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ABSTRACT

This thesis presents development of a high-voltage (HV) testing system based
on a power frequency converter in HV and partial discharge tests of potential
transformer. The converter with the proper filter is utilized as a low-voltage source
connected with a HV transformer in the HV and partial discharge tests. The converter
is composed of a 3-phase rectifier, a power converter based on pulse width
modulation with a unipolar switching technique. The vital problem in the HV and
partial discharge tests is that the converter with the high rate of rise and fall of voltage
switching always generates the high noise level affecting the background noise in the
partial discharge test. In some partial discharge tests, the noise level is higher than the
acceptable level of the PD test requirement in HV equipment such as potential
transformers, distribution transformer, and so on. It is advantageous, if the efficient
partial discharge testing system based on a power frequency converter will be
developed for such test. In this thesis, the proper filter was analyzed and developed
to meet the requirements as follows; the applied HV difference (Root mean square
voltage and peak voltage/v2) to the test object and its total harmonic distortion should
be less than 5%, and also the background noise level in the partial discharge tests
should be less than a half of the acceptable PD level of such HV equipment specified
by the relevant standards. In the case of the oil-type potential transformer, the
acceptable PD level is only 5 pC, so it is quite hard to find the low-cost commercial
frequency converter for fulfilling this requirement. For confirming the developed
system, the performances of the developed converter have been investigated in terms

of the backeround:noise insthe partial discharge ‘test, the total -harmonic distortion of

I



output voltage from the high voltage testing transformer side, and the input power
consumption. The characteristics of the proposed and developed system are analyzed,
and experimental results agree well with the simulation ones. The developed system
can generate output voltage having high quality according to the standard requirement.
At the test voltage of 40 kV,, the THD, is less than 2%, and the background noise is
less than 2.5 pC. Moreover, the proper switching frequency and amplitude modulation
index (m,) were investigated. It is found that the switching frequency from 1 kHz to 20
kHz and modulation indices of 0.8 and 1 do not influent to the background noise level
and the THD,, and the switching frequency of from 1 kHz to 4 kHz and the amplitude
modulation index (m,) of 1 are the best conditions due to the lowest input power
consumption. In addition, the developed system has been tested in the partial test of
a real potential transformer successfully. With the promising performances, the

developed system is an attractive choice to use in HV and partial discharge tests.
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SUN 1.2 SUPAULSIAUNAARUNISATIIANTSIARRAYISAUIdUN A NMslaUaq

Y U

wseruUsualavmuzilvan 1Anud 50 Hz

1.2 IngUszaeAvainsing
Yanusrasdvasnisfnuiluineinusaduianmnsowdaduidendndsd
1) flesandgmamamsiihifuulinfusn fuAusmesgudiina1iuudn
TN LLazmmgmlé’ﬁmuml”i’hmmﬁmLﬁﬂuimm’;maaé’zymm FoeflalaiiAu 5% waaiu

YA v =

AIeRsladavininerdnusatuiiluniieunUgymilngAnwdymdsnan

2) sonuuvaiigauranldaliiimenisldaunsaifidnusedndidaiedu

wiasdglnid nsuneaeunsiainnisiinfavisaunsdiu Inevinnusiudugunsivagey



n13¥anialninusege luinerinusatulaulanisnaaeunidowtasaiaedadauseiu
(Potential transformer) L unanlagLAIawaaaUNTnas19stla1unsaUSuUasUAIANUANSN
yanbilihldiieusgleviveansvaaeulunisannarenisdudiluwnuman

3) ﬁ'\ﬂﬁmaau‘imamia%ffmLﬂ%wmaauﬁmmim%’uLﬂﬁaummﬁué’ﬂ;ﬂamﬁamﬁ

o
v

AIUA 50 Hz aufeAud 400 Hz d1m$un1sAnwInIsesnLuuneun1saseasadulaldy
TUsunsuuunLaU (Matlab) wazdidudidt (EMTP) iievaelun1seaniuussuu Sasizviam
QNFBe99993 warinnsiaunadliil dldieuinnisataeiemaaeuaia Sniadald
Anw12993n509A2108 (Filter circuit) Tneldlusunsudisudia (EMTP) 9aelunissiass 39
Hanunildsauufgiuvesnmfinulasutseenduiadess q failde 1.1) Anwviunasg
LLawé’ﬂmamﬁmmauiﬂﬂmiaqﬁLﬁ'm%’aﬂumimaaumaai’mﬂfmﬁmﬁaﬁm%awdau
(Partial discharge : PD) vii eldnnaouludvefinugatuil 1.2) nwmdnns uazinaia
A3N1500NRUVATIN 29SS ABULIES MBS (Power converter) Liia3AT1Z% uazads
Lﬂ%"awmaauﬁﬁqmmwmﬂwﬂqmummqmgfm IEC 60270 [1] lnefifidauanaisuniusisn

N9INNSIIY wazanasaUsuAsuANAnanLald

s N
Conventional technology

Price :100,000 $

-onfigured to Your Needs

Generator
(50 Hz =1500 rpm)

_ N, P
ﬁ?_120

fo= Frequency (Hz)
n,,= speed (rpm)

-

UM 1.3 suinsasiullaussiunaaeunisnsinianisinfavisaunsdiudagiu



New technology

Propose :Partial Discharge Testing System

IGBT module control module
(650V,110A)
Design 70 KVA
Target 75.5 kVA
Low cost and High performance

J
JUN 1.4 3UATIA L IALTIAUMAOUNITTIVIANITAARE YIS AU NAILNTAAT N

Part I: High-voltage source Part II: PD detection system

Testing
transformer ~ Zr

|

|

|

|

|

| . :

I isolating
| transformer
|

|

|

|

|

|

|

50 Hz % %
50-400 Hz -

JUN1.5 Inseasnessuunaaeun1snsiainn1siinfiawsaunediy



a =

1.3 dUYAFTIUVDINTANTEN

9 «9

o

Tuiligtuinaluladéudidnnseiindidsdimatamognemin Snidsdsagnacile
Wisuisutuedesflowuudafuduandusud 1.3 duindudeldzeulunisthunnm
wazdszgnaldiileunaaounsiulrliiugsgs ieldmaseunuamuvesauIL ¥3ens
NAAUNTIVIANITARRAAYISIUNE I (Partial discharge) MEANENN13ATBINTTAIUAL LAY
¥lulnsneulnsaiaes vilsiamnsausunasumuindnyaveusssulyiinldduandusui 1.4
Tagannidn 50 Hz U§uiaendu 50 - 400 Hz usiAnud 200 Hz Lileanesenisnaaoy daua
vosnunsliiesnuivdnyaiideuluiiuldvamsvaaoufiuiug) wanilssnseann
u duiilesangunsaiiidionhnmsnaaeuluinerinusaduiagjuulufinameaeunssgs
yowifoulauaiedilotanssfu (Potential transformer) Saynsihnsnaaeudieuindnya
50 Hz withilunsdifiarsussiulneld undsisussiunuuanuiondasuuaildudaduns
dsnaviliiAnnisBusvosunumdn damaliguadunssduilldfinnuiadiouluanguadu
dyrulwil (Sine waveform) muﬁé’aﬁmamaamﬂﬁmmLLUUlﬂLﬁuL%aLﬁumaa;ﬂ%lWé’qﬁ
nananthedundaii ieaesdustidssalaensedenuiugy tavanuiiemsswosnisia
danavililiannsalfiduunassiendununfienimagounsiaianisiinfavisa
UN9EIRNLTNRSEIU IEC 60270 [1] s3yldin THD deafielaiiAu 5% waydnsduszming
AIITUgegArian1 RMS daslirmelutae v2+5%

Ingninusatudiildimssonuuuuagiinssiunasiiginilaelfinnesnounes
woiiilalfuumasinslunisvagouanuamuvesato Tuiidesmnefnmsmaaeunsiata
nsiAnRavaudutiues eaaUszasivesmsaunasdeiielivinsmaaeunsiatn
nsinRdusauid meldideulaiiddauRndioy LA IUTUNIUAIAIUNATE L

s AauanalasaseTeUUnaaeuN1InsIvianIsiinfassauasdulugun 1.5

1.4 nquiuazuuafnilldlunisise
naujuazuuiAaliuiainnisuszendldndnaisiniies aouiesinesuuui iy
unasseusIduLUUBUNeneS 1 ia uuuWau3ed (Full bridge) fiTuszavsnmlunisdne
Mdslninannindedisutudunesnes 1 wia samuiad (Half bridge) uazmainizns
muANLUY Aduidagida (Pulse width modulation : PWM) fifiszansamlusituves
AunmwesgURAuLs Ul uoen danslndiAsdled (Sine waveform) wagnismunm
wuugdlwand (Unipolan) fiensuetin (Harmonic) iinduiinrmd 2 iweseudaindeds

dawaliisasnsesdivwaiin s1a19n wazanugadsluszuunisneaausm



1.5 YULUANISIVY

Tunsviimeniinugaduil IeulsmeumineninudiJuduse q dl

1. 99NUUUESIUNEINYE NS UNAGDUAINASNUTDIRWIY

2. $1899 Aaszinadaisnsaindlaglilusunsuuanudu wazasasnsasing
TUsunsu EMTP

3. 1WSsuiiau wazdiessinan1sndeuasInaIsmageuiisnad1slagnisainds
fianudsna 9

4. Wiyuigu LLazimiwzﬁmamimaau‘Lm&J‘U%"uL‘Uﬁ&Jué’mmmima@mmmﬂﬁﬂﬁiﬁ

muammaa’%msﬁﬁuaﬂa%ﬁﬁ(lnsutated gate bipolar transistor : IGBT)

1.6 TumauvesNsAnen

Tun1sAnun wazesnuuuImIIes Asues wasuuuidulva sTsus s uLUy
Funesiwed 1 wanuunaudadiiielilananisnaaes wazdeyasiie 9 Asnduiomedmsu
dunuamalunisesnuuuyaunasiisdmsunaaeuanuamuvesnad uauiui il
UsvBvsnmgeioluluowen Sslduvadudunoundndunugiluzud 1.6 laedondmiu

nenfnusatulutsoandu 5 dause 4 dedl

1.1 un¥l 1 nandeanudutivesingrdnusatull ANy anngveeuI e

1Y

MOUIETASA auuRgIunly YauUlANITMIAReY ardunouuaInIsan

1.2 unii 2 nandenquiiiugiuildlineinusatud dsusgnaulude ndnnsild
naasuaUnsallninusigs msnsIinnsAnfamsausd 2siilidmiunsiatanisiia
AAYITIVIEIU NISARAAYITIVNEIU NITNAABUATIVIANILANAAYITIV A IUVRINLID
udaaiadeailoTauseiu yaundsdnoussiulniiinszuansa (OC-link) uazimaianisauay

wuuiisuidagidu (Pulse width modulation : PWM)

1.3 Uil 3 NAMTINITORNKUL kAZINASNYANIIBSABUIES MBS LUUTL T ULIAIEE
WIIRULUUBWIBTNET 1 wia wuuyausadielilainavenisinsieilseaninmloiu
o [y % o 1 1 <
dmMSUNITRDNLULYANAFBUAULUY N15971889M1AN4 9 el lagldlusunsununuay
WieYied1aed warlinssilsednsainvesaunimmaliiiilaanmaianisaiuaunis
antslunsalang 9 snslgdlusunsy EMTP oAz Russ@nsnmassssuunsesdyyia

JUNIU



1.4 Uni 4 NANAFIINITNAADUYALNILIDIABULIBTNDTAIMTUNITNAABUAINLAINY
YoaRuINTIMARUNTAl Uagdwlseneunldinismeass nsiTeuisunsainuda Inds
uwadnsstenaniidsmanon1sAun et ulnin wazdyaasuniuvesssuuNdNa

AONISNAADUNITATIVINNISAARATISIUEIU

1.5 unfl 5 nandenisasunisandunuimuatidnasduludiunisesnuuuge
wnesAaueiweslagldlusunsy N13dnasagamIiesnausinesiuLuy Tunauly
N131AADY HAN1INAADY wUINITluNIsHAIL wazdoiauenuziiothlugnswaunieldlu

useeeldlusunan



2DNUUUYANILID SABULID SN T UTUNAGaUN 1IN ARAYISAUNSHIY

\ 4

n1sinaesyanesaauesine slagld

TUSUASUUNALAY wazl9asnsaslaeg EMTP

A

a5199mLI IR LIRS INB SIS UNAGDY

lV \ 4 \ 4
ﬂ%’umwﬁaﬁﬁ%’ué’mmaw/ qaasnm/

NAFADUNANIINAAD

IANANITNAADY

A 4

duiin wazasUna

A1INAND

A\ 4

UASHI9U

JU#11.6 Tunaun1TIY



1.7 Usleviifianainazladu
Inednudatuivhnmseenuuuundseliilagldinnesaeunesneslneyss oy

fnnaazldsuie IHuvassnglunsmedeumuamuvesauiu luiidesuaneianisnageu

avvtansiinfansaundniluauiuvesgunsallifiusgs weldvihmmeaeulniussgs

'
[y o

meldoulaiimanuiniey wardygIuIUNIUAIRINNINTFIUAIUUA



2.1 unin

WINTFINRINTUNITNAFBUNTANAAYISIUE I (Partial discharge : PD) Tugunsal
T ussgusududod a.a 1940 Tnsauiauudnlniura1f (National electrical
manufacturers association : NEMA) 1iussfnisenanvesansgn fensdafandnnislunisia
dyausuniuing leeauaugnaalniuvsalisanenaisnuieas 107 ¥ann1sin
wsasulifisuniumauing (Radio Influence voltage : RIV) vasgunsalliiusags 716
Uduugaindslud a.e. 1964 Tudrunsnde nansvaaeulnglivannisinussiululihsun
ANy TldUszmAldiiu vonanlalsundanssagrliAnmsinlaug SidnTnsaussuged
danmranmAlagsey o ket Srewsavliannmstamsauuveds wasvenmnaiayd
ﬂ’J’lﬂJEﬁlﬂJuﬁLﬁlEJ’Jﬁuﬁﬂﬂ@Lﬁﬂ@%ﬂ%@ﬂfﬁﬂ%ﬂaaUﬁu‘] Sneae AaundnnisTaussdulaiin

memsinrmsuniuvesnauIvglalagniiluldlualsudneieg Tneamenssunisivaysening

9 Y

v

Uizmmﬁ'mﬁ’umis‘umumaazyzywm'?wq (International special committee on radio
interference : CISPR) [1]
’LumamaaumﬂﬂﬁwLLiﬂﬁuQQ5uﬂaﬂuLszue‘J’ﬂLLazmmLﬁaqmwaqmﬁmﬂu?aﬁau%
Tuineninusatul anasiuguasanuiisimsmeinisintuasduegiuatsdade uax
dauwﬁqﬁa@mmwmmmﬂwﬁiéfmﬂLLW%W"]EJLmé’fuiWﬁﬂﬂfu 9 pgrefitfudday Tnealuudy
igwlw%ﬁemhalw%mwmﬂﬁmamﬁiuﬁﬁﬁaﬂ'ﬁlw%LLmUizmﬁLm QNI veEN1a i
wIafiSeniagnsuedia (Harmonic) nauiluluszuvdeinelnegldln dmanuszanuuulyl
Hudadu wazniausdhinifislveznisnia v Sunmd s i elddmsunaaouly
o fuRnmnaeuliihussguiionasunisiinfausausdiuudaiiu foradsmaliiin
AUAAIALAAELTBINITIA BnTstunsavinIsnedeuirEn Tuiidusvindlvede 50 Hz
fRoradenaliianansznuvesnsdusivesndnlunsioudasind fuidlosarnlunisneaeuas
yhnsseussfugalviiugunsaliifesnismaaey ensemanuunnseswesauiu lag
Lmﬁuﬁai']mfu%ﬁwﬁmaqLLiw’i’uquiwLLiﬂﬁuiﬂ’faquﬂa feuluinerdnugatuiiag
yhmsAninsigsimuuamanisUsulgssdvsameesuvasidailddmiunismaaey
Tnefnuuazdnadiamiosneunedned vinsuednesLuULIa 1T usIfY el i
wadaisnsmuaunsaindanuuiiduidagidy (Pulse width modulation : PWM) 1w

[

AATIEN TINTAATIENTEUUNITNToANBUSTUU IR e b I Useans amit Ay
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wazwnzausen s Ui duunassnedmsunisnadeunsiaianisiinfayisaunsdin an
e

desninerdnusatuiifunisuszgndldininesaeunedined (Power converter
LuUBUesSInesIlauNaTaus IS 1 Wd iRz uazadIaLeSemARDUAYINAINLYDS
a1y MemsnadeunsiAnfawsausdnlnefiidmnelsiunastnefisigauninmalidiag
7 waefidynusumusneldiinpsgiu IEC60270 [1, 2] Tneludumouusniiu asvinisuas
useulniinszuaady 3 wa Aud 50 Hz fianunsausuvunavesseiuusssulniinlglnanns
Tansloutasusuaildada 3 1a wasymsideusesuisesiSonssuansesiin 3 W ieulas
wseulniinannszuaasulndunsssulniinssuansaiiolddmsumifduwmaand e
Il fudunesmesaln 1 wa fannsauiuasummwald nslufidesldmnuineaeui
200 Hz luduvesdiumadeliiuaginiadensesuymeasneaieusuusnmuammmg
A1ty wesvdaniuasshnsdeusodrfundeutameaeuusadugsidulgugiiio
ﬁwm'ﬁamzé’uLmé’ﬂﬁqﬁummzﬁwmﬂﬁmaa‘u ﬁﬁuagﬁuuwmsgﬂumsmaawm

gunsaiinesnsviiMsvngauiiu 4 ludiveanediaisnisaiuaunisainduedlodun (IGBT)

)

'
a o

i ldnuuluganadouilagyiin13daseins uaglinseilagldlusunsuwunuduneou
nyieaiisieriinmegeuats ludiwasnsesazihnisiengilaglusunsy EMTP

NN INARDUAUDIVDINATNTO

2.2 mavaaaugunsallniinsegs
TunsneaeugUnsalluihussgeiy amnsawvinisnaasulailu 2 wuundnde
1. mInegauuuuinag

2. msnedauuuuliivinany

(% '
v =) A

ogslsAmulufidazaulaangnmameaeuuuulsivhang iy duidesandunisns
naaeui lidawavilfauiugydsaanduauiuessons waziag niegunsninaasud
annsatndulUlFnuldsn Snisdannsavsvonisnmunin uazergmsldruvesgunsal
1WWWLL§QQQ‘§U 5 nMsvegeuluubivitangetauuslallu 2 Ussanlng fe

1.1) MsVAgeuUANNUNIU (Endurance test) Wun1snagdauegnisidauvesgunsel
loiun nsfndsgande seduusssulalsunEuiin msfagamgiinisziufidniddldom wio
N1SNAFBUNISIANRAYITIUNE I

1.2) nManadeuauAImnulivesIiunITLaaaU (Withstand voltage test) 1un1s
NAFBUAUAINUYBITER MiogUnTalianssuAY wUndy 2 wuu Ao

1. wuufl 1 naaeueuAsuegldiamAdn an 1117

2. WUUT 2 YAdRUANUAIUABLIIAUBNNAE BIL Wip BSL
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2.3 M1IATIIANSRARAYISIUIEI
Tngldnszuaiadainnisifafaniauisdinazairsnduuadmanlaiin adudos adu
uas wagsyhlAnuFAzeuasl Juduiinvesnsnsadunsifafamnisuisdin wiiinisfa
Aawsaudnasiiunisiausnanduuuldanysel uiiiduanmguesnisianisgade
w1y uaztduanvgueanisidenanmauduauiuetsdeiies mnnsiAndansa
UnEmgnaNNInty Aasilugmainusnamduuuanysavidlfauudemeegisanisly

fan Aaiun1snsRdunsinfavisaudnduduiiteddy wardndulunisneaey

'
v a

gunsallriiussgaiiedasiumafnfavisaunsdnluawiuiddygasenisvils dadunis

o

[

pnsumainfavsaunsduenaritlinaeiimedu liundite

1. asnRdunsvuaiad

2. asRdunLasiuioenin

3. pyndunepduusivantyfiniudesnu

4. wsdunsesdlsznauaiiiiudsuntadly

Tuinendinusaduiiavaulaanignisnsasunisfafarifauisdmannseuaiad
i s duisifenyhiuluiesu§oRns weeininsgiusessuiiuie IEC600270 [1, 2]
wmglinanisnsninfiondenisinnszuaadiifinanuavesnisfavisalagnsa Sevinlvd
mnugndeslunisnsaaiuAniinszviunisdu nsinfansaunsdiuvesaurulugunsal
Ilussgsansnsauanslisnensasanyadauanidssui 2.1 Weidndawfaursugosing
ﬁuaqLﬁaamu%Lmué'aaé\"sl,ﬁuﬂiza; (@2 %Lﬁ@mszLLaﬁaﬁlwmﬂquﬂ'ﬁﬁlﬂ/\lﬁmmqqﬁﬁwmi

nngDy
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U, = ussunadeudiangliszuy

U, = useuiiuvasiiianisiiandusauisdiy

i1 = NTEHANAE AU

C, = MANUPalaUveIagNAaeU

Cp = Mauusvasianeaeuoynsuumasfinns Andae$aunsdau
C. = manugmeluvesiagneseuiunasiiinnsindawsausdu

R = anudununely

S, = Yaa3saUrse
JU 2.1 msienszuaiadlunisiinfansauisaiy

TngileRarsanussiuideulivaunudunsssulninnszuaady uariiuseiunnasou
aunugoslugunsalliinussgiaslidnuasiansdesuil 2.2 azvilfiAnnszuaiadiiAnan
n15+iudse wagaeUserliiinnislnavesnssuaiay)saunsdu (Partial discharge
current) Aiflniadudusansdsgud 2.3 aglnanluawuliingadusradamalviouruin

ANULASMULANTULTDY 9
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\_/II
Al ¥ AU
) |

N— ) ey
Lo

: |1
L1
L1

: Lo

| Lo

| Lo

|

—_

UM 2.2 ussiupnaseuauulugUnsallniiiussas uasnssuanadvainsiinfauise

v q

YN [3]

100

~

7 ns

JUN 2.3 sUAdunszuaiadvaInsiinfaysaund [3]

v

100 ns



2.4 295N G MSUATIIANSNAREYITIUNEIU

195N MTUATINTIANMSARREYTIU AT ElisULUUNTABRTRgMEiY

v 3 SULUU Lanesisgun 2.4

3{

=
=

n) wuuBuiLeudYRIn (Z,) Aosunsuiudiiulszanuien (C,)

i

|||——c

) LUudNiuautynin (Z,) sesynsuiugunsaiiiinnmsnaasy (C,)

T

15

In+

) WUUNIHRANRAUSAILTBNLAUTYN TR (C Z,.,) Aevuuiugunsainanyiinsmagey

(Ca’ Zm] )

T,= MU UaImAAaULI UG

C,= Aanuaiiouvasgunininaasy

Zm = DU LLWU‘ZI“UWJWUGQG‘UﬂiﬂJL‘UaMG]a

Z,, = YANTBIHYIUTUNIY
Cy = éhmuﬂivamumm

M; = p3esiiadn
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UM 2.4 199snlddmsunsianisiinfaysautsauiuugiinly IEC60270 [1]

dmsuasilddmiunsatanisfafan faudniinugiiilos IEC60270 [1, 2] tuud
azuuvariideldiuTouiunnneiufie uansdaguil 2.4 A) wuumsdeaumauIasldBuTiunLs
YN (Ch, Zpn2) m'asumuﬁ’uqﬂﬂsajﬁ'a‘ﬁ'ﬁwmimaau (Coy Zny) LNEBUNUAUD 2,y WAE Zpyp A%
anusausualitoRvainssaluANnauIad Ao aunsaidndyanaaunnuinansunI
Ll luAgunsalyamsraianmainfavsaunsdau U 2.4 1) wuududiuaudynin (2,)
seeynsuiUgUNsaifvhinmageu (C,) axdidomsseTsAensalmniAnaruidomeainns
WINANINYRITAN A UBE 19T URT IR A lMARAIE s Es R DU UAUS YA TAVDY
punsniifeusainiesiiodn Auiulunisnaaeuluinednusadvifudendorsasnaaoud
uansssgul 2.4 n) wuuBuieudynin (7,) seeynsusufafuussgeuio (C) msed
anudaendelunsinannnii wasivnzaudmiunsvaae unsioutausiosdle Tausssu

A15ASIIUNSAARATITAUNAIUIINATEENAaN adaulinednusatudaiunsa

'
=

LEAI399IN1IATIVTUNSEUANE 1T 0A18UTEINABINNITNAFAYITIUIEIULARIAIFY

2.5 LLa%’N‘\]iﬂ’l’iﬂﬂaaU"i}%\‘iLLﬁﬂ\‘iéf\‘iEUﬁ 2.6

e} ¢ /-)
Zf A llo (T Ik
[ty \SCRer—y,
U@ Ut Ca
s ACpEs ey — M, Fev:
; cc
¢
U = ussiunaaay D = gunsalidensie

Z; = aynsuduiiuaudldiiieiduinnsnses - CC = anaidausodyaio
C, = gunsalvinn1snageu M; = \n3esiein

G = AuUszgauie)

UM 2.5 209313959 3UnsAnRAawsausEusenslanad [3]
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1) NlpuvamageuruIning 75 kV, 40 kVA, PD < 2pC

2) s?fuﬁ’uﬂisqmmﬁm (Coupling capacitor: G, of 100 kV)
3) gunsadausie (Coupling device: CD)
4) gunsaliveusalouiidiannisslodnnsinfaysausdn (M)

5) gunsalvinn1sneaeuInN 1 ARAEYISIUEI

3UN 2.6 219930139 5395UN SRR NSV EunliedeU iU URNg

Trifhussasamdumalulagnszasuinandngunmisainnse e

mﬂ’miwmaauuamﬁagﬂﬁ 2.5 sAuyszadulas (Coupling capacitor : C,) 941
Mﬁwﬁé’ma%ﬁm%’ué@mmmm?iqaﬁl,ﬁm%umﬂﬂizLLaﬁaémmmuﬁmﬁa%ﬁw'Nehu IGE
Jerulinssuanadlnanuaunsainsiaianisiinfayisauisdiu (Coupling device : CD)
w3edufiAudin (Measuring instrument : MI) dsuanadinisifnfawaunsdiudulsey
(pC 3 nO) Fedseaitaldtifuusequanng (Apparent charge) Faludnsrduifulsyqase
(Real charge) vosn siindawfausdn lnsgunsaiuanssaideuseruiniosiioinnisiin
favsavsdunnloniihuasfiouanwafuddaiay viegUadunszuaiadiiouy
wsefuidouludnuazguadulsd (Sine waveform) #385U1s3 (Elipse form) ALdusiuny

Yo uvassUmAULT U UeuLansdisgunl 2.7

& = 2 o [ ¥ P = " 1 ¥ o v L% ¥
nansiiluenansianulidmsumsldanuienisdinwivintgu leygnlmhluldusslesimunism

Lidnnsdilag viedu Sniamulilvanuuasilont wazdegndatadivesenasynasaninisunluly
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A1) NANISATIVTUNNSIARAFVISIVNEIUUL V) HaNISATIDIUNISHIARATISIUS
gusuad uusaaule vaugldiiafayise  dwvugiuguaauussiuled vuein

Y9dIU farnSIU1AIUY

A) NANISATIVIUNISLNARAYISIUNAIUVL. 4) NANISASIDIUNISINAATISIUS
T UAG LTI YT AaurliltAndause  dauuugusURIULS AU Y

WRRG AABNSIUIEAIY

Y 1

JUN 2.7 fagunansiinsiawsaunsdiu (3]

2.5 nMsiinagYIsIVINEIY

AENTIVNE IR miaaﬁm%awiﬂmaﬁﬁl@iamyiai JalivinliAnn1sgeydeyann
mnuduauiunaenszarne sEninedidninsaditusasiunnasesegiuiiviula egnslsfnu
nafinRassausdudmaliifaidigyide fdmaliauiuineudomefindues 4
Snvadsaiiend uwiimdnlwiilusuniugunsaldidnnsedind 9nnuansznudang1ais
Fududosnsivaunisiinfansauisdinlugunsalliiiusegs e fumsbudiuingunsal
ifussgeiuasdiongnisldnumelunaisumsiesdu TasmsAnfaniauidineIaus
Fuunlilu 3 Yssommandie

1. favsaunsdiulalsun (Corona discharge)

2. PESIVNEIUAINRY (Surface discharge)

3. farnsauauniely (Internal discharge)
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WARNAITUT 2.8 UanIgUIULTBINISAARAYSIUNAIY UAZIARAIAITUT 2.9 FLUAAIINAS
auyadvaInsiinfaysaueduns 3 Ul Welidmiulieseiasmsiiafausaunsdiu

TugUuuusing 9

%

Sl

n) Aav1sausdlulalsun %) FEYIFIVNAIUNUR A) AavnsavaIungly

3UN 2.8 sUlUUTRINTSIARAAYTIVNE I

o Ue t :§' i o

ij IITE
- i (/AN%\;\) ‘ @n- T
e " L Ca GCo @ Z i\
lad. %
777 ITE Ctifm ST IIITIIIIE =18 y
L e |

n) AFY15aUeaIUlALlTIN ) HAVITIVEAIUNIUR A) AavnsauaIungly

JUM 2.9 1995aUYaU0IN S NAREINTIUNE Y

k-.;i ;.}-.I-.I | ‘ 'i
n) AN ULUDSAATITA

) AnLABIAATNSI LT A) N3t luned
Tuanne WaserAsan (PMMA)

3U# 2.10 nsiinfavsaunsdiuusazguuuy [1]
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desantagithunldlunisvhauiulwidy aeidaetu 3 aouslasarunsoudsld
faiifo 1) wha 2) veuvan uay 3) voauds Slethuvinsmageuauganmuesady
aauIuinnIsAaiauddy aannsouansgUad unavadeuLansisuRl 2.10 naiia
Rawnaunsduusiazsuuuy n) anduesAariialueimea v) Sawnestanialutitu uas o)

sl lunediwesoza3an (Electrical treeing in PMMA)

— I
\ '
H»,p..”*-»‘. e S & == WevSe S
R Scope -\ ‘ /
n) WITNAFBUFAYID ) Uszauan A) Uszqau
yaulalsun Scale: 4 mA/div, 4 ns/div Scale: 0.8 mA/div,

40ns/div

JUN 2.11 nnsiinfiavisaunsdiulalsunlueinia YeeUszauin uaguszqau (1]

5

R Scope
N) WITNAFBUFANT ) Uszuan A) Uszqau
UNEIUAUAD Scale: 0.8 mA/div, 2 ns/div Scale: 0.2 mA/div,

2 ns/div

JUM 2.12 n15iAnfavsauedIunuiy Y09UsEauln uazUseqau [1]



R Scope

n) WITNAFBUFANT ) U58qUIN

ygaungly Scale: 0.8 mA/div, 2 ns/div

21

A) Uszqau
Scale: 0.2 mA/div,
2 ns/div

JUN 2.13 nsiindavisaunsdiunelu XLPE vesusyuan wazusyaau [1]

< %

2

AN T 27

) AAYISAVNEIUNGUBN V) NSLHARAYITIVIEIU

Tuanne Aelu wazneuanNAURg

%
!

Scope
Con 5 R,
A) NSLNARATNISIUIAIY

Aeluraaia

UM 2.14 wuudnaenaasdmiuldiansinsifiasaysaunsdinanguaaulsey

awulniimduuia (Gas insulation) asdamaudRnuniuneanunieaauulnings

wazdomhunldnuliesaniinaliung sndregrau omeadsddluaandlniusgauuld
AUIUBIN1A (AIr Insulated substation : AIS) way dainasiangingeelsa (Sulfur
hexafluoride : SF6) @eltluanilvfiussgeuuuldauiufiieg (Gas insulated substation :

a«

GIS) #A15a3UN 2.15 nsnaaeuazyiinsUeuusaiugeitidianinge uianeglneseueia
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Aamsuandudulossu wieflannziduduiliin uansfeguil 2.15 n) msiAndansa
vvdu TalsurluoniAvaiziSuin LLazLLamé’quﬁ 2.15 %) iieifinsesunsadufiagy
awaulni i duresuds (Solid insulation) azvhuthiiuuswend uiidfndluiismatu
Talsdudaty vsdudsimiisuusmenasuiaainlassaing wazimindndy 1 an
agluliin ImEJamuLL%aa'mLﬁmﬁaémi’wNehum'mﬂal,ﬁaamﬂLﬁmﬂ’nmﬂ%mamﬂw%qqLﬁu
ANNTTRBNILUU LLaméﬁ’quﬁ 2.16 n) MsLAnRETISIUIsEILALAIUURLILLS S U AR
way 2.16 %) Waiuseiuusssuiiniy vioerafanavsaunsduneluilominaly

U3avs Yaailaauiu 1y JInseonie uannsgun 2.17 n) n1siiadaysauisdiunigly

AU XLPE Uauzi3i00 Laglanasagufl 2.17 ¥) WaliiuseAunssnuiuiy

@

n) Usza 50 pC/div, 4 ms/div ) Yseq 200 pC/div, 4 ms/div

sUN 2.15 A5 AnRETISaUNEUNIALSULEINA 1) VEULLSULNA kA ) WalAUsTaU

v

WSIALLANTY [1]

WG

y ”.l‘

"r}

ok

n) U3z 100 pC/div, 4 ms/div ) Yszq 100 pC/div, 4 ms/div
UM 2.16 NI1SLARRAYISIUNAIUAIURIVURUILLTT N) VULLSULAR wae ) LiaLiuseu

v

WSIP UL [1]
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n) Uszq 20 pC/div, 4 ms/div ) Yszq 20 pC/div, 4 ms/div

sUN 2.17 nstiefasnsautedunegluauIn XLPE 0) U02SUA0 kag 9) Wiaiuseeu

v

WSIPULANTY [1]

2.6 MIMAgEUATININNSIAAREVISIVINEILYe mloulaTasiiaTans sy

Tuszuulwihdulaevaluagussnouludegunsaianuduvdnde dnilid a1si
gl uazheaede auiuliii luniseaeugunsallriussasdudauddudnlums
nagoumndudnifensuegeulinszualaniu nieninduawiufonisnagaunisny
wsatugdldvasannuaniu linednusadularaulaludumesmunsmugesauiu

TuthgsudameuamutasiiuviiduresauusansaduanldlasUszunisde
TUsuasudnna e laludosnaandd uarngfingsuvesianauiu tazamnudene
yanaInnsAnAamnsauEIy Tnsaunsarmuinigagavesaansaienautnling Jan
annsonunuldutulaginuns eglsimunisuuideuresauiman vianisliviavs
YoRuIvdHalANNIRaYITIUIEE [4, 7, 8, 9]

nsnageuN1IITIT InmsAnRar$audurwioulasaTesiiotanszuatu a1unso
yildlagnsdounssdugensenaaduianud ndsnuldniudni §anifoudunsmaaey
gunsallifihusagein 4 U udnsdlvesnisvaaeunisasiaiansifnfasisaunsdiuvemiio
wanedosdiefaussduiiuayliannsoldanuindsnuialuly amsldaruuinniianud
nanyaifieanwansenulul esnsdudwesunuivdnviieudasiienaduanmnyinlisuaau
wsaruleiRad ouluainify ai’m%’umimaamfuam'1501/1"'11@”1@&Jmiﬂamméﬁ’uqa
nszuaaduidusIugs wartusstud uindedesseainsnid Insundudamihiivesmde
wlaumsaadofausaiuaniduduusznovddguessyuulnindds ielddwsunsiada
wdee wasdududddmivsruuiosiuiipnsaieliTandsnuiildanedesiudeli
Wi Taussiuanuiewlamwario finleuvanaiesfioTniududiuddiiiamnslnii
mddedianuddyiuieedunneainuiituneunisndnd esld Sun1saaouny
unsguLiioliAnaisnss wiugh Taunindede uasdethluldsuazliiinany
domevagddaulnouni uaznifoudasndesiiofnussiunansdagud 2.18 aziengnisly

UYWL TNAdBUNSNRREuITAUIEIY Aelunsnageud wdudruddnlunig
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NAFBUANNNINTF UV BLUAUAT RN BTALTIAN LAENITNAABUAIILAINUABAINULATEA

aunuliih wavuseiulniigs lnsuaninisnenasaaaulansfisgun 2.19

~

Q) TannaniowladAsadio InwsInu

LY [y

3UN 2.18 viloudauniesilodnusaiuniiinnsaiu 24 kv

Testing
transformer ~ Zr
T Wil W
IT
CcC
= [fztf:.
T = vifouwlamaaauisags IT = nilanUasninsdain
LY I3 d' a = 6 U a a & 1

G = FuAuUsEamIuLAeT CD = DUNLAUT INLSIPUNTLNARATISIUNNEIU
CC = angudnyeod M; = aunsaluansxanisin [10]

3UN 2.19 1snsnadeuveulataialein
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NMIneaeun1InTIvinnsAnfarsavdnve mioulauadesofnussfuazdoni
msteuussiunagauiiosiasnsAuussfuiuneu (Pre-stress voltage) 7isvsu 80% 204
LIIRUNAFDUAUAINUA DL TIRUNSERAATUVB ST ULTInTTauUanas eaflo Yauseiulda
(U.) hanasamsnedi 2.1 ntuanszfuLssuaslUTiA s uadaud 120% vesfifamsie
uwdaaniosdiedausediu (U) Ingarmnudvesnssiuiiteuasdosiidnganitnnudlinulni
ileiazllliunumdnvemsfouUasfansdus lagunnsgiu IEC60270 [1, 2, 3, 4] wugi1i
Tneiludunmsnsatansiafasdauisd anudliveaeugunsallwiwidedudseney
Tuszuuliinszuaaduivavanunsanaaeuldds 400 Hz uazAsziunsAnRawSaUnsEI
fveusuldredliifuafinnuaniumsei 2.2 lnoargegafivensulsvesszdudya
sunufiinuaginsmaiansiefawsauidiuremiiewvanad sl tnussiuiiug
vilnvomsaulanasosdefanuuszinnuesauiu fmundriigousuldfiaigaluniss
1A3§1UfAe 5 pC uarlummeaeulwdiussiugsanauninliirlunsvaaeufinsdlnnd
Vanya AeuRniieussteiingn (Total harmonic distortion : THD) desiirnlsiiiu 5%
WAYERIIAIUTENIN ATLITIAUGIAR (Peak voltage : Vien) ABANAIUTEANTHEA (Root mean
square : RMS) dasflinmelutae v2 + 5w sudnsluaunisi 2.1 uazasdunstuuseduly

msmaawamﬁagﬂﬁ 2.16

THD = (2.1)
leeak
v A
Pre-stress
voltage
Ml F ey — — * R — F 3 Level 2
PD testing voltage
1.2U— — — — — -Level 1

T
|
|
|
I
R §
|

> +—>
60s 30s

~

U, = uW90uiing (Rating voltage: 24 kV) 1.2U, = 28.8 kV
U; = 80% of the withstand voltage

o w

3UN 2.20 d@rrumstouussiuiienaaeuniisuasaiailo’n
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AN519R 2.1 AusssunadeuAITUILFaLsuliTh (Withstanding voltage test)

USIAUNAR USIAUNATIU (Usess)
(Urated) 100% 80%
3.6 kV 10 kv 8 kv
7.2 kV 20 kv 16 kV
12 kv 28 kV 22.4 kV
24 kV 50 kv 40 kv
36 kV 70 kV 56 kV
72.5 kv 140 kv 112 kV

A1519% 2.2 ALSIAUNYaUaLSEAUNITIARRETITaUNAIUNsausUlnve o wlag

\A30siloTausasuy
Agegaiteansulfvsssedu PD
1 -4 a $ % (pc)
UILLNNNIIADNINIAVDY YUAUalauUag v
4 8 ) YUAVDIAUIY
#18UINTBDU LAIDIUDIN ;
Failuauauival )
SO AUIULYY
139N
CT and earthed 10 50
Earthed neutral system
VT 5 20
(earth fault factor < 1.4)
Unearthed VT 5 20
Isolated or non-effectively | CT and earthed 10 50
earthed neutral system VT 5 20
(earth fault factor = 1.4) Unearthed VT 5 20

= 4 4
2.7 NEYNAULIDILADT

[
v =

nsuuastumalii1annusesuliiinssuansadussenulniinsewaadviu d
szasdiiiofesnsliussiulnihdusenauaulésnuneossedunssdiu wasanud (5,
6,11, 12] LLaﬂ\‘iﬁ\‘igﬂ‘ﬁl 2.21 ABULIBS LABS AEYIINSAIN1uNaaluliln INnnSTLaaduvea
wasgnelildin aud 50 Hz wazk1wsesSosnsewanuufiuaduedalalon wazdewoluds
aouedinesiiisuvanduliiinszuaaduiidusendiaunsausuasunudlaniuns
AIUAN YARBULIBIINBIALIVAN 9 og 2 vlinfie 1) UNaITBUTIRY Uay 2) UnaaTenseua

lukvuurasTgussiutugmndmsunuidesnsmasdnilyganndn duuuy
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wissdenseiadsanzdmIuunden1smatiniia lneazimeadaisnsaiuaunansing

Fueonld Tuinednusatuiazaulaludruve s uuunasanewsssu tngasilinailanisnig

'
a

AUANDY 2 35 i wuuiinuidagdu (PWM) wazwuugurduamaey deluluuguaiudinaey

1 N v a s a

fidafAenismuaulidudeu uindveidefe 1suein (Harmonic) a1dusn 4 azdiangs [6

Y

—_

[ [
v v = = = =

aadunisarvauwuuidudagdy (PWM) Fegniunldluinerdnusaduingie

Y

Uszdvsnmnanitiesaniingnsusin (Harmonic) a1ausii ¢ dae

Output

- A®

50 Hz

AY
/1
-©°o-

255819 NITNIDINY A0 TLUA
Y] =3
NIz FALAUUILY

5Ui 2.21 a@dndlvinmouiiesines

2.7.1 yYounasdreuseaulniingzuanse (DC-link)

Tudnwasroueiweiitlddnuluineninuatudl avliundsdngliinszus
asefildaannisthuteudas 3 wa wuudsualsiwetuiessenseualniiuuy 3 wia e
yinsasundsnunnliliiinszusaduidulwihnsruanss ieannanauantivenas
Feanszuanuy 3 wa Afidelduseuludiuueuswussasnadu (Ripple voltage) axiinndu
6 WinueInNuiANYA (6f) uansisgul 2.22 n) usludruvesasiSeanszuauuy 1 wa 9y
fussuszaenaiufies 2 Wiwesanud (2f) wansiaguil 222 v) SfuFadenldnsasiFes
nszuauy 3 wla sglilssaulnihnszuansslanuseu Ussansnnlun1saamiunasu
Aoflosnninneasianszuanuy 1 wa wasdidyarasuniusidiethluldiumneggne

o

ANMSUNITNAFDUNISLNARAYISIUAIUY



28

390

150 50 Hz  6f;

/
v

370

360

2
O
& 350 | 4
G
>
340 | 4
330 | 4
Voltage Three-Phase Rectifier
320 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Time [ms]
=1
) WATLIPINTSLUALUU 3 L
250
¥ T T T ' B 4 T T - . T
[ 50 Hz 2f; £
200 | J
150 [ ]
5 4
S ]
= 100 ]
L' 1
>
50 | J
I l Voltage Single-Phase Rectifier | I
RS20 7). W A W o 19292V 2l 00, o
0 5 10 15 20 25 30 35 40

Time [ms]

¥) MATIPINTUALUY 1 Lyl
JUT 2.22 US9AUTTARNARUTDINATITEINTEUALUY n) 3 il Uay 2) 1 Lila

2.7.2 walian1saruauwuuiisusdagidu (Pulse width modulation : PWM)

Lwﬂﬁﬂiumia%m%qLLiﬂé’fulWﬁmwz\JaU%ﬂﬁ (Full bridge) Tuarldinadinisuuy
flugiuegassisng de wuululnaid (Bipolan) wazuuugilnans (Unipolar) Fiinaaudh
LAENIEIRTT LAY UedgaluYenmaTianisadnd asedulniuuug dlnans
(Unipolar) Ao mstAnanudduseniianudidudesiivesnnuiiaings ildaiunsoan
yueRsnsedliiiuaidn s1e wazanawgadsls TuduesnsmuaNainduuugd
Twans (Unipolar) th aghmsuendnyaunualuic A uazis B senainiu lngluia A az
gnAuAuaIndgynletiuan (Control waveform) Wisuiudyaasuad uaiuima ox
(Triangle waveform : V,) luwniging B aggnaruauandyaiailetiau (invert control
waveform) m‘“&mﬁué’mmmgﬂﬂﬁ'uammﬁ'w (Triangle waveform) fI4aAINITET AT

wssiulviihuuugflnans (Unipolar) uanedaguit 2.23 uaglugui 2.24 uasanisseiniiiesnou
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wesmesuuuyauiad (Fullbridge converter) uazludiuvosioulumsaings uiemuauled

U9 (IGBT) wainasiann3199 2.3 Tudiuvesguaduussiumuseanveinauiiesinesnsdneu uaz

VRINAINTOUANIRITUTN 2.25 AwesuenIsamuatesvasidunludiusaly

Voltage [V]

Cdntrol

waveform

Invert control’ Triangle

waveform ¥ waveform

Time [ms]

U 2.23 Msaindausiuliiimaiiawuugillvans (Unipolan)

CaN

Ui 2.24 MssdanIesAuBIMBsKULYaUIAY (Full bridge)

A919% 2.3 Seulvmsaindauserulndia 1 wa @39 ¢ ¢ uasuseulndingy
29NUBINIAIUANABULIBIINBTIULETINATS (Unipolar)
dandunnszug lalamuinnseua
danug v,
ON OFF 1,>0 ;<0
1 S1+,52- S1-, S2+ S1+,52- D1+, D2- Vdc
2 S1+, 52+ S1-, S2- S1+, D2+ D1+, S2+ 0
3 S1-, 52+ S1+,52- D1-, D2+ S1-, S2+ -Vdc
4 S1-, S2- S1+, S2+ D1-, 52- S1-, D2- 0
IGBTs Drivers : § FL
DC link input Signal control
S ( VS, .
lo—— | A
+ | 5,. 5, C Output
I vac | -
L a==l| a —1 o |
I B
T L 1o
| 0— | I
—— =} S, S,
N
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T T
Output waveform
from converter

‘ Output waveform

after pass filter

30

¥

50 |

Voltage [V]

-100

Time [ms]

JUT1 2.25 UARULTIRUATIDBNYDIABULIDSLADT

nMsaindauuuiinudagidn (PWM) Tuasasreuiesineszioniinisasnussiulnii

aueansUlad (Sinusoidal control signal) NigsnsaviinisusuawInLagmMINa AR NABINTT

o

TnvazlddygramuansUlsdmuanudiisidesmisiuininiswssuiisudyayuiugy
&

AAU NG (Triangular waveform) UaAwReguR 2.25 ANNRYRIANUDATINTY (f;)

1 v L

giinuaNLATatgURRUA MR lagiiEe WagauieNdIAYYaINITAIUAY

£
o v A

1hinanelUiife

)

ainTawuuiauLdagdu (PWM) 7
gnumuausUluiliinenisasienudaueen

Veormid! = WQJ,

Vi = ”ﬁgﬁymgﬂammﬁ'wﬁLﬁuﬁaﬁmummmﬁ'aﬁm%q
fi = AaAvdnya

fs = ANNAYDINITAINT

mq = BRTINTURALAAATULBUNAA

me = é’mmmsma@améfmﬂ’s’mﬁ

A1 m, Wag my azaanzamalasuandluaunI 2.2 uag 2.3 audnu

m _ Vcontrol (2.2)
¢ I’/\tri
f
1ne
Veontrot = AvenavednaunIuangUley
Veri = Fganvedy A ImaY
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Tunseiv 0< m, <1 ‘quazLﬁusﬁaqﬁﬁmwa@Lamﬂmww‘ﬁuﬁu RU1YAIININ
aeAUsEnaunanyaveuwssnuliinf1ueen (Fundamental frequency component of
output voltage) Tneazddnuasulsiudaduiuen m, wazlunsdd m, \Jugweanis
muauuuulenesuegan fazdwaliussiulniiduesnazfiosdusznouvesensuein
(Harmonic) gan9191n15uenIanaLdy

dmivdeulvvesnmsaindsussiulwiuuugflwans (Unipolar voltage switching) i
Ao aintlufs A way B %LLaﬂﬁ@@ﬁmmuquaaﬂmﬂﬁ’uuamﬁagﬂﬁ 2.20 fia @dndlufis A

LY

WONATUANIMNFYIN Veonmo WIBUAUR Y ITUENUMEY (v Y NEInTluAe B Aggn

£ =

AIUANINTYYIN ~Veonror HBUAUAIRNNIUAMWMALY (v,) INNTaindaeiiouludiail

A7} U

il Vol 22 Viri CEIND Sp, vUINTINE vy = Ve
Lﬁa Veontrol < Vi - &N S, Azlnssld Vay = 0
e WVeontro) > Vi SEINT Sy, WUINTINE Vgy = Ve
810 (Vo) < Vi CEINY S, XUNTIME Vg = 0

INANTNA 2.2 BAANISHUAUMIAIAN UL VBIUTINUATLDDN NTORSIAUTENINEY A
way B Mtuniswdsundatseruusiuegseninuiniiaud wisangudluéiau duiudeh
Tlifiansideuwlasseaunssivainmsaindgandounisaauauwuy tulwans (Bipolar)

Mgasuwlasssauussiuegssninauiniuday

'
A o w

lAgALAUYBINISAIUALLULYTINA1S (Unipolan) fidAsy Ao n1siiaadateniuetn

' '
a a v 1 1 a

(Harmonic) sueenazfinnuiifugewnwewesanudainds segraau nsdldni
ainTsraunud 10 kHz Aussdufueenazusneulusedyaadauidagdy (Pwm) Al
mmﬁl‘wé’ﬂ;ﬂa Lagmudssuedn (Harmonic) # 2 11 Tnewavesnsfidanudifiududu
doavinfazddofingadl szuureesnsaniiolddmsumengnsueiin (Harmonic) @113

sonwuulidivunndn Saauagdelussuuniamaaeu wagsiamignasdneie
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N1999NLUUNIINATIULAZN1TUIZNAUESS

InendnutaduiiiauenismeseunasnisUsynevadinasmnesreuneines vin
Sunefmesuvuuvaseussuiitinadaismsaugumsaindauuiiduidagidu (Pulse
width modulation : PWM) 11iiasig¥i samisiiaesissuusasnseaileuiusanmninmms
T lsiUsEans nmitany wazmnzausonsin U fuundswedmunsneadeunsiaie
mMaAnfavfavsdmiansafuasuanuivdnya (f) linunismua wagiAiany
Al eusnsuedingau (Total harmonic distortion : THD) fiaiiatlaiiiu 5% Ineriuni
1193571 IEC 60270 [1] 29simiiesnouedines Musznovaiiaazuszneulufeynnias
ISINTLUA YANITADULIBSADT YNNATAIVAY WAE1995n50A LA TnedulsEneuswun
%Qﬂﬁmmizﬂauﬁw,ﬁaL“ﬁmq%mea%ﬂaunai‘ma% wialddnsudounseiuliiumnde

wlamndeuwsIiugIieNsnageunIadanisiindawsaundiulunioulasaieiiein

wsanuludsusaly

3.1 #ann13lunIsEdALUY
N1998NKULIIATINILIOI ABUIBTINETNaIusaUSuA s uRMuduanya (f) ladd

'
v & A

nUszasdLilolddniuduumasisussiulivsiouamageunssfugs talunismageu
areianninfiardaundrueniuataiesiofussiu lasnesmesaounedines
fvenuuuagfosaninsaviinismaaeulfrunusinInssIuNTNAZaUATIR AN AR
fawfaunsdiuves IEC 60270 [1] wazansgrunisvadeuviseulataiosdioTousadiu IEC

61869 [4] FIUUNITEDALUULAZUTLNBUASINNTININDSADUNDSWS Axildaulunadl

1. 995N SABUNBABSNUIENBUAS 19T UILABIATUNTN1ULTIAU LN aLUAq
NAFBULIIRUFUNDNTEAULTITUINIATEAULIIRUNARRUA LTINS IUN TNAFOUATIA IR

ANSLAARATISAUNIAIUAMUA

2. 1WITneIAauNesneIUTENaUaT 1Nl uAzAa I saUsuWasuAAdnya
() lelunfazvaulafnaiud 200 Hz Wedesiun1sduiveaunuundnidlenadeundaulas

LATDINDTAUTIAUNTEAUL I UNAFDUANUNUINTFIUAITNAFB UV UA
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£
b4

3. MATNIIDIABULIBILHBS NUTENBUAS VUL DIANUNTOAS1ILTINUNAF DU LT LU
n1snedeulianvuzuad uliduuei ulvdidauidaieuvesgunaulaiiu 5% aiuf

11915514 IEC 60270 [1] Anviun

v v

4. SzAUFIUIUNIU (Background noise) Tuszuuu0In1snadauns1ainnIsiin

AasauaazfodlAliiu 2.5 pC FIANINTFIUAMUATZAUNINAA Ay I1TUNIUADY

fiAlalAu 5 pC

3.2 d9UszNaUYDII9ATADULIDSLANDS
TuAnerdnusatuilfoenuuunazUsynouadensasminesneunesnesilddmsy
wasnnudlneiidrudssnaundniiommn ¢ dau ldun
1. Y9Rsiieanseua 3 Lila
. YANIIADUIBILADT
. YARIIAIUAY

= a

2
3
4. Y99INTDIATWA
ynasiesAunesinefivr vzl nszuulnfnssuaady 3 e gl

JEAULTIAUN 380 V 1D 50 Hz Inedinsiteusiasiumniiawdasusaiuusuale 3 wia fid
0-420 V, 30 A uazvisloudaslelelanusadulnfidn 110V / 110V 1ienIuAnseAussiunTne

Tifugaeashouiesines anuuIziIwIessenszLaoulawssiulwihnssuaadudu

' '
) % =

wsu NN ZUanTY 29953 8INTAZTRLNUUIZROUUIUBEL DA ATEIUT LA N AAUTDS

wsanulviiniTeuNnT Y nounavi g 99sAounesnesTlaunsalainderaiueg

WUULEEUSAA (H-bridge converter) lngAnenfinusatuiiaonltlodon (GBT) iwsiza1unse

d191ei1dalaag19duszdns nw waglasaasiandansanuniu nsusula suwseauludn
I [y o A a o ! PN a a

mzu,amqLUuLLimuIWW'mzLLaaauwmmmaﬂ%a (f1) 919 9 wgﬂmuamimmsmmwaa

Yras ey unIuALLuURInea fie lulasraulnsiaes STM32F429] WagNTuULTIRUAIY

D

IS

29NN UULTINUNTLAFA VLA DRNIUINRTATOIUUANMUDAHUL N BYINNSAInasualing

[

uazdeyrasuniu (Background noise) NILAATUANNHATDINITEIATIVOINATADUIDILADS

dialisunduussiuleuiianuiiaiieuasuelingiulidiiu 5% neunvgnetaasidiunie

WUAINARDULIINUGUNDYIIN158NTEAULTIAUIEWUAININTTIUNTNARDULAAIAIFUT

v

3.1 Tud U095 UUNAdUATIATANITIAARETITAVINEILILTIIN SR ONABLI A UTE UUAIY

'
=

anedygranutleumiiaiidefeausnandyy1sunIuNNIN eI ALEARIgY
3.2 Wazgui 3.3
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Control signals

IL

SZ+

Do,

Output voltage
—0

IGBTs Drivers [*
Rectifier circuit
e —— | i3
" 8_* Ff o 7 - Fo.
s & o=n

Power frequency

CaN

converter

/

3UN 3.3 szuunnaeunsininnisiinfaysaunsdiuieusenuanedaysy

50 to 400 Hz

=)

U

HV transformer

D,.

Partial discharge detection system

IS

3.1 lAseasuynnaaeunLIesAs TN TIAs 19Ty

ALYINADAINTIIN

Omicron 3u MPD 600

3 i,

e
sl INwEa
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3.3 ﬂ'liaaﬂLLUULL?Izﬂizﬂallﬁ%"]\'i"J\'ﬁ]il:%ﬁlﬁﬂizl,l,ﬁ
2995138nsvuatazvhuiilunsulatusssulninsruaadudunsesulnihnssuanse
Tnesundsnulniiunannseudamssuuduanls 3 wa daus 0-380 V, uazsafumnsio
wdadlelmianusedulal fidm 220V / 115V uanadsguil 3.4 Thdunssfulsiiinnszuansei
syuLsITuR IR 0-311 Vo InensasSoensyuailituanduesiBonssuauuu 3 wid iy
ﬂﬁuﬁqLLamlmazLLﬂima%LLamﬁagUﬁ' 3.5 WATLTVINTLUAUUU 3 d AUsednsanlunu
nIsansItUNsTLiieuveIwrasTeussTulnfInsTLanssinILdlafisuiusesSeansua
wuu 1wl Tuduresgmaasifeanseuatuarléifuiu Sanrex : DF75BAB0 uanfazuil 3.6

Tnggn199sieanTelawuy 3 wa fas1sduazdfniulszreruuegiiioanseaussaonaiiu

wananagun 3.7

1) udlawvagusasuusuale 3 wa fnm 0-420 V, 30 A
2) naianvadloluanussnull fide 220V / 115V

5UN 3.4 uvdenneliliasiunssuanuy 3 wa

— |r£ut_| DC link generate ,—Otﬂpuﬂt
Vac

I O |

3p 50Hz | % & -+

" O | |

e SR !
_ =0 |

JUN 3.5 lnasunsunaasilenseuansauuy 3 wa dmsuanglinasnouiesines
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-

~ 2= 3

L
A

}

ry

Q
+4 —5

N) 1ITILINTLUE Sanrex JU DF75BAS0 ) WITANYAITPYNU LV

=1

JUN 3.6 laloniSeenseuansaiuy 3 g

=1

JUN 3.7 9A993iTeanselansakuy 3 ula N9eussduliiinssuansslisasnoues

LWBS

3.4 N1599NLUUNAZUSZNBUES1995ADULIDILADS

2995ABUNBSIMDSH ar SUNs I UlIHINS T LAR ST lA1N 1995158 9N ST UANTILUY 3 Lld
wdauvinisulasussiulbiidunssdulniinssuaadudlsynneunasines lavaiuise
U'%JULﬂalEluﬂ’J’lllﬁiéfﬁ]’lﬂ’J\i‘\]'ﬁﬁqﬂﬂ’JUﬂMﬂ’liaam%ﬂLLSQﬁHIWW’]éf’JEJLVlﬂﬁﬂﬁﬁULﬁaQL53J (PWM)
wuuglnais (Unipolar voltage switching) Iaen1sl4leddq (IGBT) saduuuigauiag (H-
bridge converter) %ﬂgﬂﬂﬁuLLiaﬁuﬁlﬁ%ﬁﬂu’mm 3 SYAULSITU AD +Voe 0 UAE Vor 999
ﬁwlﬁ‘lé’g%%ﬁﬁé’mmﬂmé’ﬁsmlsmi (Sine waveform) unnidlaSeuifisuiumeadinis
lulwan (Bipolar voltage switching) Farfifleand 2 SERuusadu Ao +Voe oy Voo dmsu

N15USENBUASI9I99TNLIBS ABUIBS MBS (Power converter) agl4lad 09 (IGBT) IXYS-
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IXXN110N6584H1 Baruiuiiillalonunant (Diode clamps) lushuansisgud 3.8 uazgud
39

Control signals

Step up AC
______ - 4 transformer — Hy Syppl
: O +| | QD,jl::Dl+ AGE%;:DZ*I—_——— "
o I A Iz} | C
| Supply ! _: B : | ==
| oO— [ s & S,. & p, | o

1. Dl- 2- Dz_ - _I 200 HZ

3UM 3.8 unura9asneiAeuIesings

3U% 3.9 3asnIesrouefines
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3.5 ﬂ'liaaﬂLLUULLﬁgﬂigﬂallﬁ%']\?‘ljﬂ?ﬁﬁliﬂ?ll@ﬂl
199smuAusladyiuadneassldiivesalulasneulnsiaes STM32F429]
DISCOVERY wanssiagudt 3.10 iushairsdyanamugunisaingledti (1GBT) Tngadnaiss
Foyarunuauselusunsy Matlab simulink wda Compiler fedlsidu Waijung @49z
a*mmaa%ﬁaéfcgfpﬂmmuquﬁﬁﬁzﬁ’uLLsaéfu 5V aaﬂmmuwamé’mmaaﬂﬁﬁmumLLamﬁ’qu

7l 3.11 uaggui 3.12

[l
u :a'g[l
w1

3 -
www.st.com/stm32f8-disc

arm

MBED
Enabled

5Ui 3.10 yashivesalalasaoulnsiasd STM32F4291 DISCOVERY

o
[y a Y]

a‘fm%’uﬁwmﬁwuéaﬁ’uﬁ19’1’1/1maauazyzynmmuamuﬂa*’mzymﬁ%maawwumﬁmwu
wallafiduidagidn (PWM) mﬂﬁﬂmiaﬁm%qLLiqﬁuIWﬂquﬁiwaﬁ (Unipolar voltage
switching) IneUsuslasuamudaind () WAZERIINTUBALAN ' m, 0.8 waz 1.0 auadu
AUEEInga () faus 1 kHz auila 20 kHz ilefinwinavosrudainds (f) wazsnsms
uenglatureIITNIIesAeuesined MiluszanSamiduduls uasdsmanedyqa
sUnuTIMINAFaUnsITANSARRdsautsdunioll Tuduneunisadsdyaaes
T4lUsunsa MATLAB Simulink Tunisasrslananaaeuiiielilddyanunaidonis

Tuduveanisadedyyramuauuuuiiduidagidy (PWM) madanisaings
wsarulnifuwuugiilnansans (Unipolar voltage switching) avldinatianisueqiandeysyiay
Tnensihdaalsiuinuasdyaaletavunseuiisuiudygiuaumie M RN
Agvn1510 @2 Compiler A28 InTU Waijung Lﬁaﬂauiﬂﬂmwmuauaﬂuua‘i’m

lulasmeulvsataesnuafuuansiagui 3.13 uazdalalusunsy MATLAB Simulink 3ias1ev
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NATDINITAIATIVDIINATADULIDS LMD S LN DI LATIZAIAINUR A UTNS BN NVD IS IA ULl

Lﬁaaé’uﬁmmﬁué’ﬂ;ﬂa (f1) 50 Hz wag 200 Hz LLamé’agUﬁ 3.14 LLangﬁ 3.15

| ]
2
:_'_— DC Voltage Source4 agu

A -

A

|

6]

Parallel RLC Load2

Auw |

¥/

&

+ 0:114

=) V
—a|2
Voltagge Measurement Cope

UM 3.11 lpezunsunisee ledT# (IGBT) ienadeunisaindauuumatinfiduilay.dy

(PWM)

Waijung: 17.03a
Compiler: GNU ARM
MCU: STM32F417IG

Auto Compile Download: ON
Full Chip Erase: OFF
‘Auto run app:
Execution Profiler: None
Base Ts (sec): 0.01

&

Target Setup1

Sine Wave
Function3

T
pals
Repeating

Sequence
Control_A

UISCI €lE; ™
24 1e-08 s.&

PDO

PD2

PD3

&

Port: D
Speed (MHz): 100

Type (PP/OD): Push Pull
Ts (sec): -1

Digital Output

JUN 3.12 lnezunsuaidyauniuauadneawuuiiduidagdy (PWM)



Relational
Operator

<
1
Slne_% Relational

Operator2 Q

PWM1
Gain

&,
Tri _Base
Relational
Operator1
Relational
Operator3 -
4

PN
nm

JUN 3.13 lnezunsuadedyainnisueganeuauidnoauuuiidudagidu (PWM)

Signal > B B S . "R

Signal mag.
=

\
0.02 0.03 0.04 0.06 0.06 0.07 0.08 0.09 01

FRl analy=iz — &5 e 9
[ Fundamental (50Hz) = 400.6 , THD= 52.06%
T T T T

A - o
=] o o
T T T

Mag (% of Fundamental)

5]
T

0

] 20 40 60 80 100 120 14 160 180 200
Harmonic order

JUN 3.14 Anenuiiaiiguansueinvesussiuletanudvanya (f) 50 Hz Anudaings

(f,) 2.0 kHz dmsinsuegian (m,) 1.0 ArenuRaieulsesugisueiin (THD,) 52%

a0
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Signal

Selected signal: 20 cycles. FFT window (in red): 1 cycles
P — _ _ " = b ] = e ) —

Signal mag.
[i%]

o 8

T

[
=1
=1

Il

L
8

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01
Time (s)

o

FFT analysis

Fundamental (200Hz) = 408.3 , THD= 49.36%
T T T T T T T

= N ra

o o =]
T T T
| | |

Mag (% of Fundamental)

[S)
T
1

0 5 10 15 20 25 30 35 40 45 50
Harmonic order

JUN 3.15 Aanuiiaiisugniuelinvesuwssdulainnidvanya (f) 200 Hz ANuREInTs

(f.) 2.0 kHz 8psINTsUEYaR (M,) 1.0 AANURALNUSAUEISHRTN (THD,) 49.36 %

3.6 NIIVUNARIUANADULIDIADS
2sUINAdmMTUAIUALARULBSNES AYldinATlaTBN1TWeNNT1IRTTTUINAYR NG
19309 (Isolate gate bipolar transistor : IGBT) teugniunslviissninenaneulnga wag

manmaslagldledeaulsnuvivass (Opto coupler) Luas HCPL-3120 1aguann1syinauves

[
e A

la%suﬁﬂﬁlﬂuqﬂﬂsmwL%amamaLLaQé’aaﬂWSLﬂﬁauﬁmmwmIWWﬂLﬁULLaadﬂﬂéﬁéﬁ%ﬂﬁmmm
GN mmﬁ?ué”s%’ué’tgmgmuﬁmzLﬂﬁauﬁfgzywml,l,mﬂé’umLﬁué’agapmlw% Fadunisuendu
nadluiseninnsasiiihasnsesiiemutasnfovesszuy Tnemadeidnistuinale3da
(IGBT) aglgussnulninnseuanss 15/ 0 /=15 V. Jedvaaniskiwsssuavlunistunnladd
# (IGBT) AeanunsaUeduliledddl (1GBT) neminssualioganysal uazddldmalinitnis
FuinnledUa (IGBT) wuuauaNaInguInszwati (Slow turn on) wagnaninssual (Fast
turn off) LLamﬁqgﬂ‘ﬁ' 3.16-3.19 29957Uinaled 7 (IGBT) fleanuuuuarasiadvinianan
Iyl (Dead time) fiadndlod T 1.92 uS uanaguil 3.20 2asafuluesdmsuanindslidi
gaidsannnsainda Jesdule307 (IGBT) 91nussiu waznseuaiiy (Voltage and current
stress) WUUANAIUNIY wazA1UITineT uanssaguil 3.21 adndlodOviqu

IXXN11ON65BAHT LAz 99 sibiuaul LLaméﬁgUﬁ 3.22



s

1) nifoudatusesu 18 / 0/ -18 V 2) WISANaNS 15/ 0/ -15V

3) 1WTTUNAKUULENNT1IAAIUANAINGLOITT (IGBT)

=1

5U# 3.16 Y995 TUINAAIUANADLLIBSIADS

waslnvinselansenueen 15 /0/-15V

a2



a3

+15 Ve
1 [ * 8
Control signal — : [ Output
o———2 : 7——o
1 || H F
S e
= | | [
4 Lol | 5
|| Shield ||

35U 3.18 ledfoauldfuiaes (Opto coupler) tuas HCPL-3120

1) ausulritnninssuanss 2) Puasdty
15/0/-15V (IGBT)

3) susudrantnanuesatulasreulnsiaes

2

TaumuAuEIng led TN

JUT 3.19 2stunauuukennInumuaNaingla3dn (IGBT)



aa

RIGOL STOP
L1 ]

1) &@inglaITN (IGBT) Ju IXXN110N65B4H1 - 2) ATtusumiu

v &

3) mmuﬂszﬂwﬁiwﬂwﬁu (Polypropylene capacitor)
sUN 3.21 @ngta3TN (IGBT) ArefursasatiuuasiiatasnuledTAanLsInu

2

WALNTLLALAL



45

G = Gate, G = Collector, E = Emitter
JUN 3.22 e inglod TN (IGBT) warrasiuniang (G) moataniies (C) uagdlnnes (E)

3.7 2935N599A21UR

Tun19a319 891918 TIAUIINWATINII DS AD USRS T UT T UL A DIT1995N509

' [
e a =

anudiiendeensueindiiinviudaduaivavilinfnnnuiaieuvesgunduletuaziie

anszaudygrasuniIunaziintuluss uunageUATIINNITAARAYTITAUNEIUTILAARINATS

UV UNTATINTS

3.7.1 measzilulawuaundelusunsy EMTP nsdilisedsasnsasnnnud
STUUNAABUATI AN RRRAYI S U AT RassTuTin e sa sUARadagUT
3.23 Immzﬁiaﬁalﬁuﬂizqmunﬁaa () lun1Inaaes Ao 1 nF uazAeaunsUAUBNNUALD
(D) Tlddm3vinrfiannsauisdanu Alinnseenuuurdmudsag q nansasauyaduanss
UM 3.24 gruanAvesiamnuddiuseniilaidugnelouvesduiuaudszuuiauagfufu
Uszgauiigihilasmanuddusiiazgeeglutisuuusie (Bandwidth) anudsa (Cutoff

frequency) 7i923An1uE 30 kHz 83 20 MHZ LLamﬁﬁ'gﬁJﬁ 3.25

HYV transformer Partial discharge detection system

| |

: 1 gl I

I el l

.. | | | |

Power frequency Additional filter | . . |

converter T T T T Il : ' k :

1L L L |

50 Hz LS N |
~ | |

| c1== |§ | cc |

| |

T | o=

I I I

| | | |

50 to 400 Hz
L |
______ B N |

3UN 3.23 syUuMAaeUnsIvIaNSinfauFausdunesuiUNeINTes
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Connecting to the
coupling capacitor (Cy)

L, =150 pH
— Y YN - ® Voltage
measuring port
C;=75nF (Vou)
PD
C4=33pF == measuring port == C, = 44 pF
(Vep)
L, =450 uH
R=50Q

JUT 3.24 195avyavesduiiuaudszuuin (CD)

Transfer impedance [Ohm]
= = =
IS . =
R X
1 | 1 / 1

Frequency [Hz]

JUN 3.25 Wenduagleuvesduiiuaudszuuin (CD) Tulauadud

1ITAUYAVITEUUNAARUN T TAN ISR AawIsau sl szneulumeniaua
LSIRUGINAADULARIAITUN 3.26 Uaelan Tu18louvoIussduauean (V,./V,) @m0

AUIMLATRARIAIFUN 3.27 Hedumeleuasuanstiennanuynzeesasnssaduiuuniud

'
| a

AHY NHAANAAMeaNUsTIIa 1200 Hz TuseuudsdBuiuauduoavdonladusanuas
NAAOUNTAR 460 V / 75 kV vu1afifia 40 kVA wastiladneAduiiunudluoglugdiuimuuns
a9 PedlAndudsuanadaguil 3.15 dunalaivdoudasusadugmaaeuliutioihirdufiwaud

faaundsaglifinanetsasnaaeu deiudediassUassnssuanadouin 2.5 pC vinluly

[y

STUUA QI TIAUAUDINTNTANITAARAYITIVNEIY LEAIAILTIAUIIAY 5 mV LAAIAS

[

SUT 3.28 Fanunganuinddesnisiinssuwanad 2.5 pC nsiainlaseaudyyinusuniu

T o

(Background noise) L39AUABIAINTT 5 MV



ar

Total short circuit
impedance (Zy)

:

]
1
| Ry=143kQ Ly=178H I o Coupling | |
| l capacnor | Test opject |
| | (Ce=1nF) !
| [ _1 |
| |
I ing i ' |
Measuring impedance 1 s
____________ .5-pC PD
— 1
Input voltage | simulated Output voltage

(Vin)
1 _L PD measuring

port (Vep)

_J__ | puls e (cht)

— — — —
1l
10
1l
10
F—=——=
L_E_
=— 2
S '
o S
o (=]
S} )
< 3
‘—————

gﬂﬁ 3.26 ’J\‘i‘\]iﬁﬂlla“ll@\‘ii”UUWﬂﬁ@‘i.lmi’m’mﬂﬁmﬂﬂﬁ‘miﬂﬂWﬂﬁjuﬂimlmmaﬁﬂﬂiﬂiaﬂ

10 e T r
[ J | e Without the additional filter ]

e With the additional filter and Cadd = 1 F
== == with the additional filter and Cadd = 16 F

Voltage gain

Frequency [Hz]

E‘Uﬁ 3.27 ‘W\‘iﬂ“U‘LJi‘I’]EJI@‘IJ“U@\?LLi\‘iﬂUﬂ’maaﬂﬂimlimaLLa‘”G]E]’Nﬁ]iﬂiax‘i
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0.005 L 4

Voltage [V]

-0.005 L ‘ ‘ B

-0.01 L L L L L L L L L

Time [ms]

sUN 3.28 dgrauusssusnueanisurisinnisinafaiauisdiulaenisitasstou

v

nIzuanaduun 2.5 pC

'
£ =

welmdnlauntuisnu wasdymdygy asunauitinaInnsaInTeYo NI

T T

weswesildvalinniupuuuuiidudagdn (PWM) Sdldnageulnensdoudyaunssiui
aurdagidu (PWM) wwaa 100 KV aanudndnya (f;) 200 Hz 33piuasnisaindeiinnud (f,)

3.2 kHz Taglisa 19950999 kaztautnlussuunaaauns1ainnsiAafasnsIuINEIU Lang

a

IRl ud YT IR UA UEBNA L QLT IR U NITIARNSNTEL I BLLE N DB LER 9995 U

U

a

3.29 DaWINAANURANEULSIPUsSURTN (THD,) HAwLiNes 0.93 % uaksisuinulday

Y

1B (PWM) d9Nasausiiunadaunsiainni1siinnaw1sausdiu (PD) nenueen 1asansasy

v a1 1

asandtialeidan 570 mv uanadsgunl 3.30 Gaussduiidngananiussiudldannmsdiass
nszuaNaduun 2.5 pC Aflussfuiioad 5 mv ﬁ’qﬁuﬁqL’ﬂumLmﬁﬂﬁﬁmé’mmﬂmi‘umu
(Background noise) lussuunadeunmiaianisiinian faunsdau daewmmpatinisyiilvdan
Fuarasuniuginid 5 mv Fadudssndudmsuisminesaouaniines i eliaunse
thanlinaaeuasdls sdulidnendnusislfiiunessinaludgmonsasnsosinud

F99LLaUI1vazemluTas 1



150

100

50

il "Hn

I|"V \L

“Ix

Input voltage

Output voltage

a9

Cl | ||
100 L I..; “ ||.; “

-150 1 1 1 1 1 1 1 1 1

Voltage [kV]

Time [ms]

JUN 3.29 sudmygymusaiuiudi wassueennsdilineiasnses

T T T T T ] T T T
04 L g
02 L J
= ol
z PP 5 r 5 b
an
s
S 02 T 1
04 L T
-0.6 I I 1 I I I I 1 I
0 1 2 3 4 & 6 7 8 9 10
Time [ms]

5U 3.30 dyayrauussnuniuesnisuiuinnisiinfasaudulaenisinasstou

v

wsatuiiuilagidu (PWM) v1a 100 kY inluseuy

3.7.2 N15AIZAIUIAUANUDAETUSHASY EMTP NSaifa29950589A14A

Wieanlgmdae 1usununinIINA1saInTeWIIes A UL SIMB SUUYIN LG

!
all

Tagnsifingasnsasin ivlussuu wWenaznsasansuedniludesniseanluanszuu Maddl

Whninelvinunmuesdy sl ssiumueanvasiansdyuanuavanya (f,) 1eessuy

A

o

waznIAdYQIusunIU (Background noise) ATUBONT AILAUINTIVIANITAAAETITY
veday luinendnusiagyinismedeuisasnsesiiusenaudieamnudiuniu (Rada) AINY
Wil (L) wazAIA NN (Con) Tnesonfunsoulamageuiisiunsesi (LV) Aen
wsiuussazgninelueglusuussgevesvsioudamaaouussfugednsasauyaduanads

'
a

3UN 3.31
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Tuguvesanduussansnisaanau (Vep/ V) @13150A 8 LLazLLammaﬁ’Immé’quﬁ
3.32 mﬂwamaauéﬁ’aguﬁ 3.27 Wag 3.32 LAAINATINIIABI995n509A1uE Tnelda1und
L9193 (Capacitor : ) 1 uF uag 16 uF ﬁaﬁé’ﬁul,l,sasi"nsuawﬁaLLanmaaULLsaé’uqa waziile
fheranegiiduussfugdasiunldandnsdiumsioulasusafugmaasy (Ratio of the
transformers : a) 75 kV / 460 Fuduld 163 fiatis n15neaiulsa1ndnulssnunduLss
geagmleann € ms a? lnednaedAwindu 0.038 nF uag 0.6 nF AINEIAU IINKANAZDU
wanaUsEANE nnnIsnsensaldAUEnes 1 uF Suszansnmmsnsesldivasunlasin

'
a v

dlefieutunsdiildiihasnses dulunsdléndines 16 uF navindeuudnAIAILAFn
NUegAUsEIM 900 Hz i lsiuseanSnmnnsnsesiiandi wazangegavesAdud seans
msawauagjﬁ 3.72x10°% It uus Ui funiinsasan1siinn g autedau deyeuna
ussfuFuooniiiadiasstouusedi 100 kv fduidagids (PWM) 1Wluszuuiideduaees
A59IANUANTAAIUNTHDS 16 LF BAILSITUANNEUMANIINATY 5 MV Faniusasudl

laannsundeuIaensEianaduunn 2.5 pC

Total short circuit

Additional filter impedance (Zy)
____________ R, R (s d) [202]
2 : AN A L_L AAA N :
A N/ _Pove Lin
| | Raa=1063kQ  Lyq=133 H | Ra=143kQ Ly=17.8H I l Coupling
| | | l | capacitor
I I | L I (Ci=1nF)
| -
o Caia=0.038 nF | .
& i I Measuring impedance
Input Voltzige | CNFfoe T (=03 — — I
Vi) 1 0.6 nF i | _rYYyYm '
! | I I | PD measuring |
I | | port (Vep) |
| : | Y — = |
I l | |
{ I | I I
S I ' !
L Sy, & e o LM " O A o

JUN 3.31 2935aUATRITEUUMARUATIVINN SIARRAYN AU SEILN Tl 199N B9
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e Without the additional filter
e With the additional filter and the additional capacitance of 1 NF
With the additional filter and the additional capacitance of 16 NF

Attenuation factor

Frequency [Hz]

WUsEANSNIsaneusUBannIallne LagAn9aINTes

Wi ol unisfudunanagaudehnistiasseasasnsoadlulussuuil adiaszi
nanauauodluunwal Inen1sdounssiu 100 kv fAnuidagidu (PWM) Wiluszuuiine
S U990 wazUSUURBLA TR T (F) st 1 kHz aufia 20 kHz §a51013
uegtanil m, 0.8 uar 1.0 mudwuriilluszuu wuihdyaasunandussuuiiunamnd
5 mV uazAtAMEAniBusnSue invous i usIusueaniidtoandt 0.2% LLﬁﬂx‘iﬁJ\‘izUﬁ

o

3.33 Lag 3.34 UAAIRI9E 19T ILTIAUAIUDDN LaZAY Y IUTUNMIUNMURIIIANISIANAYY
vsalunsdiidnaesnudain® (f) 3.2 kHz uwardnsnisuegaai m, 1.0 wandliiiui
FygrusunmululiadinindygiunsiiafayTauIsdIu Wediassnszuanaduun 2.5

pC vz Uoulssaunaaay 100 kv ﬁé’mﬁaqﬁu (PWM) 70.7 KV, s

0.01

T T T = T S T T 2

From the 2.5-pC PD simulated pulse

= |nterference voltage

0.005 [ i

Voltage [V]

-0.005 | ,

-0.01 I I I I I I L L I

Time [ms]

SUN 3.33 &SI UAUDDNTIFILALIINNISIAAREYNSIUNEULReNTSINaRIUoU

U 7}

W39 100 kV fiduidagidu (PWM) Wilusguuiineiasnses



150

100 |

50 |

-50 L

Voltage [kV]

-100 L

-150 1 1 I | |

Input voltage

Output voltage

Time [ms]

3UT 3.34 Uy uussiviuinuazaueenlaenisdiassdeunsasiu 100 kv fiduilag

v U

Wy (PWM) Wnluseuufinel99snsad

&z = Y o [ 14 = =2 & 1 Y o £ L% £
wenansiiiluenansianulidmiumslidauienisinwivindy ldeygmbinhluldusslevdiunisem

10
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lidnsdilag vdu BnviemuiilvsauUasilon uazdesdnsdadadiveaenaisnnasaninisiluly



UNN 4

N1SNAADILAZNITILATIZINE

MndaquszasdnsAneiinaaliluuni 1 lsinldgnsesnuuurarairauuudians
vegeuluund 3 dsluuniavdunisuanmavesnisneasdldluuni Tneudwhdenisneaass
wasmsiasevinasandu 2 dusidl Ao

1. Aa9UIEANTNINIATNTD

2. neaeslFulUAguANURaInd (fy) Wazdnsn1sueaLan (m,)

4.1 woulvnldlun1snaass

lugutiagnanideulenldlunimaaesymnivesnauissinesninasiwu lnavin

NFATIEIIRY 2 dau Ao

4.1.1 NMNaUszaNsNININAINTDY

TaomsthaaandFvesiasuniu (R) fwdeni (L) uaziifiuusey (O sy
\Junsasnses (RLO) Geiinauanifiluisasnissuuunnudmniu (Low pass filter) Lanss
gﬂﬁ 4.1 nluunii 3 ﬂ'wﬁuﬂLmu%ﬁﬁwmﬁﬁﬁmmﬁaé’wa%’wwmé’mmw‘mﬂé’mLmqq%“
AP (R.) 1063 kQ Arauudlentin (L.,) 13.3 H ARINUYTEY (Coge) 31 2 AN
79 0.038 nF Uaw 0.6 nF lasAdufuuszqiiuri 2 Adudeudigndiulasgs fe 1 4F uas
16 uF mué’wﬁuiﬂal,t,amﬁqgﬂﬁ 4.2 faiu TunsmeasRz N IAaeIkaz AT 8YiNARY 2
nsdl Ao lifhesnseuasiinsasnsoslaeldiunuuseqiianyingu 1 uF uas 16 uF suasu
fmuntoulunpaeuliiisnsnsuegan (m,) 1.0 dmudainds (f) 3.2 kHz sefuusasiu
Naaau 40 kv mmﬁ'ﬁﬁé’ﬂ;ﬂa (f) 200 Hz \flo3iAsevinavesdeyInsuniu (Background
noise) TuszuureINIsAdeURTIRIANSAnRaY S IUsEILERLFedianliiiu 2.5 pC Ta

AINIRTPINANUATEAUNSIARF s UNIUsEIATlIAY 5 pC [1]
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HYV transformer Partial discharge detection system
A K
| Zs [ |
I L | 1
.. | I |
Power frequency Additional filter | : | . |
converter T T T T Il | ' k :
1L L L |
50 Hz LS N |
~ | |
: C1 : I I cC I
~ I I
: : ! || CD ML
| Iy |
| | | |

50 to 400 Hz
L |
______ B N |

JUT 4.1 szuunemeunTinn1siinfawsaunsdiufeTINiuNeTNIes

Total short circuit

Additional filter impedance (Zy)

____________ Nt = _

* : AN ~ | | AN f'Y'WL:
WIS {e- N _ | i

| | Rug=1063kQ Ly=133H | Re=143kQ La=17.8H l' | Rothiing
| ! I l capacitor
I I | !_ | (Ce=1nF)

| =)
|| Cua=0038nF | ] \

or = l Measuring impedance
Tnput voltdge 0t | [——— =t ————=—— |

(Vin) | S [ [ LYY YN |
s | | | J_ PD measuring |
(R | | port (Vep) |
I l | INZ5 = |
o | ! ! |

' ! ! |
%
| | |

L LIS SN - NN . O SN -

JUT 4.2 219350U3aV8TFUUNAADUATIVIANTANRAAYIT AU NEdUNTisie 199N T84

4.1.2 veaesUfuasunuiainds (f.) uazsnsinsuaguan (m,)
nMsveaelsuUasLeLAEInTs () JzdenAmININeaBIRILARLARauE
mAgaariiadnsnsuogand e (m) Wududuiiolrsginanuiaings
(f) Tumnzaudmiumnnesnounesnesidnadiey Aanudaingds (f) finismaaed 8
ATl 1.2 232 4 510 15 ua 20 kHz puddu Teermundeulamadeuliiisnsnisueg
wan (m,) 0.8 waz 1.0 muasulneldrnudainds (f) fefinanundnedu 2msnsesiildfng

'
a a =

Tun1sneaesazidenliiasnsesiiiussdvsnmnnnganlaannanisnaaasinseidiug 1
1ATIATILNIIDTABULIDINDSTINATINTULANIAIFUT 4.3 1ATIATNTTUUNAFBUATITIANIS
WinfaysauedIuladoiuszuukansaeg Ui 4.4 uag KA laa1NIATRINTITTIANISAR

AAYFAIVEI (M) VaUEYINNITNARBILARAIAIIUN 4.5
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1) ndlauUamagsuuwIndiin 75 kV 40 kVA PD < 2 pC

(High voltage test transformers : HV )

2) éfm’uﬁuﬂisqmmﬁ'm (Coupling capacitor : C, of 100 kV)

3) qﬂﬂiiﬁL%ama (Coupling device : CD)

1) gunsaldensiolouiniuaneiosdleansiAnfamsaunsdu (1)

5) nifeudauaieailoausasiu (7)

Ui 4.4 Tassaireszuumaaeunsraianisifinfiavsaunsduileetuszuu

&z = Y o [ v - = & 1 Y o £ L% £
wenansiiiluenansianulidmiumslidauienisinwivindy ldeygmbinhluldusslevdiunisem

lidnsdilag vdu BnviemuiilvsauUasilon uazdesdnsdadadiveaenaisnnasaninisiluly
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1) wseauliinszuanss (DC-link)
2) wsenulwinInglndanUamaaouusaiugs (AC-input)
3) ATULERINANLAAINLASDINAFOUMNTIVIANISHNARATISIUeEIU (M)

JUN 4.5 Na7leRNiAseemstaiansiaRawsauIsEIy (M) vaieriin1svaaes

4.2 WNANNTNARBINIUIEANTNINILAINTBY
n15MAARIMIUTEANS NNII9INT BT LATILIMIAsSO ST M zanlae s Tau

usauldangmnesneuosinesiidaatitu Sildaudainds (f) 3.2 kHz uay Sns1

nsuegLan (m,) 1.0 ledounsssudniiduusugiivemsiontasmasouudaniu wavaaeu

wanslinsuilunsalfldlaneasasnsesdiyerusuniuiunas (Background noise) Tunas

(4
G

NAFOUATINIANITANRAT IS nadifitusy LS Iumadeuiies 14 kv Sedlaid
spiunssiunaaey Sy usumuiundsedd 162 pC dalidgaiuaninsgiuiidmuel
MIzHuMIIARde g IMTUNIUADIEA LAY 5 pC [1] é’mmmé’qgﬂﬁ 4.6 usiilero1995n 589
dhiusruuududmwa g msunuiiundsanate g diuultinaunanisiase
Fonssasadelusunsy EMTP luundl 3 suilunsdlszuunsesldaundimediian 1 uF way
16 uF dyarusuniuiundaduwaltuanas Ined usaiunageu 40 KV, (70 kV,) s¥AU
Fuaasunuiundsanasvdeiiios 18 pC uaz 2 pC AUy TnouanwmanaaeusUnay
wsauldangmnnesneunesineifuanduzufl 4.7 uag 4.8 nudiiu fadu Jeanunsa

Ly

guduldinsasnsesiildmmi@ines 16 uF Ianuvanzausnigatunisihlldnimeaes

] A

#1 2 fis NsnAreIUUWABUANUDEINY (f) WagdnsIn1suenian (m,)
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BN

x -
[N T

JUN 4.6 nadtysyiausuniunsallidiiawsnses dnsinisuegian (m,) 1.0

ANURERRTI () 3.2 kHz S¥AULSIFY 14 kv mmﬁlué’mﬂa (f1) 200 Hz

Pt [ 0ns S (b (] P Bt i | s
LR\ A R MPD 600 1.1:
3 Qec

18.08 pC

Freq, integration at
250 kHz + 150 kHz
from: 100 kHz
to: 400 kHz
0PDs

inos

Gated Percentage

static: 0%
static partial: 0%
dynamic 0%
IEC 60270 status

conforming, Calibrated
today at 0B:14:59

MPD 600 1.1:
{ V/v2

b T 40.32 kV
i ||||||\||| i ‘ HH Vs
40.61 kv
fV

200.0 Hz

JUN 4.7 nadygaisuniunsaliineasnsesmdn@nes 1 uF 8ns1n1suegan (m,) 1.0

ANURERRT (F) 3.2 kHz Sedunsasu 40 kv mmﬁué’ﬂyja (f1) 200 Hz

&z = Y o [ £ - =2 & 1 ¥ o v ¢ v 1%
wenansiiluenansianulidwmsunsidanunenisiinyvingy ldeygelnihlulddssleviaunism

Lidnsdllag viedu Snvsinudlvidaulauilon wazsesadadiadnvetenarsynasainisinluly
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10 nC. T
¥ Intensif Main  Stetistics
9 Gkl 00! Gkl 8% Gamut [PDSIS? S o

2.81 Quec
1.0 nc 2,055 pC
226
1.82
Freq. integration at
i

IEC 60270 status
conforming, Calibrated
today a1 0:14:59

MPD 600 1.1:

viv2
40.38 kv

ViRms
40.39 kv
fy

200.0 Hz

JUN 4.8 Hadtye)1usUNINNTARINATNTRIMURBINES 16 uF 8nsIN15UBgLan (m,) 1.0

ANURERRTI (F) 3.2 kHz Sefunsasiu 40 kv mmﬁué’ﬂyja (f1) 200 Hz

&z A Yo [ £ = =2 & ! ¥ o v ¢ v v
wenansiiluenansianulidwmsunsidanunenisiinyvingy ldeygelnihlulddssleviaunism

Lidnsdllag viedu Snvsinudlvidaulauilon wazsesadadiadnvetenarsynasainisinluly
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4.3 Wan1MAaRUuUAUAMUNEINYS (f) LaLdRTINITUAAER (M)

Y
a aA

Tunsmaasadesduazinmsneaeulngliredulnannaaeu i sludidaenioulas
i3 eaflednusadu vdsannldnanaaouraudaindsuazsnnisuegandifussansnm
wanzauigndsziluyhmmeaeuifiofudusatulvannaaeunioulanedssilioTaus sy
939 NHANINNaeWNUTEANEAMWISRsNIBetaunthildssuunsosllan aundimed 16 uF
fUsz@vsnmAdigadenanaassiollagldszuunsesyniianunlunisvadaey vaaeq
‘d%"uLﬂﬁ&mmmﬁa‘%m%aLLazé’miwmi:uag]Lam%maa‘uiﬂ&Jmmﬁaﬁm%aLﬂﬁlaulmmmé?msi 1-
20 kHz afifiavin 8 A1Rell 1.2 2 3.2 4 5 10 15 uag 20 kHz mudd Tnefidnsnisueg
lan (m,) 0.8 waz 1.0 anidsutitediasiesinaludiuvessyiudyyiusuniui unds
(Background noise) AAuAM BuLsITueSLedn (Total harmonic voltage distortion :
THD, ) wae AmUSunaunistawaaaulnin (DC-ink)

FuppunInageunsIn AN sARRdTIfaUTTE IS IRINNsTULS T UadeUTIST U 80
% VDILIINUNAADUAIUAINUA DL IFUNTEUAASY (Withstand voltage) 40 KV ilasaes
nsiiausasuiudew (Pre-stress voltage) na s niurinisanseiuussuasluiaused
nadauf 120% vesitandiouvauniedioYausssu (U,) Tnelunsvnassidazyinnismagey
wisulaumsesdiotaussiuuunniitn 24 kv futu usssunageu fio 28.8 KV usiitelidose
A5t usERuLsITuazldus s umadaud 30 kv ndsanduieTaiiunasssunisiiniannse
UNF UM NG

I@&JLLaméfagﬂﬁ 4.9-4.14 NaN1INARBINTATIVIANITARRAISIUNEIY Timudndn
a (f;) 200 Hz %aLLamqiﬁﬂawué’mﬁuéﬁuaaé’miwm'ﬁma@t,am (m,) 0.8 Wax 1.0 fmnudainds
() ‘U%J‘UL‘U?]IEJULﬁIZJ“ﬁyu?f\‘iNaaﬂﬁﬂiiﬁaizﬁﬂﬁmmﬁmiﬂﬂﬁu (Background noise) A1A214
Ao suLsssussIein (Total harmonic voltage distortion : THD, ) wazrdslufinfiden

Ty esaouIesines (DC-link) Insazeasungluduiialy
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4 L A ma=1.0 i
35 L 7 ma=0.8 i

3L _— _ std=25pC i
2.5

Background noise [pC]
"

O | N I [ I S I S I N I S R E— R E—
01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20

Switching frequency [kHz]
JUT 4.9 nadgyayasuniulagileuiigugnsinisuegian (m,) 0.8 uaz 1.0 A1XA
0T (f;) 1-20 kHz S2AULLTIRU 40 kV

M13197 4.1 wadyayasuniulagUisuiiousnsInIsuegian (m,) 0.8 wag 1.0

AUBERFT () 1-20 kHz S¥AULTISU 40 KV

FTAUAAINTUNIU (Background noise) pC

AMUAEINT (F,) kHz 2.2 10 o el Al e 1o\ 15 | 20
§hINIUDYLAR 1.0 | 203|205 | 205 | 206 | 2.18 | 230 | 2.16 | 2.28
(Ma) 0.8 | 217 216|219 218|228 | 239 | 2.28 | 2.51

4L T T T T T T T T T T THE § T T L i ImaT:l‘T() T T |

35 L T ma=0.8 ¥

3L std=2.5pC 4

Background noise [pC]
O

01111111 | I I N N R . L T T
0 1 23 4 5 6 7

I
9 10 11 1213 14 15 16 17 18 19 20

e
8
Switching frequency [kHz]

JUT 4.10 nadtygasuniulagiuTeuiisudnsnisuenan (m,) 0.8 uag 1.0A3130
AT (f;) 1-20 kHz F2AULTIAU 30 kV

M13197 4.2 wadyaasuniulagiUieuiisusnsinisuegian (m,) 0.8 wag 1.0

ANURERFTI () 1-20 kHz S¥RULSIFU 30 kV

FTAVAYYINUTUNIU (Background noise) pC

AMNAEINT (F,) kHz 12| 2 | 32| 4 | 5 | 10| 15| 20

591'i'm'1'iuagl,am 1.0 | 1.86 | 1.87 | 1.87 | 1.92 | 1.94 | 1.93 | 2.15 | 2.06

(my) 0.8 [194| 194|194 |205|206|228 | 216 | 2.28
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A
a a o 1

1NFUN 4.9-4.10 WaTA15199 4.1-4.2 ULanInan1sAaesSuasuANud aInTanaus

I £
2 A

1-20 kHz laedivisnun 8 A1 fllAo 1.2 2 3.2 4 5 10 15 uag 20 kHz auainu lnellensinis
109Lan (m,) 0.8 uar 1.0 MnuanAAeUaaTaagUaNLduiuslacs Ao

dloanudains ) Suwaltuniuantu NATDIFEYQYIUTUNIU (Background noise) &
LLmIfI:uLﬁ'mﬁumm%wmammdwé’i’ﬁyﬁmmi‘umuuﬂaﬁummmﬁa%%a TauAdey el
sumuiliAnduanmanaassUiudsuauiainds () Sansegaeldaniseanuuuves
syuunadeUnsIaiamsiinRasaudniildeonuuuBlvdeliiu 2.5 pC Tnestansdl
NAADUSIADINITANLSITUAL (Pre-stress voltage) 71 40 KV wagsziuussduvaaaudl 30 kv

NnHanIvnasIluAsusnsINTegian wandliiiuing shsnsueguan (my) 1.0
navedaasunIuiainiingdl m, 0.8 1ewinnsd m, 1.0 doyraufiduilagdy

(PWM) 92in15873nT39Npen3nsel m, 0.8 FeiAuduiuswu I suRg i Ui uNannasy

Usulldgumnunaings (f.)

il K _A_ma=1,0

S, 3. o ma=08 i
é . std=5%

—

] ]
e\&eeﬁ“—a - 5

1 1 1 A 1 A\t 1 1 1 Il

AR e | SIS RS 1 ) 1
0123 45 6 7 8 9101112131415 16 17 1819 20

Switching frequency [kHz]
5UN 4.11 wa THD, TneiUSeuiisusnsinisuanan (m,) 0.8 Wag 1.0

v

ANUAEINT (F) 1-20 kHz Szauusesy 40 kv

M13197 4.3 Wa THD, IneiSeuiiieugnsinisuenian (m,) 0.8 wae 1.0

ANUAEINT (£) 1-20 kHz Szdunsesy 40 kv

ﬂ"]mwﬁmﬁﬂuuﬂﬁuaﬁuaﬁn (Total harmonic voltage distortion : THD, ) %
AMNAEINTI (F,) kHz 12| 2 | 32| 4 | 5 | 10| 15| 20
5ﬁl'i'm'1'iua@,am 1.0 | 1.50 | 0.60 | 0.50 | 0.60 | 0.80 | 0.60 | 0.60 | 0.70
(my) 0.8 | 1.30 | 0.60 | 0.50 | 0.60 | 0.90 | 0.60 | 0.60 | 0.60
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_ B —A_ma=10

= 3L g ma=03 |
é , std =5 %

Fq

1L 4
2 2 A
b s 7
1

0 | IS I [ I N N I S I — I— I —
01 23 45 6 7 8 910111213 14 1516 17 18 19 20

Switching frequency [kHz]
sUM 4.12 wa THDv lagsdSeuisusnsinisuantan (m,) 0.8 wag 1.0

v U

AudEInGs () 1-20 kHz S2AUWIIAU 30 KV

M13197 4.4 Ha THD, WnelUSeuiieusnsnnisuegian (m,) 0.8 uag 1.0

AudEInG () 1-20 kHz 58AULTIAU 30 kV

AAnufiniguLsssuasuadin (Total harmonic voltage distortion : THD, ) %
AUAERATI (F,) kHz 1.2k @ [Feg) Ll 5 fo A5 | 20
5ﬁli’m’1§u’e}@,ﬂ{§l 1.0 | 1.40 [ 0.70 { 0.70 | 0.70 | 0.80 | 0.70 | 0.70 | 0.70
(mg) 0.8 | 1.30 | 0.80 | 0.80 | 0.70 | 0.90 | 0.70 | 0.70 | 0.60

I
Y

AINTUN 4.11-4.12 UazA13199 4.3-4.4 LARINANITNAEIUTULUAEUAIINDATINTIA LA

1-20 kHz Tnediiaiun 8 A1 AalAa 1.2 2 3.2 4 5 10 15 wag 20 kHz anuaau tnedonsinig

wagLan (m,) 0.8 wag 1.0 NKanAFUANIaasUaNNFuRuSlAR fie

£
= o I3

dlorudains ) fuulthfuuniu navesrauAnieusueiueln (Total
harmonic voltage distortion : THD, ) fuulliuanas FanpaarinAna A B ULT Iy
gfuedinuusuniiuiunrmdaings dadugaruresmsauauaindaussiulaiuuugin
1% (Unipolar voltage switching) flanisiineinudensuefinduesnasdinnudiduasai

YIANNDEINTN () ylisasnsesaunsamdnensueiinaueenlaegsliuse@nsainunn

Y o
= v =

597U MINTUNAADUTIADINITAALIIAULAU (Pre-stress voltage) 1 40 kV WaEIzAULIIAU

nAaoUT 30 KV



490

480 —A—ma=
470

460

1.0

7 ma=0.8

450
440
430
420
410
400
390
380 !

Power [w]

| |
01 2 3 4 5

I T B
6 7 8 9

Switching frequency [kHz]

gﬂﬁ 4.13 wa DC-link lnewUSguiigudnsinisuagian (m,) 0.8 uaz 1.0

AudEIngs (f.) 1-20 kHz seaUlsenu 40 kV

M19197 4.5 Ha DC-link lnelUSeuiigudnsinisuenian (m,) 0.8 uag 1.0

AUBERFT () 1-20 kHz S¥AULSISU 40 KV

10 11 12 13 14 15 16 17 18 19 20

63

Adslniitleuliyamiiasaeutiasines (DC-tlink) W
AMUAEINT (F,) kHz 2.2 10 o el Al e 1o\ 15 | 20
é’mwmsuagmm 1.0 395 | 404 | 393 | 400 | 296 | 412 | 420 | 443
(my) 0.8 396 | 395 | 387 | 395 | 396 | 411 | 445 | 478
270 L A ma=1.0 4
260 L | e ma=08 ﬁ
_. 250 | _
2. 240 |
: |
S 230 | i
G? 220
i ]
210 | J
200 1 1 1 1 1 (B [ 1 1 1 | ] L 1 1 1 1
0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Switching frequency [kHz]
gﬂﬁ 4.14 wa DC-link lnglUSguiisudnsinisuegian (m,) 0.8 uaz 1.0
ANUREIRTI () 1-20 kHz S¥AULSIsu 30 kV
A15197 4.6 wa DC-link TnetUSguifigudnsinisuegian (m,) 0.8 wag 1.0
ANRERRT () 1-20 kHz SyAULSIsiu 30 kV
Aaslniriteuliiyawiiesreutiasines (DC-link) W
AMNAEINT (F,) kHz 12| 2 | 32| 4 | 5 | 10| 15| 20
é’miﬁmsua@mm 1.0 220 | 213 | 219 | 217 | 217 | 228 | 240 | 249
(my) 0.8 224 | 218 | 218 | 216 | 219 | 227 | 243 | 266
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9IN3UM 4.13-4.14 uazas19il 4.5-4.6 wansran1saaasUsuaBuAEE R TR
1-20 kHz fivienun 8 f1 59il Ao 1.2 2 3.2 4 5 10 15 uaz 20 kHz audsiu Tnefidnsinisue
aas (m,) 0.8 uag 1.0 mﬂwamaa‘uamwsaaqﬂmmé’uﬁuﬂé’é’aﬁ 0]

deanuiaings (f) Suuiltuduunduidslihideuldyaminoineunesines

(DC-link) TN URLY 18 AR TN daunUsiumuaudadinda Il

[
v v a A

AuduuSAUSRsINTHEgEARIl Ao nItl m, 0.8 Matlwihndewssuinniingdl m, 1.0

a

Wesandinsdl m, 1.0 dygradiduidagdn (PWM) axdinsain®s () desninsdl m, 0.8

Y

'
A [y

Lﬁaqmﬂﬁuﬁmaqgﬂﬂaua@@mﬂﬁuLﬁaqLé‘m (PWM) vnuziasuannuzussiuszninagudly
mﬂﬂﬁ%a@usﬂﬂangﬂaﬁwﬁﬁﬂﬂLLiJscTummmmﬁa%%ﬂ () Tnediuualduuieniurionsdl
SEHULTITU 40 KV 4asseiuLsIiunadoud 30 kv L'%&Jﬂ’jm’nmqﬁylﬁamﬂa%%a (Switching
loss) TAnaInnIsaing Wa Ua (Switch on-off) Bspuaaings (f) fuuiltudiuunndu
anugndsfiiuuilduwdsiumufennugydsrnaindaiunntufuandluzud 4.15 was
4.16 LLamwaﬁ’@mmgﬂﬂ?{uﬂﬁULﬁaqLé‘u (PWM waveform) fiadsnyamefnounies
\meslarUnd unseiule (Sinusoidal waveform) K190 Tosuazdaulinslautag

WS UE AR

RIGOL STOF

Smusou/Y\vef rmy

waveform

i‘iJ‘VI 4.15 wadmnygy mﬁéﬁ’mﬁa&am (PWM) ”mswmsma 1as (m,) 0.8 ANUDAINTI ()

2 kHz

L)
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RIGOL A
S|nu50|dal waveform

VIV

PWM ‘waveform

23,10
CH1= 268.8. [MEEEE  2EAL Time 2. 3
i‘lJ‘VI 4.16 nadayeyruiiciudagion (PWM) dnsinisuenian (m,) 0.8 ANudaIngs (f)

20 kHz

Intensity Main Statistics
1000 ms 2,000 ms 2.000 ms 4000 ms 500 Gamut
[FDS/s] [MPD 600 1.1:
2,164 pC
100 p¢ » 185
382
Freq. integration =t
250 kHz + 150 kHz
269 from: 100 kHz
ta: 400 kHz
2.01 g
10 pC
149 Gated ercentage
11
083
RS 0.62
046 MPD 600 1.1:
034 VIv2
-‘-q 40.31 kv
omichon ol |
RMS
40.42 kV
fy
200.0 Hz

]
=1

JUN 4.17 nadygyiniuean 8nsIN1sHBaAn (m,) 0.8 ANUDAINTS () 2 kHz

JLAUWIIAY 40 KV mmﬁlwé’ﬂyja (f) 200 Hz

Intensity Main  Statistics

1.000 ms. 2.000 ms. 2.000 ms: 4000 ms 500 Gamut
[PDslsl MupD 600 1.1
1.938 pC
100 pC. 485
382
Freq. integration at
250 kHz £ 150 kHz
289 from: 100 kHz
to: 400 kHz
201 0PDs
10 pC in0s
149 Gaterl Percemage
stat;: pamal o "
m dynamic 0%
IEC 60270 status
0.83 conforming, Calibrated
today at 09:47:13
082
. MPD 600 1.1:
034 viv2
omicronl .
Vams
30.35 kv
fy
200.0 Hz

3UM 4.18 wadyg)ianinueen 8ns1n1suegwan (m,) 0.8 ANUDEINYA (f)

2 kHz SeAULSIU 30 KV Audivdnya (f,) 200 Hz
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mﬂmamaaugﬂﬁ 4.9-4.18 WAAINANITNAADIAANUAEINT (F) 2 kHz Tnefidnsanis
uagian (m,) 0.8 uaz 1.0 ldnanaaeuiiiiuszansamaanlusuvesdayaiusunium
(Background noise) AeuRniieuLsasugsaeiing (Total harmonic voltage distortion
: THDV ) wagrndslwihiideuligmmninesaeunesinedsn (DC-link) Tnsuanssanisnadey
pvinnsinAamsaunsduldfandlugufl 4.17 uag 4.18 nsdliauiainds () 2 kHz
fignsnsuegLan (m,) 0.8 fiszAuLsIiunAaBy 40 KV uaz 30 KV mud1dy uaynsdl
ANAIUAAINTS (f) 2 kHz lagildnsinisuegian (m,) 1.0 fiszRuusaiunaaay 40 KV uaz

30 kV ANUAI9U f?}’aLLamﬂugUﬁ 4.19 wag 4.20

tare 999.9 s 7—0———7—2000 ms 3.000 ms 000 m7—: 289 Gamut Igglsfg g Statstic:
7 . MPD 600 1.1:
6.52 Qe
2.046 pC
485
Frea. integr:
250 kHz = 150 kH:
from: 100 kH:
to: 400 kH:
0PDs
in0s
Gated Percentage
static: 0%
static partial: 0%
dynamic 0%
IEC 60270 status
‘onforming, Calibratsd
today at 09:47:13
MPD 600 1.1:
viv2
40.80 kv
Vams
40.84 kv
fy
200.0 Hz
' ! | !
= U ¥ a v a a a
JUN 4.19 wadygIuAUeBNanIINIIHaNLEeR (m,) 1.0 AUAEINTI (f)
|
U U a L2
2 kHz sgausInu 40 kV anuavanya (f;) 200 Hz
Intensity Msin. Statistics
[PDsis] Mupp 600 1.1:
o5 Qrec
1.873 pC
485
s Freq. integration 2t
ET I Fe
to: 400 kHz
201 0PDs
in0s
140 Gated Percentage
static: 0%
111 xﬁ;:;;ﬂhhx
IEC 60270 status
083 conforming, Calbrated
tday 2t 024713
082
. MPD 600 1.1:
034 v/v2
30.44 kv
026 Vo
30.28 kv
fy
200.0 Hz

JUN 4.20 nadygiauinueaniiegnsinisuegian (m,) 1.0 AURaInds (f)

2 kHz s2auuTInY 30 kV mm?ﬂué’ﬂ;ﬂa (f1) 200 Hz
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Intensity ~ Main  Statistics

4,000 ms 2001 ms 12,00 ms 16.00 ms 200 Gamut

POl [MPD 600 1.1:

- QEc

2.175 pC
427
322

Freq. integration 2t

250 kHz & 150 kHz
243 from: 100 kHz

to: 400 kHz
184 0PDs

in0s
138 Gated Percentage

static: 0%

‘static rtial: 0%
1.05 proibikn i

T1EC 60270 status
079 conforming. Calibrated

oday =t 15:32:08
05
. MPD 600 1.1:
0.34 v/v2

30.28 kv
026

Vrms

29.73 kv

ty

50,00 Hz

JUN 4.21 nadyg1uniueanyignsinisuenan (ms) 1.0 anudainga ()

2 kHz sefunssd 30 kv Anuiivdnya () 50 Hz

INHANAADUTUN 4.21 LAAINANITNIARDANIIDI ADULIBSTIANAZTINTS () 2 kHz
lnefidnsnisuogian (m,) 1.0 A5zauusenu 30 kv uandiviuingaminasnounesiim
N385 190U INATIIFUEMTUNTINARURTIVTIANTIRRRAAYN TAUdUTAUaVAN

ua (fy) 50 Hz lananaaeuniiuseAnsnane lud 1psrtdgyanaisuniue (Background

noise) TaefiAn 2.175 pC @elaiiin 2.5 pC

1ANNT19N 4.7 ag 4.8 Landnan1snageullseuiigudnsinisuegian (m,) 0.8 uay

[

1.0 ANNAAIAT 9 (fs) 1-20 kHz ALA NENYA (f) 200 Hz S2AULTIfU 40 KV wag 30 kV

Y

{ o $

pudfunandiiiuimannesroueiiiinisadaiu Welesedludiuesnisld
WE 91U (DC-link) ﬁé’mwmauamam (m,) 0.8 ATAULTIU (Voe) 89071 dowssufisuiu
nsdl (m,) 1.0 Taedeuduiusisuioniulunsdinaaeudisydunsssu 40 KV uaz 30 kv

waziiiodasziludauvesseiunseud (o) ﬁﬁmwmiua@mm (m,) 0.8 A5¢AUNTLLE (Ipo)
Tpunin LﬁaLU'%‘EJ‘ULﬁauﬁ’umﬂé’mwmiua@mm (my) 1.0 Teedlanudunusiufelnulunsal
NAFOUTITEAULTISU 40 KV waz 30 KV waziiiedinsziludiuvesusinunssuaaduainud

wanya (f;) 200 Hz Maseaanyamesaeuesinglininuiainga (f) 1-20 kHz §n5In13

=Y

waLan (m,) 0.8 uar 1.0 LHBHIUNITNTBWAINY TAULTIAU (Vao) AtaReussnunleouli
nilalUamaauLIIRUAInn Ao 460V / 70 kV auna 40 kVA lunsdinaaeuiiseAuusesiu
(Pre-Stress voltage) 40 kV Ao 239 V wazfinsalnnaauiiszaulssnu (Test voltage) 30 kV

Ao 180 V Anuafu



A151991 4.7 HanInaEeUIHUTEUSRTINTHBEA (M,) 0.8 Ua 1.0

AIREIRBs () 1-20 kHz AuAndnya () 200 Hz sefuLIIfU 40 kv

Pre-stress voltage 0.8 (Uyes) = 40kV
(kjlj:z) mgq Vbc Vac THD, Ioc Qiec
V) V) (%) (A) (pO)
1 195.40 238.50 1.50 2.02 2.033
L2 0.8 242.70 238.00 1.30 1.63 2.165
1 195.30 242.20 0.60 2.07 2.046
? 0.8 250.00 240.30 0.60 1.58 2.164
1 193.40 239.30 0.50 2.03 2.050
> 0.8 251.00 | 239.20 | 0.50 1.54 2.187
1 197.00 240.20 0.60 2.03 2.060
‘ 0.8 250.30 239.10 0.60 1.58 2.175
1 202.00 239.70 0.80 1.96 2.176
i 0.8 257.40 237.30 0.90 1.54 2.282
1 194.30 241.50 0.60 2.12 2.295
I’ 0.8 275.90 231.60 0.60 1.49 2.392
1 194.50 236.40 0.60 2.16 2.162
\ 0.8 240.30 241.00 0.60 1.85 2.282
1 191.90 241.30 0.70 2.31 2.278
20 0.8 277.80 235.60 0.60 1.72 2.509
NBR : Ve D Lmﬁuﬁahﬂ%qmmea%ﬂauna%ma%
Vac Ap LLiaﬁuﬁdw‘IﬁwﬁaLmaqmaauLméﬁ’uz;jq
THD, Ao APnuRaieulLsEuELedn
Inc Ao ﬂszLLaﬁaimiﬁﬁqmmea%ﬂauna%ma%
Qiec fio dyaaisumuitunss



A151991 4.8 HaNINAFRULUIHUEUSRTINTUBAEN (M,) 0.8 U 1.0

AIREIRTs () 1-20 kHz AuAndnya () 200 Hz seuLIssu 30 kv

Test voltage 1.2(U,q) = 30kV
(kjliz) mgq Vbc Vac THD, Ioc Qiec
V) V) (%) (A) (pO)
1 147.50 180.20 1.40 1.49 1.855
L2 0.8 185.10 181.60 1.30 1.21 1.941
1 144.90 179.90 0.70 1.47 1.873
? 0.8 187.50 180.20 0.80 1.16 1.938
1 146.00 180.50 0.70 1.50 1.871
> 0.8 190.80 | 180.10 | 0.80 1.14 1.936
1 147.70 179.60 0.70 1.47 1.924
‘ 0.8 187.90 179.10 0.70 1.15 2.051
1 151.80 180.10 0.80 1.43 1.935
j 0.8 194.20 179.10 0.90 1.13 2.058
1 145.50 180.70 0.70 1.57 1.929
I 0.8 208.60 175.20 0.70 1.09 2.281
1 148.80 182.80 0.70 1.61 2.150
\ 0.8 181.00 181.60 0.70 1.34 2.162
1 145.40 182.70 0.70 1.71 2.056
20 0.8 206.50 175.10 0.60 1.29 2.276
NBR : Ve D Lmﬁuﬁahﬂ%qmmea%ﬂauna%ma%
Vac v LLiaﬁuﬁmﬂﬁwﬁaLmaqmaauLméﬁ’uqq
THD, Ao APnuRaieulLsEuELedn
Inc Ao ﬂszLLaﬁf\hﬂﬁﬁqmwana%ﬂauna%ma%
Qicc 0] ”ﬁp,ﬁpﬂmumuﬁwé’q



unil 5

unagunazvalauauLuL

5.1 @unanisaaniuy

Ineninusatuiidumsdnviiiesenuuumstssgndldinnesaeunsdinesd (Power
converter) wuudunedwesuin 1 wla sfaunansussiuiielinseiuazasaniomnaaou
AMINNYBIAUIL Y3 BLAT BaNAFaUATIITANSIARR Y I sE Y Tneduneuusnyiinig
A5 esieelusLny MATLAB iiasmmnunaings (f) wardnsInNsueman (m,) nvay
wagasidyyumuauiIneataalulasnoulnsiaes STM32F4291 DISCOVERY d@aulusunsy
EMTP 14931A512 L7 0¥11729950583A2108 AR Tz ey Sensdldaiudines 16 uF
NANAFDURANIANANLAF AR UBETIUSTIN 900 Hz YiliiUsEAnEamnsnsesfianinile
Weutunsdildaufines 1 uF Wnenanaaeudiliainnissiasssielusensusiunldluns
Faas19gannasuaTfifiUsEANS AN UM LIIRIEIuNIMAAEUA I I ANISIA AT
UadnAe IEC 60270 [1] uazanpsgumaaaeuniouwaiaieslefnusaiufe IEC 61869
(4]

5.2 @3un1ivnasg

I
UV Y

NuANeInusat il T UTEasAiieasunI oA UANAINYBIANIY KIT8lARs

s

anyAgulunsfnwssnaiienaassindanudululivselinesimnesaouiesines

EN

wldlunisvaaeunsiainniainfaysaunsdiu lngaunsoasunanismeasdlanilfie

q

wiasiualwihildgunsadidnnseinmdsdmiuneaeunsinininfavisauisdin Aot
wwneineuesinesnsldf ugtumaianisaiunuuuuiiduilagidu (Pulse width
modulation : PWM) Lﬁ/lﬂﬁﬂﬂ’lia’imgglx‘iLLSQ@WUIWWWLLUUQﬁIV\IaW% (Unipolar voltage
switching) Y19 usmAUTTUUNTBeANLA AL @snas1sAmAnanYa (f) 50 Hz Tae
Ignanaaauanudainds () fuizaude 2 kHz @ m, 1.0 wmszduszdnSnmesnininy
WANM19YDIL3IA Y (Different voltage : DV) Uo8n31 5% THD, Waeni1 5% uazd e
sunaufiunds (Background noise : BG) A1 5 pC lngsmsigiufinualidnlunis
maaumn"’iﬂLﬁﬂaaﬁuﬁamadaué’m@mwmw‘?ﬁuwé’aﬁEJa:J%’Ulé’%éfaqﬁﬁw‘hﬂjw 5 pC [1]

MelnanadouI eI AoUIBSInesTITRas T Wi oldnaaeuTInTAnsinRa1Se
vdwlundiaudanniasilietauseiu (Potential transformer : PT) agvinisnageulnsld

AUBNENYA (f;) 200 Hz iiadesiunisduiivesnumaniu annran1smeassuilieu

'
=

ANUDAINTY () Aausmnudeiauiannungedliviavandl 8 A1 Ae 1.223.24 5 10 15 uag
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20 kHz udiu nanedeundusednSamimunzauunnfianfe NSEAIUANANNDETINTS (f)
Wiy 2 kHz uag Ngnsn1suegian (m,) 1.0 lnsuandUSunaunisldndanu (DC-link) A1
AMURALNBULTIAUg1sHaTln (Total harmonic voltage distortion : THD,) hagszaudeyu

FUNIUNUNEY (Background noise : BG) Lan9ndn19197 5.1

Intensity Main  Statistics
PDs/sl [MPD 600 1.1:
Qrec

2.175 pC

4.000 ms £.001 ms 1200 ms 16.00 ms 200 gamut

5.66

427

322
Freq. integration =t
250 kHz + 150 kHz
100 243 from: 100 khz

to: 400 kHz
184 opDs
/ | inos
1 138 Gated Percentage
| e — static: 0%
10pC ‘ | . statc partsh 0%
|

dynamic 0%
IEC 60270 status

0.79

0.45 MPD 600 1.1:

034 v/v2
30.28 kv

VRus
20.73 kv
fy

50.00 Hz

SUTL 5.1 Havna@ouLsasiy 30 kV Anuandnua () 50 Hz Anudainds (f) 2 kHz uas

Y

2

v

DRIIN1TUBAEA (M,) 1.0

SUN 5.2 ANANURAL N ULS IO LSS URNUDUNINDSADUIBLADSUSINUNAADU

v

30 kv mmﬁ%é’ﬂga (f) 50 Hz ADERRT (f) 2 kHz 8msINsUogLan (M) 0.1

NavRde UL AaUnesIne TR uiienadeunTia N siinRa S o 7
UsIUNAEU 30 KV mm?ﬂué’mﬂa (f,) 50 Hz P udainds (F) 2 kHz gnINITUBAEN (M,)
1.0 lfnanadeussiae Arnnuuans1wewsesia (Different voltage : DV) winifu 1.81 %
sysUdyaasUNIUUMas (Backsround noise : BG) Tia3asanunsavildfie 2.175 pC Tneil

'
[y o

AYIUTUNIUAINLAINITRONUUUNRBINSTIARINTY 2.5 pC BaNULINTFIU IEC60270 [1]

T
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Aauandlugun 5.1 uagAAuRaLieuusiuensueiln (Total harmonic voltage distortion
: THD,) A1 1.1 % slauanslugud 5.2

05>

12818

»

) ANANURALNE USRI UE1SUaTN %) ANPNURALNYULTIAUTISUBTN

'
=

MuseRunagaey 40 KV MsIAUNAFY 30 kV
JUT 5.3 AnAnaraliisunssduesueinveaanniesnounanesANaanya (f,)

200 Hz AYwiaaInds (f) 2 kHz 9nsIN5UBAER (M,) 1.0

F B 16.8mU

Lrrill= 4, 161
MaFED 1 Time

n) guAduiisiuTagdu (PWM)

Uprlll= 3
[EHER 1. Time 2

v) sUaAusuLTagLSN (PWM)
LIIPUNAADU 40 KV WSIUNAADU 30 KV
U 5.4 URAWSUBENTBIINBSABLNBIIADS ANNANANYA () 200 Hz ANRaInTs
(f2) 2 kHz wagensnstegan (m,) 1.0
Inesnounesnesisnadna uilonndeunsiatanisiinaannsauisd Tnenns
nedeunTITinN R AnRavIsIutELTe el ana3aaleTausety RAwsTy 24 KV A
LIIRUNAABUAIIUAIVIUF DUIRUNTZUAAAY (Withstanding test voltage) 7iusedu 50 kv
Fouazdosihnmsdounsiunnaouiitesiansnsiinussiuiue (Pre-stress voltage) 7

SAU 80% VBILTIAUNAADUANUAINUADLTIAUNTELAFAUAD 40 KV #a991NUUIIVINITAN
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sesuussuadluTimusauneaeauil 120% vosiidandoulansosioTauseu (U,) fusesy
naaau 28.8 kv Tun1snaaesarlien 30 kv iiieliiterenisususeiuusany nanageu
L‘vmL'Jas‘ﬂaunaS‘Lma%ﬁ%’ﬂa%’wﬁuﬁmmﬁwé’ﬂuﬂa (f,) 200 Hz A2udadnda (f) 2 kHz §997
msuegLan (m,) 1.0 lnsuanssuadususenveaniiedreunesinesduanslusuil 5.4 n
fussiunaaey 40 kV uasdiusafunaaay 30 kV dsuanslusui 5.4 ¥ Shsimsuegian (m,)
1.0 “Lﬁwa‘mﬂaauﬁﬁﬂizﬁw%mwﬁﬁqmﬁqﬁﬁa AnsyAudaasUnIui umds (Background
noise : BG) fisgfuusadiu 40 KV indesaunsavilafe 2.046 pC uazdiseiuuseii 30 kv f
sydudanasunIuiunds (Background noise : BG) flenviniu 1.873 pC Tnedldeyau
sumuiuAINIeNKUUTIHBINISRERINTY 2.5 pC Feruannsgu IEC60270 [1] Bnvied
denPnufinuiouunsssusnsasin (Total harmonic voltage distortion : THD,) fiauandlugy
7 5.3 n Musaunade 40 KV Sl THD, iniu 0.6% wazfiusssiunaaou 30 kv il THD,
dawndu 0.7% ﬁmam‘Lugﬂﬁ 5.3 4 Genannaeu THD, Alavslunsallsaiunaasy 40 kv
wag 30 kv fiAteendt 1 % seuansaunanmmaaalIeuliigudnsinisuegan (m,) 1.0

waz 0.8 Tumsnsil 5.1

A19719% 5.1 HaVAEDUATINIANIANAAYITIVNEIUNTUAMUDNEINTS (f) 2 kHz

mmﬁwé’ﬂga (1) 200 Hz emsINsuBRan (m,) 0.8 wag 1.0

VOltage DV Vm/\/2 Vrms Pdc link THDV QIEC
m

application ) kY (kV) (W) (%) (pC)
1.0 0.097 40.80 40.84 404.3 0.60 2.046

40 kV
0.8 0.272 40.31 40.42 395.0 0.60 2.164
1.0 0.528 30.44 30.28 2190 0.70 1.873

30 kV
0.8 0.329 30.25 30.35 217.5 0.80 1.938

[V VA
=

Wiliedunstutunanisneaeuiwhnsnageuiulnannadeuasduiitaenseuas
wiosdietaussdu Memnedaeunesinesidnainedulagldauinanga (f) 200 Hz
ANLREINTS (f2) 2 kHz 9m5IN3UBAER (M) 1.0 HANAFBUUTLENTAINUVDIANUUANANVDS
useuiosndn 1% ArrnuRaiiounsesugisuedn (Total harmonic voltage distortion :
THD,) fiddesndt 1% eseudyansunauiiunds (Background noise : BG) 1.932 pC i

Aot 2.5 pC uanaaguii 5.5
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1.0nC a =
1.000 ms 2001 ms 2001 ms 2002 ms 500 Gamut IR:“EDEg . S
MPD 600 1.1:

. Qrec
1.932 pC
e 485

Freq. integraion at
250 kHz + 150 kHz
269 from: 100 kHz
tor 0Kz

2.01 (g
in0s

10 pC

Gated Percentage
static: 0%
static partial: 0%
dynamic 0%
IEC 60270 status
conforming. Calibrated
today at L1i10:59

MPD 600 1.1:

v/v2
29.68 kv

SUN 5.5 Hann@aulanasavisawladasdlainusasunn g 24 kV Agin1iesaAaue

Y

Vams
29.51 kv
fy

200.0 Hz

LWBSNINASS

5.3 JoLAUBLUSLAZHUININITARUN
lngtagtuilmiesaeuniesinesninasnadulignihuildnussaluniomaasy

A529IANTSNARAVITIUNNEIUA NS UL DL UBIATDILDTALSIAUNNNA 24 KV A91LN 285

' ¥
§a o b4 =

ABULIBRS MRS NI nas19Tud wdusnadeniiurauladmsunisihlldmeasunsiatnnisiina
a & | a v a a ° A = ~ 1Y) = A &

Aav1saunduiideIn1suseaniamanarsnaidi WeaSeuiisuiues eamaasuiidu
SYUULBLNaTABNULATRIA L IR NH LazlnInDIARLLIRSHBINAAFs19TUd YA U a U buTY
nagaundauvatliii 3 sanlinlwiy v3eaunsalliaunsannaounisanudng s
Unfifl 50 18509 Laillosannunumindussuluamelvizuaduusaiunssugaduiinieuly
Ingluswianmsiannseluvesgamnnesaeuwosinesianudululanazilufndilused
ANUN50LARBUNIALDYINTANTNAFBUATI INNISARAREYISIUNE LI UNT B LU aIA3 995939

LSIAUNanIuINTNUIsdusuansaly
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Abstract—In this paper, the development of a partial
discharge testing system for potential transformers (PTs) based
on a uni-polar pulse width modulation (PWM) frequency
converter is presented. The system is composed of a low-voltage
and 200-Hz power frequency converter connected with a high-
voltage transformer, a low pass filter, and a conventional partial
discharge detection system. The performances of the converter is
investigated in terms of the DC charging voltage, the voltage
difference (peak voltage/square root of 2 and rms voltage), total
harmonic distortion of the output high voltages (THDy), and
background noises in the partial discharge test. It is found that
the developed frequency converter provides the promising
performances in terms of the voltage difference, THD., and
background noise. The voltage difference and THD. are lower
than 5%, and the background noise is less than 2.5 pC. In
addition, the developed system has been used for the real partial
test on a potential transformer in the distribution system
successfully.

Keywords—Iigh-voltage tests; partial discharge; potential
transformer; power quality; PWM frequency converter

[.  INTRODUCTION

Partial discharge (PD) is a localized electrical discharge
that only partially bridges the insulation between conductors.
PD may not occur next to the conductor. Generally, PD is a
consequence of local stress concentration in the insulation or
on the insulation surface. 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 measured as
recommended in IEC 60270[1].

In the industrial potential transformer (PT) production,
partial discharge (PD) test is a routing test that all PT in the line
production must be passed. In the PD test, high voltage (HV)
is applied to the high-volatge winding ofthe PT under test. This
HYV level is always higher than the rated volatge of the PT. For
example, a PT with the rating voltage of 12 kV shall be tested
at 22.4 kV for prestress voltage condition, and at 14.4 kV for
recording PD activity. Therefore, saturation on the PT is

Authors would like to acknowledge the Thailand Research Fund and
Meidensha Corporation for the financial support of this research work.

avoided by applying the voltage with the frequency which is
higher the rated frequency of the PT. Normally, the frequency
of 200 Hz is suitable for all PTs with the rating frequencies of
50 Hz and 60 Hz. In the past, motor genecrator set was
employed in the PD test. However, now the motor generator
set is quite hard to find in the real industrial market and is made
by order. It leads the price of the moter generator set is quite
high. For example, the price of a 30-kVA and 200-Hz motor
generator set is around 100,000 USD,

Now a day power electronis device and control topology
have a lot of inovation progess [2]. Therefore, it is very useful,
if we apply the power electronie frequency convertor to use in
HV test. However, the problem for using the frequency
converter in the PD test is that the generated testing voltage
shall be pure sinusoidal waveform with the requirements, i.e.

(1) the difference between peak voltage devided by \/5 and
rms voltage shall be less than 5%, (2) the total harmonic
distortion of voltage defined by eq. (1) shall be below 5%;

50

P Vi

1,peak =

THD= )

where, Vi, is peak voltage of the fundamental frequency
voltage, and Vopew is peak voltage of the n® harmonic
frequency voltage.

Also, the converter also produce the high level of noise
signal  due to switching operation. It leads the very high
background noise level in the PD test. In [3], [4],the frequency
converter was applied for transformer test. It found that the
background noise is around 50 pC. With this background noise
condition, the background noise is acceptable for testing power
transformer, since the acceptable background noise is higher
than a few hundred picocoulomb. However, it is still to high in
the PD test of potential transformers. The acceptable
background noise for the PD test of PTs shall be lower than 2.5
pC, because the acceptable PD level for the PT in some specific
type is only 5 pC [5], [6]. Therefore, some measures for the
pure sinusoidal generated waveform and noise reduction are
required.
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In this paper, a developed power frequency converter is
poposed to employ in high-volatge and partial discharge tests.
The H-bridge inverter was constructed for the PD test. The
additional low pass filter was applied to reduce the generated
waveform distortion and background noise in the PD test. The
performances of the developed converter are investigated From
the experimental results, the unipolar PWM converter provides
the promising performances in terms of DC charging voltage,
the voltage difference (peak voltage/square root of 2 and rms
voltage), total harmonic distortion of the generated voltage,
and background noise level in the partial discharge test.

I PARTIAL DISCHARGE TESTING SYSTEM FOR PTS

The partial discharge testing system 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 IEC
60270 standard as shown in Fig. 1. The detail of those parts are
given as follows.

A. High-voltage source

In the PD test of a potential transformer, low-voltage power
supply being normally from a low-voltage grid, a motor
generator set, or power converter is connected with a voltage
regulator and then connected to a high-voltage testing
transformer. Also, a low-pass filter is possibly connected to the
system to control the voltage distortion and background noise
i the PD test.

For the problems in the partial discharge tests in the real
situation, the total harmenic distortion of the high voltage from
the HV transformer supplied from the low-voltage grid is quite
hard to control to be lower than 5%, and the noise signal from
the grid often hard to control to be the acceptable level of the
partial discharge test. Thercfore, the grounding system in the

Part I: High-voltage source

transformer  Zt

Low-pass filter

-+

high-voltage testing room shall be designed and constructed in
an appropriate way, and the additional low-pass filter is
necessary connected to the system. From those reasons, the
efficient frequency converter is an attractive choice in the PD
tests.

B. Partial discharge detection system

The partial discharge detection system according to IEC
60270 [1] as shown in Fig. 1 is composed of a coupling
capacitor (Cx) connected in series with a coupling device (CD)
or a measuring impedance and a measuring instrument (MI).
The measuring impedance (CD) is the main part which
converts the input PD current pulses into pulse voltage. The
voltage signal is routed via a measuring cable (CC) to the PD
measuring instrument (MI). Additionally the coupling device
is composed with supplementary elements for signal filtering
in order to eliminate disturbing harmonics caused by the AC
test voltage supply. Moreover, a fast over-voltage protection
unit is required for suppressing over-voltages which may result
from unexpected breakdowns of the test object. To ensure an
optimum PD signal transmission, the coupling device should
be located physically as close as possible to the coupling
capacitor Cx and, for safety reasons, always inside the high
voltage test area. The series connection of the coupling
capacitor Cy with the measuring impedance is acted as a high-
pass filter circuit. Normally, the frequency range used in the
conventional PD tests is from 100 kHz to 400 kHz. The PD
current having high frequency component will go to the part of
the coupling capacitor, because the blocking impedance (Z)
will be very high in a case of high frequency range. The
calibration of the PD detection system with the known charge
is required in the real PD test [7].

Part IT: PD detection system

Fig. 1. The circuit of partial discharge test.

I1I. POWER FREQUENCY CONVERTERS

As mentioned on the limitation of the low voltage supply
in Section II, a power frequency converter for the PD tested
was developed. As shown in Fig. 2, the converter starts from
using full bridge rectifier for converting the AC voltage with
the frequency of 50 Hz from the low voltage grid to DC

voltage. Then, the DC voltage is converted to AC voltage with
the required frequency of 200 Hz [8]. In this part, insulated-
cate bipolar transistors (IGBTs) are connected in H-bridge
configuration. The control signals generated by a digital to
analog circuit are employed to control the IGBTs’ switching to
obtain the required output voltages. The switching frequency
was set to be 2 kHz.
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IGBTs Drivers

Fig. 2. High voltage source power converter generator.

IV. EXPERIMENTS

In this section, some experiments were carried out to
investigate the performance of the developed system in the
partial discharge tests. The developed inverters was connected
the HV testing transformer which was connected to the PD
detection system in cases of no load and with a PT. The
transformer ratings are 460 V/70 kV and 40 kVA. The effect
of a low pass filter was also-investigated. The filter was
constructed from an isolating transformer with  leakage
impedance of which inductance is 1 mH, and it was connected
with the capacitor (Cy) of which capacitance is 22 pF. The
isolating transformer is a step-up transformer with the ratio of
1:2. The calculated cut off frequency is about | kHz.

Fig. 3. Experimcntl setup of the panil: discharge test wit the PT.

(1) Isolating transformer, (2) HV testing transformer, (3) Coupling capacitor,
(4) Coupling device for PD detection, and (5) PT under test.

The DC charging voltage, the voltage difference (peak
voltage/square root of 2 and rms voltage), THD., and
background noise in the PD tests were examined and measured
by the commercial PD detection system (Omicron). Fig. 3
shows experimental set up for the PD test. In the PD test, the
standard PD current with the charge of 10 pC was utilized in
the calibration process. The background noise without
application of the developed inverter is less than 0.5 pC.

A. No load without the filter

The developed power converter was employed to generate
voltage of about 20 kV. In this case the low pass filter was not
connected to the system. There was no test object connected to

=

v
a v v

the system. The experimental results are shown in Fig. 4 and
Table 1. L

w98 2000 e PP Sy

Fig. 4. Experimental results in the case of the uniolar PWM application.

In the case of the unipolar PWM application, the voltage
difference was less than 5%, the THD, was greater than 5%,
and the background noise was greater than 2.5 pC. It is notice
that the background noise in the PD test is depended on the DC
charging voltage, and the inverter without the filter cannot be
cmployed in the PD test.

B. No load with the filter

The develop power converter was employed to generate the
same voltage level of about 20 kV. In this case the low pass
filter was connected to the system. There was no test object
connected to the system. The experimental results are shown
in Fig. 5 and Table L.

TABLEJ EXPERIMENT TEST RESULT OF PARTIAL DISCHARGE TESTS
: VI T IVE A B | B
Fil Yo s | o ‘
£ Bl [ DEw 4 |
| Non 20.21 19.009=" Y 74.7 7.5 3.579
i Apply. | 2023 19.95 : 3 soff Jf 22m

Eiggis Expeﬁnenlal results in the case of the unipolar PWM application.

q v
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From the experimental results, only the unipolar PWM
converter with the filter is able to be used in the PD test, since
the voltage difference is 1.4%, the THD. is 3.0%, and
background noise in the PD test is 2.28 pC. However, the
background noise is still depended on the DC charging voltage
and the high output voltage. If the higher voltage is required in
the PD test, an additional filter should be designed and installed
in the test system for reduction of the background noise level.

C. With a potential transformer

For confirmation of performance in the PD test of the
developed converter, the unipolar PWM frequency convertor
was employed to generate voltage of 22.4 kV for pre-stress
condition and 14.4 kV for recording PD activity. In this case, a
PT and the low pass filter was connected to the system. The
standard PD current with the charge of 5 pC is used for
calibration in the PD test. The experimental results in the case
of the applied voltage of 14.4 kV are shown in Fig. 6.

Fig. 6. Experimental results in the case of the PT connected
with the test system and unipolar PWM application.

The voltage difference was less than 1%, the THD. was 2.8%,
and the background noise was 2.1 pC. It is confirmed that the
developed system can be employed in the PD test with a
potential transformer successfully.

V. CONCLUSIONS

The developed partial discharge testing system based on the
PWM frequency converter has been presented. The unipolar
PWM frequency converter with the appropriate low pass filter
provide the promising performances in terms of the voltage
difference, the THD., and the background noise in the partial
discharge test. The voltage difference is 1.4%, the THD, is
about 3%, and the background noise is less than 2.5 pC. In
addition, the developed system has been used for the real
partial test on a potential transformer in the distribution system
successfully. The developed power frequency converter is an
attractive choice in the PD tests due to high performances and
low cost when it is compared with the moter generator system.
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Abstract—In this paper, the development of a partial
discharge testing system for potential transformers (PTs) is
presented. The system is composed of a low-voltage and 200-Hz
power frequency converter connected with a low pass filter, a
high-voltage transformer, and a conventional partial discharge
detection system. The performances of the converter with three
generated waveform, i.e. square wave, quasi-square wave, and
unipolar pulse width modulation (PWM) are compared in terms
of the DC charging voltage, the voltage difference (peak
voltage/square root of 2 and rms voltage), total harmonic
distortion of the output high voltage (THD,), and background
noises in the partial discharge test. It is found that the unipolar
PWM frequency converter provides the best performances in
terms of the voltage difference, THDy, and background noise.
The voltage difference and THD, are lower than 5%, and the
background noise is less than 2.5 pC. In addition, the developed
system has been used for the real partial test on a potential
transformer in the distribution system successfully.

Keywords—frequency converter; high-voltage tests; partial
discharge; potential transformer; power quality

sy INTRODUCTION

Partial discharge (PD) is a localized electrical discharge
that only partially bridges the insulation between conductors.
Generally, PD is a consequence of local stress concentration in
the insulation or on the insulation surface. PD can be classified
as an external discharge and an internal discharge. The
external discharge 1s 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 measured as the recommendation in TEC 60270[1].

In the industrial production of potential transformers (PT's),
partial discharge (PD) detection is a routine test that all PTs in
the line production must be tested and passed. In the PD test,
high voltage (HV) is applied to the high-volatge winding of
the PT under test. This HV level is always higher than the
rated volatge of the PT. For example, a PT with the rating
voltage of 12 kV shall be tested at 22.4 kV for prestress
voltage condition, and at 14.4 kV for recording PD activity.
Therefore, core saturation on the PT is avoided by applying

978-1-5090-5949-2/18/$31.00 ©2018 TEEE

the voltage with the frequency which is higher the rating
frequency of the PT. Normally, the frequency of 200 Hz is
suitable for all PTs with the rating frequencies of 50 Hz and
60 Hz. Tn the past, motor generator set was employed in the
PD test. However, now the motor generator set is quite hard to
find in the real industrial market and is made by order. It leads
the price of the motor generator set is quite high. For example,
the price of a 30-kVA and 200-Hz motor generator set is
around 100,000 USD.

Now a day power electronis device and control topology
have largely inovation progess [2]. Therefore, it is very useful,
if we apply the power electronic frequency convertor to use in
HV test However, the problem for using the frequency
converter in the PD test is that the generated testing voltage
shall be pure sinusoidal waveform with the requirements, i.e.
(1) the difference between peak voltage devided by N2 and
rms voltage shall be less than 5%, and (2) the total harmonic
distortion of the output voltage defined by eq. (1) shall be
below 5%

50
ZVE,peak 6]
=2

where, Vipeak 15 peak voltage of the fundamental frequency
voltage, and Vypek is peak voltage of the n® harmonic
frequency voltage.

Also, the converter also produces the high level of noise
signal due to switching operation. It leads the very high
background noise level in the PD test. In [3], [4].the frequency
converter was applied for transformer test. Tt found that the
background noise is around 50 pC. With this background
noise condition, the background noise is acceptable for testing
power transformer, since the acceptable background noise is
higher than a few hundred picocoulomb. However, it is still to
high in the PD test of potential transformers. The acceptable
background noise for the PD test of PTs shall be lower than
2.5 pC, because the acceptable PD level for the PTs in some
specific types is only 5 pC [5], [6]. Therefore, some measures
for the pure sinusoidal generated waveform and noise
reduction are required.
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In this paper, a developed power frequency converter is
poposed to employ in high-volatge and partial discharge tests.
The H-bridge inverter was constructed for the PD test. The
additional low pass filter was applied to reduce the generated
waveform distortion and background noise in the PD test.
Three topologies of the generated waveforms are investigated
the performances in terms of the DC charging voltage, the
voltage difference (peak voltage/square root of 2 and rms
voltage), total harmonic distortion of the output high voltage,
and background noise level in the partial discharge test. The
first generated waveform is square wave, the second one is
quasi-square wave, and the last one is unipolar pulse width
modulation (PWM) with the modulation frequency of 2 kHz.
From the experimental results, the unipolar PWM topology [7]
provide the best performances in terms of the volatge
difference, the total harmonic distortion, and background noise
level in the PD test.

II.  PARTIAL DISCHARGE TESTING SYSTEM FOR PTS

The partial discharge testing system 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
IEC 60270 standard as shown in Fig. 1. The details of those
parts are given as follows.

A.  High-voltage source

In the PD test of a potential transformer, low-voltage power
supply being normally from a low-voltage grid, a motor
generator set, or power converter is connected with a voltage
regulator and then comnected to a high-voltage testing
transformer. Also, a low-pass filter is possibly connected to the
system to control the voltage distortion and background noise
inthe PD test.

For the problems in the partial discharge tests in the real
situation, the total harmonic distortion of the high voltage from

Part I: High-voltage source

Testing
transformer

Low-pass filter

50 Hz

200 Hz
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the HV transformer supplied from the low-voltage grid is quite
hard to control to be lower than 5%, and the noise signal from
the grid often hard to control to be the acceptable level of the
partial discharge test. Therefore, the grounding system in the
high-voltage testing room shall be designed and constructed in
an appropriate way, and the additional low-pass filter is
necessary connected to the system. From those reasons, the
efficient frequency converter is an attractive choice in the PD
tests.

B. Partial discharge detection system

The partial discharge detection system according to IEC
60270 [1] as shown in Fig. 1 is composed of a coupling
capacitor (Cx) connected in series with a coupling device (CD)
or a measuring impedance and a measuring instrument (MI).
The measuring impedance (CD) is the main part which
converts the input PD current pulses into pulse voltage. The
voltage signal is routed via a measuring cable (CC) to the PD
measuring instrument (MI). In addition, the coupling device is
composed with supplementary elements for signal filtering in
order to eliminate disturbing harmonics caused by the AC test
voltage supply. Moreover, a fast over-voltage protection unit
is required for suppressing over-voltages which may result
from unexpected breakdowns of the test object. To ensure an
optimum PD signal transmission, the coupling device should
be located physically as close as possible to the coupling
capacitor (Cy) and, for safety reasons, always inside the high
voltage test area. The series connection of the coupling
capacitor (Ci) with the measuring impedance is acted as a
high-pass filter circuit. Normally, the frequency range used in
the conventional PD tests is from 100 kHz to 400 kHz The
PD current having high frequency component will go to the
part of the coupling capacitor, because the blocking impedance
(Zg) will be very large value in a case of high frequency range.
The calibration of the PD detection system with the known
charge is required in the real PD test.

Part II: PD detection system

13lqo1sa],

Fig. 1. The circuit of partial discharge test.
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III.  PowER FREQUENCY CONVERTERS

As mentioned on the limitation of the low voltage supply in
Section 11, a power frequency converter for the PD tested was
developed. As shown in Fig. 2, the converter starts from using
full bridge rectifier for converting the AC voltage with the
frequency of 50 Hz from the low voltage grid to DC voltage.
Then, the DC voltage is converted to AC voltage with the
required frequency of 200 Hz. In this part, insulated-gate
bipolar transistors (IGBTs) are connected in H-bridge
configuration. The control signals generated by a digital to
analog circuit are employed to control the IGBTs’ switching to
obtain the required output voltages. As shown in Fig. 3, three
considered voltage waveforms, i.e. a square wave, a quasi-
square wave, and a PWM are investigated the performances in
terms of the DC charging voltage, the voltage difference, the
total harmonic distortion of the output voltage (THD,) from the
HV testing transformer [8], and background noise in the PD
tests. In the quasi-square wave topology, the starting and
stopping phases of the generated voltage were set to be 30
degree and 150 degree respectively. In the FWM topology, the
switching frequency was set to be 2 kHz.

IGBT: Drivers I
Signal control
Isolating wansformer
K g —
L | o
1
1

50 Hz {[.ﬂ

Fig. 2. Low voltage power converter connected to the HV testing transformer.
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Fig. 3. Three generated waveforms from the developed converter.

IV. EXPERIMENTS

In this section, some experiments were carmied out to
investigate the performance of the developed system in the
partial discharge tests. The developed converters was
comnected the HV testing transformer which was commected to
the PD detection system in cases of no load and connection

86

with a PT. The HV testing transformer ratings are 460 V/70
kV and 40 kVA. The effect of a low pass filter was also
investigated. The filter was constructed from an isolating
transformer with leakage impedance of which inductance is
about 1 mH, and it was connected with the eapacitor (Cg) of
which capacitance is 22 pF. The isolating transformer is a
step-up transformer with the ratio of 1:2. The calculated cut
off frequencyis about 1 kHz.

The DC charging voltage, the voltage difference (peak
voltage/square root of 2 and rms voltage), THD,, and
background noise in the PD fests of three generated
waveforms (square wave, quasi-square wave, and unipolar
PWM) were examined and measured by the commercial PD
detection system (Omicton MPD 600). Fig. 4 shows
experimental set up for the PD test. In the PD test, the
standard PD current with the charge of 10 pC was utilized in
the calibration process. The background noise without
application of the developed converter was less than 0.5 pC.

Fig. 4. Experimental set up of the partial discharge test wit the PT.

(1) Isolating transformer, (2) HV testing transformer, (3} Coupling capacitor,
(4) Coupling device for PD detection, and (5) PT under test.

A.  No load without the filter

The power converter with the three generated waveforms
was employed to generate voltage of about 20 KV, In this case
the low pass filter was not connected to the system. There was
no test object connected to the system. The experimental
results are shown in Figs. 5 to 7 and Table I. It is noted that the
time scales of the output high voltages in Figs. 5 to 11 are the
same.
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Fig. 6. Experimental results in the case of the qUasi-square wave application.
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Fig. 9. Experimental results in the case of the quasi-square wave application.
From the experimental results in this case, the voltage
waveforms were quite deviated from the pure sinusoidal
waveform. In the case of the square wave application. the
voltage difference (peak voltage/square root of 2 and rms
voltage) was greater than 5%, the THDy was much greater
than 5%, and the background noise was less than 2.5 pC. In
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Fig. 10. Experimental results in the case of the unipolar PWM application.

TABLE L EXPERIMENT TEST RESULT OF PARTIAL DISCHARGE TESTS
Experiment test result of partial discharge
Control v, by
Vo 1ms ]
topology | filter | 2 Delink | “p 4 Quee
&) | &v) Q)
Sy Non | 20.29 | 16.62 | 4570 344 | 2036
wave Apply | 2022 | 18.60 | 49.25 23.7 1364
Quasi- Non | 2067 | 20.6 69.5 62 3325
square
wave Apply | 20.11 | 19.06 60.24 7.7 2.049
uffooiar Non | 20.21 | 19.09 74.7 7.5 3579
' Apply | 2023 | 1995 73 30 | 2281

From the experimental results, only the unipolar PWM
converter with the filter is able to be used in the PD test, since
the voltage difference was 1.4%, the THD, was 3.0%, and
background noise in the PD test was 2.28 pC. However, the
background noise is still depended on the DC charging voltage
and the high output voltage. If the higher voltage is required in
the PD test, an additional filter should be redesigned and
installed in the test system for reduction of the background
noise level.

C. With a potential transformer

For confirmation of performance in the PD test of the
developed converter, the unipolar PWM frequency convertor
was employed to generate voltage of 22.4 kV for pre-stress
condition and 14.4 kV for recording PD activity. In this case, a
PT and the low pass filter was connected to the system. The
standard PD current with the charge of 5 pC was used for
calibration in the PD test. The experimental results in the case
of the applied voltage of 14.4 kV are shown in Fig. 11. The
voltage difference was less than 1%, the THD, was 2.8%, and
the background noise was 2.1 pC. It is confirmed that the
developed system can be employed in the PD test with a
potential transformer successfully.
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Fig. 11. Experimental results in the case of the PT connected with the test
system and unipolar PWM application.

V. CONCLUSION

The developed partial discharge testing system has been
presented. The unipolar PWM frequency converter with the
appropriate low pass filter provides the best performances in
terms of the voltage difference, the THDy, and the background
noise in the partial discharge test. The voltage difference was
1.4%, the THDy was about 3%, and the background noise was
less than 2.5 pC. In addition, the developed system has been
used for the real partial test on a potential transformer in the
distribution system successfully. The developed power
frequency converter is an attractive choice in the PD tests due
to high performances and low cost when it is compared with
the motor generator system.
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Abstract—The development of a low-pass filter for partial
discharge test system that based on a power frequency converter
is presented in this paper. The PD testing system is composed a
200-Hz power frequency converter and the designed filter
connected with a high-voltage test transformer and a conventional
partial discharge detection system. It is found that the power
frequency converter acting as the low-voltage source always
provides the high noise level with effecting to the background noise
occur in the partial discharge test. Sometimes noise level is higher
than the acceptable level of the PD tests in some high-voltage
equipment such as potential transformers, distribution
transformer, and so on. In this paper, the performances of the
filters with different designs are studied and compared the result
in terms of the output voltage difference (RMS voltage and peak
voltage/ 2 ), total harmonic distortion of the output high voltages
value (THD,), and value of background noeises as occur in the
partial discharge test. The low-voltage source based on uni-polar
pulse width modulation (PWM) topology was employed in the PD
testing system. From the experimental results, the designed filter
shows the promising performances with low levels of the
background noise, THD,, and voltage difference. The
experimental results show that the background noise is lower than
2.0 pC, the voltage difference and THD, are less than 5%. In
addition, the designed filter has been tested in the partial test of a
real potential transformer successfully.

Keywords— frequency converter; high-veltage tests; low-pass
filter; partial discharge; potential transformer

I.  INTRODUCTION

The most importantof high voltage test is purpose for safety
requirements by verify and proof the design and production of
highvoltage device, which include potential transformer (PTs).
In the example dielectric voltage-withstand test, dielectric
strength test, isolation test and another one partial discharge is
the one part thatimportance too, which can explain about partial
discharge by consequence. First, partial discharge can occur
between two parts of sharp edges as applied high voltage and
ground in pattern of gaseous which known in name of corona
discharge. Second, internal of insulation material bubble or
voids may occur which cause of partial discharge as known in
name cavity discharge general occur with solid material. Finally
oceur between boundaries of two material with difference type
as known in name surface discharge. Refer according to the [EC

Authorswould like to acknowledge the Thailand R esearch Fund and Meidensha
Corporation for the financial support of this research work.

standard number 60270:2000. The partial discharges were
defined as localized electrical discharges that only partially
bridge of the insulation between conductors and which can or
cannot occur adjacent to a conductor. Partial discharges are in
general a consequence of the local electrical stress concentrations
on the surface of the insulation or inside of the nsulation.

For confirming the quality of potential transformer (PT)
manufacturing include process inspection partial discharge test
in the work mstruction process for confirming the PT will break
down because of partial discharge. According to the limitation
iron core of PT saturation which normally operates by
frequencies rating 50 Hz or 60 Hz. So, the test frequency will
test with rating frequency 200 Hz with suitable for all PT.
According to this experimental test result refer to PT spec 22
kV, So rating voltage was tested with 40 kV for the prestressed
condition after that reduce the voltage to 30 k'V. In general, the
motor- generator will apply for a test in this activity, But now a
day the power electronic technology has many improvements
in term of efficiency increase, reliable[2] with suitable for
development in the field of high voltage test. So this paper had
developed a power converter used for High volt test.

Even though, the power converter were developed from power
electronic which generate harmonic effect from high switching
frequency activity from switches IGBTs which can feed the
hammonic in to the partial discharge test system, if system without
appropriate filter the accuracy of test cannot be achieved target
because of high level of background noise. For this reason if we
applied the high switching frequency power converter for the PD
test system the generated testing voltage system shall be had
optimize filter system which can prevent harmonic feed to system,
So the test system can generated without harmonic over standard
and pure sinusoidal waveform refer the requirements, i.e. [1] the
difference between RMS voltage and peak voltage divide by v2
by shall be values lower than 5%, [2] the total harmonic distortion
of voltage defined by eq. (1) shall be lower than 5%.

THD M
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Where, the Vy,peak that mean peak voltage of the fundamental
frequency voltage, and the V.. that mean peak voltage of the
n* harmonic frequency of voltage.

According to the switching behaviour of power converter
generate high of noise with effect to increase number of
background noise in partial discharge test, even though the
ground system of laboratory design in good condition[3], [4] In
general the transformer test with applied power converter for
test that background noise value that around 50 pC. But for PD
test background noise shall be lower than 5 pC and some
specific PT value background noise must lower than 2.5 pC[5],
[6]. So, the noise reduction that must consider and investigate
the purpose for generating pure sinusoidal as can apply for PD
test.

The low-pass filter was developed and analyzed by applied
with power frequency converter as developed for use in PD test.
The switching topology use by uni-polar PWM technique
[7]with connects to full bridge IGBT. Switching frequency was
10 kHz and modulation indexes (ma) equal 1 with have high
efficiency in term of low of level total harmonic distortion, low
of level background noise and voltage difference.

II. PARTIAL DISCHARGE TESTING SYSTEM FOR PTS

The system of partial discharge was separate in two part.
First, the term of the high voltage source and in the second term
of the detection system of partial discharge with measure the
PD activity for the connection circuit connected by referring
IEC standardnumber 60270 with show inthe Fig.2 every detail
show explain below.

A. The High-voltage test supply

In the general PT was test partial discharge by applied
voltage as generating from generator or voltage from low
voltage grid with connect to high-voltage test transformer [8].

According to the voltage supply that from low voltage grid
with cannot control the total harmonic from every household
lower than 5% with feeding harmonic to the system. So, from
this problem the power converter was interesting one for
develop and apply in PD test. However because of the power
converter that switching activity generate harmonic in the
system too. So, the low pass filter must apply for reduce the
number of THD and background noise.

B. The Partial discharge measurement system

The partial discharge measurement system refers to IEC
standard number 60270 [1] shows that in the Fig. 2 is
components with a coupling capacitor (Ci) next to connect with
a series circuit with a coupling device (CD) and a measuring
instrument (MI). The measuring impedance (CD) is the
important component of measurement which converts the
signal of input response of partial discharge current pulses
transfer to the pulse of voltage. The voltage signalis transferred
by a measuring fiber optic cable (CC) with that part connected
tothe PD measuringinstrument (MI). Inadditionally the safety
during operation test shall be considered about protection for
operator and protection of device in the system.
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The system must disconnect the circuit test separate from the
voltage source immediately whenever short circuit occurs
breakdown or over limitation of voltage level. The coupling
capacitor (Cy) shall be installed location close to the coupling
device purpose for optimum and high efficiency in term of
signal quality transfer to the PD measurement system and
finally, every equipment must setup installwithin the metal case
for protecting operator refer to the law of Michael Faraday
which operates the outside of the case. In the part of PD
measurement that conventional PD activity occur between
frequency range 100 kHz to 400 kHz So, when every PD signal
occur impedance (Zg) will resist and block the PD signal after
that the signal will pass to the PD measurement by coupling
capacitor (Cy).

C. Low-pass Filter

To generate a voltage source of the power converter, it is
necessary to have a frequency filter for eliminate the harmonic
that is causing the sine waveform distortion. Reduce the noise
that occurred by switches. Frequency converters for power
circuits are designed to cut-off frequencies were approximately
1 kHz using low-pass filter L-C, as present in Fig 1.

Ry Ly

Fig. 1. Low-Pass filter circuit.

The frequency cut-off (f.) can find by referring the eq. (3).
‘When the filter circuit is connected to a partial discharging test
circuit, the converter circuit is fed through a filter circuit. And
the capacitor overlap (Cy) acting behaves like the L-C filter with
a show in the circuit diagram as Fig. 3. With explaining to the
transfer function of the low-pass filter ag present in the Fig. 1.
The resistance (R;), the (L;), and the capacitance (Cy) as can
show in eq. (2).

1

VO]Lt ~ N
Vi GCDSTHRCOS 1 @
Je -\ 2mvLC 3

From the Fig. 3. Show that circuit diagram in the transfer
function format atthe part of high-voltage side which the testing
transformer as transferred equivalent circuit value to the low-
voltage side of testing transformer which can be show in
transfer functions format in the eq. (2). In the part of frequency
domain, the resistance (Ry) that value that 9.6 Q, the inductance
(L) value that 4.4 mH for the capacitance (Cq) varied test by
two value of capacitance one test by value 1 pF, and second test
by value 16 uF respectively.
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Part I: The high-voltage test supply
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Part IT: The partial discharge measurement system
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Fig. 2. The citcuit of partial discharge test.
VDMI E 1 (4)
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Low-pass filter High-Voltage test transformer with §
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Fig. 3. Low-pass filter circuit connected with impedance circuit of high side
which transfer to low side of testing the transformer.

The circuit components on the high voltage side of the testing
transformer can transfer impedance to the low side of the testing
transformer with have value by following the resistance (Ry),
the inductance (L,), the coupling capacitance (Cy) is 5.38 Q
0.67mH and 26.58 UF, respectively. The frequency response 1s
present that in Figure 4. Tt can reduce harmonicand noise levels
when frequency that value more than 2650 Hz in the case of test
the capacitance (C;) value amount 1 pF and It can reduce
number of harmonic and reduce number of noise levels when
frequency that value more than 800 Hz in the case of test the
capacitance (Cy) value amount 16 pF consequent. Which were
present in transfer functions format as show in the eq. (4).and
The Bode diagram was compared cut-off frequency between
capacitance (C) 1uF and 16 uF as shows that in the Fig. 4.
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As explamin previous about the limitation of the low voltage
source from grid low-voltage distribution about total harmonic
distortion as cannhot control from distribution in Section 11, a
power frequency converter as develop for the partial discharge
tested was developed. As present in the Fig. 5, the converter can
explain sequent of system by starts with the part of AC to DC

POWER FREQUENCY CONVERTERS

Phasc (deg)
g

360 & . . T

102 10°
Frequency (Hz)

Fig.4. The Bode plot diagram were compare cut-off frequency between

10°

C 16pF at f 800Hz and 1 pF at £2650 Hz.

by using full bridge diodes rectifier 3-phase which converting
voltage from the AC voltage at fundamental frequency 50 Hz
from the low voltage line grid transmission which bridge diodes
rectifier 3-phase transfer energy to DC voltage. Next, the part
of DC voltage is converted energy to AC voltage with the
design frequency of 200 Hz.. In this part, insulated-gate bi-polar
transistors (IGBTs) are connected in H-bridge configuration.
The control signals generated by a micro controller digital
STM32F409t0 gate drivers are employed to control the IGBTs”
switching to the required output voltages. This research propose
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uni-polar carrier-based PWM modulation technique which
comparison between control signal waveform sine, invert sine,
andtriangle. The H-bridge topology which have output signal
high efficiency more than bi-polar and half-bridge topology in
case of comparison in term of harmonic and power output
efficiency consequent. The modulation index (ma) in this
research propose equal 1 and switch frequency (f;) 10 kHz with
the most harmonic and side harmonic will occur equal 2f; than

mean 20 kHz.
e r|
Signal control
DC link generate
R il
|
L1 g
1k O——
IL3 (e,

Fig. 5. High voltage source of power converter generator.

IV. EXPERIMENTS

In this section, some experiments were carried out to
investigate the performance of the developed system in the
partial discharge tests. The developed inverters were connected
to the HV testing transformer which was connected to the PD
detection system under condition of no load and with a PT. The
transformer ratings were 460 V/70 kV and 40 kVA. The effect
of a low-pass filter was also investigated. The filter was
constructed from an isolating transformer with leakage
impedance of which inductance it was connected with the
capacitor (C1) which capacitance where test at 1 uF and 16 pF
for investigate. The DC charging voltage, the voltage difference
(RMS voltage and peak voltage/ V2 ), THD,, and background
noisein the PD tests were examined andmeasuredby the commercial
PD detection system (Omicron). Fig. 6 shows experimental set up for
the PD test. Inthe PD test, the standard PD current with the charge of
10 pC was utilized in the calibration process. The background noise
without application of the developed inverter is less than 0.5 pC.

Fig. 6. Experimental {eAst set ﬁp of the pa;lial discharge test with the PT.

(1) HV testing the transformer, (2) Coupling capacitor,

(3) Coupling device measurement for PD detection, and (4) PT under test.
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A. Without load condition applied the filter capacitor 1 uF

The power converter with the PWM topology generated
waveforms were employed to generate level of voltage about
40 kV. In this case the low-pass filter was applied capacitor 1
WF connected to the system. There was no test object connected
to the system. The experimental results are present in Figs. 7to
8 and Table I.

From the experimental results present that in this case, the
voltage waveforms were approximately to the pure sinusoidal
waveform, the voltage difference (peak voltage/ V2 and RMS
voltage) was less than 5%, the THD, was less than 5%, and the
background noise was greater than 2.5 pC. In the case of the
uni-polar PWM application for condition applied filter
capacitor 1 UF by cut-off frequency 2650 Hz. Tt is notice that the
background noise in this level cannot be employed in the PD
test.

1497 pc

e i
| I it
A _hi

| I

Fig. 7. Experimental test results in the case of capacitor filter 1 pF at 30 kV
application.
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Fig. 8. Experimental test results in the case of capacitor filter 1 pF at 40 kV
application.

B. Without load condition applied the filter capacitor 16 uF

The power converter with design by PWM topology
generated waveforms were employed to generate voltage of
about 40 kV. In this case the low-pass filter was applied
capacitor 16 pF to the system. There was no test object
connected to the system. The experimental results are present
in Figs. 9 to 10 and Table T. From the experimental results
present that in this case, the voltage waveforms were
approximately to the pure_sinusoidal waveform, the voltage
difference (peak voltage/ V2 and RS voltage) was less than
5%, the THD, was less than 5%, and the background noise was
less than 2.5 pC. In the case of the uni-polar PWM application
with applied filter capacitor 16uF by cut-off frequency 800 Hz.
Tt is notice that the background noise in this level can be
employed in the PD test.
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Fig. 9. Experimental test results in the case of capacitor filter 16 puF at30 kv
application.
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Fig. 10. Experimental test resultsin the case of capacitor filter 16 pF at 40 kV
application.

TABLEL" THE EXPERIMENT TEST RESULT OF PARTIAL DISCHARGE.
The experiment test result of partial discharge
Capacitor £ \7]% Vs | petink THDy | Qmc
z & C
(Hz) KV &V W) ©6) (pC)
2650 3074 30.89 1455 2y 14.97
14F
2650 4032 40.61 191.0 22 18.08
800 3061 30.59 120.0 16 1.946
16 yF
800 4038 40.39 158.0 16 2.055

From the experimental results show that, at prestress voltage
condition 40 kV the uni-polar PWM converter topology with
design value of filter as cut-off frequency at 800 Hz 1s able tobe
used in the PD test, since the voltage difference is 0.25%, THD,
is 1.6%, and the background noise in PD test 13 2.055 pC.

C. With a condition take load by test with potential
transformer

For final confirmation the performance of the PD test as
developed power frequency converter, as use uni-polar PWM
topology was employed to generate voltage test with level 40 k'V/
for pre-stresscondition and decrease to level 30 k'V for recording
PD activity. This condition, The PT and the low-pass filter as
cut-off frequency 800 Hz were applied connected to the system.
The standard calibrator PD current with the set value of charges
to 5 pC is used for calibration in the PD test. The experimental
results show that in the case of condition applied voltage level
40 kV was present in Fig. 11. The voltage difference value was
less than 1%, the THD. value was 0.6%, and the background
noise value was 2.5 pC. It was confirmed that the developed
system as produce can be employed in the PD test of a potential
transformer successfully.
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Fig. 11. Experimental test results in the case of the PT connected with the test
system and uni-polar PWM application.

V. CONCLUSION

The proper filter for partial discharge testing system with the
power frequency converter has been presented and developed.
In a case of the fundamental testing frequency of 200 Hz and
the modulation frequency of 10 kHz, the appropriate cut-off
frequency of 800 Hz of the low-pass filter provided the good
performances in terms of the voltage difference, the THD., and
the background noise in the partial discharge test. The voltage
difference is 0.39%, the THD, is about 0.6%, and the
background noise is less than 2.5 pC. In addition, the developed
systemn has been used for the real partial test of a potential
transformer in the distribution system successfully. The
developed power frequency converter with the presented filter
is an attractive choice of the PD tests due to high performances
and low cost when it is compared with the conventional motor-
generator system.
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converter

We present the development of a high-voltage (HV) testing system based on a power
frequency converter in HV and partial discharge (PD) tests of a potential transformer (PT).
The converter with the proper filter is utilized as a low-voltage source connected with a HV
transformer in the HV and PD tests. The converter is composed of a three-phase rectifier
and a power converter based on pulse width modulation (PWM) with a unipolar switching
technique. The vital problem in the HV and PD tests is that a converter with a high rate of rise
and fall of voltage switching always generates a high noise level that affects the background
noise in the PD test. In some PD tests, the noise level is higher than the acceptable level of the
PD test requirement in HV equipment such as PTs and distribution transformers. It will be
advantageous if an efficient PD testing system based on a power frequency converter can be
developed for such tests. In this paper, the proper filter was analyzed and developed to meet
the following requirements: the applied HV difference (root mean square voltage and peak
voltage/4/2) to the test object and its total harmonic distortion should be less than 5%, and the
background noise level in the PD tests should be less than half the acceptable PD level of such
HYV equipment specified by the relevant standards. In the case of the oil-type PT, the acceptable
PD level is only 5 pC, so it is difficult to find a low-cost commercial frequency converter that
satisfies this requirement. To verify the developed system, the performance characteristics
of the developed converter have been investigated in terms of the background noise in the PD
test, the total harmonic distortion of output voltage from the HV testing transformer side, and
the input power consumption. The characteristics of the proposed and developed system are
analyzed, and experimental results agree well with the simulation ones. The developed system
can generate an output voltage of high quality that satisfics the standard requirement. At the
test voltage of 40 kVpy,, the total harmonic distortion voltage (771D,) is less than 2% and the
background noise is less than 2.5 pC. Moreover, the proper switching frequency and amplitude
modulation index (m,) are investigated, and it is found that the switching frequency from 1
to 20 kHz and m, of 0.8 and 1 do not affect the background noise level or the 7HD,, and the

switching frequency from 1 to 4 kHz and m, of 1 are the best conditions since the input power

"Corresponding author: e-mail: peerawutyu@kmitl ac.th
https:/doi.org/10.18494/SAM.2020.2531

ISSN 0914-4935©0 MYU K K.
https:.//myukl org/

96



574 Sensors and Materials, Vol. 32, No. 2 {2020)

consumption is the lowest. In addition, the developed system has been tested in the partial test
of a real PT and found to be feasible. With its promising performance, the developed system is
an attractive choice for use in HV and PD tests.

1. Introduction

The most important high-voltage (HV) test is the verification of the performance of HV
equipment in design and construction processes. Examples of such tests are insulation voltage
withstand test, power loss measurement, diclectric loss measurement, and partial discharge (PD)
measurement.

According to IEC 60270:2000,) 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 having durations of less than 1 ps. 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 PD, named corona discharge, can occur in arcas having 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 ) a voltage regulator connected with a
power source from a low-voltage grid or a generator is applied to a HV testing transformer at
the low-voltage side. The HV from the transformer is applied to a test object. Because of the
nonlinear characteristic of the equipment for the power electronics application, disturbance is
generated 1n the electrical system, and it sometimes causes power quality problems. According
to IEC 60060-1, the testing voltage should be an almost purely sinusoidal waveform of which
THD,, defined by Eq. (1), and different voltage (DV: peak voltages divided by /2 and RMS

voltage) should be less than 5%.
1,
THD, = i >V 1)
pl Yi=2

Here, V), is the peak voltage of the fundamental frequency and V,; is the peak voltage of the ith
harmonic frequency. Figure 1 shows the test voltage applied to the potential transformer (PT)
and PD pattern during the HV test. It is found that the DV and 7HD,, are higher than 5%. To
avoid voltage distortion and satisfy the standard requirement, a voltage filter is also applied to
the system.

For the HV test of PTs and to confirm the insulation performance of the test object, it is
necessary to raise the voltage to higher than the rating voltage. If the applied testing voltage
with the rated frequency is used in the test, the core saturation of the PT can occur and the
applied voltage may be distorted. For a better understanding, an example case should be
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Fig. 1. (Color online) Test voltage waveform and the PD pattern during the HV test.

v A

Prestress
voltage
08U — — o, e e = Level 2
PD tasting voltage

DWA—f === ==~ += — — -Leyel 1

60s 30s

Fig. 2. (Color online) Procedure of voltage application for the PD test of PTs.

considered. For the PD test of a PT with the rating voltage (U,) of 24 kV, the prestress voltage
condition with a withstand voltage (Uy) of 80% is applied to the PT, and then the testing voltage
is decreased to the level of 1.2U, (28.8 kV) to record the PD activity. The procedure of applying
voltage in the PD test is shown in Fig. 2. Therefore, the saturation of the iron core of PT is
avoided by applying voltage with a frequency higher than the rated frequency of the PT. If
the voltage with a power frequency of 50 Hz is applied to the HV side of the PT, the saturation
effect of the PT affects the distortion of the applied voltage waveform, as shown in Fig. 1. The
DV and THD, are higher than 5%. 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 PTs with the rating frequencies of 50 and 60 Hz.
Nowadays, power electronics technology has been applied in many practical fields, such
as home appliances, automotives and transaction, 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 the 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 PTs insulated with oil, the acceptable PD level is only 5 pC. Consequently, the testing
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system including the PD detection system should have a background noise level below 50% of
the acceptable PD level (2.5 pC). Mosl commercial power converlers have an additional [ilter
for eliminating undesired harmonic voltages and obtaining voltage waveforms close to a pure
sinusoidal wave. However, the filter cannot eliminate the interference in the PD measurement
completely, leading to the background noise in the PD test being higher than the acceptable
level.

In this study, the PD testing system composed of a power frequency converter, an additional
filter, an HV transformer, and a PD detection svstem was analyvzed, designed, developed, and
tested to confirm the validity of the PD test of PTs.

2. Development of HV Testing System for PD Tests

The developed system with the equivalent ¢ircuit shown in Fig. 3 is composed of a power
frequency converter, an additional filter, an HY testing transformer, and a PD detection system.

2.1 Power frequency converter

The power [requency converter based on the H-bridge configuration, as shown in Fig. 4.
was developed. The converter 1s composed of a rectifier and H-bridge insulated-gate bipolar
transistors (IGBTs) controlled by a unipolar pulsc width modulation (PWM) technique.

The unipolar PWM technique™ 7 is based on the operation of four control switches, $1, $2,
S3, and S4, as shown in Table 1. The AC output voltage waveform can instantaneously take one
of the following three voltage levels: +F,., =¥, or 0.

HV transformer Partial discharge detection system

_ Additional filler
Power frequency

converter T

]
1
» N1 | 1
N Rl
1 C1::}
5 4 |
5010400 e [+ ]
Ly —— | ‘l\\
[ WA

Fig. 3. (Color enline) PD testing system.

Rectifier cirnit '
By —————— ==
I Di- A
|L| 2 F 3 3 Vs:+ I r 2 D2 Qutput voltage
I, o G = A B
:Li e~ x & I B
N —— N —@3

Fig. 4. (Color online) HV source power converter gencrator.
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The controlled and AC reference voltage waveforms are shown in Fig. 5(a), and the output
signal is shown in Fig. 5(b).

2.2 PD detection system

The developed PD detection system is composed of a coupling capacitor (Ck) connected in
series with the measuring impedance [coupling device (CD)|. The capacitance Cy was sclected
to be | nF, and the measuring impedance was designed Lo have the band-pass characleristic
with the equivalent circuit shown in Fig. 6 and the transfer impedance characteristic with the
low and high cutoft frequencies of 30 kHz and 20 MHz, as shown 1 Fig. 7.

Table 1

Switeh states in full-bridge single-phase voltage source inverter unipolar PWNM.

& Switch conduction status Conduction status of IGBT and diode -
ON QF1 fo=10 o= 0

1 S1i: 82 S1-,83, Si+,82 Dys, Dn Ve

2 S14s 52+ 81, 8- 81, Dy D+, S2+ 0

3 Si, 8 StiySa Dy Do S1-.87 —Vde

4 S, 83— Six, Sae D, S Sy {

Output waveform
]

100‘—
— .
£, &
o
2 LR
1G] 2
- -

-100 -
0 1 2 3 bl 5 6 7 8 4 10
Time [ms] Time [ms|
@ ()

Fig. 5. (Color online) Generated PWM waveform from the PWM converter. (a) PW M in the unipolar converter. (b)
Qutput waveform of the power converter.

Connecting to the 10t
coupling capacitor (C)) =
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.= 75 2F measuning port —g ;
T Vo) =
FD £ 107
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Vi) B ol
L.=450,H g 10
R=3500 =
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Iig. 6. (Color online) Equivalent circuit of the Tig. 7 Transfer impedance of the measured

measured impedance or the CD. impedance in the frequency domain
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The equivalent circuit of the PD detection system with the HV testing transtormer is shown
in Fig. 8. The transfer function of the output voltage (V,,/Vi) can be calculated as shown in
Fig. 9, which shows that this transfer function has the characteristic of a low-pass filter. The
cutoff frequency is about 1200 Hz. It is noted that the total impedance of the HV testing
transformer with the rating of 460 V/75 kV and 40 kVA is transferred to the HV side of the
transformer. The circuit parameters are described in Fig. 8 and the PT under test®? or the
test object can be represented well with high impedance, which has no effect in the test circuit.
When the simulated pulse of 2.5 pC is injected to the system, the peak voltage detected at the
PD measuring port is 5 mV, as shown in Fig. 10.

For a better understanding of the problem of cooperation with the PWM frequency converter,
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 the additional filter as shown in Fig. 8.
The voltage across the test object has small oscillation, as shown in Fig. 11, and its 777D, 1s 0.93%.
The PWM voltage also affects the voltage at the PD measuring port, which shows a peak
voltage of 570 mV, as shown in Fig. 12, which is much higher than that (5 mV) obtained with
a 2.5 pC simulated pulse. Therefore, the means of mitigating the interference from the PWM
frequency converter 1s required for the PD test in real practice. In this paper, the additional
filter is proposed to connect at the LV side of the HV testing transformer.’9 The analysis of the
additional filter will be presented in the next subsection.

Total short-circuit

impedance (Z)

[ | .
v _u_W_ < ! 1= ' 4
| R4=143kQ  Ly=17.8H | Coupling i |
| (= capacitor 1 |
| N CS ) ! Test object :

Y 1
| Measuring impedance : |

Input voltage SRR OSE iy o o Jp-h2a-piLEL Output voltage
Vo) | 1+ simulated Vo
' : 1 Pomeasuing [ ! T j__l pf"se |
| | T pot(Veo) } | | C>=1009F) |
LS |
! : e W | Ve=002V) [
| | 1 | |
} : i7-\eg }
nl_ _ & _ [N

Fig. 8. (Color online) Equivalent circuit of the PD testing system without the additional filter.

= Without additional filter
= With additional filter and Cygs = 1 uF
= = With additional filter and Cass = 16 uF

Voltage gain

-0.005

-0.01

10! 10° 10° 10 10 10 10 10 1 2 3 4 5 6 7 8 9 10
Frequency [Hz] Time [ms]
Fig. 9. (Color online) Transfer function of the Fig. 10. Voltage at the PD measuring port in the case

output voltage without and with the additional filter. of 2.5 pC simulated pulse injection to the system.
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Fig. 11. (Color online) Input and output voltage Fig. 12. (Color online) Voltage at the PD measuring
waveforms. port in the case of 100 kV PWM voltage supplied to
the system.

2.3 Additional filter

To reduce the noise signal generated by converter switching, an additional filter is required.
The purposes of the filter are to remove undesired harmonic output voltages without attenuating
the fundamental frequency voltage and to eliminate undesired interferences at the PD output
port. In this work, the additional filter is composed of a resistor (Raqq), an inductor (Ladq).
and a capacitor (Caaq). It is connected to the LV side of the testing transformer. In this study,
this additional simple filter was selected for noise reduction. The performance of this filter is
sutficient for reducing the background noise to the level suitable for the PD testing of all HV
equipment. The equivalent circuit and the circuit parameters transferred to the HV side of the
testing transformer are shown in Fig. 13. Note that the connected capacitances of 1 and 16 uF
on the LV side are equivalent to those of 0.038 and 0.6 nF on the HV side.

The attenuation factor (Vpp/Vi,) was calculated, and the result is shown in Fig. 14. It is noted
from Figs. 9 and 14 that the additional filter with the additional capacitance of 16 pF (0.6 nF on
the HV side) has promising characteristics. The cutoff frequency of the output voltage is around
900 Hz, which is not greatly changed from that without the additional filter, and the maximum
attenuation factor is 3.72 x 10°%, Therefore, the voltage at the PD measuring port with the
application of 100 kV PWM input voltage is attenuated to be lower than 5 mV, which is lower
than the voltage from the 2.5 pC PD simulated pulse.

To confirm the validity of the additional filter, simulations in the time domain were carried
out. The 100 kV PWM input voltages with various switching frequencies from 1 to 20 kHz
and the modulation indexes of 0.8 and 1.0 were applied to the system. It was found that all
interference voltages are lower than 5 mV, and all output voltages have 7HD, of less than 0.2%.
Figures 15 and 16 show examples of the output voltage and the interference at the PD measuring
port in the case of the switching frequency of 3.2 kHz and the modulation index of 1.0. It is
implied that the background noise of the system in PD measurement is lower than 2.5 pC when
a voltage of 100 kV (70.7 kVing) is applied to the test object.
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Fig. 15. (Color online) Voltage at the PD measuring
port with a PWM voltage of 100 kV supplied to the
system.

3. Experiments
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Fig. 13, (Coler online) Equivalent circuit of the PD testing system with the additional filer.
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Fig. 16. (Color online) Input and cutput voltages with
a PWM voltage of 100 kV supplied to the system and
the addition filter connected.

Some experiments were carried out to investigate the performance of the developed system

in the PD tests. The experimental setup is shown in Fig. 17. The circuit parameters were

set to be almost the same as in Fig. 13. The effects of the switching frequency and m, were

investigated.
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Fig. 17. (Color online) Experimental setup of the PD test with the PT. (1) HV testing transformer. (2) Coupling
capacitor. (3) CD for PD detection. (4) PTunder test.

The DV, THD,, and background noise in the PD tests were examined and measured using the
developed system. To avoid the interference signal from electromagnetic coupling in the HV
laboratory, commercial EO/OE converters (Omicron)m) with fiber optic cables were applied
with the developed system. Inthe real PD test, the standard PD current with the charge of 5 pC
was utilized in the calibration process. The background noise obtained without the application
of the developed inverter is less than 0.5 pC.

3.1 Effect of additional capacitor (Cagqq)

We should consider the test case in which the PWM voltage with the switching frequency
of 3.2 kHz and m, of 1.0 was applied to the LV side of the testing transformer. Without
the additional filter, the background in the PD measurement at the testing voltage of only
about 14 KV is 162 pC, which is very high, as shown in Fig. 18. When the additional filter
was connected to the system, the background noise was greatly reduced, as observed from
the simulation results. In the case of the additional capacitor (C.qq) with 1 and 16 pF, the
background noise levels at the testing voltage of 40 KV, (70 KV,) were reduced to be 18 and 2
PC, tespectively. Some test results are shown in Figs. 19(a) and 19(b). It is confirmed that the
appropriate capacitance is 16 pF.

3.2 Experiment without test object

In this part, the additional filter with the additional capacitance of 16 pF was connected to
the system, and there was no test object connected to the system during the experiment. The
effects of switching frequency (1 to 20 kHz) and m, (0.8 and 1.0} are investigated in terms of the
background noise level, THD,, and input power consumption. In the experiment, the voltage
was raised to 40 KV to imitate the prestress condition of the 24 KV PT, then the voltage was
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Fig. 19. (Color online) Experimental test results with the additional capacitances of (a) 1 and (b) 16 UF and testing
voltage of 40 kV.

reduced to 30 kVims to record the PD level. The experimental results are shown in Figs. 20-22.
Also, some voltage waveforms and PD levels are shown in Figs. 23(a) and 23(b). Tt is found that
the modulation index of 0.8 or 1.0 and the switching frequency do not greatly affect the PD level
and THD,. All PD levels (less than 2.5 pC) and THD, values (less than 5%) are at acceplable
levels. However, the inpul power consumption inereases as the switching [requency increases.
Therefore, from the experimental results, the appropriate switching frequency should be around
1104 kHz.

3.3 Experiment with PT

To confirm the performance of the developed system in the PD test with a PT, the selected
switching frequency of 2 kHz and m, of 1.0 were employed to generate a voliage of 40 kV p, for
the prestress condition and a voltage of 30 kVy,, for recording the PD activity. In this case, a
PT and the additional filter were connected to the system. The standard PD pulse with a charge
of 5 pC was used for calibration in the PD test. The experimental results at the testing voltage
of about 30 kVn are shown in Fig. 24.
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Fig. 24. (Color online) Experimental results with PT connected to the developed system.

From the experimental results, the difference voltage (peak voltage/\/f = 29.68 kV and RMS
voltage = 29.51 kV) was less than 1%, the 7HD, was less than 1%, and the background noise
was less than 2 pC.

4. Conclusions

The developed PD testing system based on the PWM frequency converter was presented.
The unipolar PWM frequency converter with the proper low-pass filter showed promising
performance in terms of DV, THD,, and background noise in the PD test. The D} was less than
1%, the THD, was less than 1%, and the background noise was less than 2.0 pC. In addition,
the developed system was successfully used for the real PD test on a PT 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 PD tests in on-site inspections.
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