIY IEC60270 [4]

q

goUTU uazsERudInsUNMUNUaTunsegeunTIRTuNsinRassaueaulugUns ol
Tnifussgediadiisanedmiunismaasunsiadunisiinfavsavisdinlunsiazaunsal

TrtihussgenidrFunsvaaey

HV Testing Transformer . .
[————————— I Partial Discharge

| detection system

Tuning and filter circuit

Adjustable inductor L

J—

Power frequency

converter Ladd

M =

50 Hz

103[qo s3],

D @ C H wmr

Square wave

I

I I

| |
I |
I |
— |
I [
I |
I |
I |
= I

@]
5
2
o

&

________ 21 _ S.Sy~-«="_ | ' ___“\W _ _|
JUN 3.4 fsmsdendeutasdidinnsetindildinefinniuauiuy islowuud

-

luszuuanadumsiinfasnsavisdnlugunsallniussge

3.1.1 MIAATITWNITATRTUNITNARFYITIVEHIUMINNINTFIY

1493AIITUNITAAAAYITIVINEIUAUUIATF I IEC 60270 [4] N1AUTIg4
Usznausedafivdszaaiuiiios (Coupling capacitor; ) fioaynsuiugunsainiuii o
(Coupling device; CD) Fsiinirfidrdnliun FnrusefugmnasunszuaadusUadulatnn
nseugUnsallvlilusegsiiirsunisnnaay (Test object) ludnwamiduidnafufutussiu
(Voltage divider) TngliidawasisAinisifnfasnsaursainlugdnsalluiiiussgaiidrsunns
nageuaAsA IR LT edIn (Vo) lUduaseslotnaiauss uazinannszuaiayse

vedidlugunsallniiusegeiidasumsnegeudsain1sinn It osdyaia (Vo) TUds

&

w3 oeflotannausa uaninan1sindaegenduisaeufinnes Omicron MPD600.1 anely
gunsaimuIAEIUsENBUMEBNRuALT IR (Measuring impedance) f199 wannaasauyals
é’fagﬂﬁ 3.5 ﬂmsw@mﬁLmusﬁi’mémﬁuéﬁLﬁwsz«qmm?{m (Coupling capacitor; C,) ififin
anuglalii 1 nF nudrdnadnvagnannuivesisesidunuurasanuiniiu (band-pass)
Tnofiqudnwazdufiuaudanslou (transfer impedance) fidAuAdag1us (low cutoff
frequency) 30 kHz 5qmm5§f®ﬁmqq (High cutoff frequency) 20 MHz ﬁ'ﬂg‘dﬁ 3.6 L@UdAN
agntlsffrsaunsmnuduseananetsdmalidyaiasuniunigluasiiisunau
n13nsRdunsiinfasisavsdinlugunsallniiussadld uinsgiu (4] Jauuiilildnis
n504A U T inunzausaude Sudenldnisnsesuuiinealurenduisneufinnes

Omicron MPD600.1 Mi%3auauninamudir1ulugae 100 - 400 kHz Aauanwaueduiuaud
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a1elou (transfer impedance) 93U 3.6 ludN viliAudnvugduiuaudalglau

] [

(transfer impedance) 59uva3gUnsaiA Ui (Coupling device; CD) SaUAUNIINTBIUUY

Adnealugensduwisnouiiames Omicron MPD600.1i0uAIFUN 3.6 1dWAWNS

Connecting to the
coupling capacitor (Ck)

|
1

Cs=75nF==

Li=150 uH

Voltage measuring = T e
=44 uF — Ca=33 pF
port (Vout) © - ! P

PD measuring port (Vrp)

L2=450 uH and to the digital filter

R=50Q

\AANS

sU# 3.5 29asanyanielugunsainuiien (Coupling device; CD)

e Lia

g AF

=

R

L

g

g | W°

3

g 0

E 10

L=

g 107¢

&

© 107 T

's HD o LR

B o Digital filter

s > : :i:5 —— Measuring impedance

= 2 . Measuring impedance with the digital filter

= 107 il I

g

;2: IU-L'\ s AAI-M’ i LAALLI;N T Jihaai —4 Alhibai P - L diiil
10! 10% 10 10t 10° 10° 107 108

I'requency [Hz]

(n) VWALOUNFAERVRIBIUAUS I Y
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200 T T T T,
(5] —— HEF - H H . H ces HH 1 ‘e H
g2 : 1
2150
k3 : 2 | T\
= ! AR
;1:5 100 : ,\\
<
?_ 50 : *\\\
£ ) LI
E 0 +-
g \ .
8 .50 N K
& 5K FH
L
= 100 A B
o o~
(7 _ \ |
4 -150 >
= e v ~
[-» ™
=200
10" 107 10° 10* 10° 10° 107 108

Frequency [Hz]
() yuan o Buunudanelou

5UN 3.6 Buituaudatelowluipdnsanutvesduiiuaudin

3.1.2 ANSATILN90INTDIAUSULALS T UUD
ANITEVUATIFTUNISIAARAYITAVUA IULas NIl oUasdtannsatindNuauslu

[

Ineninudatiud Faguit 3.4 Favrndnw adedSnnsmua taznsinesdUsEna UMY
IWihusnsaslogluannizislouund (Resonance) nuguuvuvensasliiiteynsu RLC 7
anuslowuud Tagldsumderinliusuanlaaaeyesinsennie (Air gap adjustable
inductor) Tunisufuusiaslouuudlurasasisussiug mageusuaduley e ududei
aeAUsENRUMItNHIveItasNTBAAE U UUsLsTaRULE (Tuning and filter circuit) JUWUY
sand sl 1@ 9LA uUsER (LC dircuit) 299580y av03mfaulamaaay (HV testing
transformer) Lag1935nT39TUNSAARAYITIVINE U (PD detection circuit) WIaTauAL
Ansgininssiiihiutu Tashnadieloudufiuaudvsunannaussilugneussgs
vosndiaulasagou Weulvifuisasanyasiuvessruuiitmfinsantddeguil 3.7 daiish
will gl 1US ANl (Adjustable inductor) wagdaLfuUszaaA1AsT AT (Fixed
capacitor) Mienltazdosiiaimngamsiliiianisifnslauuudnnasiiiasounqun
ArmnuAveusiugmaasuiidosnisltlunismeasunsadunsiiniansaunsdiuly
punsallaifiusgs Inendnusatuiagfiarsantisauivesusidugmaasuguaduled
ANA 200 Hz WHuddey efiansanuaziinssiniseenuuuniiouladidnnsednddmsu
mMsnageUnsIITuNMsAnfavfautsdin egralsifagsdesddaiarnanumdeathlniuls
(Parasitic inductance) wazA1AuluN$2lna (Stray capacitance) lursasnaaaudae
uenniiieasdusznaunsliihuisefilianunsotadldosugniosusiugdeiedasie

(%

adufiwauduuuaudn Faddlaianuandiluisauyasiuuasimunaiegisuduglunig
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FLATIEEN1999TwarIIanauUluABURILMeS F9ddudsausuaAasaUsenaunalninly

asauyaTINdmsunsinaswutluneuimesiaenndosiunanisnageulngAdans

°

v < v
AUNABILTUAIATY

Short-circuit
impedance of the
Additional adjustable inductor system (Zs)

| RertRint LirtLpa
4

!
| Rada=34.6 or 47.9 kQ Laaa = 80 H-8000 H |

|
1
1
________________ I Coupling
: capacitor ———
! (Ck=1nF)
_____ 1
Input . [ L Test object Output
vant)age Additional | Ciaa=0.038 nF | Stray capacitor—— (CA)J - volcapge
€ Measuring impedance (Vou)

! 1
| l L '
: l T !

' = |

4 ! PD measuring |

| | port (Veo)

| | | Y

JUN 3.7 2sasauyasinvesssuunaaeuinneleuduiiuaudundanians g

N3UA 3.7 MansunasanyaNdgninealeuduiinaudundan 1ansgemnaui,
ddnwnrnnInuileu19seunsNYes RLC FigUd 3.8 lefansanqadnvazna
2995 lihuuvaRsislauuuduuy RLC 92l AmanuimumIuauyaveta9s (R.,) Aorasiy
U89A1AUAUNIUNTETUVBITEVY (R,y) AIAIINAIUNIUTINOUNTY (R,) VBIndoUUaS
VINABULIIE warAIAINAUNTUNNETY (Rou) yossienilihusualslunsasnsosuas
USuusasTouuud Avennumienhliihauya (L., Aewasiuvairiniumi sl
aelu (L, v8358UU ﬂ'ﬂﬁmmmﬁmﬁﬂ,w%s’mayﬂm (L) Guamﬁal,l,ﬂaammaammq& ey
Arnnumidonlwiiinely () vesiamdehlniuiualaluisasnseawazUsunsas
Touuud Araagliihauya (C,,) Aorasinyea1nIualiinrensnaaey SIudwan

AmuRlningalue (Stray capacitance) ¥e45sUUNAABUAIE

R£q= (Rin[+Rtr)+Radd Lz'q= (Lint"*’Ltr)"’Ladd
o ) — — — —o
A
Input voltage Con —— Output voltage
€] em——

(Vm) (Vout)

\ 4 l

e —— — -0

JUN 3.8 293sauyauuudevesszuunaaeuluguiuueaTeunIuued RLC
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nasauyanegui 3.8 nsiAnslenuudluisaseynsuves RLC manqui az
AetuldfdedleAasdusznounslninluasasauyaduluauauns (3.1) dumnmsruen
At g lninely (Ling) LLaxmmmmﬁmﬁﬂﬂﬁﬁwagﬂm (L) v0aniianuas
NadBULSIEs Tigndeausiudt axduamannumieahlsihidesnsldlunsaiiuseiu
ampaeuiianudidesnisldainanns (3.1) uaz (3.2) Sas1ve18usTWLgmMA UTIAN1IZLS
lguuudlunamaaeuazimualasieaifiiusenauannin (Quality factor; Q) ¥83339545

T9WUUdLUU RLC Aaaunns (3.3)

1
Leq = o7Con (3.1)
Leq = (Lint + Ltr) § L a4 (3.2)
\/Leq/ceq
S\ o 7 (3.3)
Req

Tun1sesnwuuiawdsatliausuails lursasnsesassuususlawuud i
yadanlunisusuairumideaiilnialdnaeis iy msususeuvesunaini b lusn
Wil laen1susuniiy (Tab) Wisasisunainudn (Main coil) Tilaanaumi gt
AuTifeIns uazdunaindie (Auxiliary coil) lienisusuLiia Usuanananumieariludi
wiadunisusummamieniliiuuuneu wuvasden ludhvasasutunserndieiu
YoudunsIanan (Flux) Tuwnuindnvassnd gadliiusuanls Tuniseanuuusa
wilenililudnvasdiivaufusesidesniseamumbedalnidudueu ldudsiu
arua199AUsEnauNIt i 18 ulursasndnyu Arauwd 8ad MW ks (Parasitic
inductance) lumsSnesAuszneureasnndeunsIauMsAnRawSauITEIL vonani
aunns (3.3) uandliiiuandriadszneununin (Q dmsiasuntadlunudnnamieni
Inifanya (Ley) 1092993 wazAATURIUNILANYA (R.,) 1892993 Fetuvnndasnisrmuels

AIUTENOUANAIN (Q) HiAAsinufinen1s mnfesrtuaxlia1Audunulniauya

S ~ =

(Rep) fifnasit Adududosmuauliumieniilwihusualadaanusiununielu (R &
ANAIIRIY faauns (3.4) 35nsusuaanuwentih i lusnvar it sldmunsauegnagean

2D BNWUUFIATUMIUUSUAN LA 199N T DM USRS bk UUdWUU RLC

Req = (Rint + Rer) + Raaa (3.4)
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mMsusumaNnUrtertlidvesdiuientnlninluleasnseaasuSunaas lowuud
WUU RLC Bnguuuunilandanuiiaulasgrededie n1susumanumienilnimetesing

91N INTIZAINITNDNLUULAZAIUANAIINAIUNEIY (R,yy) Vesdawmileniluinla lny

'
=

ASDONWUUVNAIN MARAINNLNIAINAIN LG N9TUBEAUNUTNUNFRvesa1InR N Tga1e il

Y

o w

AMAINYRIAINAIT Lazdaallauduiusmunzaudundaniaslninusing (Apparent

[ =

power; S) A28 A1nA1B3AUTEND UMb TuIRsauY AR UN

Y

3.7 Waulvnsidnaniiets

1%

Touuudlur99suuy RLC AudBInn38ns1ve1svosussfug maasuguad uloiiiaam
Usgnaunmunn (Q) wihiu 3 fianuisTetuud 50 fs 200 Hz dwmiunismaaounsI9duns
\Andawsaundnlumiiouaaiesiiolaussiu uazaomdanas wagnsuszanuaiay
e (C) lmamegeunTadumsiinfaysaudiy danldifiu 2 nF Jeagunanis
mslnswissmeaeuliiiazeseenuuuimdsnhluiiudladetosinsenia i3
AaamienhlviSualdlugs 3 - 300 mH

3.1.3 fawmdeniuSuailddetasinseinia

INNITILATIEN TLUUNAFBUATITTUNISAARAYI TAUNEA WA BRI UG INAA DY
supduleifiadranniasosmtamiumdsiiiing s 3.4 wudn Reulvaniawtslonuudnis
29asTwihgULUY RLC aynsu asifinduldty asdeninensasnsesmiufiii (Additional
filter circuit) wuusaAsaNNATeRldmUmsINnTTIlY 2esauyavesTBLamAaey
(HV testing transformer) LLaz’N%iauga“Uaﬂiwummﬁaumwﬁﬁ'umiLﬁmaaﬂjﬁﬁmNﬁw an
fnsanduiulugUiunsaLyasveIssUURADY Faguil 3.7 Badheleuduiuaudynen
mssuus U snuussgauds wuinazeglusuiuuatyaegeing faguil 3.8 fansan
sfUsznaumslwiludinasasniesnnud wuudaiiy (Additional filter circuit) asisiule
ot udaaudresdUsgnaumdliinfiamisauuenldagiBonlugumsuduiiniada
Pangugs uazazanianvuzyinnsvaaey fe sirusEnevvesnamwmdeniliiddldan
damienhlwitlussnsosnnud fafuldvhmsiengimaamuniesliihiaso
ThAnanzislonuudnnasiiilugianiud 50 - 200 Hz nssfuaudousefugs
naaeuUsuAIud b wazazlimaudidyfiaud 200 Hz Wudidny dmsunisvaaey
asrRsunsiafavsavdnlundowlannieadioTauseiu (Voltage transformer) léen
anumienhlvihivhlynssauyasiussuumeaausuil 3.7 wayaasauyaog1siegui 3.8
ogluanizislauuudnisisasiiin RLC synsufidraumiedniludia 3 - 300 mH 3s
Usznevadradudmilenhlnisuenlddetesineeinie (Air gap adjustable inductor)
Ya3uf 3.9 Taefinalanisusudmumionilwisiunsdiussegintesinseiniade

U

wawaslnih ieanuaznInLarUaensdededuiAnsaaeugunsalluiiusegs
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Fandlerthlniusuanlasaegesinseinia gneanuuuliiinuauiinsiunig
29951 lneutwaain (Coils) sonilugsvnaiuasnumaniiudousniu (Core) ynvIn
amdnvagnesnuuulsidaranumdenilifiigeannuiifosnisie 300 mH uagudiy
yparneanuniutisarnnumienilufiidessiuau ¢ drensusuatmnumieailgi
adoudunadanlunisldaimnumisnhlnfidmsuusuusaslonuudlursasvagay

{ 1% o

pUnsaflihussgefifiinandnumesumsmdlfiuendisiu anduarldnisuussesving
gaa1ve1ndlunisusuaraumd i liiiegaasien (Fine tune) Tun1susuusas
Touuudlunsameaeudnasiwusdrsusifugmeaouisudu WeianasTouuudgeasluasas
nedeuBuduLarasiLg Frasiuseuuseiuliiinssuanssudiunsasiniiinssuanss
(DC-link) Tuta3 peudasiud1 &l (Power frequency conveten) auldszsuusasugs

nagaulminemuinesnis fiasannuanvesguafuuswugamegeusunduley uaza

¥
v =1 <

FUIUTUNIUNUNEY Aegenasd1595U MPD 600.1 @115UNSNAROUATIATUNISLAR

Y

o
Y

Rawnsaunsdau faguil 3.4 vevuglifimsfndsingragou (Without test object) uazfndia
Tmanageu (With test object)

IINNINAFBUNUIN AudnIsusuArammie i i lugag 3 - 300 mH way
tneenwuudsznevassianienhlihusualasetesiaeinia Winamsnaaeuidui
yanele meulandarusesnisldainnuudorlnidnsuusuusasTguuudlu s
NAFBUATINTUNMINAR a5 auaulA LT ueg9R warUsuuAsanvslanuudlaogia

azidualaruiud MU TR Fuasinauenanmvedeulagazidealuuni 4

(n) Fmdetwihusuale @) Fwderlidusuale

AIYVAAIN AIETDII190INA



53

(4) S28LY09IN90INNA

() natnuawmasuSuAIALmTe1n N

o [ (% 1

dusuusuataumtier bl

v
=

JUN 3.9 iyl usudnle Aimutuinlaganie

3.1.4 MIUATIATUYIMAUANYULINTZUE
1NFUN 3.8 WITAUYARUUIIBTRssEUUNAaUlus UL UUIIITEUNTUYEY RLC UaY

Y U

N133AT1EYA109AYIENBUN NI WA UASIITUNSARA @Y TIUNAIY FaenTT
Aneiaduiiuaudivsngdanuiaghivsngutalussmegaey wuitlsenausee
perUsznoumslifiisanuesiUsznauliun Aremamduniulii Arpaumideondlidn
Lazarnualwii dednanevaussiodgraliinfuandrsiuluingdnamd viilias
nagaUinaneUausin1In A TN nesAUsEnaunalii ds3ud 3.6 Fauansuanis
'3meﬁmima‘uauaamqmmﬁ'ﬁgwmmamamwﬁgmqqqmazguLWa%aaﬁuﬁLmueﬁmﬂau
pdn9lsAd dygralailrdeulda (Input signal) wardyaraluinsrgesn (Output signal)
JgARINTaGN T MIgaNi UL WIANYRINSIIMEaNN15 U 13993 Il LWL U RLC uag
WnagveIn1Ta s siugmaaaudniunisnaaaunsaadunisiiafaa i saunsdiulu
aunsallufiuseganms

Mngufsasislonuuduuy RLC Tuund 2 wudh annegleuluvesnsifasleuuud

v

Tursasislauuuduuy RLC Usznisusnife dayanadeutdinaseynsuuuu RLC azdouduy
Fuaauwuulniiinssuaadu (AC Signal) AifiFranudvesdyaaduiusfuanudonisld
wssiugmeaeuluszuunaaaunTIuMAnfay Savsdlugunsallniussgelaun wile
waa3esiloTauseiy uazaniailamds ausnnsgrunsmageunuIninisliussiugs
nageunszuaadugUad ulvdlugas 50 - 400 Hz Tsagulsindygnlniiaisoende
ussulaiinszuaaduguaduled Uiuanudls

w3 paudasiurdalnii (Power frequency converter) Sninfindnlunisd iy

nasulinundndsinisluglnands lnefinswdsuulassuuuuvesdayaalnil
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aelueIaawlasiundsnuladi Tuinerdnusaziidruwnasaousasulniinseuansady
ALeN993 (DC-Link) Aetiuguuwuuvasdgyaalniaieesnainissudamniumaslui

5UWUU H - bridge (IGBTs H - bridge inverter) S13U7 3.2 anunsamuayldanuaeiin

Y 9

drya1aunIuAy (Control signal generator) H1139950U IGBTs (IGBTs driver) dielHiAnnas

darnundsnugegasUnuudyaaliiinssuaadu (AC Signal) slianuddgy egeiinsu

i lwsasliihnszuanse Amdanulnih (P) eanuaguseritsussiulniinnaseuda

Ay (V) dunssualiihaanflnanudadunuiivailale dewmeil Naneslewuud

(% [

9847995 RLC wuvaynsudygalniinszuaadusuniudnsa (Square wave) 9slinTs

Y

daimundamlniwiaudumuanyas (R.,) Y893993AgUR 3.8 fingeanluauiian

ey @daulsashiinnselanse 1esan AUssanSnasinfgesedsuwsaaulnii (V)

v v

WU A18enuessuRaudnsa (V) wirduissdulniiinssuanss (V) ludiu DC- link vos

q

1995ulasiiumalifnasun 3.2 wagArUse@nsuasinnasundsnseualni (/,,,) 109

Y
sUARUTNTa denasibuniuianfesiu nadndeniede wunldnsivvesguadudnfad
Argean oy fugumduduninnudeilssmaianduaediu i suaduled (Sinusoidal

waveform) sUad uaswa sy (Triangular waveform) wnfia1sanlulssinussnusznou

Y

v @

y935URd uTnTaaznuan Usenaunienasiuuadulednianudvanya (Fundamental

q

frequency) Augdpduleinidnnudidusiusuvinludduaeavesanuindnyadudiuu

110 Wedivwnwenudyevessuaduladnanudvdnyagaan mnwawadseneunsidentydsy

dl' [

ARUAYIUINTA (Square wave) AIUANLIIINTEILE IGBTs JUWUU H - bridge dnsuasie

N

wssduliihargeenanisasuUasiumdslaingagui 3.2 ereitlgmideries eusasulvidi
nTzuanse (V) ﬁmqﬁu \iesnnmavesdnsnsasunlasesussiudisuiuaan (@v/dt
finamdu (Rise time) wax 1812189 (Fall time) Yodus9i U7 w0899 TUda iy
fdslaithildngs e1aneliinusefuraiu (Overshoot, spike) Wissanarmsrlunisilinde
2995994 IGBTSs 39d IXXN110N65BaH1 fidnsarin daymileagndrdalddaensastastulu
N32¥7NUUY RC (RC snubber) nglidwanaduiiunudarslouluindnsniui vedisas
nadeunTIaduMaAnfaufavedIu kasdsaalddaini vathlnfisuanlddevosing
91 Lilevmannzlenuudluinmeaeuld

NIRRT [15] Wiauendowlasdiannsetinduuiiugiueses osulatu

g v a

Maslwifin (Power frequency converter) MildnatianauALL UL Unipolar PWM ﬁ&gﬂ‘ﬁ' 3.3

§ v

WU HANITIN8DILUUAIEABNNLADS AITUN 3.10(n) TRNaNTALAWIN Qe unsinudng

Y
I '

ponINssUaINRUMAlA (Inverter) sUwuy Unipolar PWM dinanadnyeyiaaiseen

Y

INYOITATYYIUAAYITIUEI (Vo) VBIRUNTRIAMUALT (Coupling device; CD) Ae3U
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3.10(2) vauzlifineasnsesmud i uLAL (without the additional filtter) 31U WU Ty
Wweanuillavauenanisdnaesteounadnaw1saursdlu (PD pulse) au1a 2.5 pC 210
gunsaluSuiieu (PD Calibrator) Wuin dyayrausuniuivesindaaiafayisauiadi (Vep)

HuunlnatAseiuiadaayisauidiu (PD pulse) vun 2.5 pC NTouUlNTEUU HANIT1aD3

'
a

Aaguil 11 linaaenndeatunantsnageuldruniieudasdidnvseiindluszuunsiadunis

WnRavsausELdiausransnaaauliluuni 4

150

— Input voltage

100 — Output voltage

50

-50

Voltage [kV]
o
Voltage [V]
(=]

-100

-150

Time [ms] Time [ms]

(n) wan1sneesloudmaias Unipolar (1) nanmsdnaesindgaialviigigesnain
PWM Judyanadeudn wagindeiu Yosdna M (Vpp) maqqﬂﬂifﬁmmﬁ'm
918999NAINWNIT Inverter (Coupling device)
g‘ﬂ‘i‘?‘i 3.10 nanssaesdieuduayias Unipolar PWM vaieliifindsisasnsesmyuiiiunia

(Without additional filter circuit)[15]

150
~ Input voltage 0.01
Output voltage

100

——From 2.5 pC PD simulated pulse
~——Interference voltage

0,005
50

Voltage [kV]
o
o

Voltage [ V]

-0.005

Time [ms] Time [ms]
(n) ()
JUN 3.11 wan1siaesleudysyias Unipolar PWM tazleudeuadfayisauisdiu (PD

pulse) VurANGINIINTBIANLALTILAY (With additional filter circuit)[15]

NN AU AUDHANITINADILUUMILADUNIABS L UINUITY [15] teAnudnlad sy

aeuieandyminissuniuiesannisinnuvesgunsaladvdeniuligs anudgs uay
wingauiunsinan1gn1eeasiiit ey lusunuuisasslowuud dyainmnivauy

a a d‘

UINIeUavel IGBTs NAninasiusedvanagedan Nan1izslonuudnimans waglineliin
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v a 3

Ygyinssuniutasd g infav1sauedIy (V) 3UadInasanIsindgy asunIuin

a s

nadlun1snageunsiduiavisavisdiulugunsalliiiiusegs Afleniseeusunisifia

a s a o

Aav159UN9aUTUSEAUNFNUINAWTY ML akUaAT Il TALTIAY waraluLALdan1ad A

o

dyanumuausUady

g q

[

n¥a (Square wave) NANUDARAARBITUTYYIULIIRUFINARDUT

v v &

AOINSHALFURUS AUANUDLSIBULUENI92935 1T 198939955 9UNTNAGOUATINIUA GV

U9 wazavtiauenan1siaesloudyanmiuausuaaudnsa (Square wave) luriade
fnbl

3.2 MIA1RIAYsENBUN IR 199 snIBItazU UL B s YL
ag1uaiug1n835InstiuTuuse

IINMTIATINIATNAGRUATIITUNMSAR Ay TIUsdulugUnsallniussas Tu
e 3.1 nuitlunmseenuuuiansnsesnarusuunnstouuud sedunienilniusuanld
Frggarinenn Al uTauLassnunfiazesnwuulFa A umde i ey ()
ArmER Bl (R.y) vesiamdeailvdusuaile wazA1AIU TN (Cou) 20967
Fuuseq Tunasnsesuasyfuuanslouuud assmnudeulslunisiiasgimansesiilihaya
YONITNARBUATIITUMSIARRAYNS JUFINAIgUA 3.7 Taudisdesdusznounslniinues
295mRgeUifeimingzis Ul ALy aYeITTUUNATRUN IR UM ARAa$
vvdan udlilannsoieaildedraugiieniosiiotauvusailasnssluni U ua T
nidde [13], [14] viedAnddsuulaclunuan1iemsdmeasnageuy apdtamienh
Toihwelslunsasnadeu (parasitic inductance) LLawhmmﬁﬂWﬁﬁbﬂ%a (stray capacitance)
Fainsusudimaliiinlunisdiastuuuieaeufiunes ielfnanissiassdanuasnndes
NINAADUATIIFUNMSAARATIS AU NEINASsluBaU JURn st s ege

a]w’fanﬁmsﬂ’uﬁm%’aa&aﬁ'@@mmiWﬁwmﬂmamaamﬁamﬁmaﬁﬂizﬂaumqiw%
oghauudlunsyageunsraiumainfasiiaundautugUnsalluiusegs fedu asvhms
NAFRUTURY (pre-test) fI8aeaTnadeunsInsuAarIsausdlneinaulanaosletn
W39 (Potential transformer) s¥uu 24 kv {uingnagau (Test object) vﬁgllﬁ' 3.4 91Nt
Jounsssugamnaouaud 50 Hz fiseAuussiu 5 kv vinstufinguaduussiugmnaaouly
dnwazdoyagusu faguil 3.12 Inevhnsmaaeulu 2 Snvarliun

- hnsneaeulasusAnndunieniuindsluaiueeasnseuasUuusas

Tuuud
- yhnsneaeulaefinseiamionh Wi iadaudisaaumie il (Loue) 5

mH LarAMUAUNIUNETY (Rayy) 1.3 Q
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12 T T T T T

Without the f / ith the additional inductor

| additional mductor

0 10 20 40 40 50 60
Time (ms)
5UN 3.12 usaiuganaaey 5 kV Aruasneasudamndumasiiih (H-bridge inverter)

(%

R RILTRRING G

N1 INNIINRTANYATINVDITLUUNAAB UATITUNSLAAR AT avedulug Unsal

I usage feguil 3.8 wag 3.9 wuilinadnen139s RLC SURUADI HANBUALDIVDY

[

Fyaadliihdeesnanmileudamaaaunswiugeanunsamuindiainguuuuaunm seuius
d1Rudes fsaunts (3.5) uazdeulmduramassuuuudnivuuden fsauns (3.6) uazka
\agYeIaNnTT (3.5) uay (3.6) uanslataauiiulugduuuiindunizsmisunisesguaiuled

weafsntud NlUulsaddouaatdinds asaunis (3.7)

d*Voue(t) Req\ dVout () 1 r
dt? * (Leq> dt + (Lequq) Vout(t) =C (3.5)
d*Vou aAVou
TotlD 4 (@ + @) P20 4 (Wi (O = € 56

Vour (£) = Ae % sin(wt + @) + B = Aje®1t + A,e®2t + A, (3.7)
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Integral (s)

Fited waveform

124 i i A | 1 —— A A J

0 ! . 3 : 5 6 y 8 ° 10

I'me (ms)

(n) nsallalAnasdnderdn Wiy G

Ry
03 29
V]
\ / Itegrals of the mehsured Waveforn]
L4
OpA! 5/ ge
— =, - - -
i <
.12 .t
=y ‘f Firtgd waveform
-1.6
RAY
24

0 I 2 3 4 S 5} 7 8 9 10
Time (ms)

[ '
v o =

(@) nsafneaie ARy

JUN 3.13 wasugurdunlavnmyinSeuiisuiunanisusumeusuniu

wsgaztil 33n1snstusudisannsaidninldmanesduseneunalniivesas

naaeungUaduIINdyaalnidigeenInuieuUamede ULTIUgIToUT I UANAT OY

@

TngnadeuvMzyINIIadeUlUduYevlallatas oo Tawsatumedyraduiideud

A v o [

JURAUTRTa As3UN 3.12 ihgdeduituiinliainnisnaaeuisaensdlduninsnluyiewiay

9

[

aulavverisnafiinisidsunlasesvunauswiudeuingegaiisunaivessunauinsan
Taa1msasuiasiunaslniln (Power frequency converter) lng Usiaainesausznauluiin
NIzMansy AegUTl 3.13 antlumanasduseneuluinsadeunaresrusznaudnluiuies

meIslnstusulse eaesnsdinisnaaeuliainaunis (3.8) - (3.11)
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C=ay) +ag” (3.8)
Ls;q = oy ay” (3.9)
Tt = g+ af? (3.10)
T & 6.1

e ai(j) Ao fhirdeEnsud it veansnadeui W
R, #D NATINVRIAIAINALMUNEILYBITEUU (Ry,) AUAIAIIY
AUNIUTINOUNTY (Ry) VIMIlBUUAINARO UL
L, #e nasiuvesaanud saurlndaniely (L) ve9s5zuu
A3 mﬁmﬁﬂﬂﬂﬁ’mauﬂiu (L) vsntpllasnagau

W3 9g

ssrUsznaudnlvuudgadnsamalaannisastnsdusudss waznising
ANUAMUNIUAIETY (R,y) vossmdendlniln uazataundenlndrnnelu (L., 1897
widendlii naunis (3.8) = (3.11) aanuwileat i (L) Aanusiunulai ()

wag fnugliihaugasmvesTEuy (Cp) AMwinlannauns (3.12) - (3.14)

= Laqa
L= (3.12)
R -1
(aﬁl)vé” >
Re = (" +aV)L, (3.13)
1

C, (3.14)

31nN158135N1stnsdusuUssuazgUuad uii laainnsnaaeusisaansdl 11

Uszendlflumameesuseneuvesaunisnansuauesowssuliinlugluuunamasian
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TUwwdea aunts (3.7) 19439350UNTNREI1809 RLC Aegui 3.9 larasdUsenauves

e dﬁl
GEUANRIZN!

- a® iy 1.8952 x 10° + j4.2783 x 10°
- oY wihfu 1.8952 x 10° - j4.2783 x 10°
- o iy 51858 x 102 + 21045 x 10°
- af? iy 51858 x 102 - j2.1045 x 10°

91NA129AUsENBUNI AN L9957 1UAT wazA1Sa18laUDUNLALTUITINIALT

[
v

FUVIIVNA ANUITAMNAN L, R, Uaw Cog 3MNAUNT (3.12) — (3.14) larndiail

- L WU 36.310 H
- R WA 137.63 kQ
- Coq WU 127 nF

U1A19eAUsENaUNIelNH 17 Wi ug1re 199 svadey Miawalaainisnasinsi
USUUTE MIHaReUaNeImINIa1veIIvndeUmesUnaudnsalugisiaifauly ieuiiey

HAUNTTHANDUAURIYRINATTARINMIVINFBUAITUT 3.14

- I - 1

Integrals of the measured waveform

Firted waveform

Voltage (p.u)

[me (ms)

(n) nsailRnsedtenvn i iRy
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Integrals of the measured waveform

Voltage (p.u)

Fitted waveform

1 ) 3 '} ~ 8

l1me (ms)

(@) nsmRaesnte N WAL ALY

v v

JUN 3.14 naneuauawsidulnihniiaIvenmegeumesuaaudnsaludiwiafauls

Y 9

WU eUNas eI ALAINAITAUIUAUNISNAADUAT

3.3 MsATziRan1siIAIasAUsznaumeiniiluaasnagaunsIndunsiin
AavFautedlIulugunsallnviusegs A2e35nslnsiusulse
Fanenhluiusudalddhetorinaenia TursasnsesiaguuusasTouuudily
viausluingdnust ﬁﬁlﬂﬂi%ﬁﬂﬁLﬁ@I‘mumiLLﬁﬂﬁyM?ﬁﬁyjfyﬂMiUﬂ”suﬁuﬂﬁﬂ (Background
noise) flAnanMIsYuYBIgUnTalaindeinds (Power electronic switching) luvifoudas
ianmseind il duunasssuseiugmaaeudinsun1smadeunsadunisiindaisa

vedlugunsallnifiuseas Ineldinadiaisnisauanisasiuuslonuudvueianseynsy

'
a0

999 RLC WULA 8N UINUIT 8NN 1WN [8][10], [12], [14], [15] T Laue A1 U990 504

v v
v 1

AudeLAtynAeiy Msinuinlusesmageunsrdunisiinfavisausdiulunnas
gunsallriiussgeaziiAnesrusynaunaiiinuandisiuly uwavlingiven Fadiawedsns

' 13 ' I\ o Y aa a s = o =Y
Wqﬂ’]aﬁﬂﬂigﬂaumqﬂ‘l‘wmqaﬁnﬂLL@J‘UEJ"IW'JBﬁﬁﬂqiquﬂmmﬂqamisﬂa\j‘LW5uLLUUUiUU?Q %Qlﬂﬂq

'
a0

psvszneunslii s measuiduiuinels Waiisududoyafulilunismeandae
Fnssedamansldosuiuuds il fotunmdnunsrensamaaoumeldidouluuas
ALULINYBIUINTFIUNITNATOUATINTUNISIARAYITIVEIY [4] waznsrvaeunuauds
nsafaussiugmaaeunuiidadmnely Sahauonamsiinszininsasiniiensas
naaoumeosUsznaumsliiinegauuifuailfanismslnsiuiuuss
Inenfinusatud Didwandlunmsiauniewadidnnsedndieiinisamuguuuy
slouuud Fadpaihnsoenuuunainsesuazyuusslouuudlng lneidonlddumiea
Inlhusuanlamedesineernia aaenausuninaiaisnsviliinsleuudluiamedaeu

nsRdunsinfavifausdinlugunsallviiuseas Medyaiumuandnsalunisaunuyy

innszualursasuvamniumasliinuuuiesuianid IGBTs (H- bridge IGBTs inverter) ¥in
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P

winfdugunsaldnmeitas (Switching) sauiursaslesiulvinszynuuudfumudiaiu
U329 (RC snubber) L UTEAY W3R ug R 1enl auUaINAABULIIA UGS (HV testing
transformer) a1susssugmmaeugundulstiuiuamnudld ilensnassuguUnsallnliusgs
fivarnvansuazenaltiduunasgieidslnindmiunsmaaoudug fidesnisamgnies
wiuggeuazdinugoulm (sensibility) Aedayaasunivluszuulniimgds Sidnvseiing
masla

Fumeuiinils lunslieszimansasiiihiiinm ssuliansisleuuudiinnug
50 - 200 Hz waglFAveuinaLY wagTBURANElUN S A LN NANNT (3.2) Wag (3.3)
annsafusaamigh i fmdenhilnifualdfeuns (3.15)
audeahlniadiudy (L) asnsaudualassning 3 - 300 mH dawmieanilnihils
oonuUULazKAnAISal W Yiuarumienhilninlélugae 3 - 300 mH wagnsuen A
aunulniidnn s (R) vewisioudasmageunssiuad wazanumuniubiihaigly (R,

a 6

Y9981 ert Wi 1UsUATle va99n519818u5A Ul NI 1w BN kas U U UDID LN WALD

% & o

a1elau FveuksIt ULl 91nauns (3.3) wardswdunsnuansnnudunusiu

anudislouuudndenislangun 3.15

1
Lyga = wz_Cw A (Lint + Ltr) (3.15)

Gain (p.u)
L—

5 o

——

-\-—-_

0 100 200 300 400 500 600 700
Frequency (Hz)

v w6 ! LY %

SUN 3.15 NS NLERIANNALNUSTENINIRSWeNsksIAuINHenTuanelauiu

v

s

ANUDLS LT UUATIABINS
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TN finsiislouuudiinineeiidasvensussiugsnit Ae finud 50
150 way 200 Hz SA18ATI98BUTY 15 5 uaz 3.5 muddu femadssdanusmngay
ogsBefiAud 50 Hz axthluldveaeuansiadafids uasfimud 150 - 200 Hz wanza
fummaaouvsieulanaiosdeiausaiulnesily gﬂﬁ 3.16 LAAIIUALENUAYAF AT
ilefFugraloulutgdnsmnud finssadnmsusuusasTanuudanuiaie vesasadng
Lssfuganaaey Memsuiuaranumieniliidiseandenlunsei 3.1 snvene

ussiusagUR 3.15 way 3.16

Case 5

H
$
;
-
-~
-
-
-
-~

0 .
109 10

Magnitude of the transfer function (p.u)

102 10° 10
Frequency (Hz)

'
=1

JUN 3.16 vuauneuvingegavasilinduaielouluinInsanud 1n15asA1IRINTedLay

Yuudaslenuudnanudnieg luwsasuswiugmedeu

A15197 3.1 AreerUsEneunslwivesswte It lndrdsuala

fneloumndInIALIIEN dnelousnganiausaga
case R (@) Ly () R (KO Lo ()
1 0 0 0 0
2 1.3 5 34.56 132.92
3 1.3 17.2 34.56 457.23
4 1.8 31.5 47.85 837.37
5 1.8 300 47.85 7974.95

[ '
o I~

Junauiiant lun1531A5129n192993 I i uwn [81-[17] wudinisidenAininug

TRy (Cou) Fs3nTudosinnsiunuuseglniuiudu TudinesnsomasUiunnns
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Tsuuuddmiunsesdygasuniuiiiinannmsvnuvesgunsalaivididnnseindmaay
fiqmaviaé’zgzymiumuﬁwé’ﬂ (Background noise) Tu29359ad0UnT2193UN1SIAAAEYS7
vdlugunsallnfiussgdlussdugaiundnnasgiu [6], [7] veusu wwagiy aghing
Aasiginnaslifivesisasauyaniuvesssuunaaeuseaesdlsznaunsliiingnng
Iaums‘]’qmﬂLLiquawﬁaLLﬂmmaa‘uLmé’uqaﬁwmﬂiu’msamyjaiamaﬁwwmaau A
'gﬂﬁ' 3.7 fianudslouuud 200 Hz Ansandyaagieeenaintesduniaianisie
Aa¥159U19d°U (PD measuring port; Vep) %aaqﬂﬂizﬁmm?{m (Coupling device) FafiBud
uAudin (Measuring impedance) ﬁ’agﬂﬁ 3.5 Wisuisuiudgeranssnulwirdeoudn
(Input voltage, Vi) gﬂﬂ?{u V934 iﬁmaﬁmizﬂawmé’m’lawauLmﬁuiui’gﬁmmmﬁ s
nanaseuilduaylilifnsesuauniennuin ufineamuunsgiu (4] wugd Failaanud
findus1 100 kHz uazALAfinsuge 400 kHz feguil 3.17(h) uae 3.17() suddu WU
mmaﬂw%lﬁmau (Con) 1 uF Tunsasnsosmudnasususslouuud vilisasnaaauiiang
Usgnevanneuusiuiitesdyaasafansaundindinid 10 Sufisamesanisanneu
ﬁﬁyaunmumuﬁwé’ﬂumimaaumw%’umnﬁmaam%amqmu

10 S S m e A RN £ 03] ERERS SER B T B EZ 1 summ e S

Without the tuning and filter circuat

= 10° r

2 .

&, 1o

Saro |

S inductor and

5 10° f capacitor (1 uF)

S\ ¢k capacitor (4 ¢F) 4

12 4 {

10! 10° 10° 10* 10° 10
Frequency [HZ]

(n) nsalbllaFnTRaaUAINIALDNIURAIRBA
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10° 7 —rrr T s T v T T T —r vvg
107 F Without the tuning and filter circuit ‘1
5 10°F the additional ;
= ~ no capacitor
S 107 1
) 1
S i
5 107 }
< 10 10F
10
10712 O - - i
10! 10° 103 10* 10° 10% 10

Frequency [HZ]
(@) n3alldiinTesauniemINdIURTNDa
5UN 3.17 susznauananeuusinuiitesdaainnisiafaysauiseiu

VN NIIFUYATIUN VBITSUUNREDUY

WounsdudunansAs 1 uRBaLTn199s s g AasRUsEnaun1s Wi 7

v o

syydaauluiginsnarininisdtaeinisneuaueseussiulowd1suna uinSave1eas
ANYATINVOTFUUNAGBUAITUN 3.7 NILAUUTIAU 19.6 KV Fegelousndanausegs wag

wssRugmadeusUaaulelaIud 200 Hz Nseauussiiugedneean 100 kv Nlnainieasauya

a

FIUVBITFUUNAAOUATITUNI IAARAYISIUEIU Ndn1dzislgiuudaiud 200 Hz Asgu

3.18

-120

™\ PN\ 7]

-80

\¥ \

¢ E \

| e A |/

80 \ \
- 7

120

Voltage [kV]

0 1 2 3 4 5 6 7 8 9 10
Time [ms]

JUN 3.18 uswiuleuirguaiuiniatazussiudrgaanguaaulel vawmiloudamasaay
L3I NanmzislouuudresvsauyasINvesssuunaaey (gnaelouyn

QﬂﬁUiSﬂBUQJ’]g\?ﬂ’WﬂLLNZﬁQ)
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deidunstusuranisiinsgidufivaudnnsasiiindemesiusenoumslngii
syyeggluiginsian Juimeaeunsiadunisiiafawiaudiulneoulssafawisa
uNdwUIn 1 pC LU'%&JULﬁauﬁuﬁ’iyiymiumuﬁLﬁmmﬂmiﬁi”laaqa%ﬁumﬁ’uqq 100 kV,,
%39 70 kvrmswudwﬁmmwwsumauﬁLﬁmﬁummmia"waam%ﬁqLLiqﬁ’uqqﬁmmmm"’m'j']Uszq

AagFausdiu 1 pC MdeuatniasesiloUsuiiisulszafawsaunsdiu (PD calibrated) ey

i 3.19

U ‘l‘ Ads u " . ‘,!‘ A
- 1

Voltage [mV]

0 1 2 3 4 9 6 7 8 9 10

Time [ms]
() lai2995n5998aUNI 1AL

o
-

Voltage [V]
1

0 1 2 3 4 ° 6 7 3 2 10

Time [ms]
(9) fheesnseauauniumLinuNIATs UL
g'ﬂﬁ 3.19 NanpUALEBILITUTIived I aRavISauEIL (PD port) fenisiou
Usggfan$avunn 1 pC aninTesiloiuifisunseuaiaduazdynasunily

easislonuud WeRnaaiaiuuszgiiudy Nszdunsenugs 100 kv
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N1INAFADULLASNANTIINAGEDIU

MnMsiesEisasaaeuliiiussgauazniseenuuunioulasdidnnsednddily
welia3smsmuauiedyaamuusUaaudnia (Square wave) iangmesasiiing
Touuud (Resonance circuit) dfuntsvaaeuluiiiussgeanudaiu asiwanisesnuuy
szuvafaussdugmaaeugUadulsddmiunismeasunsadunsiinfausaunsadinly
gunsallliiussganyinisasawseiugmaaaudse TuiesduAnistuiusegs andu
weluladnszasuindninaummisainnszds WisuifisunansairausisiugmaaousUnay
TmifunsfoulasdidnnseiindiliinaaisnismiuaudedygumuauiuuUiuussn
319 ad (Unipolar pulse width modulation; Unipolar PWM) 533 u2395n583A2108
Wiandniivngay (Additional filter circuit) Mntiuazthudeilasdidnmsoindiamuiuil
ymsnaaeuaiansssiugimeasusuadulelifeldlunismaaounsiasumsiindavida
veaaulugunsalluiiussgs 2 Ussian Aevfauvasad asdodnusedu (Voltage
transformer) wazangLaLian1ae (Power cable) IngNa1TUIAMAINYBIF QY 1L TIAUES
npaeugUadulsdiIeAIALLANAIYBITURA UL 35U (Different in voltage; DV) waw A1
prwiiaiilousnvegUadunsady (THD,) vusfeaiuagiarananisnadeunsaduns
iafavasavidlugunsalluia lnafiansananaIn1siinfaysauIeadIu (Qed) wazen
”zyzyjlmi‘umuﬁwé’qdauuazmmw‘hmimaau

vioaUfiAnslifihusege anrdumaluladnszemndninnummsaianszds fignld
\Wuaauitinmanaaeunsiaduiamnsausdu ifuniseenuuuszuunnaeiuuaznisse
asAui iUszansangs wazdnsdestunsssuniuainaunuslindnaneuen Tngiany
U3nuiuiidmsuinsmadeunsafuianiaunsdau Feguit 4.1 Sefastszuunadunis

\AnA@Y159U9EU Omicron MPD600.1 hdnsnanisgenwIsaeuines azlamdygyiu

a

FUNIUNUNES (Background noise; BG) vauzlaifintsdounsenulniln da1 0.803 pC fagd

Y

4.2
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b S .
? o 5 5 ” N 4 e ~ =
JUN 4.1 Wuivaaeunsadunsiinfaysauedluiesujuinasliihusegs
(1) fip nilauUaanAaBULIIAUES (HV testing transformer)

(2) fio ﬁaLﬁUUiz@mULﬁ'm (Coupling capacitor) 1 nF

Intensity Main  Statistics

4.000 ms 8.000 ms 1200ms |- 1800ms | Gamut  ppgss) MiPD S0 L
0 Qrec
802.8 fC
0
0
Freq integration at
250 kHz = 150 kHz
0 from: 100 kHz
to: 400 kHz
0PDs
0 in0s
Gated Percentage
0 static: 0%
i static partial: 0%
10 pC ! ! 0 dynamic 0%
5 t Vs = IEC 60270 status
onforming: Calibrate:
0 25-0CT-2018
14:53:20.7
| { "1 - 12 ’ = 0
} MPD 600 1.1:
A0pC ey, R\ R LES D) 1 | ARE ~u ' A
; — 4 n 1< . ° v/V2
ey (7T e “W "““"J X 524.0 V
\ % omckou'q‘ 0 VRMS
o &S & 23.28V
f
\
50.00 Hz

¥
[ N

gih'?i 4.2 STAUFYIUIUNIUNUNGS (Background noise) 0.803 pC

sz laifinnstauwsaslnin

UINIFIU IEC60060 [5] Mnunnmuanvazvasitugmaasulvidnuazlndides
gﬂﬂ?{u"lﬁzjﬁ (almost purely sinusoidal waveform) IﬂEJaau%’ummmﬁmﬁﬂuﬁmmgﬂﬂ?{u
L33 (THD,) WazAANLUANA1IYeagUARLILTIFY (Different in voltage; DV) laitAu 5 %
ﬁm%’umé’mapmumuﬁwé’a (Background noise) Tun1smagauns193UNISIAAAAYISY

UvedntuegiuAn1seeniun1siinfav1iauedIu (Acceptable PD) Tugunsalluiinusegs
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[

fidfun1snaasy (Test object) nanafie ﬂ"]ar:gigmiumuﬁuwé’amaﬁmhjLﬁuﬂ%’!wﬁmq
AnspeuunsinAasaudnluusargunsallaii fafu Anssensumainfada
(Acceptable PD) unsdaulunifoudasiad ssflofaussfumuninsgiu IEC 61869-3 [6] uay
aeiadamdmaunasgiu IEC 60502-2 [7] seniuiiseiunsiAnAausautsdn (Qeo) lal

a

1A 5 pC szuuATIITUASIAnRausaUNaIusasinul (Sensitivity) lunismsradunseua

U 6 6

Wadfay13a (PD pulse) el 2 winvesseAudygrasuniuiiundy Aslussuunagou

@

Foadrrdayamsuniuiiunds (Background noise) T 2.5 pC Feldiduinasiuseiiu
UsgAnBamusssruunnasunsaadunsiindamsaunsdusiuduniioudasdidnnsodnd
fiaunduluineninusd warUssfiuamnimussiugmegeusuadulsiiiadannssuuaig
ussugaaasusUaauledsevsouladidnmsedindmiuausuihnszua IGBTs Tursasuuas
HARUAR SN LUy H - bridge éjwé’i’ﬁymmgﬂﬂﬁu%’ﬁl%’a (Square wave) 7idn17£3435
naaouLUUas i usTanuud (Resonance circuit) fa8AIANNNLANGAIIYDITUAR LUTIFY
(Different in voltage; DV) wazA1muRnifisusinesgUndunssdu (THD,) TuiAu 5 % lay
UguenannasuaduusatugssuaduleiiuTouiisuiuanuide (15 §sldmadanis
muAEsedaamUANLUUUSUYTIANN19ad Unipolar PWM $aufuasasnsesaniud

\snAuiiomngas (Additional filter circuit)

4.1 nmsvagevaIusugmaseusUaauluidusiouUasdiannseting
yfoudasdidnvselndiiianniy dmivaaussiuganaaeuguaduley Yiuanud
la dwsunisnaaevgUnsallniuseas azgniamegeuldeuass Tuesduanns
Tnilussas aardumalulagnszasunandnnummisainnseds lngasyinisainausadugs
NAFOUAINTUNIINAADUATIFTUAAVITIV AU UNUHITITNINAGOUTIHaELBE AU
yagou Mguil 34 szinausdnnivhonsAndininaseasuluiiufivaaeuais digu
4.1 fswandengunsaififedalinuai afiufudmivduaiussugmaaeudaguil 4.3

9 Y

so o o & | Y] a a s | o i
way gunsaldrAyInduludinisnsndunsifinfavisauisdimdisgud 4.4

(n) 29asuUasnnEumaslni (@) FAuUsERAUAN (Coug) 1 UF
JUWUU H - bridge lursasnsesuazyTuudasiawuud

JUN 4.3 gunsainldassludnnasdamnduidaliiiiazisasnseswasysuusiasiowuud



70

. . \\\\\\\ﬂ/ e —— S S
UM 4.4 gunsainldassludinnasesafufarsauvid (1) gunsalmuiied (CD) vle
a o

ufiaugIn (Measuring impedance) (2) fudasdyaralwinBudyauuas

L Re]

dedyeyraludsmenuas MPD 600.1

4.1.1 wan3EsNuIR UG WndaUAendoulasdiannsaiing Aruaudedygyia
gﬂﬂﬁluﬁ'ﬁﬁﬂ (Square wave) fign1azmeasasinitnslonuud (Resonance)
nisvedeuvlenUasdiannsaiindlaunisadiusiugmadeu aaemaians
AIUANLNUINTERAVEY IGBTS Tursasudassndumaslniiauuuy H - bridge (IGBTs H -
bridge inverter) é’aaé@mmmuqmgﬂﬂﬁlu 938 (Square wave) ANE 200 Hz é‘fagﬂﬁ 4.5
uay 4.7 U3uuinsamaaeunsiadunisiinaunsaunsduiianiizasesliisleuuud fe
fandailniusuald Taslifediafusygluianasd uaslddnsomouniannd
WuAdnes duilviszuunadeuidunuindavisaundiulaudnvazesdauszney
anvouLsHLTiTesdya A iANsIARRaTITIUINEIL (Voy) Aaguil 3.15() Euduas Tufinna

n1sas1sussiugmaaevUaduley Al 200 Hz vauglidingnageu (Without test

object) fegaliwIsAauRiIneas Omicron MPD600.1 iNan1sas 1l sesiugemaaay Asgun

2
[ N

4.6 wuin eifiunssfugamadeuiuiios 5 kv sgiindnyusdygrasuniuiiunds 2,409
pC ﬁgumaﬂizmm 90 wag 270 maqjs;dﬂf?{uLmﬁuqawmaaugﬂﬂ?{u%ﬁmm?1' 200 Hz @4
aenndasiunanisinaedoudyyinusiduguad udnsaunisesauyasiy digui 3.16
g usumuiifstusgfiveutitu (Rise time) wazvouwas (Fall time) ussdugamnaeus

AIATULANAINYBILTIFU (DV) 0.65 % wazllAnANUHAEUTINVRITUARULTIAY 0.35 %
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2018/12/25 22:25:04 [ Moo Normal
YOKOGAWA 4 367 16MS/S  1msgli

CHZ 109:1
50.0 UAiv
OC  Full

Edge s
Auto
1.5 v

P-P(C1)  10.6256V Rms(CZ)  25.0527V
Rms(C1) Z.57138V Freq(C2) Z00.4329Hz
Freq(C1) Z200.0360Hz

P-P(CZ)  75.0006V

3UN 4.5 CH1 dygraumuausundudnsa (Square wave) CH2 dyainidigeenainieas
wUasmniumasiniuy H - bridse Inglifindsiaiiuusequiiungy

(without Cayg) T9a5n58 L avUSULALS Ll uud

Intensity |\Man  Statstcs

9998y - - 2000 ms 299 ms 2999 ms 488 Gamut p
|~ e POl wpp 600 1.1:
VA N ; Qrec
N 10nc B | s moman B WAL A LA AN > M - A== 2409 pC
0
* g r 2
4 \~ Freq. integration at
\ e 250 kHz = 150 kHz
190 o€ \ 4 from: 100 kHz
_190eC r. A1 S L —_— - -~ W 400 kHz
7 % 0 0P
y \ in0s
\ / 0 Gated Percentage
\ static:
L B ale o L Wl 7E (Lo B [ e
A / “ IEC 60270 status
D / Jh 0 corformng, Caibrated
N 0
1008 W\ S 5\ e I v —'F d MPD 600 1.1:
) ML W i o 0 vIV2
L\ x \ Sy g L1 5.115 kv
1 Py i - A e MR g OMICRON 7 0
100 1C ) H ' ¥ Vrms
5.104 kv
fy
200.0 Hz

¥

JUN 4.6 uswuganedeunianmuslesuudluansmagey Tnglifnawunuuss iy

(without Coyg) WaEIIRINTDILAUNINANUDKIUATINDE

nsnageunienUasdiannseiindlaonisadiwusedugaageu daemaians
AvAuLNINTERAYee IGBTs Turasudawmnduidalniasuwuy H - bridge (IGBTs H -
bridge inverter) é’wﬁ’zymmmuqugﬂﬂ?{u%’q%’a (Square wave) A3 200 Hz USUusis
195MAABUATIITUMIIARRAYSausdInTianzisTouuud sefmideathlndihuueld

Tnefasedniuuszgluihaine feauglida 1 uF waglddnseawauninesanuiisi
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'
¥ L a ! a v U

Adnea Fuiliszuunaaeudidunisiinfavisaunaiulnudnuauzresiiusznovanyou
usauiivesdnyanainnsinAausauneEI (Vay) fagud 3.15(1) @udih uanamanisadn
usetuganaas vz lifigunsallulfind i1 sun1sneaey (Test object) swamsuds
AoufiAes Omicron MPD600.1 Idansainaussiugsmaaey faguil 4.8 wuin a¥auseiu
amnaeuldfiasziv 40 kv (sefuusasiugeandifesnisldlunismaaoy) Tasldusngdaana
sumuiiosannisasussdunssdiuiiseanguad udnsaainiaasuiamnduidalain
JULUU H - bridge (H - bridge inverter) ¥1sUUNA#UATITUNITHIARAYISIUGAI]
ﬁwszé’ué’mmmwmuﬁwé’ﬁ 0.773 pC U UgmMAFUIAIAIULANFAIYDIUTIAY (DV)

0.61 % uAzilMANURALNGUTINVDIFUATULIIAY 0.35 %

2019,61/21 19:23:52 [ niox  Normal
YOKOGAWA 4 445 SO0KS/S  2M3Ali

Edge 4

Auto

1.6V
P-P(C1) 79.166°U P-P(CZ) 687 .560U Freq(C2) 199.5211Hz
HMax(C1) 41.6667U Hax(Cz) 333.333V
Hin(C1) -37.5000U Hin(C2) -354.167U

Freq(Cl) 20606.0060Hz Rms(C2) 227 .431V
3UN 4.7 CH1 dynyruaiuRusUuadudnsa (Square wave) CH2 dyay1ud1888N31N995

wlasknduinalniieuy H - bridge InefAnsssatiuuszaandiu (C,q)

Tun995n98a0azUT UM LawUUd
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Intensity Main Statistics
[POs’s] [Mpp 600 1.1:

- 0 Qec

e A \ 773.41C
0
0

999.8 us 2000 ms 2999 ms 3999 ms Gamut

00 oC tor 400 kHz
0PDs
/ 0 in0s

1EC 60270 status

/ static partial: 0%
\ s =

N MPD 600 1.1:
1.0 pC A K

=t I

# e I 4 ;
i I_____; ol Lo o 4 0 40.17 kv
v
g > omcnoun- ¥ 0 o
100 10 > \ 1 /L 39.93 kv

'V
200.0 Hz

JUN 4.8 ussrugmageuiianazisianuudluinmeaeu nefnasdiuussgiiaiy 1 uF

(with Cogq = 1 uF) wagldfnsasauningmnuinIuAInea

4.1.2 HAN1AS IR UGINaTRURJeuliauUasBiannsaiing Adjunuddemailn
Usuuseanuninenad Unipolar PWM[15]

Wemsiguiiisumaianisaauauyuiinszuaves IG8Ts lursasuuasundy
& slnl15ULU H - bridge (IGBTs H — bridge inverter) #ag3uUluUI493n583A2 117 910
$1398 [S&M] verlauenanIsadeusITugmaaeugUaduley Aiud 200 Hz Tnelsidl
gUnsallufadiidnsunswaaey (Test object) Arunumioutasdidnnsedndsagdanyin
AIUANFULUUUTUUTIAIUnT1eiad (Unipolar pulse width modulation; Unipolar PWM)
ism'wé’z:yzgﬂmgﬂﬂ?{ul%ﬂ (Sinusoidal wave) LLasé’zyzgﬂmgﬂﬂ?{uammﬁ'w (Triangular
wave) 71805103 uU3sAnaiad (Modulation index: m,) 11U 1.0 Wagaudaivd
(Switching frequency; f.) 3.2 kHz ﬁ'sq%ﬂsmmmﬁsjmgﬂLLUUG'hmﬁEJ'JﬁWVLWWWT’JLﬁuﬂszq
¥l (LC filtten) dArnumniiealniiaei 13.3 H funssgeuemsautamaaey (HV
testing transformer) (50 mH fi1uLs391) UsuA1Aualudia 1 uaz 16 uF lenanisadia
ussfugmeaeugUrduledaud 200 Hz wansraBgewISARLTIMES MPD 600.1 fagy

#4.9 - 411 pudeu
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Intensity ~ Man  Statstcs

10nC

MPD 600 1.1:
162.4 pC

MPD 600 1.1:
14.44 kv

14.57 kv

200.0 Hz

[
U

Gamut

2000 ms 3.000 ms. 4.000 ms.

1.000 ms

[PDs/s]

e 1

fa:z TM&%
FEUN I8 P2 T
I

a

LYNULHY

1RARAUYTEY
162.4 pC[15]

a

Unipolar PWM Tagl

a

FUAIVAADUAIUALAIBINATIA

9

(%
u

SUN 4.9 us9

v

1%
&

BUIUNIUNUNAN

[

14 kV deya

U
Y

FLAULTIAUAS

)i

(WithOUt Cadd

MPD 600 1.1:
v/V2

40.32 kv
Vrus

40.61 kv

fy

200.0 Hz

&

i
|
T

u —
am LN
&<
€ g
mq [oN
r 38
2 o
g —
L Jeut
- G
s =
b=
Ng N
s 1=
= W
e <
Ua ™ -
S 2
= &
a
o z]
AE
o =z
c
S5 3
& %
« um
£ 2
B BT
c =3
A& )
& =
m =
[
=
g -
e <~
= —~
s 3
o7 ©
-
um m
v =2
s R
o
-
<
1=
=)
o>



75

050G Intensity | Main  Statistcs

[PDs/sl MpD 600 1.1:

S 281 Quec
1.0nC 2.055 pC
226

182

599.9 s 2000 ms 2.000 ms 4.000 ms 438 Gamut

Freq. integration at
250 kHz + 150 kHz

106 b 146 from: 100 kHz
to: 400 kHz
117 0PDs
in0s
0.94 Gated Percentage
static: 0%
10 static partial: 0%
eC 076 g

IEC 60270 status
conforming. Calibrated
today at 08:14:59

ik o3 MPD 600 1.1:
0.32 VIv2
40.38 kv
025
VRrus

40.39 kv

f v
200.0 Hz

JUT 4.11 ussiugemageumuausemaila Unipolar PWM Inefiasesdiuuse uiiaiia

(with Coqe) 16 UF ﬁizoﬁ’mwﬁuqﬂ 40 kV &gyeyrausunIuiumas 2.055 pC[15]

9IANANINAgEUASIIUTITUgMAFeu3UAdulet Aud 200 Hz Mewilouyas
idnnsoiind muauseimadia Unipolar PWM wudn faifiutseauiiaiiis (C,q) Afnssly
d9ur333n303A211E (Additional filter) am1snandygasunaudiundslunisnaasy
pyadunsiafansaudldsueglussiuiivensuls (iinan 2.5 pO) lidwsunis
naaounieulaueiosflofaussiuiifidgensuniniafaifafissiu 5 pC Meduiulses
TildmAy (Co) ﬁﬁmmmﬂw% 16 uF

Nan1svnasuasaLssiugesieniauUastiinnseling Aaauausemeida Unipolar
PWM 91ne 13 deftsusndvinlvisuld¥aaudn melinaruauutingsuaves IGBTs fnaste

mafedgamsunuiurssilusgrauin szdeudenlinageonuuuisasnsosiiinunzay

' v
v a o =

dnfunsesdyainsuniufiianiieuladidnvsedndluruideiiianed [15] Ihaue
sUlusRsnseInAkuud v sathlndduAvuss i (LC fitten) ldiauenanis
VAAOUAT U AU NTUNINABUATIITUM S RAREYIS AV A UL TR Yy 14T UN U
Tunsneaeuldluszdufisensule dmfunisneseunsiasuiavfaunsdnlunioutas
wdasiloTuseiu (Voltage transformer)
dovinmeaeuniioulasdidnnsednddiimuuuuiiugiunsemunudisdyy i
AIUANFUAALIA A (Square wave) Tlanmizislonuud (Resonance) lursasnaaounsdady
nsiAnfavsausdIu saenisassusetugmaausUadule Al 200 Hz ldnanis
NAAOUAT U TIAUGIMAABUAWITD 4.1.1 nulkseiuganaaeulaunniiganadmsunis

nagougunsalluiinsegs laedld1annuunnd19vessunduwseny (Different in voltage; DV)
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LLazmmmﬁmLﬁauiammaqgﬂﬂﬁuLLiﬂﬁu (THD,) #ni1 5 % LLazé’{’igzynmumuﬁwé’ﬂums
VAAUATIITUNISARRASaUIeEIL SA1snT 1 pC Fasninanisensuldisydu 2.5 pC
LLaWi;’ﬂﬂéjLﬁENﬁUﬁ’lﬁiyﬂuﬂaﬁUﬂﬁuﬁuﬁﬁﬂ%mzlﬁﬁﬂ’liiﬂﬂﬁE]U%"lEJLL‘iﬂﬁqumaEJU eiduly
MNTOAUNAFIUUBINITAIUANIIATUAINNE UG IWAIFULUY H - bridge (H - bridge
inverter) sedyaianiuauzUadudnsaninud 200 Hz aufulIsesnsastazUsuusiaLs

Tawuud (Tuning and fitter circuit) sUuuudnienilniusualamegosinseniadaiiu

'
=

U1 (LagjanaCaaa circuit) mﬂ%’uéﬁgﬂmmmaﬂww 17.2 mH LLazmmmaﬂWﬂﬂmmﬁ
WAL 1 uF faguil 4.8 fiszfuusadugsiidiosnsmaasugaan 40 kv dynnasuniuiumy
0.773 pC

Wisuilsunanisasausaiug aaasuguaduley 200 Hz fAad1sainnifouvas
Bidnnsotind muguiemaila Unipolar PWM Tusnudde (151 Adasmsusudssananing
wad (Modulation index; m,) 11U 1.0 LAYARIND AT VT < (Switching frequency; f,) 3.2
kHz Saufureesnsesnudsnuguuuudawmdeatilihdniuysey (LC fitten) Al
willonilaiia 50 mH Apwglain 16 UF Asesunssfugeiidesnisnaougagn 40 kv s
U 411 Iemanisvagevaieusasiugimaaoy danda1auuansvessUaduLs sty

(Different in voltage; DV) kagAIANURALNEUTINVRIFUARULIISIU (THD,) AN 5 % uaz

1%
[ =

FIUTUNMIUNUNATUNITNAFDUATINTUNTSLANRAETITIUEIU SAn 2.055 pC

4.2 nMsvadaUAsIITUMTRRREvISaUIdluvsouUauATasiiaTaus ey
Nnde 4.1 nanisadeusafugemaasuzuadulesdmnd 200 Hz Mvanzan dagu
fi 4.8 flannizislauuud (Resonance) lunsasmadey muaussdyyIugUad udinsa
(Square wave) kar3 Uil 4.11 AauauslsdyauuiuUgeauniisiad Unipolar PWM
$20AU9950509AINA H1UT Inanzan YsruvaT st ugmaaeus e nsauas
didnmsetindumaaeunnaiumaiafavisavvdiulugunsallnfiussgedimnudoudas
13 oailofusasiu (Voltage transformer) f13UT 4.12 @ aiis1vaziduanistouusafugq

NedauAINaue UM 2 wad
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A 4

(1) Aentlaulasvagay (Testing transformer) (2) AondlaulasiAindilainusu

A o @ A A v

dasiausegs (3) Aedatiutlszapiuines (C) (@) Aemevsdaulasirsasiiadn

LINALIINDAIAU

Tinanisnaaauns1adufarisausduluntonvanas saflotauseiu (Voltage
transformer) siiavnaangailutinsfundondas (Ol immerse) fitaszuulviii 24 kv vasns
Tifhuasvas issiuussiuduiindnisiinfaynsauisau (PD recorded level) 28.8 kv i
Armsinnarsautsdinlundontanndosilatausedu (Voltage transformer) dnsunas
AU 0.871 pC faguil 4.13 semadianisaiunuvsoudasdidnmsedndmesuniuinia
(Square wave) A8 200 Hz Aian1eislouuud (Resonance) TwiasnadoyU USuuss
anneislauuudingimidsniwiusudldsusuiifulsegraidmiunsesdayny
UM AAA M ILITUgMAdeugUadvle Aud 200 Hz vazsinIsMageuniautas
\A3 paflaTAusaR (Voltage transformer) ﬁﬂ'ﬂmmLLmnm'wuaagUﬂ?{uLLsaﬁu (Different in

voltage; DV) A1N31 1.0 %Az uRnLNe UTINYBIFUATULTIAUY (THD,) #1N31 0.5 %
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10nC Intensity Main  Statstics

999.8 s 2,000 ms 2999 ms 3.999 ms Gamut
[PDs/s] MPD 600 1.1:
0 Qiec
1.0nC B 871.3fC
| -
1
0
Freq. integraton at
250 kHz = 150 kHz
0 from: 100 kHz
to: 400 kHz
0PDs
0 in0s
Gated Percentage
0 statc: 0%
/ static partial: 0%
10 pC N\ / 0 dynamc 0%
= \ Z 1EC 60270 status
I 0
oy 7
~a 0
=t MPD 600 1.1:
1.0 pC i
y 0 v/v2
P 1y . 28.98
! v
(— 5 \ NN\ VT /7 )OMKROJq” 0 RMS
100 1o NN R A 28.79 kv
fy
200.0 Hz

U 4.13 nan1snadeunTiadunisiinfayiauiilundoulauniaseinusiu

LY

flsrfunsedu 28.8 kv flanngisliuud dyanamuausuaduinia
HANIINAFOUATIITUAaT1S 2u19d aulumisudasias asflaTauss (Voltage
transformer) G’hsJLL'ﬁqé’qumaaUﬁa%’wa']ﬂmﬁaLmaqSLﬁﬂmaﬁﬂé AIUANA T Yy 0
UsuUgsmmnhaiad Unipolar PWM $afiuasasnsesimngasguuuuiamie il
\Audseqlatii (15 Idnanisvaaeuseussiugmaasugunaulutainud 200 Hz fiszdu
usIAUTuinAINISIAAR@Y13AUNIEU (PD recorded level) 28.8 kv dA1n1siinfas13a
vsanlundouvaunsaadotansaiu (Voltage transformer) #dn$unisnaaey 1.932 pC
A mYesusafugmaasugUnaulyd mnud 200 Hz vazsihmsvnaouseuUacaiosile
TALT9aU (Voltage transformer) Lﬂulﬂmu%ﬁmum’wmmLLmﬂamsuangﬂﬁ'uLmﬁu

(Different in voltage; DV) #1031 1 % LLazﬁhmmﬂmLﬁauiamaagﬂﬂ?{ul,mﬁu (THD,) 1 %
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Intensity Main  Statistcs
[PDs/s] - MpD 600 1.1:

6.52 Quec
1.932 pC
_— I 485

362

1.000 ms 2001 ms 2001 ms 4.002ms 500 Gamut

Freq. integration at
250 kiz + 150 kHz
269 from: 100 kHz
to: 400 kHz

0PDs
201 o

149 Gated Percentage
static: 0%
static partial: 0%
dynamic 0%
1EC 60270 status

10 pC

conforming. Calibrated
today at 11:10:59

MPD 600 1.1:
v/V2
29.68 kv

Verms
29,51 kv
fy

200.0 Hz

JUT 4.14 nan1suaaeunTaiunsiindayisaviailundowlanaleslolnussiu

= v v

NT2UNTIAU 28.8 KV Me29a5nTIAMDTIVITNE L doyay sumaun
JULUU Unipolar PWM[15]

IINWANINAFBUATINTUNISLARAAS v aulundoudatiag esilo Tausedu
(Voltage transformer) fgusadiugamagausuaauled anud 200 Hz fig¥e9nvsoulasd
\dnvsondndimuauimeimaia uazisnismnnsasiwifiuansty 2 Ussian Mimunsde
pontuluine inusl wesenddeildnumunssansdls el

- widei AIUANNITHUAINAR UG 13 Uwuy H - bridge (H - bridge
inverter) fedannaiuaNgUadudnsa (Square wave) ian1izasasnaaey
AT3UMSARRYI SV NEIULUUNITINT LS ToLUUEd (Resonance) USUULANLS
Touiuduasnsoseud smefwionhliuualdedecienasiutugy
Lﬁuﬂ‘izfqmmﬁ (LsgiC tuning and filter circuit)

- wW3dE [15] mauRuaeaskUamniduidaliiaguiuy H - bridge (H - bridge
inverter) fEd ey IMAIUANS ULUUUTUU I8N T19Wad Unipolar PWM
SafussnsesimanzausUtuuFmdenilwihdufuusz gl (LC fitten

ﬁWLauamamsmaamﬁam%‘suLﬁaumamsa%ﬁqLmﬁ’qumaaugﬂﬂ?{u%ﬁ AL
200 Hz flagufl 4.8 wag 4.1 Miszfunssiugmaaouggaiisiosnsldlunmageunsrndy
mainfawnsausdnlundeutanaiasiioTusesu 40 kV (pre stress) wazran1sVaaay
avdunsiaRarausdluniowlanaiosioTaussiu (Voltage transformer) fifin 24
kv @“ﬁgﬂﬁ' 4.13 uag 4.14 szduuswuduiinansiinfaysaunsdsu (PD recorded level)

28.8 KV agUnaldsamsnad 4.1
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A1319% 4.1 nansadeussdiuamageuiendouwUasdidnnselind

HANTATNUTIAUAMAADU | HANITNAAOUATIIUNSANAAYIST
niiauUad suafulend Aud 200 Hz | vedwluntieudadasosdioTausenu

Sdnnseiind ATLAULTIAU 40 KV NTLAULTIAU 28.8 KV

Y THD, BG DV THD,, PD recorded

a v d’l
- N1UYU

19

GRIATRRAVCPAGEY

v v

sURAUdnNSa

q

<1% <0.5% | <1pC | <1% <0.5% <1 pC
TINTOURY

YSULAaLS

T UUE

- A9y [15]
GRIATRVERITGH
Unipolar PWM <1% <1% <2pC | <1% <1% <2 pC
29NTBIALAT

I§EN A5

31NAI5T 6.1 AIMSARREYISaUIIEIY (Qec) vauglidTngunasaay (Without test
object) az3snAMsAnRaYISIUISEILE ﬁmmwwmuﬁwé’ﬂ (Background noise; BG)
WAZALTENAINTAARAYITIUNEI (Qd) VaueilImgVAgBU (With test object) 31 Judinen
N15:AnAAY153 (PD recorded) ynUuiinAninfaw13auisdiu (PD recorded) Uaugyinis
nagaugunsallnifusas (With test object) I liumnsnaanAdyarmsunuiundes
FTUUNAFOUATINNUNISLAAAGYT 9usduvsludTngnaaou (Without test object)
minemui gunsallwiussgsiidhiunimageunmatumsiiafarsautsdnlivsing
nsiAnRavsIuEIY (Free PD) winsusingasiinfawsauisdiulugunsallifiusaged
WrsumamaasumnliiiuniiAinisiindaniafisensuld (PD acceptable) lugunsal
Ussunniiug deufiogunsallnihussgeiidfummeaeuiitumsnaaeunsaadumaiin
Aagnsaundu

nifoutana3osflenusesdu (Voltage transformen) fifnnisiinfawsafisousuls

¥ v

(PD acceptable) luitiu 5 pC AstlunilonlasinInsdioinussduiiin 24 kv Mdrsunmsvegeu

v

AFTUNSANRETISAVNEIUMLTTUUNAZ UL T UL WINe1 Tnusadulliinanisnagau
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195U7 4.13 way 4.14 liusingnisiinfaisaudrulundonuataielainnsenu nile

3
waseFesdiotaussuiishumamaaeunsisdunainfausauisdn

uenani wansnageUniauUasBLdnnsedndfiiauunainisnisaruqudmsiu
a¥rsusaugmaaaugUadulsduiuaudldd uaznisdnesdusznaumsliiingesans
naaeusuliegluannuislsuuudninems Wnansahaussiugmaasusunauledide
ATIUANA1sDIgUARLLTIRY (Different in voltage; DV) wagAAMuRRfiBuTITEIFUARY
W53 (THD,) #ndn 5 % dadudeiuaiisonsuld JAranuunnsisvesgUadunsediy
(Different in voltage; DV) silndsdesfiusudde [15] firuanfetosnin 1 % waviidnai
AnuflsusiuvegUaduLssdy (THD,) ind1ewide (15) (Wowndn 1 %) Akuun Aedidash
91 0.5 % uanaINUsEIA NN BT IadeUATianuuandteiultinign winuiy

sEAUdIMTUNIUNAAIINNTINUNANEREIvT IR NdadusuUaINNR U E b

5UWUY H - bridge (H - bridge inverter) Uasnsianvasiannseindfinalnensiognsunn

[

< ' oo aw Ay v Y aw S vy
waztdudgmuiegrsasiiaslunuidedlanuniuissunssuliluuni 1 uidedlde
UnausnuinuAalun1sanIuIa LazlIuiavsnIsiAnd e asunIununaslussuy

NAADUNTITNUNSNARETSIUNAILTARIINN AR YTIARaalTuds Fae38n1sAIuny

€

(%

w3UAAUINTA (Square wave) 30 UNITINANILNINATNAGRUNENIwLSIwUUT vl

€

WIUTUNIUNUREIAaN NIRRT uNe g TidedrAeAnaIn <2.0 pC 10u <1.0 pC

'
= a

FeRnuanasnsmiy UUanad ausfgiu uwide e aldlunuidewasldiaueliluum

7 1 lenadusgrsmsananisnaaauintitausly

4.3 MIMARUATINIUNSIARdYTauedIUTumeAlands
Mnnseenuuunionlatdidnnsednddnivaiiausaiugmeaauguadulsusy
audls dwmsunsneaesugunsailiinussgs Tngldnsneaeunsiadunisiiafiasisa

a a

vidnlugunsallwilusegs iludindszanganvesszuunaasunsiadunsiinfayisa
veduiiannuasitauslinednust elinanmsnegeuldunteutasdidnnseiinds
ANNEINTAATOUARNNTAT LTI UgmadBUIURAle AL RuAns sty Fadenldnng
NAdaURTIIUMSIARAaUTaUdluatsAldaniae (Power cable) CV12/20(24)kV #13l
1195514 IEC60502-2 [7] Fafenwausunsiiafaunsaunsdu (PD acceptable) 5 pC Wiy
AnseausunIsiinnais sluniontasas ol oTauseiu (Voltage transformer) s3UU
naaeunITunsinfaysausdnildlunisnaaevaiaiadanids (Power cable) 34
AadnwazIuAY wiazldussfugamaasuguaduleyd anud 50 Hz dmiunaasunis

a [

Wnfav1sauednluansrdanida (Power cable) loHan1snaaaumesanLIsADLNILNDS



82

MPD600.1 fﬁ’agm‘/’f 4.15 ﬁﬂ'ﬂmmLLmﬂﬁhwmgUﬂ?{uLLiqﬁu (Different in voltage; DV) 0.56
% AANAALIBUTINVDITUAA ULTIRY (THD,) 0.32 % uazAInsiinAawsaunsdIy (PD
activity) 0.688 pC

Intensity Main  Statistics
[PDs/s] MMpD 600 1.1:

0 QEc
687.6 fC
0

Freq. integration at
250 kHz £ 150 kHz
0 from: 100 kHz

tor 400 kHz
0PDs

f i 0 n0s

\‘ Gated Percentage
0 static: 0%
static partial: 0%
0 dynamc 0%
— IEC 60270 status
- @nforming. Calibrated
0 250CT-2018

3898 ms 7.992ms 11.99 ms 15.98 ms Gamut

14:5320.7

MPD 600 1.1:

oo ‘ |

f ] : 5 V/vV2
e N T T B ;ﬂj ¥ 20.92 kv

RN

| o™ PR .l 2N \?ﬁ"\l; 20.85 kv

fV
50.00 Hz

o

UM 4.15 nan1snadeunsInFuNsiindagsautsdinluaeiadanias nseAunsiu

§ o L

20.8 kV Mannuslawuud dyanamuausdaaudnsa

q
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ATUNAUIY YDLAUBLUL LAZKUININITHAILN

5.1 d3UNauIY

Inendnudizes nieudasdidnnseinddmiunismaaeulniiugsgs (Solid State
Transformers for High-voltage Testing) Wtauan13AnwnAiATas1e nsatuax wayly
suvdioulasdifinnsedndfivautu usswvaiussugmageudmiumsnaaougunsal
Iriflusegelasianizn1snaaeunsaadumainfavisauidiuieaudnyuemaliinves
29INAFOUINNTINATT I IEC 60270 [4] Awualidutinmdunismsadunisifedansad
Fofeldnsmunuinvzvasindfansausdniiiatuneliausiniiguuuusigg Ty
szuumsawugunsallnihneaziBeadund 2 Ineiiasvaaeuananssgaszneuse i
LﬁUUiSﬁlﬂ’]ULﬁlﬁl’J (Coupling capacitor) qﬂﬂiaimmﬁm (Coupling device) 1ndayeynad
LssfunageuLasadMsAnfavIFaud YR I IALsITUM (Measuring Instrument)
dsrinunansinseszuulouiniuauanssameypmdadniagy (Software) luneniianes
Tneiifngvadeu (Test object) 1iugunsallufinusegaleun noutaas asiiofausaiu
(Voltage transformer) Wazansiallianida (Power cable) 8nT¥AULIINUZ WMAGDUIUAY
leisheniiouuanaau (Testing transformen) dalivduunassniianadfausavisauly
izﬁquuﬁhé’zyigmsumuﬁwé’q (Background noise) 9843 UUNAADUATIFIUNIILAA
Aagirursduiundnaiisousuld Helnuidndsrzuunaasunieluies fjURng

Tl segevzsdasiissuusinaieiu (Grounding system) MfiusednSnmgaiganednsunis

agaunTIRIuMBinfav1iavIsdinlugUnsallniussgeniiAtgeusunisiinfaynsa

'
v =l [ (%

vsdlussAufinngy vdeuUata3ewdliainusanu wazadgindanias Nseaunsenuas

Tgaulusyuudsdagmasivin (Distribution system) Tulszinalney

v
=

Tunsfnwmadinisadie nsmivay wasldaumiouvasdidnnsedndfifmuiiy
fisanuuiiugurensesauyanglundauladidnmsoinddasznousennitosroiss
fuludnunzeynsudsaetuuddusd

- 29995 B9NITRALANAS UWUU 3 wld (Three-phase full-wave bridge rectifier

circuit) Ineltlugalolnaienseua 59 DF75BA80

- 99swlasndumasliiawuy H-bridge (H-bridge inverter) lnefigunsaidnsie

7

2995 (Switching device) ¥ a IGBT (Insulated gate bipolar transistor) 9
IXXN110N65B4H1
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- asnseazUsuumuslawuud (Tuning and filter circuit) sfinsanieainlui

(Inductor) #AUUsEY (Capacitor) denlddAvYszaffiaranuglin 1 uF
Saufusamid saliiusuanlddregesinsenief wauid u UfuAiaay
wienilwiildszning 3 - 300 mH laenalnueweslulih
n1sieuvetgunsalfndeltesvlia IGBT lursastesudamniuiaslniwuy H-
bridge ﬁmmﬁqa wazAUlIgweIdyIuAIuANLUY PWM (Pulse width modulation)
wazgUAdudna (Square wave) 3 sl dnuarnisiUa suutawesgUad Ui ediunis
mauaumgﬂ%u (Step response) ¥8d IGBT Aitdanld wuiwé’mmmuquﬁqaaqLLU‘Uﬁmi
Wasuulasiuiviulanmgauad uilumsujoigunsaldanorsasuide IGBT azda1n1s
navaussanhilun1sdndaltasieeniiduainaluquaintulasreulnsaaes sid
STM32f407VG azueneiIasduvinnyed IGBT W1uI93sTulny IGBTs (IGBT Gate drivers)
Tadfog9Base lngunsaidestulinszanyiinlalan (Flyback Diode) nnglu IGBT st
IXXN110N65BaH1 fuszansnmliiiiesanisdannnisiinaiunaiiu (Overshoot) Tuasas
wlaannduia Wi Ikuy Hbridge (IGBTs H-bridge inverter) Yu1avaaaunaiiiy (Peak
Overshoot) Teafuamauilswesdygusuniuiumdduimedeunsradumaiafayda
U Snuagresdlunaiuiifiniuiianuaenadestunszuaiadussmaiiniasise
ursdaunanguidenaniiluund 2 lneialvvesnisesnuuuisasiuasmndumdslin
(Inverter) a¢ld2993tlastuusadulingsain (Snubber circuit) i avasmiaatuag i
wdardudu dlidunadudfvuedanulidsalfiiemsdnaes eddlsfalunis
panuuunsastuussfulinsznnlusuiseiniuan [16) wuirliifiewesenisan
é’iyig’]mumuﬁywé’ﬁumimaaumaaﬁ“f‘umﬁLﬁmﬁa%ﬁﬁlquauﬁﬁ@hmiaau%’umilﬁm
fagrfauisdauluseius warsndudeeenuuu119snTesnnud sru (Low pass filter)
[8-116] THaususeiate 1nuidedduliitaueisasdesiunssiulunsseni
wanzasudutuuiimunuRaiuUse (RC snubber) Aifldnmnusumiu 39 Q wagAray
bl 75 nF 21nN153AIENaNT5IE [8)-116] wud wialAIEN1sAIVLLYINTELAYRY
guUnsaldnsio1asvln IGBT uuusineg Iinarluuseiusuadudngrausiugmaasuian
AnuAnLitoussmessUaiuussy (THD,) siflesmedmiunsmadeusadunnfnfauss
vnadnlugunsailwiiusgs suddeiingnanlfinaiaiinismunuyatinssuauuiiugu
YoIdy e PWM (pulse width modulation) Falwaur1iu (Rise time) uazvauias (Fall
time) maaé’zyqpmgﬂ%uﬁmi’wmumn?ﬁLﬁu%’aé’ammdﬂu’mmmamél’zyzymiumuﬁwﬁﬂu
nsnAaeunTINTuNTAnfamsaduldfiensnsesnuiiin esninadaiinig

AuauyuinszLaves IGBT wlleuduwvasiniadyarasuniuluiinsmeaaeunsnadunis
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Ainfavisaunsdiu delu dyaraniuauyuiinszwaves IGBTs lululdunfigauazazlyl

Juwasdudindgyaasuniuanudgilunisnageunsisdunisinfasnsavnadiulugunsal

o

Triflusege Aie dyaramuausuadudnia (Square wave)

U

' v
el v =2

vifoutasBidnnsedndiimundu SundsauliihaausiainnesiGosnssuaiuniy
@1uLna (Three-phase full-wave bridge rectifier circuit) ulasd e rauluinnszuaadu
Anud 50 Hz Wunssfuliiinszuansslasfifuivussaiundany (DC-ink) vimthidu
waagnellinszuansdliiursasuamniuidaliiuladieanuu H - bridee (H - bridee
inverter) 19 nAUA NN NINSEUAYE IR UNTAI AN 8Y TR IGBTs Lundaszearud e
lulasmeulnsaiass (Microcontroller) H1wsasiuing (Gate driver circuits) USuusanmnn
Fuanamieeeninisasulasndumdslnindensesnsesiimungau ﬁiﬂ&JLL'ﬁﬂé’]’uﬁngﬂﬁu
lwviusuanudls Tdundfeudasmmasunsaiiugeivasamsaavisauasdn Jouussiugs
naaeugURdulmiLsasageuATIT UM TARREY FaU sdLA IR [60270] Tunns

naaeugUnsalluiiussas

' v
a 1 6 o =

fsanvstesvemaulaBiinniedndniamidu sauduguiuudyyiuniun

v
@

JUAAUAN ST 93RRI 98 d A AR YU TUNIUN UMEIAIN TN UITENRIULINUTN 1D
W mung eI ugaIndoude witruganadeusUaduleiusuainuile agdesdn
parUsznaUnIneasinialudiursasnses (Fitter circuit) ndeudasmagoulsIdugs (HV

testing transformer) LA¥29930TI93UNSARAAYIT9UN9E U (PD detection circuit) T1LAn

' v v
A v v v

anmeislakuudneasininianudieriuiuanuivesdyginniuausuaaudn sa Nl

[

lun1svageugUnsalliviussassiie aunsalluihussgenidisunismaasuasiinudnyuy

i unvuaruglnindesdigaudnvarnisnisamuesnisuszauduius
auului WenasauesAusznaumeg TIuU AMUVLIZELTIILDDNLUUNIINTOWAE

USuusaslawuud Tnalaswbderilwidsumlafietasinenie sauanssigazidenluun

a

N3 Lﬁ'@i’mqﬂszaqﬁiummsaqé’igfgﬁmsumuﬁ'lﬁmmﬂm'ﬁm”’mmaawﬁmmamﬂﬁu
Maalnfinwuy H - bridge wazUsULAII99aT LTI uGMAaB UM UN1 TV UATIITY
nsiAnRanssudmliAnnisslsuuudgegamasasTaihiianudifessudyyamue
sUrdudnia ogrdlsfiniy 9wdde [81016] AiuniiausiAefun1soenuuLI993n T
anudluvanvanezuuuunsldnunuinasnsesimanzasdmiuldlunsmaaeunsiady
msiAnRavsIuNadILAe 19snsosnuuimidenhlniiindaiiusyy (LC filter) Fsanndas
fumslesesiluunil 3 vesinendnusi

guassafinazyszavlunismaaeugunsallniusegs :nUszaumsaivesenansed

U Ya v

USnwuaztinAnwg3denuinfiesdusenaunislniaus Fadusauusitlinsiuan ulseglu
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n1svngluuvesAvsenavlunisnaasuiane wastluladedwmalinismageuliniiy
paaiadeufiaudisulunniisnnsgrunisnaaeusieg saualidudeulvlunismaaeuiiio
anuudugwandofeldvemaniamageu fauusildnsuamalnifidnneliAandaym
AruAnifisuressUniunsafugmaasulumsvageugUnsallnihusegs Fadusalasnseain
AesAusznoumsliliilulsammaaey usnanguadulemuiAfesnsTdlunsmaaeuudn
ﬁ?ué’@zywiw%mmﬁahuﬁuq ﬁﬂﬂmﬂgLﬁué’@y@ymiumuﬁwé’ﬂumimaaumwa“fUﬂWi
\Aadawisausdnlugunsallniiusegs Fsflgunisianuuaunireninud (Bandwidth)
Tuthands Beluninduiuysilinsusuazdsmesemsvagouillaunsoialdmeriode
Sl Fafianudndudedlinsdmaiioussliurunrossusznaumalniinig
nud Wi muan1seenuuuAIesAUsEnaumsliinlnadeuluduiasnseuas
USuusaslonuud dessaziboaluuni 3 Aresdusznovnisindaudedlavnsivand
Usznauge 2 Aeadusznoumsliiiuns 1oun mrranumienius (Parasitic inductance)
Fefinruduiusduteuduey fumsdaassey (Loop) vesnasnarUNIAkTIR LS uTe
pUnsallwiniiiirsunisvadeuifidrudsznavludnuaizvasaaiamdonilii wunis
negeumeiadarndsifianmeniaiesnn uonmaasugUnsailnihdimannseuuadlad
eusgneufevnmamieniilifinannnimiln faaugliliuds (Parasitic capaditance)
iesdaslufiufinnsnaasulsfiussganelufesfoRnsiiiussggnesniuussuusn
#10AUTINDINIMBANAY (Grounding system) Viﬁﬂizaw%quwm nSaumlgsyuulaaiy
AssUNILaINAa Uk mEnlniinnieuen (Electromagnetic shielding) Usgnauiugunsal
Tlussgeiidn Fummaaeufivunnasutisgalvg aredeunsedugmaaeudsasiisvos
UaonfuniiuaumaaouLaue 59.58:1»1"1&%@615’8%&31aﬂauLLiaqaﬁLm wnaliinA1AI1Y
113 (Stray capacitance) 1indulu199 TVIAADUANAKIIFIIUASHANTENUR DN TNAADY
Inliiussas semgiinananifertudiesdusgneumdlaliusailsiaansa inamislilg
sheedesiioln wagdunldliuiugmungud lunwitiRdsiedinmmesssinamaasy
419 LileuszifiuaiesrusznaunslifiuddlunsamadeunaTgsd iU IeNLULINAS
nsesazUsuuadouuud annsiseluinerinusnuin lunsmaaewihnisnagousne Ll
AmnumINzasLazazaInlunsUURNNT wazeradmaldesegunsallslindidisunisnaaey
1¢ uenaniiilefinsudsuulasgunsallaiussgaiidriunismaaeu (Test object) azll
#NIN30TEYAINITORNLUUNITNTOIAYUS UL STl UuA U WL uld
gunsalllfhiid13unisvaaeu (Test object) nr9dunsiAndavisaursdIude
29950055 1EC 60270 [4] wuzilitu 299smadevasuazUsznausae fufulse

ALY (Coupling capacitor) aunsain1uied (Coupling device) nFadufiuaudn1sin



87

(Measuring impedance) IngmdnnisiaUszqfawsauisdan welnaamsliiindunuuaiiu
Qi Faugunsallaiugegs Aauglinfiuurivesgunsalfidniummeaouazdedd
Atfosnienanugliivessufudszgamuiieanng videdanugluiliuniidin
Yuimasiafvuszgauieluinmedeuil Saarannsaiausrgarsavdinliosis
gndfesutiugn faseasdealuunil 3 Frewminmsssdulssnuiesdusenounslii
uils Faduiudsilinsududueudsiivouiaaidanud uwagihluldlunsussiduan
osfUsznaumsliiiuie enseanuuuiasnsssuazyuusaslonuudiiusiugidudae
LIRS NIeAdnansuasingd (Prony method) mukuuwinanlusuise [18] Flé
thiauen1sUszgndldiBnisinsiusudssdmsunsfiumamnsifiesvesguadunssuauay

[

usauBuRAATHY e dnustininanesUuuuitnisvednsiiuiulgs dmsusUndudnia
JreeanaInsLlamniui i elawuu H - bridee (H - bridge inverter) dm3u
NMIATILYNATNAABUNTIITUNSIARAaYSIUIElUULUUIRTaNYa RLC aunsy
91NN 1993 IA LslaluLduuU RLC 4aZN153LAT18ANITNAFIUATIVIUNITLAN
Aagsavdnlugunsellniussgeiismsadinssugamageuanuioudasdidnnselind
fifmunduwuin dgaresdndiiiiidannuulsosunasusvamisgunsallaiindidisu
n1snedeu (Test object) AIUANLABINIINNTINAN N NITNAGRY Yszliualainuinaiy
nud uazdar1usinamslnihdusiugldldfendesdetn sudsanizslowuudluias
auyauuy RLC sunsu Tveuiwaiiuauann faudsidentdlunsusuusiaslauuuduaznsos
Anudnu agdesfi e solutiamsusuiintraneuariinnvazidanlunisusuuds
anudislouuudiieamelutisuay waghiinmsdsuasiemsnevausmnsanuily
295l fofu Fuvdeadilifauiualddetesiiseme faamnyauogied oz
thanlflunseenuuuinasnsesuasyiuninslanuuduuudamioniliihdufiulsey e
fa1uAde 18116 Ipnhnauslfudnfsfurasnsesnnudsisinuuvuiavienhludidai
Uszqlwiil (Low pass LC Filter)
‘mﬁaLLUaQSLﬁﬂmaﬁﬂééfm%’umimaauqﬂﬂiﬂlWWmiaqqﬁﬁmmsﬁuLLazﬂWLaualu
Inenfinusd Usgnaudae 2 drmvanldun dauadieusifugmnany wagduameaoy
gunsallifiusegs Tuusiazdmazdseneuiediudensinsg auilsinaussioazdenl il
Inerinusi wlelunininauenansadeuldnuatslunsmaaougunsalluihusags an
ANuINELaringUIzasd auuAgiunsfnyiuazyeuluan1sise dauandiluuni 1 3
thiausnansimdieuvasdidnmsedndinautul dddinediamaseauminseuavos
gUNI0lAnsia1995 TN IGBTS Tunsasulaaniuidsluihwdasauuy H- bridge (H - bridge

[

inverter) Mgy IUAIUANTUARUTRTE (Square wave) Be198aTe Ingasedygniuny

q
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nlulasreulnsaiaessia STM32F407 W1u39astuLng (Gate driver) Saufumalln3sns
1192995 slauuuduuy RLC aunsu (Series resonance circuit) f18N19580NWUUNAT
neuazUSuAsTowuud (Tuning and filter circuit) Tunzauwuuiamienilwiifiiu
Us¢q (LC circuit) Tngeenuuukazldmmierthlniuuuuiualdmedesiigerna (Air gap
adjustable inductor) Usuussmansasiiiinlinesnaaeveyluaniizsislouuudasnadas
FutusfuaudvesdyamnuausUadudnsa wazasiiunudenisuseiugmaany
sUnAUlsiUsuAuRlAluTag 50 - 400 Hz ndfensioutasBidnnsetinddenanignldludan
afusugmaaeusiundaudamaaauiiin 40 KVA 75 kv 460 V 19dyaynaiuseiugs
naaouiaisld snsnadeuasadunsifnfanisusdulugunsallalfiusgediui 2
Uszian leiun mifautasaiostie Tausadumlalfenssuu 24 KV vadauseussiugmaaoy
sunduledannud 200 Hz uazansiafaiidainn CV12/2024)kV NaaoUsI8UIIF UGS
naaeugURduledaLd 50 Hz vhnsnaaeuluieadfuansiniiusegs amdumalulad
NIFAUNANAAUMIMNTAIANTETR ANTUNANTVAFBUATIITUNM SRARaTITaUsdINlY 3
UTLAUuA® AIANLANAI9YD ISR L (Difference voltage; DV) ATAIINAALA BUTIL VS
gﬂﬂgutLidﬁu (Total harmonic distortion; THD,) LLazﬁmmﬂmiumuﬁu%é’ﬂ (Background
noise) Tiigunsaflwiussgefiiiaiunismnaey (Test object) ldsunsdusunnasiaan
n1siiadansautsdan (PD Free) 9ingrAnunounds dunsunistouusafugedisdany
11A3gIU IEC 61869-3 [6] WA IEC 60502-2 [7) lumsvindatilszuunsmudvesios fifinag
Tyihussgatinnadedelfidusded Yiauenanmavagoudssasdoaluuni 4

nuansaaeunauUasdidnnsednddiamud uluinednusd adausstug
nadeugUadulsiUTuANAle NadeuaTIedumsAnRaTautsdnlugunsallniiiussg
WU ussiuganaasugUadule dnanndyaaifuinannsuiuusesdussnouna
Twilursasnaaeulviegluanioisluuund Tnefidamausnsiswsaussdy (DV) sndn 1 %
mmmﬁ@Lﬁauiaum@qgﬂﬂﬁuLLiaé’u (THD,) A1n91 0.5% WazwamMadeUnTIITUNSLAR
ARTNITIUNEIUNUI a"zgqpm‘umuﬁwé’wmiwwmaauﬁmsﬁl’wm"] 1 pC %qﬁmﬁwﬁqm
Iﬂé’lﬁmﬁué’mmmumuﬁwé’wmﬁawﬁﬂ’amﬂW‘W'}LLiﬂqqdaumsﬁauLLiaﬁqumaau
uanandlun1susuussesdusznaumsliiinensmaaouiiansislonuudvinliifn
§M51UE18US T UG MAABUTNNNNIISATIdIULTIRY (Voltage ratio) wosvsiaudamaaey
(Testing transformer) Wiawiaufunsssulniianssuanseoudrrsasuiamnduidslni
WUU H - Bridge (IGBTs H — bridge inverter) Sssmualdluduneunisinszisasialiuile
nM3eeNLUURINTBsLarSuuduslanuudwuudmidonihdufulseg (LC tuning and

filter circuit) IngivruaAwUsznoUAMAIN (Quality factor; Q) Y894aTaAUYA RLC BUNTY
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aostu (unalfussdulnindnuszgnszuanss (OC link) Sidmsiawunndndae iosanaunsn
UsuussnesAusznoumsliiinlunsasageuriievnannzislouuudgeanluudaznismaasy
1§ shensTéismienilnihusuaildsetesinaenie (Air cap adjustable inductor) waw
FBnsmaranundonililihvivudasisuuudegsuiug e isneadamansvednsd
UFuUss (Improved prony method) lginausly

' v
a o 4

4 a a ¢ o v == a a =
nilauvasdiannsefinddmiunaasvgunsalluiussgeaivmunduluing inusil
q

=l a a

\duszuvatraussiugemaasuguaduleduiumiudld A8Uszansaiwgennn uaziiam
wiangaueg1ad slunismaasugunsalliiiiuseged fianulidedygyusuniuainnany
wiaeiuile dagunismeaaeunsindumsiinfaisaudndugunsalliiusegs lnsang
og198sgUnsalliinin Funameaeu (Test object) AfidnssenunisiAnfauifauisd
(PD acceptable level) saunnigu nifouatedosioauseiu (Voltage transformer) waz

anuialanias (Power cable)

5.2 UlAUDUUZUAZLUINIINITHAIL

NWANITITEN

o

Ynauenui wmeladsnisasie nsaauau wayldaumdaudas
Sidnmseiindaiaussiuganaae uUnduleriusunudls dnsunsnaaeunsiadunisiia
Aavisavediulugunsallifiiusgs auisadnenmalulagnisnudidnnselindids
afelminssgndldlnAnyselondlfiduegnd Tnsfunumeiaignisauuiunnsngly
015k uLes ssuUasiuridslniia (Power frequency converter) Tuginunisd sunu
nasnulriiesegien muﬁﬁaﬁuaﬂﬂﬁlﬁudwLmﬁﬂﬁ%mimu@uﬁmmzammmmam
Ugminsiind e asuniuaIneasuuasundumadinia (nverter) 1aase taznisuiien
ALYe995 T wuuslssuudinldusslevdaunsoanssaunssnuliiinssuansala 398
authaulieg 9B siagiiewalaimarudwann Sufumeluladmstnfundsn
Auqasadel (energy storage) uldilunnasiiglniiinszuanss naununssundalni
nszuaaduaInTzUUSmemasliiivesnisind i edadgminiaiunisiaui suves
sUAAULSITY Fygasunuansrudmieliin waznsimseuuasdidnnsedndluly
wuuedeudneld (Portable device) dmfunisnaaeugunsallwiinusegeuenviosufitinng
(On site testing) gnlsAAnilaulaimaaau (Testing transformer) AdalugUassalunis
m?{aus’fwlﬂmaauqﬂﬂm“lw%Lmqauaﬂﬁawﬁﬂ’ﬁmi F9AITHAUIFULUUNITENTEAY
usaugeiionngausoly sailunuidediasiosfumannsslsuuuddouemesiniiuoy
FURURSWAIAN (manual) aanansatien3snisinsiusudsadouduyaddadnsagy

(Software) JauliiululasaaulnsatassiilamuinaInsuSuLs wslanuudaanii (Pre
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calculation and setting) 21nA189AUSENOUlWISASIAdOUTINSIUATLYYEY wazUSUIAT
nsAaslsuuudganuuusnludfesaudugidnatsdrenisuudigoundy (Feedback
control) azhlvnsieutasdidnnsedndivuausluinerdnusifinuauysaiuuudeduis
nsnaaeuneluresfuanisluiussgeuazuenanuil Tasusimnndgymnisgnsuniu

naliileensauazgnsuniunnaiuwivaninimiedey
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Abstract— In this paper, the performance of a high-frequency
current transducer (HFCT) for partial discharge measurement
under testing with a power frequency converter is presented.
The performances of the HFCT in comparison with the
conventional partial discharge detection system (Omicron
MPD600) were investigated terms of the ability to classify
partial discharges and the background noises in the system from
PD test cells in case of corona discharge, internal discharge and
surface discharge. It’s found that the presented system provides
the better performances (in terms of the background noise) than
conventional PD detection system and it can also be used to
distinguish type of partial discharges. In addition, the presented
system has been used for the real partial test on the PD test cells
successfully. The HFCT for PD detection is an attractive choice
in the PD tests of high-voltage equipment.

Index Terms—high-voltage tests; partial discharge; Background
noise; variable frequency converter; High frequency current
transducer

1."  INTRODUCTION

Partial discharge (PD) is a natural phenomenon that
occurs within the insulating material under the electric
potential. The localized electrical discharge that only partially
bridges the msulation between conductors. PD may not occur
next to the conductor. Generally, PD can be classified as an
external discharge and an internal discharge. The external
discharge is referred to PD which occurs in ambient air while
the internal discharge is due to the imperfections in insulating
liquids, in compressed gas and in solid dielectrics. PD
phenomena in the high voltage equipment can be examined
with various techniques. For example PD charge can be
detected by the cireuit as recommended in [EC 60270[1]. The
high partial discharge level on the high-voltage equipment
often leads to complete insulation breakdown. Therefore, the
partial discharge level 15 a crueial parameter used in
evaluation of msulation performance and life time of high-
voltage equipment

Therefore, the partial discharge tests in high-voltage
equipment are very important. For newly-manufactured
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electrical equipment, partial discharge tests may not be
standardized to be routine tests on some devices. Due to the
test, electrical insulating experts are required to perform the
test procedure and improve the test results. This may be due
to the fact that the test equipment is very costly. Some
electrical test standards are defined as a type test or specials
test. At the stage of product design, partial discharge tests
may be carried out on an electrical equipment prototype.
However, there are certain types of high voltage equipment
standards that require the tests to detect the partial discharge
as a routine test depending on the purpose and use of high-
voltage equipment such as power transformer, potential
transformers, —underground cable, high-voltage cable
terminator etc. With the advantage of some non-destructive
testing, the results of the tests can be used to analyze the
design flaws and produce electrical equipment including the
lifetime of electrical equipment which will be predict
indirectly through the insulation test of electrical equipment.

We know that the partial discharge detection test is a non-
destructive testing, so at the test procedure, there must be no
flashover or breakdown. With the test circuit characteristics
according to IEC60270, the test object is directly connected
to the coupling capacitor and coupling device. If the
breakdown occurs, the low-voltage measurement and
instrument will be damaged immediately. There are a several
of research articles [2] that have attempted to introduce some
of the measuring devices, sensor or new technique used to
measure PD signal separately from the main circuit such as
UHF Method or using the high frequency current transducer
(HFCT) for PD signal measurements.

At the same time, there was a research [3] on the vanable
frequency converter with a suitable frequeney filter used to
be a voltage source m the partial discharge detection system
to solve the problem of power rating, size, cost and
complexity, for example, the partial discharge test consisting
of avoltage regulator, non PD testing transformer for PD test
with 50 Hz AC voltage or the motor-generator set, non PD
12 mer for testing with AC voltage above the
fundamental frequency. It is quite hard to perform both tests
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with the same voltage source, becanse of the frequency of AC
sinuzoidal vollage 15 different. Generally, this tests are
conducted at more than twice the frequency of the power
frequency in electrical equipment that is magnetic coupling
und assigned PD test at the voltage level higher than rating
voltage ot the device such as potential transformer.

The wvariable frequency converter with the appropriate
filter has been vsed in PD tesls. I can generale a sinusoidal
AC voltage signal corresponding fo the PD test requirements.
However, the converter aleo produce the high level of noise
signal due lo switching operation. It leads the very high
background noise level in the PDY test[4]. If wvariable
frequency converler is applied in PD test for high voliage
equipment of which acceptable PI¥ level is very low. such as
potential  transformers  (PTs)  [S],[6]. The acceptable
background noise for the PD test of PTs shall be lower than
2.5 pC, So, in [7], the background noise in the PD test with
the PWM converler was reduced to the acceptable level
which contorms to the standard requirement. However, a
suitahle low-pass filter and additional measures for the pure
sinuzoidal generated wavelorm are still required.

The aim of this article 15 (o join the advantage of variable
frequency converter [3]. [7] which has problem about
background noizse and the advantage of high Gequency
current transducer (HFCT) which can protect the measuring
device from breakdown and Nashover. The performanees of
the combination system are investizated in terms of the
output voltage from the HV testing transformer and
hackground noise level i the partial dischange test on PT) test
cell in a case of corona discharge, internal discharge and
surface dizcharge, in comparison with the commercial PT
detection system {Omicron MPDGE00). The 200 Hz AC
voltaze will he applied in high voltage laboratory which has
good condition of grounding sydem and the acceptable
background noise level.

" PaRTisl DISCHARGE TESTING SYSTEM

The partial discharge testing syslem is separated into two
parts. The first part is high voltage source, and the second one
is the partial discharge detection system in accordance with
TEC 60270 standard as shown in Fig. 1. The detail of those
parts are given as follows.

A PWM variable frequency converter is used as a high
voltage source. The 200 Hz AC voltage is supplied into
circuit of partial discharge test in this article. The circuit
congsists of full wave rectifier connected to an H-bridge IGBT
inverter with a low-pass filter consisting of an inductor (L),
and a capacitor (C) as shown in fig. 1. The circuit can
generate an acceptable 200 Hz sinusoidal signal[3]. The
voltage difference and THDv are lower than 2% and the
background noise is lower than 1 pC at the initial test voltage

_— ik k T (mente
— il ‘“"’“‘;TV‘“:;.:
s 5 5 | Kb K¥

Figure |7 A variable Frequency sonverter and Low pass filter in experiment

The partial discharge detection system according to IEC
60270 [1] as shown in Tig. 2 is composed of a conpling
capacitor (C) connected in series with a coupling device
(CI2) or a measuring impedance and a measuring instrum ent
(MI). The coupling device and the coupling capacitor, il acls
ac a frequency filter circnit. The frequency range 100 kliz to
400 kHz. To filter the pd signal mte pulse voltage and then
forwarded to the PD mensuring instrument (MI) via the
connecting cable (CC). And C, stand for the test object under
test before the test, the calibrution of the PD detection syslem
with the known charge is required in the real PD test.

Figure 2 The pactial discharge detection systemn ace ording Lo TEC 50270,

The high frequency current lransducer iz used to test the
performance of partial discharge detection system with a
variable frequency converler as a vollage source. The high
frequency current transducer|[2] used in the test must have
capabilities to deteet corona discharge, surface discharge and
internal discharge. It is made of copper wire entwining in the
same way as a Rogowski coil around the special ferrite
magnetic core which is able to respond to high frequency PD
pulse signal. This HFCT as shows in Fig. 3. must be
compatible with the appropriate low voltage measurement
instrument. The bandwidth of HFCT is 100 kHz — 20 MHz
which is sufficient to detect the partial discharge signal of all
three partial discharge type mentioned above and the gain of
HFCT is 6V/A. The calibration of the PD detection system
with the known charge is required in the real PD test.
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TABLET" THE B ACESRAOTTND NOMISE

R"":"”[‘;t‘i"'l“”*" Coupling device [#C1 HFCT [pC)
5 05102 0TTH
10 1253 07765
15 1.584 08ms
Figure 3 High frequency curcent transducer in experiment =0 T T 02355
T1.” EXPERTMEMNTS 25 2,865 08042
1n this section, we will test with the test circuit as shown 30 3479 0.3576

in Fig. 5. We will prezent the background noize test results of
partial discharge detection system. The 200 He sinusoidal
voltage generated by variable frequency converter with low
pass filter iz confirmed. Supply voltage to step up testing
transformer to generate high voltage tor PD test and record
the background noise of the sysiem. The supplied voltage
runge is 5-30 kV, Recorded background neise is showm in
Table I and Figure 4. The 200 Hz sinusoidal voltage
waveform and background noise value at 5 and 30 kV are
shown i figures 6 and 7 respectively.

Mext, Partial discharge tests were performed with the test . . =
celle for the corona discharge internal discharge and surface ] 10 3 0 D 3q
discharge to record the resulis of partial discharge activities at rigu(rige LgH IS
PD} inception voltage (PDIV) of cach case, Figures § Lo 11 _["[‘;C‘.I‘_::’;m i
show the test results, in case of corona discharge (high- . >
voltage side), corona discharge {low-voltage side), intemal ; - -
discharge and surface discharge respectively, in the upper of Figure 4. The relation ship between the test voltage and the background
each figure is conventional PD detection system and in the nise value.
lower is the combination of conventional PD detection and
high frequency current transducer system.

w
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Figure 57 The circuit of partial dizch dete chion £ystem in
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Figure 6. Highvaltage waveform and background notse at woltage of 3 KV, Figure 87 The test results in case of corona discharge (high-voltage side)
akveltage of 104V

Figure 7" High-voltage waveform and bagkground noise abvoltage of 30 kW Figure 97 The test results in case of corona discharge (lowwollage s de)
at voltage of 131KV,
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Figure 10."The test reculte in cace ofinternal discharge ot voltage of 102KV,
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Figure 11°The test results in case of surface discharge af woltage of 475V

From experimental results, it is found that the HFCT is
able to detect the PD almost the same as the commercial and
conventional PDY detection system, and also provides the
better performance than the conventional system in term of
the noise immunity or the lower background neise level.

Institute of T L:

TAELEIL™ ‘THE TEST EESULTSOF PD TEST

=3
q . DnEfential
Type of partial discharges | oo ivoiional | HFCT lp}?]"
[pC] 1]
A Coronadischarge 1363 1428 - 2467
(high -voltape side)
arveltage of 10.4 kV
E.Corona discharge 1857 156.0 - 1835
fAow-woltage sids)
atwoltage of 132 kV
© Tntermal dischasge 1064 1as +11.65
at valtage of W02 KV
D Surface discharge 6268 5636 - 10.08
at voltage of 4 7 KV

IV CONCLUSION

From the experimental results, the partial discharge
detection system with a variable frequency converter used as
avoltage source and a high frequency current transducer used
ag a PD detector with appropriate low-voltage measurement
and mstrument can detect the partial discharge which s
generated by the PD fest cells almost the same as the
commercial and conventional PD detection system (Omicron
MPD600). In  addition, the presented system has the
promising performance in term of noise immunity. The
undesired noise signal from the voltage source has not much
effect to the presented PDY detection system. Therefore, the
developed system can be used to classify the partial discharge
type ellvetively.
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The Development of An Adjustable Low-pass Filter
for A Partial Discharge Detection System under
Testing with The Power Frequency Converter

Banyat Leelachariyakul
Department of Electrical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang
Bangkok, Thailand

Abstract— 1In this paper presents the partial discharge
detection system based on the power frequency converter as a
low-voltage source and an adjustable low-pass filter which is
constructed from variable ind and fixed cap . The
inductance is able to vary in the range of 8.69 mH to 18.82 mH.
This adjustable low-pass filter circuit in partial discharge
detection system is able to filter the undesired harmonic
voltage and also reduce background noise. It is compatible
with partial discharge detection system for high voltage
equipment. The background noise of the commercial partial
discharge detection system and the total harmonic distortion
(THDy) of the testing voltage are improved. The results show
that this low-pass filter that had been designed and
constructed is capable for filtering the noise from a power
frequency converter in the PD test and the undesired harmonic
voltage sufficiently. The quality of the testing high voltage is
good and sufficient for testing such as p ial
transformers. Thus, application of this particular adjustable
low-pass filter with variable cut-off frequency to the power
frequency converter is a promising approach for generation of
an AC sinusoidal voltage for the partial discharge detection
system.

Index Terms— high-voltage tests; partial discharge;
background noise; power frequency converter; total harmonic

distortion; variable ind 5 adj ble low-pass filter.

1. INTRODUCTION

Partial discharge (PD) is a natural phenomenon that
occurs within the insulating material under the electric
potential. The localized electrical discharge only partially
bridges the insulation between conductors, but not
completely or electrically connected to the next electrical
conductor. Generally, the PD can be classified into two
types of discharge, an external discharge and an internal
discharge. The external discharge is referred to the PD
which oceurs in as a result from the ambient air while the
causes of the internal discharge are the imperfections in the
compressed gas, the nsulation hqud and the solid
dieleetrics. PD phenomena in the high voltage equipment
can be examined with various techniques. For example, PD
charges can be detected by the circuit as recommended in
[1]. The high partial discharge level on the high-voltage
equipment often leads to complete insulation breakdown.
Therefore, the partial discharge level is a crucial parameter
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used to evaluate the insulation performance and life time of
high-voltage equipment.

Thus, the partial discharge tests in high-voltage
equipment are certainly critical. For the recently
manufactured electrical equipment, the partial discharge
tests may not be standardized to be routine tests on some
devices. The electrical engineering experts are required to
perform the testing for the products and improve the test
results. According to the fact that the test equipment is
rather costly, some electrical test standards are defined as
type test or specials test. At the stage of any product design,
partial discharge tests could be conducted with the new
design of an electrical equipment prototype. Yet, certain
types of the high voltage equipment standards require the
partial discharge detection test as a routine test depending
upon the purpose and use of high-voltage equipment such as
power transformer, potential transformers, underground
cable, high-voltage cable terminator, etc. With the
advantages of some non-destructive testing, the results of
the tests could be used to analyze the flaws during the
design and production including the lifetime of electrical
equipment which will be predicted indirectly through the
insulation test of the electrical equipment, one of the options
for the non-destructive test is the partial discharge test.

The power frequency converter with the appropriate
filter has been used in the PD tests. It can generate a
sinusoidal AC voltage signal corresponding to the PD test
requirements. However, the power frequency converter in
the past is known to produce the high level of noise signal
due to the switching operation which leads to the very high
background noise level in the PD test [2]. If the power
frequency converter is applied in PD test for high voltage
equipment of which the acceptable PD level is very low.
such as potential transformers (PTs) [3), [4]. Acceptable
background noise for the PD test of PTs shall be lower than
2.5 pC. Therefore, in [5], [6] the background noise in the
PD test with the PWM converter was reduced to the
acceptable . level which conforms to the standard
requirement. However, a suitable low-pass filter and
additional measures for the pure sinusoidal generated
waveform are still required.

The aim of this paper is to presents an adjustable low-
pass filter which is constructed from the vaniable inductor
along with the fixed capacitor for partial discharge detection

102

g provided by UniNet. Downloaded on July 26,2022 at 18:48:06 UTC from IEEE Xplore. Restrictions apply.



Authorized licensed usa limited to: King

system based upon the power Irequency converler which
has to confront with the background noise problem due to
the H-bridge 1GBTs network with unipolar PWM technique,
The iron core variable inductor is used 1o adjust cut-ofl
frequency of a low-pass filter by tuning the air gap. The
perfi s of PL detection system are investigated in
terms of the total harmonic distortion {THD,) of the high-
valtages and the background noises in the partial discharge
testing with the commercial 1D detection system (Omicron
MPD600). The 50 Tz AC vollage has been applied in high-
voltage laboratory with the acceptable voltage distortion and
background noise level.

11, HIGII-VOLTAGE SOURCE
High-voltage source could be separated into three parts.
The first part is a power frequency converter, the second
one is the developed adjustable low-pass {iler and the last
one is the high-voltage testing transformer. The details of
these parts are given as follows.

A Power Frequency Converter

The power frequency converter has been used as a low-
voltage source, the AC vollage has been supplied into an
isolating wanslormer and adjustable low-pass (ilier of partial
discharge test in this article. The power frequency converter
circnit consists of a full wave reetifier connected to the 11-
bridge IGBT inverter with a storage capacitor (C,) for the
DC constant voltage part. For the output side of the
converter, it contains an isolating transformer with the vated
of 3 kVA 2401240V and a capacitor (C) connected as a
primary (iller of the (requency converier as shown in Tig. 1.
The eontrol circuils of H-bridge TGBTs inverier is used with
the unipolar PWM techniques which is the medulation
berween the 50 1iz sinusoidal waveform and the 5 kilz
triangular waveform with the madulation index (M,) of 0.8,
“The unipolar PWM signal is programed to @ microcontroller
board  (STM32F40TVG), - isolaling  gate  driver  with
optoclectronic circuit (TLP250). Additionally, the snubber
cireuil is neecssary for the functioning of H-bridge IGBTs a
the high voltage level.

Unipolar WM
ALS0 117 %S QS

Froguency Conyenter
il =t

JK3 Lo m -
s TK}J_%} "'

"
Fig. 1. A umipolar PWM Irequency converier and solatmg irmsomer m
cxperimenl.

B. The develaped adjustable low-pass filter

According to [3], [4]. the selected frequency of the AC
high-voltage that have been used to detect the PD signal in
the high-voltage equipment is vary from 50 to 200 Hz

Institte of T L

depends on the equipment under test {EUT). The developed
adjustable low-pass filter is in the form of basic RLC low-
pass filter as shown in Fig, 2, with the inductor (L} of which
the inductance is able to be varied in the range of 8.69-18.82
mH by tuning the air gap as shown in Fig. 3. it is
functioning comrespondingly with the capacitance 16 ulF
fixed capacitor to filter any undesirable signals that could
affect the background noise of the partial discharge
detection in  high-voltage equipment test circuit. An
equivalent eircuit of the acknowledged adjustable low-pass
filter circuit as presented in Fig. 2 and has a transfer
impedance as from Eq. (1), and the cut-off frequency can be
deline by Eq. (2).

R sl

PN

Vig(s) 1/sC Vouals)
| 1N

Fig 2. RLC Low-pass filter

— Vourls) _ 1
fi(s) = Vin(s) ~ LCSZ+RCs+1 (n
1
Jo= e o

Therefore, the variable inductor is used in low pass filter
circuit: The cut-off frequency of the low-pass filter circuit is
able o adjust in the range of 135-290 Hz The frequency
response of the developed adjusiable low-pass (ilter eircuit
is presented in the Tig. 6, (he red dol line represents the
frequency response of the cut-off frequency at 135 Hz and
the solid blue line represents the frequency response of the
cut-off frequency at 290 Hz.

C. High-voltage Testing Transformer

The high-voltage testing transformer with rated of 40
KVA T5kVM60V was employed in this test and functioning
to raise the voltage output level from low-pass filter circuit
o meet the certain level of the partial discharge tesis.
Notably. a testing transformer for this particular test must
not generate the noise (free of PD).
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1L PARTIAL DISCHARGE DETECTION SYSTEM

The partial discharge test circuit according 1o [1] as
shown in Fig. 4 contains of a coupling capacitor (Cy)
connected in series with a coupling device (CI) and a
measuring impedance or a measuring instrument (MT). The
coupling device and the coupling capacitor act as a
frequency filter circuit for D) detection. The frequency
range is 100 kHz 1o 400 kHe. To filier the PD signal inlo
pulse voltage and then forwarded to the PD measuring
instrument (MI) via the conneeting cable (CC). C, stands for
the test object under 1esl. Belore the test, the calibration of
the PD detection system with the known charge is required
in the real PD test.

Fig. 4. The partial disch !

system 2 1o IEC 60270,

g Parfh High-voltage Sodroes
1 ' Part 11 PD} detection systems
1
1 Transfommen
| I Section 2
.I cm;“m} | 1 'Iw:-m-.‘. Filier

T LAing T rags ta/vik: -

I AC ] f
1| 50Hz
i St L2 S"i'\’:,
\ Cnipalar T | l
- ___PWM 2 T T
1 - b o

Fig 5. The circuit of partial discharge detection system in experiments.

IV, ANALYTIC OF P DETECTION SYSTEM IN EXPERIMENTS
From Fig, 5, the partial discharge testing system in this
paper contains the unipolar PWM power (requency converter
which has a noise problem and connected (o isolating
tansformer, Tt has the high-voltage testing transformer (o
raise the AC voltage level. The developed adjustable low-
pass filter is filtering the low-voltage side of the high-voltage
testing transformer to filter the noise from power
frequency conyerter, all three ¢ompongnts is illustrated in
equivalent circuit of high voltage source as shown in Fig. 6.
With (he transfer impedance as defines by Lqg. (3). The
frequency response in each section is preseated in Fig. 7.
green dot-dash line represents frequency response of section
1, black dash line represents frequency response of section 3,
blue solid line represents frequency response of section 2 at
cut-off frequency of 200 Hz, and red dot line represents
frequency response of section 2 at cut-off frequency of 135
N,

Sochion
The Developed
& Lew-pass Filer e
] s Ta Wy Ly
<A — BT
Lnipalur % simseridal
3 [8

e T ‘:‘T T sk

Fig. 6. ‘The equivalent circuit of high voltage source

Hyys(s) = Hy ()= Hy(s) - Hy(s) 3)

Institute of T [

Fig. 7. e frequency respanse of high-valtage soures in cach seetion

Considering Sections 111 and IV with the analytical results
of the frequency response of high-voltage source illustrated in
Fig. 8, the variable cut-ofT frequency range of 135-200 He
depends on the cut-oll frequency that has been designed with
the variable inductor. With the adjustable flier, the PD
detection system has the background noise level and the total
hannonic distortion (THD, ) results in the acceptable values.

[
Prequeacy (1]
Fig. 8. The Gequency mesporse of high-vollage seurce in experiments
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V. EXPERIMENTS i

In this section. the partial discharge test circuit as shown
in Fig. 5 was tested, and the background noise in tests and the
THD, values of partial discharge detection system were
recored, The 50 He AC sinusoidal voltage with the developed
adjustable low-pass filter had been generated by power
frequency converter. The output voltage from the filter was
supplied to high-voltage testing transformer to generate high o e e e
voltage for partial discharge test. The high voltage was raised o 1
up 1o 40 kY, the recorded background noise and the THID,
valug are shown in Table L. and Fig. 9 to 12 respectively.

Fig. 11, ‘Mhe background noisc level and  the THD, valuc of 5%
ab waltage of 40 kY

TABLE I T RECORDED BACKGROUND NG AND 11 THD. \-ALuu

v""a__l

Fig. 12 The background meise Jevel and the  THD. < 1%
at voltage of 40 KV,

VI CONCLUSION

From the experimental resulis, it is found that the
dnvcfopmd adjustablo low-pass filter is capable of solving the
noise bl from the power [requency

converter in the PD testing cirenit. The backpround noise in
the PD) testing with a potential trans former is less than 2 pC
for the whole testing high-voltage. Also, the THD. of the
testing high voltage is less than 1%. From this achievement,
the presented adjustable low-pass filter eirouit is an attractive
approach for increasing the quality of the testing voltage
o 1 by the cial power freq v gonverter in
the partial discharge testing for testing high-voltage
equipment such as power wansformers and  potential

' ol \ ! transformers.
Wi \/!E'-‘.L"'
S 0 RUFFRENCLS
€] The THI, value < 1% [11 - “High Voltage Test Techniques Partial Discharge M IEC
Fig. 9. The unipolar PWM input voltiag signals and the sinusoidal output Standard G0270; 2000
voltage'signals 121 A ‘Thicdel . F. Madtin2 | HighVolt Prificchnik Dresden GmbH
R = Ty o, S “Power Frequenoy Invemers for High Volage Tests” FhighVolt
S Colloquium, 2007
58 ; R Transformer-Part 1: General reg " [EC Standard
- B1869-1: 2007,
) o N
o) - 141 =l Transii Part 3; Additional for inductive
= ‘L.I- voltage transformers,” 1EC Standand 6 1569-3: 20011,
151 B Leel y P, Yurth and S. Potivejkul, “PD Detection
Test of a Voltage Transformer using 3 Vanable Frequency Converer,”
in ISET, 2015.

18] T Prombud, and P. Yulthagowith."Development of A Low=Pass Filier

\\L T ,s‘/ I
for Partal Discharge Testng Svstem wih the Power Frequency

Fig. 10, The background noise level and the THD. wvalue = 10% Converter” in AUPEC, 2018,
atvoltage of 40KV,
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Abstract: This paper presents application of a resonant power frequency converter for high-voltage
(HV) and partial discharge (PD) test of a voltage transformer. The rating voltage, power, and fre-
quency of the system are 70 kVims, 40 kVA, and 200 Hz, respectively. The testing system utilized
the converter feeding to an HV testing transformer connected to a conventional partial discharge
detection system. The converter system comprising a rectifier and insulated-gate bipolar (IGBT)
switches with the H-bridge configuration was applied as a low-voltage source instead of a con-
ventional motor-generator test set which requires large space and high cost. The requirements of
the test according to the standards are quality of the test voltage and the background noise level.
The required voltage must have the different voltage (DV) and total harmonic distortion (THD;) in
the acceptable values of less than 5%. The DV is defined as the difference of the root mean square
and peak voltages in percent. The required background noise level must be lower than 2.5 pC.

Simulations and experiments were performed for verification of the developed system performance

in comparison with those of the previously developed system based on the pulse width modulation
converter, Itis found that the developed system can provide the testing voltage with the DV and
the THD,, of lower than 1% and the background noise level of lower than 1 pC. Considering this
achievement of promising performance, the developed system is an attractive choice for the HV and
PD testing of voltage transformers in real practice.

Keywords: background noise; high-voltage and partial discharge test; resonant power frequency
converter; switching interference; voltage transformer

1. Introduction

The main problem of the high-voltage (HV) and partial discharge (PD) test of voltage
transformers is the applied voltage, which is higher than the transformer rating voltage. If
such a voltage level with the rating frequency (50 Hz or 60 Hz) is applied to the test, it will
lead to core saturation, high current consumption, and applied testing voltage distortion.
For avoiding such conditions, the international standard defines the quality of the testing
voltage with the different voltage (the root mean square value and peak value divided by
square root of two) and total harmenic distortion, which are not higher than 5%. Under the
test conditions, the applied voltage in such tests is not higher than two times the rating
voltage of the transformer, so the applied voltage should have a frequency higher than
two times that of the rating frequency. For safety reasons, the frequency used in the test
is from 100 to 400 Hz. It is found that the frequency of 200 Hz is sufficient in all tests of
the voltage transformers. Therefore, the 200 Hz frequency was utilized in all considered
simulations and experiments. In the past, the motor and generator test set was applied in
the test. However, the test set is quite costly, and it requires a large space for installation.

The high-voltage (FHV) test is a crucial issue for the verification of the performance
of the HV equipment in design and construction processes. Examples of such tests are

Lnergies 2021, 14, 2014. https:/ /doi.org/10.3390/en14072014
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insulation voltage withstand test, power loss measurement, dielectric loss measurement,
and partial discharge measurement.

According to IEC 60270:2015, [1] partial discharges (PDs) are defined as localized
electrical discharges that only partially bridge the insulation between conductors, and they
are caused by local electrical stress concentrations in the insulation or on the surface of the
insulation. Generally, such discharges appear as pulses with durations of less than 1 us. PD
measurement is the most important test used in the evaluation of insulation performance
and life. The PDs are classified into three main types. The first type of the PD, named
corona discharge, can occur in areas with sharp edges and high electric field stress. The
second type originates from defects of the internal insulation material, such as bubbles and
voids. If these defects have lower insulation levels than the main insulation material, under
sufficient electrical field stress, PD can occur. The last PD type, called surface discharge,
occurs at the boundary between two materials.

As the simplest way to generate HV for HV testing, [2] a voltage regulator connected
with a power source from a low=-voltage grid or a generator is applied to an HV testing
transformer at the low-voltage side. The HV from the transformer is applied to a test
object. Due to the nonlinear characteristic of the electrical and electronic equipment, the
disturbance is generated in the electrical system, and it sometimes causes power quality
problems, i.e., the voltage distortion and the background noise level. According to IEC
60060-1, [3] the testing voltage should be an almost purely sinusoidal waveform of which
the total harmonic distortion voltage (THD, ), defined by Equation (1), and different voltage
(DV; peak voltage divided by /2 and RMS voltage) should be less than 5%.

Vpl

1 R
THD, = 4, .Evﬂ )
i=2

Here, V}1 is the peak voltage of the fundamental frequency and Vy; is the peak voltage
of the ith harmonic frequency. Figure | shows the test voltage applied to the voltage
transformer (VT) and PD pattern during the HV and PD test. It is found that the DV and
THD;, are higher than 5%. Additionally, the background noise level is higher than 2.5 pC
(the acceptable background noise for the HV and PD test of the voltage transformers) [4,5].
To avoid the voltage distortion, and the unacceptable background noise level and to satisfy
the standard requirements, an additional measure such as a voltage filter is necessary to be

applied to the system.
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Figure 1. Test voltage waveform and the partial discharge (PD) pattern during the high-voltage
(HV) test.

For the HV test of voltage transformers (VTs) and to confirm the insulation perfor-
mance of the test object, it is necessary to raise the voltage to be higher than the rating
voltage. If the applied testing voltage with the rated frequency is used in the test, the core
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saturation of the voltage transformer can occur and the applied voltage may be distorted.
For a better understanding, an example case should be considered. For the partial discharge
test of a VT with the rating voltage (LI;) of 24 kV, the pre-stress voltage condition with a
withstand voltage (L;) of 80% is applied to the VT, and then the testing voltage is decreased
to the level of 1.2L, (288 kV) to record the PD activity. The procedure of applying voltage
in the PD test is shown in Figure 2. Therefore, saturation of the iron core of VT is avoided
by applying voltage with a frequency higher than the rated frequency of the VT. If the
voltage with a power frequency of 50 Hz is applied to the HV side of the VT, the saturation
effect of the VT will influence the distortion of the applied voltage waveform, as shown in
Figure 1, and the DV and THD, will be higher than 5%. Aside from the nonlinear voltage,
the core saturation can cause thermal runaway and explosion of PT. Therefore, to avoid
the core saturation effect, a test voltage with a frequency higher than twice the power
frequency is necessary in the test; the frequency of 200 Hz is a good candidate for all Vs
with the rating frequencies of 50 and 60 Hz.

Vo
s -—— = — = — = — - Level 2
PD testing voltage
120+ ==—=cTgvel 1
Pra— O
30s 4

Figure 2. Procedure of voltage application for the PD test of voltage transformers (VTs).

Nowadays, power electronics technology has been applied in many practical fields,
such as home appliances, automotives and traction, renewable energy, and HV transmission
and distribution systems. In HV generation for testing, the power electronics converter
is a powerful and efficient tool for AC/DC, DC/AC, and AC/AC power conversion.
However, the crucial problem of the application of the power converter in the PD test
is the interference signal originating from fast switching of power electronic devices. It
causes the PD detection system to have background noise much higher than the acceptable
level. For example, in the PD tests of VTs insulated with oil, the acceptable PD level is only
5 pC [4,5]. Consequently, the testing system including the PD detection system should have
a background noise level below 50% of the acceptable PD level (2.5 pC). Most commercial
power converters have an additional filter for eliminating undesired harmonic voltage and
obtaining a voltage waveform close to a pure sinusocidal wave. However, the filter cannot
eliminate the interference in the PD measurement completely, leading the background
noise in the P test to be higher than the acceptable level.

Recently, there are attempts for development of the HV and PD test of voltage trans-
former. In [6-9], the power frequency converter based on the pulse width modulation
(PWM) techniques was developed as the low-voltage source applied to the HV testing
transformer for the HV and PD test. In [10,11], the analysis of effect of the additional filter
for the reduction in the background noise in the HV and PD test was presented. In [12],
the analysis of the PWM converter with the additional filter was presented, and the best
switching frequency in terms of the quality of the generated voltage and background noise
level were investigated. However, it is found that the developed system in [12] required
the additional filter with quite large capacitance and high power consumption.
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For overcoming such problems, the HV and PD testing system based on a resonant
power frequency converter is proposed in this paper. Simulations were utilized for the
design of the system, and experiments were performed to verify the validity of the de-
veloped system. The system performances in terms of the testing voltage quality and
background noise level were investigated and analyzed in comparison with those of the
previous developed system based on the pulse width modulation converter. It is found that
the developed system performances are much superior to those of the previous system. The
different voltage and total harmonic distortion of the testing voltage are less than 1%, and
the background noise level is less than 1 pC at the rating voltage. From this achievement in
terms of the system performances, the developed system is an attractive choice for the HV
and PD testing of voltage transformers in the real practice.

2. Development of HV Testing System for PD Tests

The developed system with the equivalent circuit shown in Figure 3 is composed of a
power frequency converter, an additional inductor, an additional capacitor, an HV testing
transformer, and a partial discharge detection system. Z;, Cy, CD, CC, and Ml stand for
the internal impedance of the testing transformer, the coupling capacitor, the coupling
device or the measuring impedance, the measuring cable, and the measuring instrument,
respectively.

HV transformer Partial discharge detection system

Power frequency  Adjustable inductor

|
I
|
converier Ladd i
0 5 :
I | == Cadd : g
= | l
o :

Figure 3. Partial discharge testing system.

2.1, Power Frequency Converter

The power frequency converter based on the H-bridge configuration, as shown in
Figure 4, was developed. The converter is composed of a rectifier and H-bridge insulated-
gate bipolar transistors (IGBTs), which can be controlled to generate either a square wave
or pulse width modulation (PWM) waveforms.

:{ IGBTs Diivers | JoL

Rectifier circuit

D:- Output voltage

D:- 2
2 | A !
Il O— 1 1 | B |
|
S EEEEEE A s

Figure 4. High-voltage source power converter generator.
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The unipolar PWM technique [13-15] is based on operation of four control switches
(51, 52, 53, and 54) and four diodes (D1, D2, D3, and D4) as shown in Table 1. The AC
output voltage waveform can instantaneously take one of the following three voltage levels:
+Vao, — Ve, or 0.

Table 1. Switch states in full-bridge single-phase voltage source inverter unipolar pulse width
modulation (PWM).

Switch Conduction Status Conduction Status of IGBT and Diode

State Vs
ON OFF Io>0 I, <0
1 S5z 512,52, 14,52 Dy, Dz +Vge
2 8140520 81,5 814, Da2e Dies 524 0
3 S1-:52. StarSz— Dy Das Sy, 54 ~Vae
4 S1=iS2- S1an 5o Dy, 5- Sp—pDz. 0

The controlled and AC reference voltage waveforms are shown in Figure 5a, and the
output signal is shown in Figure 5b.

Control " Inverted eontrol Triangular Output waveform Quiput waveform |
) v avefor vavef: from converter ]F' ) after pass filter
v

EZ.S = S0

£ =

-

25 = st

-5 - -IOCI‘

0y I RN, 4 F VAV AW A U2 WIS & W = lu
Time [ms] Time [ms]
(a) (b)

Figure 5. Generated PWM waveform from the PWM converter. (a) Pulse wid th mod ulation in the unipolar converter. (b)
Qutput waveform of the power converter.

For generation of the PWM waveform, the triangular waveform is set to be from 1.2
to 20 kHz. However, from the study in [12], it was found that the best performance of
the PWM converter occurred at the switching frequency of 3.2 kHz. For generation of
the square wave used in the proposed resonant circuit, the frequency of the triangular
waveform is set to be the same as that of the control waveform.

2.2. Partial Discharge Detection System

The developed partial discharge detection system is composed of a coupling capacitor
(C) connected in series with the measuring impedance (coupling device). The capacitance
Cy was selected to be 1 nF, and the measuring impedance was designed to have the band-
pass characteristic with the equivalent circuit shown in Figure 6. The transfer impedance
characteristic with the low and high cut-off frequencies of 30 kHz and 20 MHz, as shown
in Figure 7. For avoiding the undesired noise signal in the HV testing environment, the
standard [1] recommends using the band pass filter for a quasi-integration of the charge de-
termination, and the acceptable range of cut-off frequencies of the filter are also provided [1].
In this paper, the digital band pass filter with the cut-off frequencies of 100 kHz and 400 kHz
is utilized according to the standard requirement. The transfer function of the filter and the
transfer impedance with the considered filter are also presented in Figure 7.



113

Eneerggiess 2021, 14, 2014 fof 18
Connceting to the
Vollape coupling capacitor (Cy)
measuring port
(Vou) Ly=150 uH
Y Y

_L PD measuring port (V)

C;=75nF and to the digital filier

Cu=33pF |
Ly =450 uH

Il

Figure 6. Equivalent circuit of the measuring impedance or the coupling device (CD).
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The equivalent circuit of the PD detection system with the HV testing transformer is
shown in Figure 8. The crucial circuit parameters of the testing system are expressed in
Table 2. The transfer function of the output voltage (Vouw /Vin) can be calculated as shown
in Figure 9 which shows that this transfer function has the characteristic of a low-pass
filter. As shown in Figure 9, the cut-off frequency is about 1.2 kHz. It is noted that the
total impedance of the HV testing transformer with the rating voltage of 460 V /75 kV and
the rating power of 40 kKVA is transferred to the HV side of the transformer. The circuit
parameters are expressed in Figure 8, and the voltage transformer under test [16] or the
test object can be represented well with a high impedance, which has an effect on the test
circuit. When the 1 pC calibrator pulse current is injected into the system in the calibration
process, the peak voltage response at the P port and filtered peak voltage by the digital
band pass filter are about 2.0 mV and 0.115 mV, respectively. The results of the response
voltages are shown in Figure 10.

Total short-circuit

r

impedance (7
(y SHan v
bS8\ \ e : .
| Ra=143K0" Lu=178H | Coupling ! |
| | =t capacitor 1 I
| !_ 1 {C,= knE) ! Test object |
| » 1
| . ! I
Measuring impedance 1 1000
______________ I 0p
Inpn{t‘;n;lsgp: | | 1 calibrator pulse Om‘:“:,‘o:m
\ | L PDmesuring | rj_.—l b
| port {(Vea) el
| LT 9
—i
bl
|

—— -

1 Co= 100 pF)
%: V=001 V)
|

Figure 8, Simplified equivalent circuit of the HV and PD tests.

Table 2. Circuit parameters of the testing system.

A Transfer to the Transfer to the
g R ters LV Side HV Side
Testing transformer series resistance (Rap) 53801 143 k(1
Testing transformer series inductance (Lgy) 0.67 mH 178H
Coupling capacitance (Cy) 26.8 uF 1nF

For a better understanding of the problem of using the PWM frequency converter
inthe HV and PD test, we should consider the case in which the 200 Hz PWM voltage
of 100 kV with the switching frequency of 3.2 kHz is supplied to the system without an
additional filter as shown in Figure 8. The voltage across the test object has small oscillation,
as shown in Figure 11, and its THD, is 0.93%. The PWM voltage also affects the voltage at
the PD measuring port. The peak voltages at the PD port and the filtered one are of 570 mV
and 370 mV, respectively. As shown in Figure 12, the interference voltages are much higher
than the peak voltage response of a 1 pC calibrator pulse. It can be seen that the band
pass filter is not very effective for mitigation of the interference signal from the switching
voltage. Therefore, the mean value for mitigating the interference from the PWM frequency
converter is required for the PD test in real practice. In this paper, the additional inductor
and capacitor are proposed to connect at the LV side of the HV testing transformer for
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obtaining the resonant condition. The analysis of the additional circuit components will be
presented in the next Section 2.3,

5

—— without the resonant circuit
circuit and no capacitor
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Figure 10. Voltage response of 1 pC calibrator pulse current (a) at the PD port with lang span time, (b) at the PID port with
short span time, {c) filkered by the band pass filter with long span time, {d) filtered by the band pass filter with short span time.
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Figure 11. Input and output voltage waveforms.
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Figure 12. Voltage response al the PDY port in the case of applicd PWM voltage at 100 kVp. {a) Al the
PD port (b) fillered by the band pass filier.

2.3, Additional Circuit for Circuit Resonance

To reduce the noise level, the additional filter is required as in the previous stud-
ies [6-12]. In this paper, an additional adjustable inductor and capacitor are proposed to
add in the low-voltage side of the testing transformer for obtaining the resonant condition
of the test circuit as shown in Figure 3. The inductance was adjusted to obtain the resonant
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condition at the frequency of 200 Hz. With the circuit parameters of the testing system, the
series resonant condition is occurred by Equation (2), where L; is total inductance and C; is
total capacitance. In the considered system, the total capacitance can be approximated as
the coupling capacitance (Cy). The required additional inductance (L) can be calculated
by Equations (2) and (3), and the result is about 23 mH.

1
Lt 1 wz—ct (2)
Ly = Lyga + Lo (©)

The voltage gain at the resonant condition is equivalent to the quality factor (Q) as
expressed in Equation (4), where Ry is lotal series resistance composed of internal resistance
(R) of the additional inductor and series resistance of the testing transformer (Rg,).

VETCr
25 B “

In this paper, the required ( was set to be not less than 4 which is sufficient for
obtaining the almost pure sinusoidal output voltage. It is noted that the quality factor of 4
will be confirmed to be sufficient by the simulation resultin the Section 3. For the designed
inductor, the internal resistance is necessary to be controlled for obtaining the desired Q.
The maximum internal resistance (R;,) can be calculated by Equation (5), and the result is
200,

R: = RM+R§, (5)

From the calculation above, the adjustable inductor was designed by a manufacturer.
The inductance of the developed adjustable inductor can be varied from 10 to 40 mH, and
the internal resistance is 1.3 ().

The equivalent circuit of the HV and PD testing system is expressed in Figure 13. All
circuit parameters in Figure 13 were transferred to the HV side of the testing transformer.
It is noticed on the equivalent circuit in Figure & that the inductor will not affect the
PD measurement if the PD occurs on the HV side. The transfer function in the form of
the attenuation factor (Vpp/Vip) can be determined as the results in Figure 14a and the
attenuation factor with the band pass filter recommended by the standard are expressed
in Figure 14b. The input square wave voltage generated by the converter of 17.1 kV
{corresponding to 100 kV output voltage) and the output voltage are expressed in Figure 15.
The black line stands for the input voltage of the HV testing transformer (transferred to
the HV side of the testing transformer), and the red line stands for the output voltage of
the testing transformer or the voltage across the test object. It is noticed that the output
voltage waveform is almost pure sine due to the occurrence of respnant condition at the
frequency of 200 Hz. It is also confirmed that the quality factor of 4 is sufficient to obtain
the waveform as the standard requirement.

In the results shown in Figures 16 and 17. The black line is denoted for the voltage
response of 1 pC calibrator pulse current, and the red line stands for the interference signal
at'the putput voltage of 100 kV, Without the additional capacitor (Cyyq), the interference from
the square wave as the input voltage of the testing transformer is still high. Additionally, the
band pass filter recommended by the standard is not particularly effective for mitigation
of the attenuation of the interference signal, as shown in Figure 16. With connection
of the additional capacitor (Caz4), the interference is attenuated to be lower than the
voltage response of the 1 pC calibrator pulse current. Additionally, the band pass filter
recommended by the standard is quite effective for mitigation of attenuation of interference
signal as it is shown in Figure 17. In Figure 17b, the maximum interference signal is 0.07 mV,
which is equivalent to background noise level of 0.6 pC {0.115 mV iz equivalent to the PD
level of 1 pC).
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Figure 15. The input and output voltages of the testing transformer (transferred to the HV side).
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Figure 16. Comparison of the voltage respanses from 1 pC calibrator pulse current and the inter-
ference gignal of the resonant circuit in the case of the output voltage of 100 kV and without the
additional capacitor. (a} At the PD port without the band pass filter recommended by the standard;
(b} at P port with the band pass filter recommended by the standard.
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Figure 17. Comparison of the vollage responses from 1 pC calibralor pulse curvent and the interfer-
ence signal of the resonant circuit in the case of the output voltage of 100 kV and with the additional
capacitor conmection. (a} At the PD port without the band pass filter recommended by the standard;
(b} at PD port with the band pass filter recommended by the standard.

3. Experiments

Some experiments were carried out to investigate the performance of the developed
system in the partial discharge tests. The experimental setup is shown in Figure 15. The
circuit parameters were set to be the same as in Figure 13. The performances of the
developed system were investigated in terms of the different voltage, total harmonic
distortion of the output voltage, and the background noise.

To avoid interference signal from electromagnetic coupling in the HV laboratory, the
commercial EQ/OE converters (Omicron) [17] with fiber optic cables were applied with
the developed system. In the real PD test, the standard PD current with the charge of 5 pC
was utilized in the calibration process. The background noise without the application of
the developed inverter is about 0.8 pC. The experiments are separated into two topics
as follows.
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(o) (d)

Figure 18, Experimental setup of the PD test with the VI (a) Equipmenit in the HV testing room: (1) HV testing transformer
(2} Coupling capacitor (3) Coupling device for PD detection (4) VT under test. (b) The developed converter, (c) adjustable
inductor and (d} the additional capacitor connected at the input of the HV testing transformer.

3.1. Experinients withou! Test Object

The experiments in this part are performed to examine the performance of the de-
veloped system in comparison with the previous developed system (the PWM converter
with the switching frequency of 3.2 kHz) [12]. There is no test object connected to the test
systemn. As shown in Figure 19a, the PWM system without an additional filter provides
very high interference. However, when the additional filter was connected to the system,
at the pre-stress voltage of 40 KV, the background noise was reduced significantly to be
about 2.0 pC, as shown in Figure 19b. The DC input voltage supplied to the converter was
about 370 V. The different voltage and THD, are 0.66% and 0.80%, respectively.
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(b)

Figure 19. Lxperimenial tesi results at the testing vollage of 40 kV ... (a} Without the additional
filter; (b) with the additional filter.

When the developed resonant system was considered, in the case of no connection
of the additional capacitor, the acceptable background noise (2.5 pC) was reached at the
output voltage of about 5 kV, as shown in Figure 20a. This agreed with the simulation
result in Figure 16b. The interference signal of 4 mV is equivalent to the background
noise level of 34.78 pC (4/0.115). With the same proportion of the simulation result, the
background noise level should be 2.48 pC (34.78 % 5/70). In the case of connection of
the additional capacitor, the background noise level at the output voltage is still the same
as that of no application of the converter to the system, as shown in Figure 20b. At the
output voltage of 40 kV ., the DC input voltage supplied to the converter was about 83 W,
which corresponds to the voltage gain of 4.5—this agreed with the simulation results. The
different voltage and THID;, are 0.61% and 0.35%, respectively.
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Figure 21. Comparison of the simulation and experimental voltage gains.

The other experiment was performed to confirm the performance of the developed
system in the PD test with a VT, The voltage was raised up to 40 KV s for the prestress
condition and decreased to 30 kVys for recording PD activity. The standard PD pulse
with a charge of 5 pCis used for calibration in the P test. The experimental results at
the testing voltage of about 30 kV ;s are shown in Figure 22. The different voltage (peak
voltage/ /2 = 28,98 KV and RMS voltage 28.79 kV) was 0.65%, the THD,, was 0.35%, and
the background noise was less than 1 pC.
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Figure 22, Experimental results with VT connected to the developed system.

4. Conclusions

The developed partial discharge testing system based on the resonant frequency con-
verter has been presented. The performance of the developed high-voltage and partial
discharge test in terms of the different voltage (DV), THDY, and background noise in the
high-voltage and partial discharge test has been investigated in comparison with those of
the previously developed system based on the PWM technique. According to the simu-
lation and experimental results, the DV was less than 1%, THD,, was less than 0.5%, and
background noise was less than 1 pC. Inaddition, the developed system was successfully
used for the real PD test on a voltage transformer with the rating voltage of 24 kV. The
developed system is an attractive choice for PD tests because of its high performance and
low cost compared with the motor-generator system and can be developed into a mobile
system for partial discharge tests in on-site inspections, However, the limitation of the
proposed system is that the proposed system is effective for the small load test object. The
additional filter is still required for the test with the large load test object.
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Abstract: For high-voltage (HV) and partial discharge (PD) tests on high-voltage equipment, a
resonant power frequency converter has recently been developed. A single-phase power frequency
converter with a resonant tuning and filter circuit and an HV testing transformer comprise the
developed system. A difficulty in the tuning and filter circuit design is the unknown testing system
circuit parameters, including unknown parasitic inductance, capacitance, and internal resistance. In
this paper, a system with a voltage rating of 75 kV s, apparent power of 40 kVA, and an operating

frequency from 50 Hz to 200 Hz is considered for determination of the equivalent circuit parameters.

From the determined circuit parameters, the appropriate resonant tuning and filter circuit was
designed effectively. The transfer functions of the input and output testing voltages, along with the

transfer impedance of the input voltage and signal voltage of the PD) measuring port, were analyzed.

The system design was verified by experiments with a voltage transformer. The gain of the transfer
impedance was about 15 and 4 at the testing frequencies of 50 Hz and 200 Hz, respectively. With the
proper design, it is possible to generate an output voltage waveform that is almaost entirely sinusoidal
and has a background noise level of under 1 pC. According to the experimental results, the system
design of the resonant converter and the methed for determining the equivalent circuit are very
helpful for the HV and PD tests of voltage transformers in actual practice.

Keywords: equivalent circuit determination; high-voltage and partial discharge tests; resonant power
frequency converter; voltage transformer; power cable

1. Introduction

Itis well known that one of the main problems in the HV and P tests of high-voltage
equipment is the applied testing voltage, which is higher than the transformer rating
voltage [1,2]. If such a voltage level with a rating frequency of 50 or 60 Hz is utilized in
the tests for some iron-core devices, such as transformers and reactors, core saturation of

the devices under test will oceur, resulting in the distortion of the applied testing voltage.

Furthermore, testing with such voltages also consumes a high current. To avoid the
aforementioned conditions, the international standard defines the quality of the testing
voltage by the different voltage (the root-mean-square value and peak value divided by the
square root of two) and total harmonic distortion, which are not higher than 5%. Under
the test conditions, the applied voltage in such tests is no more than two times the rating
voltage of the transformer, so the applied voltage should have a frequency higher than
two times the rating frequeney. For safety purposes, the frequency used in the test should
be in the range of 100 Hz to 400 He. Generally, it is found that the frequency of 200 Hz
is sufficient in all tests of iron-core devices. Therefore, the frequency range from 50 Hz to
200 Hz was utilized in all considered simulations and experiments. In the past, the motor
and generator test set was applied in the test; however, the test set has a high cost, and
requires a large space for installation.
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The high-voltage (HV) test is essential for confirming the HV equipment’s performance
during design and construction procedures. Such tests comprise partial discharge mea-
surement, power loss measurement, dielectric loss measurement, and insulation voltage
withstand tests.

The PD measurement is the most crucial test for assessing the performance and lifetime
of insulation. Partial discharges (PDs) are regional electrical discharges that only partially
bridge the insulation between electrodes. They result from localized electrical stresses in
the insulation or on its surface. Such discharges often manifest as pulses with a duration
shorter than 1 ps. There are three main categories for PDs: Corona discharges, the first type
of PD; can happen in places with sharp edges and intense electric field stress. The second
type is caused by voids and bubbles in the interior insulation material. If there is sufficient
electrical field stress and these faults have lower insulation levels than the main insulation
material, a PD can arise. The final type of PD, known as surface discharge, takes place at
the boundary of two materials.

The simplest technique [1] to produce HV for HV testing is using an HV testing
transformer connected with a voltage regulator. The power supply of the regulator can be
a generator or a low-voltage grid.

However, the nonlinear characteristics of iron-core and switching devices lead occa-
sionally to issues with power quality, such as voltage distortion and interferences affecting
the background noise in PD and HV tests. [EC 60060-1 [2] specifies that the testing voltage
must have a nearly pure sinusoidal waveform, where the difference in voltage (DV; peak
voltage divided by /2 and RMS veltage) and the total harmonic distortion voltage (THDy ),
given by Equation (1), must not be greater than 5%.

THD, = - | 3 v2
T ¢ i (1)
VaNi= ©

where Vyy and Vi denote the peak voltages of the fundamental frequency and of the ith
harmenic frequency, respectively.

For better understanding, a test case should be considered. A testing voltage of about
40 kV (much higher than the rating voltage of 24 kV) was applied to an iron-core device,
and the PD characteristic is shown in Figure 1. It was found that the testing voltage
deviated from the sinusoidal waveform due to the core saturation. The DV and THDy were
higher than 5%. In addition, the background noise level was higher than 2.5 pC (i.e., the
acceptable background noise for the FIV and PD tests of the power cable and the voltage
transformers) [2-5]. To avoid the voltage distortion and the background noise level, and to
satisfy the standard requirements, an additional measure—such as a voltage filter—must
be applied to the system.

R

Figure 1. The test voltage waveform and PD characteristic in the HV and PD tests.
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To confirm the insulation performance of the HV equipment in HV tests, the testing
voltage must be increased to a level greater than the rating voltage. The power frequency
(50 Hz or 60 Hz) of the testing voltage can be used in the HV test for capacitance loads
such as insulators, bushings, cables, etc. For example, in the HV and PD testing of a power
cable [4] (Lp = 12 kV) for the pre-stress condition, a voltage of 2L (24 kV) is applied to the
cable, and then the testing voltage is reduced to the level of 1.731 {20.8 kV) to record the
PDY activity. Figure 2a shows the procedure of applying voltage in the PD test for the cable.

Fre-vinss valiage Lawel 2

T Pre-siress valmge Levii?
ﬂ |\ Fesrding the 12!
L I M Vi
I I
I I
I I
} }
" :

(a)

(b)

Figure 2. Application of voltage for the PD test: procedure (a} for the power cables, and (b) for the
voltage transformers.

However, in the case of iron-core test objects such as voltage transformers (VTs),
reactors, etc., to prevent the core saturation and distortion of the applied voltage, the
applied testing voltage must have a frequency that is higher than the power frequency. In
the HV and partial discharge test [5] of a VT (with a rating voltage (Ll,) of 24 kV), 80% of
the withstand voltage (Ll; = 50 kV) is applied to the VT for the pre-stress condition, and
then the testing voltage is reduced to 1.2U, (28.8 kV) to record the PD activity. Figure 2b
shows the procedure of applying voltage in the PD test. Since the testing voltage in the PD
test is higher than the rating voltage, the saturation of the iron core can occur. Therefore,
to avoid such saturation, a veltage with a frequency is higher than the rated frequency
of the VT is employed in the test. The saturation effect of the VT influences the applied
voltage distortion, as shown in Figure 1, leading to DV and THDy, of more than 5% if a
voltage with a power frequency of 50 Hz is applied to the HV side of the VT. Aside from
the nonlinear voltage, the core saturation can cause thermal runaway and the explosion
of the P'T. In order to prevent the core saturation effect, a test voltage of twice the rating
voltage must have at least twice the rating frequency to prevent the magnetic flux in the
iron core from exceeding the rating magnetic flux. For most iron-core devices with ratings
of 50 and 60 Hz frequencies, a frequency of 200 Hz is an appropriate candidate.

Power electronics technology is now widely used in practical industries, such as
home appliances, traction and transportation vehicles, renewable energy sources, and HV
transmission and distribution systems. The power electronics converter is also a powerful
and reliable tool for AC/DC, DC/AC, and AC/AC power conversion for HV generation
in testing. Nonetheless, the interference signal caused by the fast switching of power
electronic devices is the main issue with the implementation of the power converter in
the PD test. Such an interference signal causes the background noise in the PD detection
system to be far greater than is acceptable. For instance, the allowable PD level in VTs
insulated with oil and power cables is just 5 pC [4,5]. Moreover, the acceptable background
noise in the testing system for the PD tests [3] should be less than 50% of the allowable
PD level (2.5 pC). However, most commercial power converters with an extra filter can
remove undesirable harmonic voltage and produce a voltage waveform that is close to
a pure sinusoidal wave, but the background noise in the PD test is still higher than the
acceptable level in the HV and PD tests.

Lately, there have been attempts to develop the HV and PD tests of HV equipment.
In [6-9], a power frequency converter based on pulse-width modulation (PWM) techniques
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was developed as a low-voltage source for the HV testing transformer for the HV and
PD tests. It was found that the commercial and self-developed frequency converters with
a voltage filter can generate an almost-pure sinusoidal voltage waveform, but the PWM
switching generates a high noise level, which is higher than the acceptable level (2.5 pC)
of the PD test. Therefore, an additional filter or voltage filter must be redesigned with
consideration of the noise generated by the converter switching. In [10,11], the analysis of
the effect of the additional filter to reduce the background noise in the HV and PD tests
was presented. In [12], the analysis of a PWM converter with an additional filter was
presented, and the best switching frequency in terms of the quality of the generated voltage
and background noise level was investigated. The achievementof the developed system in
terms of the generated voltage quality and background noise was determined. The voltage
generated had a nearly pure sinusoidal waveform, the DV and THDv were less than 5%,
and the background noise level was less than 2.5 pC. Nevertheless, it was found that the
developed system in [12] required an additional filter with fairly large capacitance and high
power consumption. In [12], asystem based on a resonant power converter was introduced
for HV and PD) tests on voltage transformers. Instead of the PWM voltage waveform, a
square wave was utilized as the input voltage of the HV testing transformer. The developed
system provided promising performance in terms of the output voltage waveform quality
and low background noise level. The DV, THDv, and background noise levels were lower
than 2%, 3%, and 1.5 pC, respectively. The tuning and filter circuit must be implemented
with the system for the achievement of the required resonant frequency. To design the
proper tuning and filter circuit, the circuit parameters of the system, along with the parasitic
and stray inductance and capacitance, are required. However, some parameters cannot
be measured accurately in real practice. In the design process of [14], the parameters in
the simulation were adjusted to obtain results that were consistent with the experimental
ones. It would be advantageous for the system design if the circuit parameters could be
determined accurately.

In this paper, using the preliminary experimental results, an improved Prony method [15]
was applied to determine the crucial equivalent circuit parameters of the testing system.
The trial-and-error approach for the determination of the unknown circuit parameters
in the previous approach was not necessary. Using the proposed method, the unknown
circuit parameters were determined precisely, and the appropriate resonant tuning and
filter circuit was designed effectively. The transfer functions of the input and output testing
voltages, along with the transfer impedance of the input voltage and signal voltage of the
FD measuring port, were analyzed. The system design was verified b}' experiments of
the HV and PD tests on a voltage transformer and a power cable. The gain of the transfer
impedance was over 3 at the frequency of 200 Hz for testing the VT, and over 10 at the
frequency of 50 He for testing the cable. The output voltage waveform was almost a pure
sinusoidal function, and a background noise level of below 1 pC was achieved as per the
design and the standard requirements [1-3]. The validity of the proposed method was
confirmed by the experimental results, and the system design of the resonant converter and
the approach for the equivalent circuit determination are very useful for the HV and PD
tests of voltage transformers in real practice. This paper is organized into four parts: The
first section is an introduction, and the second is a review of the developed system for HV
and PD testing systems. In the third section, the determination of the circuit parameters of
the testing system is presented. Then, the determined parameters are used for the selection
of the circuit parameters to obtain the desired output testing voltage and background noise
level in the HV and PD tests on the HV apparatuses. Finally, conclusions are presented in
the last section.

2. HV and PD Testing System Based on the Resonant Power Frequency Converter

In Figure 3, the developed system represented by the equivalent circuit is composed
of a power frequency converter, an additional inductor, an additional capacitor, an HV
testing transformer, and a partial discharge detection system. The terms Z;, Cy, CD, CC,
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and Ml refer to the internal impedances of a testing transformer, a coupling capacitor, a
coupling device (the measuring impedance), a coaxial measuring cable, and a measuring
instrument, respectively.

HTesting Trurelomrier Pastial Discharge

detection system

Tuning and filter circuit
Power frequency Adjustable inductor
converter |

50Hz

palgo isal

e

B
22
s

________ 1
Figure 3. Partial discharge testing system.

2.1. Partial Discharge Measuring System

In the developed PD measuring system, the coupling capacitor (Cy) is connected
in series with the measuring impedance, of which the equivalent circuit is depicted in
Figure 4. The measuring impedance was designed with a band-pass characteristic, and
the capacitance Cy was chosen to be 1 nF. Figure 5 expresses the transfer impedance
characteristic with low and high cutoff frequencies of 30 kHz and 20 MHz, respectively.
For avoiding the undesired noise signal in HV testing environments, the standard [3]
recommends using the band-pass filter for a quasi-integration of the charge determination,
and the acceptable range of cutoff frequencies of the filter is also provided [3]. In this paper,
a digital band-pass filter with cutoff frequencies of 100 kHz and 400 kHz is utilized as the
standard requirement. The transfer function of the filter and the transfer impedance with
the considered filter are also presented in Figure 5.

Connecting to the
coupling capacitor {Ci)
Lu =150 pH
- T
CimiSnFs=
V“W“‘"i’“ﬁ'@==c‘.¢;ﬁ =Co=RpE

port (Var)

D measuring port (Vo)
and to the digital filter

i ,

Figure 4. Equivalent circuit of the designed measuring impedance.

b-ﬁouﬂ; R=50

2.2. Resonant Power Frequency Converter

In this paper, the power frequency converter previously developed in [6-14] with the
H-bridge configuration, as depicted in Figure £, was utilized in experiments for validation
of the proposed method. The simple H-bridge converter with an RC snubber circuit was
designed as per the recommendations in [16]. The resistance and capacitance of the snubber
circuit were 39 (} and 75 nF, respectively. The insulated-gate bipolar transistor (IGBT)
type of IXXN110N65B4H1—of which the specifications [17] are Vieps = 650 V, Icjio = 110 A,
Veggay = 2.1V, and tigypy = 85 ns—was selected for the H-bridge converter. From the
voltage specification, the maximum input voltage of the converter is 1300 V, which is
sufficient for the applied DC voltage from the rectifier (Vp = 537 V). The IGBTs in the
converter can be programmed to produce either square-wave or pulse-width modulation
(PWM) waveforms.
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Figure 5. Transfer impedance in the frequency domain of the measuring impedance: (a) magnitude;
(b) phase angle (degree).
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Figure 6. Low-voltage source power converter generator.
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Based on the unipolar PWM approach [16,18,19], the operation uses four control
switches (Sy4, 51_, S24, and S;_) and four diodes (D, Dy _, Da., and Ds_), as indicated in
Table 1. One of the following three voltage levels (+V 4., —V 4, or 0) is represented in the
AC output voltage waveform.

Table 1. Switch conditions in the full-bridge single-phase inverter.

Switch Conduction Status  Conduction Status of IGBT and Diode

State Vo
ON OFF [,>0 I,<0
1 Sy, Sz 51+ 524 5140 52 Dy, D2~ +Vao
Z 514152+ 510,80 514, D2 Dy, 52+ 0
3 S1-452s S14, 52~ Dy, Dz S1-,5. ~Vic
4 51—, 5. S50 524 Dy, 8- Sr2, Do 0

The reference voltage signal, the controlled signal, and the output veltage waveform
for the unipolar PWM approach are shown in Figure 7.

Time [ms] Time [ms]
(a) (b)

Figure 7. Controlled signals and output voltage waveform of the PWM converter: {a) controlled
signals; (b) output voltage waveform.

For generation of the PWM waveform, the triangular waveform frequency is set to
between 1.2 kHz and 20 kHz. However, it was found in [12] that the best performance of
the PWM converter occurs at a switching frequency of 3.2 kHz In the proposed resonant
circuit, the frequency of the triangular waveform is set to be the same as that of the
control waveform.

In the case of the resonant converler, the resonant condition is required, and the square
wave is the best choice of the generation from the converter, because the component of the
square waveform at the fundamental frequency is higher than that of the FWM one. The
tuning and filter circuit in Figure 3 must be implemented with the testing system, of which
the equivalent circuit is expressed in Figure 8. All impedances can be transferred to the low-
voltage (LV) or HV side for simplicity in the circuit analysis. For this paper, all impedances
were transferred to the HV side. The adjustable inductance and the additional capacitance
were selected to determine the resonant condition at the desired testing frequency. To
design the proper tuning and filter circuit, the circuit parameters of the system, along with
the parasitic and stray inductance and capacitance, are required. Nonetheless, some of
these parameters cannot be measured accurately using a conventional impedance meter,
because the equivalent circuit of the testing system cannot be represented by the simple
configurations from which the meter can extract the circuit components. In the design
process [13,14], the parameters in the simulation were adjusted to obtain results that were
consistent with the experimental ones. It would be advantageous in the system design if
the circuit parameters could be determined accurately.
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Figure 8. Equivalent circuit of the resonant testing system.

From the equivalent circuit in Figure &, the circuit can be approximated as a series
resonant circuit, as expressed in Figure 9, where the equivalent resistance (R.;) is the
summation of the internal resistance (R} of the system, the total series resistance (Ry) of
the HV testing transformer, and the internal resistance (R4 of the adjustable inductance.
The equivalent inductance (L) is the summation of the internal inductance (L;,) of the
system, the total series inductance (L») of the HV testing transformer, and the internal
inductance (L) of the adjustable inductance. The equivalent capacitance (Cpy) is the total
capacitance, including the effect of the stray capacitance of the system. The series resonant
condition is described by Equation (2). If L;,; and Ly, are known, the required additional
inductance (L) for the required testing frequency can be calculated by Equations (2) and
(3). The voltage gain at the resonant condition is equivalent to the quality factor (Q) as

expressed in Equation (4).
1
Leg = [.:3"('.‘,,,' @
Lq' = (Liw! + Lfr) Lo (3)
(Teg7Ce
o
R = (Roet R} Rt L= (LoetLo) Hoae

—AAA— N

Irgpait voltage Coi— Outpast veltage

(V) (Vo)

Figure 9. The simplified circuit of the resonant testing system.

In this paper, the required {J was set to be no less than 3, which is adequate to obtain
the almost-pure sinusoidal output voltage. It should be noted that a quality factor of over 3
is confirmed to be sufficient by the simulation results in the next section. In the designed
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inductor, the internal resistance must be controlled to obtain the desired Q. The maximum
internal resistance (Ry,;) can be calculated by Equation (5) if R, and R, are known.

Rey = (Rine + Rir) + Ragg 5

From the equations above, with the conditions of the approximate Cey of below 2 nF
and the resonant frequency from 50 Hz to 200 Hz, the required adjustable inductance should
be varied from 12 mH to 300 mH. This requirement was declared to the manufacturer
for the design and construction of the adjustable inductors. Two variable inductors with
inductance ranging from 3 mH to 30 mH and from 30 mH to 300 mH, respectively, were
constructed for use in the experiments to confirm the validity of the proposed method.

3. Circuit Parameter Determination of the HV and PD Testing System

As mentioned in Section 2.2, the equivalent circuit parameters of the testing circuit
must be known for the proper selection of Lggs, Raga, and Cugq in the tuning and filter circuit.
To design the proper tuning and filter circuit; the circuit parameters of the system, along
with the parasitic and stray inductance and capacitance, are required. However, some
parameters cannot be measured precisely in practical ways. In the design process [13,14],
the parameters in the simulation were adjusted to obtain results that were consistent
with the experimental ones. It would be an advantage in the system design if the circuit
parameters could be determined exactly. Therefore, in this paper, an improved Prony
method [15] was applied to determine the system circuit parameters from the preliminary
experimental results. After that, the determined parameters were used in the design and
selection of Ly, Ragq, and Cogg.

3.1. Improved Prony Method

The Prony methed decomposes the waveform in terms of multiple real or complex
exponential functions. However, the method is very sensilive to noise. To overcome
this problem, the improved Prony method was developed. In the improved methed, the
integration of the considered waveform is employed for the accurate determination of the
exponent terms of the considered waveform. In [15], the improved Prony method was
proposed to determine the base curve of the full lightning impulse voltage and current
waveforms, in the form of two real or complex exponential functions. From the results
of the test cases provided by the standard [20], the performance of the method in terms
of accuracy and computational fime in the waveform parameter determination has been
confirmed to be comparable with the standard recommended method. The derivation of
the method is repeated here for better understanding.

For clarifying and considering the waveform (y(f)), which is fitted well with two
exponential functions (f(t)) as given in Equation (6), the definite integration of the waveform
from 0 to { can be fitted well with two exponential functions and a constant term, as
expressed in Equation (7), where Aq, Az, and Az are constant coefficients. This can be
expressed in the discrete-time domain as shown in Equation (8), where the ith exponential
term (e is equal to r;. It should be noted that ay and a3 can be real or complex numbers.

y(t) [ (£) = ae" + beta* ©®
T=t
/ F(B)dr = g(t) = Agest 1 Age'e + Ag %
=0
g(?lAl’) _ AleaclnAt + AzeacznAt =4 (eaclAt>7’ 4 Ay <ea2At>n A ®

One of the solutions to the homogeneous difference equation in Equation (9) is the
sequence in Equation (8), where C is a constant.

fln+2] = (ri+r2) fln +1] + (nr2) f[n] =C Q)
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Because there are many more data points than there are unknown coefficients for
r1 + 1y and riro in Equation (9), a linear least squares regression can be used to compute
these coefficients. The parameters of 7; and 72 can be calculated from the solution (r) of the
auxiliary equation provided in Equation (10).

2= (r+r)z+(rnn) =0 (10)

It is simple to calculate the exponential terms in Equation (7) once the r; and rp
parameters are known. Additionally, linear least squares regression can be employed to
calculate the coefficients in Equation (7) from the considered waveform.

3.2. Application of the Inproved Prony Methed for the Circuit Parawieter Determination

For the application of the improved Prony method for the circuit parameter determina-
tion, the square waveforms with low frequency and amplitude were utilized in the testing
system with variable additional inductance. The output waveforms from the HV side of the
HV testing transformer were recorded. In the first case, there was no additional inductance,
and in the second case, the inductor with inductance of 5 mH and internal resistance of
1.3 {3 was connected at the input port of the system. It should be noted that the internal
resistance of the adjustable inductor is almost constant, because the inductance is adjusted
by adjusting the air gap of the iron core of the inductor. Considering the equivalent circuit
in Figures 8 and 9, the circuit is a second-order RLC circuit. The response of the signal at
the HV side of the HV testing transformer can be caleulated in the form of a second-order
differential, as presented in Equation (11), and it can be rewritten in another form with the
exponent terms of the solution in Equation (12). The solutions of Equations (11) and (12)
can be represented well as a damped sinuscidal function or a two-complex exponential
function, as shown in Equation (13).

@ Vour(t) B\ Pl — e )
B (E J e (L—_“,Cq) Vour(t) = C an
PVt AV (f i
;:r( ) + (1 +«2)d—;” + (@ az) Vo (#) =C (12)
Vour (1) = Ae ™™ sin(wt + ¢) + B = A" + Ase®? + A, 13)

Therefore, the improved Prony method can be employed to determine the waveform
parameters. Figure 10 shows the response voltages when the square-wave voltages were
taken as the input voltages of the system. As shown in Figure 11, the integral waveforms of
the measured waveform in a period associated with a frequency of 50 Hz when removing
the DC component were selected for the determination of the cireuit parameters using the
improved Prony method.

In the first and second cases, the cireuit parameters and the exponent terms in Equa-
tions (14)-(17) have relations as expressed in Equations (14) and (15), where ;) is the ith
exponent term of the jth case, R; is a summation of R, and Ry, and L; is a summation of
Ly and Ly,

R _ a® 4+ a® (14)
Ls
1
Leo = a; Dap® (15)
Ret Raia _ () 4 4,
PET +a (16)
L =0 On® a7)

(Ls + Laaa)Cog
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Figure 10. The measured output valtage waveforms and application of the square voltages at the
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Figure 11. The integral waveforms of the measured waveforms in comparison with the fitted
waveforms in a period (a) without the additional inductance, and (b) with the additional inductance.

The exponent terms can be calculated by the improved Prony methed, and R ;; and
Lagacan be readily measured. From Equations (14) to (17), Ls, Rs, and Ce can be calculated
by Equations (18)-(20).

Loaa
b rmmand &
(:,iﬂ:,tll i 1)
e (“,m e az‘”)Ls (19)
1
Ca T o 0ay ) a0

With the application of the improved Prony method to the waveforms in Figure 9, the
exponents can be calculated, and a; 1), apV, &, ), and a2 are 1.8952 = 10° + j4.2783 = 107,
1.8952 % 10° — j4.2783  10°, 5.1858 x 102+ 2.1045 x 103, and 5.1858x10% — j2.1045 = 103,
respectively. With the known circuit parameters (i.e., R; of 34.56 k{1 and L4, of either
0 or 132.92 H on the HV side), and by transferring all impedance to the HV side, it can
be determined by Equations (18)-(20), and L, Rs, and Cg are 36.310 H, 137.63 k{1, and
1.257 nF, respectively. The fitting curve using the determined parameters was in good
agreement with the measured waveforms, as also shown in Figure 12.
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Figure 12. The measured wavefonms in comparison with the fitted waveforms in a period (a) without
the additional inductance, and (b) with the additional inductance.

3.3. Proper Selection of the Circuit Parameters of the Tuning and Filter Circuit

The objectives of the tuning and filter circuit are for tuning the additional inductance
to obtain the required resonant frequency for the HV test, as well as for filtering the noise
signal generated by power electronic switching. With the accurate circuit parameters of the
HV and PD testing system, the proper selection of the circuit parameters of the tuning and
filter circuit can be selected effectively.

For the first objective, the required testing frequency is from 50 Hz to 200 Hz. Using
Equations (2) and (3), L can be calculated by Equation (21). With the required testing
frequency, Laig should be adjustable from 360 H to 8000 H on the HV side (13.52 mH
to 300 mH en the LV side). The inductance range (3 mH to 300 mH on the LV side) is
consistent with the preliminary selection in Section 2.2. With the known R; and R, of the
gain of the transfer function of the inputand output voltage, the gain can be calculated by
Equation (4) and plotted with the required frequency, as shown in Figure 13.

Loga = a_’z_lc:; = (Lt + Ler) (21)

o d Q)

! 1 ~+ i
‘_\w el . -4 4]

o A A T
o 100 200 300 400 500 600 Too
Frequency (Hz)

Figure 13. The transfer function gain versus the required frequency.

The lower the required frequency, the higher the gain. At frequencies of 50 Hz, 150 He,
and 200 Hz, the gain is about 15, 5,and 3.5, respectively. It should be noted that the testing
frequency of 50 Hz is utilized in the testing of power cables, and the proper testing frequency
isin the range of 150 Hz to 200 Hz, as utilized in most VT testing cases. In Figure 14, the
normalized transfer functions (Vo /Vy,) in the frequency domain with different additional
inductances, as shown in Table 2, are presented. The gains in Figures 13 and 14 are in
good agreement.
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Figure 14. The transfer function magnitudes in the frequency domain in cases of different circuit
paramatars of the tuning and filter circuit.

Table 2. The additional ind uctances and resistances,

c Transfer to the TV Side Transfer to the HV Side
Aase
Raaa Ladd Rata Laia
1 [LE9) OmH (L} 3e] 0H
Z 130 5.0 mll 2156 ki) 13292 H
3 1302 17.2 mH 356 ki 45723 H
4 18N L5 mH A785 ki1 B37.37H
5 16102 300 mI A7.85 kO 797495 H

For the second objective, the additional capacitor is connected to the system for fillering
the noise signal, which interferes with the PI? detection. Considering the equivalent circuit
in Figure 8, the parameters associated with the resonant frequency of 200 Tz and all circuit
parameters in Figure 15 are transferred to the ITV side of the testing transformer, the transfer
function in the form of the attenuation factor (Vpr /Vj, b can be determined as per the results
in Figure 15a, and the attenuation factor with the band-pass filtering recommended by the
standard are expressed in Figure 15b. The filter according to the standard requirement [3]
in this paper is a band-pass type with lower and higher cutoff frequencies of 100 kHz and
400 kHz, respectively. It was found that the additional capacitance (C,44) of 1 uF associated
with the maximum attenuation factor of below 1077 is sufficient for attenuation of the
interference signal in the D measurement. This is also confirmed by the results in the time
domain. Figure 16 shows the input square wave of 19.6 KV transferred to the ITV side (the
red line), and the output voltage of 100 kV (the black line). Figure 17 shows the comparison
of the PD calibrated signal of 1.0 pC (the black lines) and the interference signal of the
output peak voltage of 100 KV, or about 70 KV s (the blue lines). It canbe seen that the
interference signal level is lower than that of the calibrated signal.
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Figure 15, Attenuation factor at the PD port of the testing system: (a) without the band-pass filter;

(b} with the band-pass filter recommended by the standard.
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Figure 16, The inputand output voltages of the testing transformer (all transfeered w the HV side).
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Figure 17, The voltage responses at the PD port caused by a 1 pC calibrator pulse current and the
interference signal of the resonant circuit when the additional capacitor is connected and the output
voltage is 100 kV: (a) without the band-pass filter; (b) with the band-pass filter recommended by
the standard.

4. Experiments

Asshown in the experimental setup in Figure 15, some tests were carried out to see
how well the designed system performed in the HV and P'D tests in terms of the output
voltage quality and background noise. The testing system is composed of a test object (i.e.,
a VT or a power cable), an HV testing transformer, a P detection systemy, an additional
capacitor, an adjustable inductor, and the developed converter. The performance of the

developed system was investigated in terms of the different voltage, the total harmonic
distortion of the output voltage, and the background noise level.

Figure 18. Experimental setup of the HV and PD tests with a test object: (a) Equipment in the
actual HV laboratory composed of (1) HV testing transformer, (2) coupling capacitor, (3) measuring
impedance, and (4) VT under test. {b) Additional capacitor. (¢) Adjustable inductor. (d) Developed
converler.
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A commercial EQ/OE converter (Omicron) [21] with fiber-optic cables was used with
the developed system to transmit the measured PD} signal and prevent interference signals
from electromagnetic coupling in the HV testing area of the HV laboratory, which was
shielded from external electromagnetic fields by metallic fences and ground plane. In the
calibration process of the PD test, astandard PD current with a charge of 5 pC wasemployed.
Without the operation of the converter, the background noise was approximately 0.8 pC.

For presenting the problem of interference generated by the typical power frequency
converter with the pulse-width modulation topology, the PWM converter was applied to
the testing system. As shown in Figure 19, and at a lesting voltage of about 14.4 kV, the
noise level of 162.4 pC was very high—much higher than the acceptable level of 2.5 pC.

—_ — e .
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vy e 103238
065
Ty MPD 600 1.1:
viv2
035
[ 14.44 kv
.
nl e Vrus
14,57 kv
f\"
200.0 Hz

Figure 19. Experimental test results when the PWM converter was applied to the system.

To represent the performance of the developed system using the selected parameters,
a resonant converter with additional inductance of 17.2 mH (LV side) was set to obtain
the resonant frequency of 200 Hz. The experiments without a test object were performed
to investigate the voltage quality and background noise level. The standard PD pulse
with a charge of 5 pC was used for calibration in the PD test. When the additional and
adjustable inductor was connected to the LV side of the HV transformer but there was no
additional capacitor connected to the system, at only the testing voltage of about 5 kV, the
background noise reached the acceptable level (2.5 pC), as shown in Figure 20a. When the
additional capacitor was connected to the system, the background noise level was reduced
significantly. At the pre-stress testing voltage of 40 kVyms, the noise level was only 0.77 pC,
asshown in Figure 20b. At the output voltage of 40 kV s, the DC input voltage supplied to
the converter was about 83 V, corresponding to a voltage gain of 4.5. This is consistent with
the simulation results. The different voltage and THD, were 0.61% and 0.35%, respectively.
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(a) (b)

Figure 20, Experimental test resulbs (a) without the additional capacitor, and (b} with the additional
capacitor, ut a testing voltage of 40 k¥,

In the second experiment, a voltage transformer was tested. The frequency of the
input voltage was 200 1z for examining the voltage gain (Vou/Vin). the quality of the
testing waveform, and the background noise level. The voltage was raised to 40 kV.
for the pre-stress condition, and decreased to 28.8 kVems for recording PD activity. In the

calibration process for the I'D tost, the standard D pulse of a 5 pC charge was employed.

The experimental testing voltage of about 30 kVims is shown in Figure 21, The voltage gains
at 30 kV, i, and 40 kV s were almost the same value of 3.8, which is consistent with the
simulation results in Figures 13 and 14, The difference voltage (peak voltage/ /2 = 28.98 kV
and RMS voltage 2879 kV) was 0.65%, the TIDy was 0.35%, and the background noise
was 0.871 pC.

e T St e et s A% | &Y

E PR AN AT i e T ) K

Figure 21, Testing voltage and background noise in a case of the VI connected to the system.

In the final experiment, a power cable was tested. The frequency of the input voltage
was 50 Hz for examining the voltage gain (Vew /Vin), the quality of the testing waveform,
and the background noisc level. The voltage was raised to 24 kV s for the pre-stress
condition, and decreased to 20.8 kKVyms for recording PD activity. A 5 pC PD pulse was also
employed in the calibration process. The experimental testing voltage of about 21 kV g,
is shown in Figure 22. The voltage gains at 21 kVigs and 24 kV ey were almost the same
value of 12.8, which is fairly consistent with the simulation results in Figures 13 and 14,
The difference voltage (peak voltage/ /2 = 20.92 kV and RMS voltage 20.85 kV) was 0.56%,
the THD, was 0.32%, and the background noise was 0.688 pC.
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Figure 22. Testing voltage and background noisein a case of the power cable connected to the system,

5. Conclusions

An effective approach for the circuit parameter determination of the HV and PD testing
system for testing voltage transformers was developed. The testing system is composed
of a single-phase power frequency converter with a resonant tuning and filter cireuit and
an HV testing transformer. The unknown testing system circuit parameters—inecluding
unknown parasitic inductance, capacitance, and internal resistance—were determined
accurately. From the determined circuit parameters, the appropriate resonant tuning and
filter circuit was designed effectively. The transfer functions of the input and output testing
voltages, along with the transfer impedance of the input veltage and signal voltage of the
D measuring port, were analyzed. The system design was verified by experiments with
tests on a voltage transformer and a power cable. From the simulation and experimental
results, an output voltage waveform of almost-pure sinusoidal function was achieved.
The difference voltage, THDy, and background noise were less than 1%, 0.5%, and 1.0 pC,
respectively. The gain of the transfer impedance was about 4 for the voltage transformer
test at a frequency of 200 Hz, and about 15 for the cable test at a frequency of 50 Hz, and a
background noise level of below 1 pC was achieved with the design. From the experimental
results, the system design of the resonant converter and the approach for the equivalent
circuit determination are very useful for the HV and PD tests of voltage transformers in
real practice.
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