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ABSTRACT

This thesis presents an approach for the waveform parameter evaluation of
lishtning impulse voltage in high voltage tests according to the IEC standards. Such
waveform parameters are composed of peak voltage (U,), front time (T;), time to half (T),
and the overshoot rate (B.). An artificial neural network with a back-propagation learning
algorithm was applied to determine a base curve and its parameters from 15 points along
the recorded waveform between 20% of the peak voltage on the wave front part to 40%
of the peak voltage on the wave tail part. The 29 waveforms recommended by the
standard were used in the training process of the development of the network model,
and some experimental cases were also utilized for verification of the proposed method.
The tests were performed for determining lightning impulse voltage waveform parameters
of the base curve. Then, from the base curve the parameter waveforms parameters are
calculated by the standard procedures. It is found that the waveform parameters
evaluated by the proposed approach are in the tolerances of the standard requirements.
The efficiency of the proposed method in terms of execution time is significantly higher
than the standard recommended approach. The average execution time of methods is
only one-sixteenth to one-tenth of the standard recommended approach. Due to that no

iteration process in the proposed approach is required.
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n1sszyluvinisaruinguadui ldnn1snaasua e Non-linear least square Lil @11

]
ada a

ynsilmesvasaunssUaduduiadininiieyinaie Base curve warduiunsnuisignasy
Tuanmsgu IEC60060-1 dufunsduaniiuudh q elimiimmndamudey uaslnddssiu
sUnAuusuBIRad I Tlifinisiin Oscillation titeldlunsAuinmriusssulniiig e
(U,) Franantiedy (T,) 91anamsndu (7,) ez Overshoot (B,) dwmsussifiunanisnagey
Tneluuniagndnfmguiiiieadestunssiuduiadin waenquinisadamansiiazinmm
Uszgnaldluiaunnisinsmniveivessuaduussfuduiad Tnsannsoudadunguinaie
10 wedanisadaussfudaiadiii msinsUaduusaiuduiadiin wasnguilasdie

Useamiiey (Neural network)



2.1 nufnisiianiein

flsindulsngnisalsssuv@il Benjamin Franklin uazgnv1e Thomas Folger iffigasl
Tudniau dued ae 1752 Aidesfiannauils anssowsinanandrdefideaunsnludh’
(“Lightning is electric spark”) dudunavesnisiinfayisavesuszgliiiludouus duidunis
Bufurasnsfinuideinemans evndeyaifentuituin msdunutl Benjamin Téiainn
udnnstlestuiisideandetinigendy Franklin rod snauisniuil (7]

msaranUszluioumaivsunaann ilideumaddndliihgs 10 wneliad uaziiin
fevdasywinfeuaaiuiilan Wl (sround flash) viessminefeumefufeuus
vsemeludeumaniiontudu fhuau @ir discharge) fnuazfiuavilonainundousu &
sUft 2.1 131 Teessaumiusingnisaiiiiatu dulngasduiiuay winsinuifovomnyud

drusnnazlimnuaulaeinuiieuinna

sU 2.1 Usingmssiitei

(%

dwing o navanglulantaziniguuarinveglum wirwwiinsuguileuasiudlny
\Weannafwiiauiougs Inglangiunuaiie anmgilgedia 30,000 smnAaIL IVl
dAeawndslndundsignihirild annstarinszuaiiiffidniudunaisdudunanedesila

waud [4] FansehavurnsanadionnTulutiessezatdukazsinsgauviliinauwsanaldn



wazussssaldinning agiy dethdlefdnasilidsigniiiinssdadems vonanty
uinsdsundaswesnszudliniiisnggs SsiliAneauusindnlifiinszaiveonlusuniu
spuvdeans aussdumieniiluszuusasluiiduuseduade wasfuusiufuiduny
aelidinggunsallwin AelAneudemeungunsaldidnnsedindidanulrenssiunsiu
doud sunssuailviiilvaasgiu Aidusunseutad@inegluuinui Sudewnanusiy
ParIuazwssTuudEle

wiaznuidhdduhliAeeufumdemes wandudunerodalidin uuyudill
o1vumaAaild lunafin ashldfiesdestuiliAndunmesuiesanuauaiii
Tnesaszuutlastumunesgiu uin1sazesnuuuszuuilastudupsaeandhiliussavsnm

wazUasndutudndudamsiusazianunladiieidunssuiunsiieiaen dneae auth way

'
o =

woAnssuveaie Jsudayatuiiugiuddey Taedieliaunsadesiulivanyauwasiiany

>4

Uaonny

2.1.1 nszuumsiianiei

Tngyialufirhazdadulufoumeifuszqazauiissiuaugs 1.50 - 10 Alammsviiony
Ton Gaimsnsyaneveslszq Fsfiguvestoussnziuyszgau danvuvesieumsitulszquin fs
Tuguil 22 andufuresmainiie dulngasistudinguuszaau fignuostouss nawoglng

iulan Wernuesanauuliindadiqeings £ lufeuwayssanns 10 kv/em

DISCHARGE WiTI&! CLOUD BETWEEN
NEGATIVE BASE AND POSITIVE TOP
(NTRA-GLOUD)

TYPICAL CLOUD-TO-GROUND
LIGHTNING BETWEEN GROUND AND
NEGATIVE CHARGE CENTERS

JUN 2.2 Amdraesnsiivdszauulisu
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o 1

mafin leesluwdureseinimzinluinmes (Leader) w3ewiinses TiAn1vasgdiiu
lanludnwazdamzing (step leaden) wuudue  fsnwainlugud 2.3 () dveinaneud 3
wnstia 200 L3 WwAseinaUszanm 50 wes Tuiievmsiuandadiefign anuss 0.1 81 0.2

m/ps WiagdanieiinT aengaiin 10 83 50 ps feuiaznselaninisialy

Terms of Miliseconds

50 ps

L // { Negative
a Stopped
Leader
20 50 m
(1 ps) Average Speed
0.1 to 0 2 m/us

Positive

v Upward

Leader

() AWELNANISVLLFIVDIFLNTEY (b) @n3usNasITUINNNULAN

UM 2.3 anSuues

dovmihseadnnlngiulan asiliAnyssquienhiiiulan feeaunauvesennsi
Ugna1s fulsl 1usu Rnlesslustuduaniuues Jante1n 1 8 100 wes (ads 20 wns)
Jadmsihdesiumanuiuazisdudifiasn (main stoke) fanmaifnluguil 2.3 (o) 4
wasdrniulanidlumdouumdaennuiiigandt 50 x 10° km/s suuuafiviatihdesngemsas
1 Maiedeuiivesuszaludiing Afenszuaiiriitules

sregimanvhefiiniisesnsslandimaniuwes 3end1 sveefine (striking distance)

T5veenaUszanad 20-50 WA
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2.1.2 HAINNISHNANINN

naaNNIsARINI ANl AR UEE BN 8 URSIY a1akeneantey 3 Usslnn Ao

' '
a 1

[ [ ¥ a a 2/ a
1. anudeulunalmiamaslmiungsignua

Y

2. usanalavsaussszilndunalidefigniiainateaste
3. uan el e ssduiulussuvdetendsnulnihdadunadeownaunsalluily
sUURUAnTusUMUsesyuLdeasiiananssnunagUnsaldiannse dnduaziinusaiugiein

Judunseredadldie

2.1.2.1 Wan19nusou

a

diaiaieagdduaedivesin wnuddduriugudnarnlueufiuns weslioamgl

Y

g9dia 30,000 BeALARIY BMARguNYUIRTgaunalAnmaludunTaninlnlafauidngae

RV

] (=3 A = v 1 o Ay 1 1
TrgraINTsavesnTziavzduniny lugun 2.4 wansdsiegendenlifissuvangaeti

waziinuaalvsditlegniim

JUN 2.4 druegandeiilifiszuvanedeihuasiiaumdslndiegniie
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nsddiinisrasuulang Tnaedsessesveen1sQnnei a Aunain Neilingiy
nsgualiiiy Woulandundanuaiudou dawnnweiivililangduvaeuazasld wdsou

I AulAIINANLELRUS

W=UJ-/'dt=UA_KQ (2.1)

0

dlo U o Lmﬁumﬂm'auLLaIum-LLﬂImmmq@mﬁﬁm’mzm

0  fevszgliitwluasend (viewenduni)

dmsuiialaney fezansasuansunsvedansiiveetazatsld wu nssuadiieh 1
wenl- 1w (1 gaeuy) agviaey

a

neuadld 54 gnuiendadiuns

sglvilonld 12 anuieifiadins

widnlst 4.4 anuienfiaduns

wane filavsusuuneianas Slenagnitirivasuasatsnygnssniiilisiinssmuld
fraramuline dndufufudonds Wu fuhiufdeuiiliifnnssudaivlituld filae
Usngluasing 9

FemaNalfioau nsesnuuusTUUAEaeTh Ssdesliiaraeiinlumiae videsuliiinm
as wazdiaesithasiu (down conducton) iumainsuatirliiasdiulneanign Tnelivi
Tfaneiniashuvaeuazas viogumgiiiiugatu sudumaliiAamadul dufeaesihas

AUALADILNUNNAFAVINVUINUINNED

2.1.2.2 NaN19U39Na

navas i IueNIINIARAINSoULAT TutuzAgIuduRnLIINaTeln 2 WUU Aip WuU

]
=

71 Wanseualvanudiiinadl i lmaawss e unn iy 1JuwsIRvisolIINaN YUIALTIN
Wnduazludadiulnensatunsenanidsand (A) Wudndriunduiusseennassninagns §715m

@04 d WUABLIITLNATUABMUREAIUENIVIRILN FeALIUNlANENAT 2.2

=7

10 ,  Nsec
(Fdt)' =—Ji dt (2.2)
d m
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NAINUANN1aIF RN UL UYL AL AL ITUB LN AR NSEYINR Y lukuIsansIeant UV

Alsn Feonamulallean

det' = 10_7Ii2dt N sec (2.3)

e Adt 1Wu A sec

o A &

wWudeatu nszuativhfilvalugiihidute wberwmu anfaussiliiieetn
1 1 ] [ a [ a = 3 1 a a o %
nigeen duwsinakuuil 2 1uuseseildn Wuuseseide eandidnlgamgigann vinli
9IN1ATU 9 aaN1veneRIeenetE19sInse Wunalilindulseiuluguninusuvieldes
unsnszargenlusouaie Rmdsssaduniulm Mmioniaihies
Tupsalfirasuniagauulii nssuarriasdslunmuwuinianusuniutesiign o
finuduegluianiu dmdennutuasasudule Ainnnudu sueraviliinsedald d
Aregelugudl 2.5 henasuugeniug Jalifianedeinignaes anudungenugilviinszide

LANINURANT AT

U 2.5 fviasvusenmsilifissuuanedeii
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2.1.2.3 wanglniln
nanglnvianieindivanesnwy fe
2.1.2.3.1 mssunuwsiwaninin (Electromagnetic Interference, EMI)
nan1slii1anian Usznisusnide 1ined uulivdnlnianszateesnlusuniu
sruvdeans neliiAnenuidemoungunsaididnnseing Afinrwilseauuwimanlui 1An

wsasumtenvInawuuswan i ulugin Aussiumilenigaweasyiliin aursale

2.1.2.3.2 wseauaUrsAf L9
nsERa NN i TR 1L ARAMUUTEIN L LasiANeTUNILYRIRY R 98I
LALSIAUANATOUAMUNTEIET LALAINATUNIY Fepramuialaaingunis
di
AU=Ri+L— (2.9)
di
1ne9 diZdt Ap ANUTUVBINTELANIHN

v a

ANANATUNIUYBIIINANEAY Y5 aANUWT e vesaIgfaaullAge gyl

Andlniin AU Tengeunn weiagvinlitinauniadudng viienselasdnmdiuiiseasiiuedgned &

mafaaursaauine envibianmasindls didendugemasedluusionn

2.1.2.3.3 WSIAUNUUNEIE9378

fAaHaudaIgdsid i laense gaurinliiaLsInuinTuULEIedY Ao a1HHN
wWsutadioududunifinvesfiaiensaua Wolnseualuiing i Jsvuagdadafianasaduiinaud
Z,) %Lﬁmmﬁuquﬂuﬂﬁmi FelUvuagdaINAeImIaeInTIN1as FealAwindy AU=IZ,/2
wsaugeniuas edeluirandaunsallwiinsiony wundeutasludy oravinlviAnaiu
demeungunsalinaniiule

a PRp ] = 1 o W ° v o 2 1 [y} 19 ¥ a 1 1

aefunTeeginiloaivdeiigs vimthiiduaedsil JesdululmAnimiasuuaisds
fMaalaenss WaiafkIasuuasfy o1nsunasfu usea bvidaianumiieiti Arainy
o a Al ' ° v a v a A& a A o o
AunuvesnnaeAuiiage deuvilviinussduiunduluauaunts (2.4) enadianganenvili
WanulrinuRavunignieawiy Nlddaniesessuaglils Sendn iRanuliawiadeaundy
(Back flashover) iintduusaiuduiadviinafudu o1aviliinnisiisngguugniieauiu iin
Fnn995a9au LAnRanTauluszuy swdunansenudaiadesnn wazAautedslavasszuuds

Ferdeluliin
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2.1.2.3.4 usenuiulusTUULTIAUA
wswiuAuniaduludnuagind 1wy enindulussuudmiieliiussdualaguiu
wsaiusana il enafieldgamiiowduiiialussuvanedsiidausgs uifdagaeiasiliiie
eudemeungunsallninnldludiu angluoimsdnineu wielsanu sggunsalusainmanil
N1 o 1 v a dAa 1 & a a 14 Y A & fa @ a ¢ 1
msaudiawlioaunsduiundantudu 4 Alabedld waeddalugunsalddnnseling wu

aewfmes Wusiu Bdllmnuibiseuswiuiuluegds deunsliifnmudemensgunsalmeanills

2.1.2.3.5 suasrgandirinfiudaulnense
1AYSIIUYIAUAT 171wxmaﬁaﬁa@qmuﬂdﬁﬁu LU éaﬂ'aa%ﬁw?ammiqa uliiganu
vSowsTumnszvienUanouni lufiaulsl m'%aﬁ'qé"uiuu'%L'Jmiﬂé’lﬁmﬁqqndﬂ vSomAuduluila s
é’umwmﬂﬁwmﬁLﬁm‘fuLm'ﬂuﬁagjuaﬂmmiﬁmﬁawfu flomadullagmnnluguaulud
nanauds Wy viesjsun aunSnfeunaaingulsl Tuusiinddlug Tunsa vioegludums
WuYeInsLalnElnagan 1w §uﬁq§1’u1ﬂqmiuﬁgﬂﬂwm senaunueglinuldaudy viedu
WAEINATY U %qﬁﬂﬂzgﬂﬁmﬂﬁdw iAnsunsiounaufinaulndlauguls steil i ssanndlieinag

auld nsyuaieinlvaasnmuduldas fudy Mlisuldddndlningawnnwe Jufnaurianiy

NIF N AULe

2.1.2.3.6 BUATIIINUIIAULNAUAZUSFUTUTE

wavasinfid S unesenuiasdni ueniviiaangitwinlnensiud Tumnsdeudena
I#SusumENn Wit waskssududa Suldunamnannssudlwihinliaasgiuiu de
ANUFNUNIL MIBBNLUUTEUUTINENERUTIANALNFed azfasinilefnstlesiudunmeusfugas
A7 wasuseRLdLaroIUTy NS kARULayAR

Fenszualvaasdiu winszanseenluluiu Fedmnudumu axviliiAaanusnedng
sewin 2 euuiiuiu lnedl 2 edulisvesianiifuiurdisiesey Rarnudsdndsswina
Frefusinuriuaeiniu nsfiawizAndu 1 ums veeseninwimihiuwivdwesdnd Sendn
U5 drunsafududa anefls ausnadngswineianh vielassaiaiinszualaniuas
lgsneneiu Tiauillomadudadstuiuntuey wasussiussniaimihduimdsesdad sy
Prfmussisaiududaanudunneunauuasdnivielil Atusgiuussutasimuieussudua

TJu linsesalnanIus 1 9nMenulnnsekadunsIens okl
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2.2 wallamsaieuan13inguaauLsIauBNNaaiaInNL1AIgIL IEC60060-1

v ¢

2.2.1 MyaiusAuduiad
wswuduiadifuussiundyuadudeuwuuinanussiuiudsmanudeudfiiatuny

535017 TnefiRetestusingmsaifini1 Boniuswiuduiadgurduiine Jsgauszasdves
nsasdluriesmeassie Liievinn1sAnwise wievinnsmeaeugunsaling 4 Aeufignihluldau
gt 1ManeeINIMAdaufie ANAINUYBIRLIUADLTIAY aaunTenawtlninduad
namidnnig dedefifnatunmnmuresauiuniemmuaionaunlii ffusfuganuazion

Jafinmsrmun sUnduBuiad i dunasgIwtu lneldsuntuniieuuasmussaufdunad

2.2.1.1 sUnRULSIRUBLWAGINATEIY
LSeTUBLTAARTUnE B ST naUR T
1. mnavenssiunsnsferngenvesgnadulsesulunsEfifvangssaenadudouiiinan
oondatulng o senndu TlddiedeandeonsUnduszann
2 frveussiulaaidiofisutunsdorndulifunnuazay
3 grsnanuiindy (7;) vinefaananfiussiuBuiaduaingufiiioen
aavvdsadn (7,) misianamudusstudufistunnguiiumeenunssi

YUINBAFILARDAIINTIYDIAIDA

U
1.0 A

0.9

0.5

0.3

i /

r T,=T/0.6
T'=0.3T,=0.5T

\d

3
A

Y

T

IE

A A
Y

o
RS

UM 2.6 Myingundu
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Y

MN3UT 2.6 JURAUsLBLTTAdTEazgnUsTlunmanmsgulaglden usedy
49dn T, , T, w8 Overshoot rate tJuinauai Imaﬂ'wmmgmmmgﬂﬂﬁul,lsaﬁuﬁuﬂ’aé
LMD

- granamtiady T, = 1.2 us + 30% Aovzsvdnglutag 0.84 f9 1.56 ps

- @anavsIPAY T, = 50 us £20% Aoazseagluyie 40 §3 60 ps

- AERAWSIAU U, Renanalaliiiu £3% Guaamgﬂﬂé"ut,t,iqﬁuﬁmﬂ’aﬁ

- Overshoot rate Aawanboluiviy +1%

2.1.3.2 9995WUFIUVBUATOIALALTIAUBNWAS

2995z uldaianssiuduiaaiiieing 2 wuuddugd 2.7 @) uay (b)

SG
R, : : R,
U, A7 | R, Cp,_—— |u®
(@) 3935 A
R,
U — u®

(b) 7935 B

JUN 2.7 19siiuguveesesiniauseiuduiadiiin
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vuali

U, A USIAUBUNA

U, A U395usnuseq

C, Ao Fufuszeduias

Cs fia Fufudszylvan

R, Ao AU udianseuadausey
Ry A® AIUATUNIUNUIG

R, fio AUAUMIUYAREUTEY

U fe uwasdudiadfilduussiunana

SG A aursanny

NFUN 2.7 U, dunssdunseuansedmsuvmsonssualuds ¢ wieliifiausadu U,

1%
= 1o

lngn R, Mimihndudiasugueuiilunsganssua lneseiuussiufidesnsasauediu

o v v

YUIARTIFUNAZOU BIL %138 BSL MULINTZIUIINUA TIT8AUKUNITEAUTERIQNTINARIY
aursanny SG FausualanIun IS uns aansyezying wananndauisawny SG axdid1uvues

o

Trigger MVt lunisuaeeyszaue ¢ Winulvanlaowednsdsdygiald Trigger vina1u

' ¥
a a

Uszqazlnaluds Ry waz G, Fepnnusiveanishavesdszaiiinduasiludiusominadu T,
= ' D2 [ v a D) 3 = % o o
wazilauszagnateli G, auaNua Useaaeiayisadiu R, Saasidudinmuaiiailunisang
Useq R, T lunsevaunamaniu 7,
AgenLsIUdgeanfinuiannaaeuT U ssdaiusenuiagnitisanudnusey U,
WenUseanseeliiu C, way G, Audnsdussnin U uay U, aglidtosnimmiaiaue

10887 I1EUTISINIIUTLANS NNV UATOINIIALTIAUDUNAR AU DA UL AIFUNSN 2.5

U
P (2.5)
UO

i ]
LY N

Aauieliiaasivsedniamgemsiden ¢ 1da1aandn G, 1n 9 uaziiialiaiaeiuin
LssAuBUTaAInd I uIINNe aunsoaigneaulamunueiNunsgIuimuafe T, uag T, od
Tunaust wagdl oscillation lullAuilunasgiudmun (Wesndn 5 Wesidud) lumsufjiRagl C 8

AN C,, 8819UBY 10 L1
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Farmuamanadinveaesesiidaussiuduiagd Ussnousie
- uswufismusveneiostuda U,
- SNSRI U
- AeEgliihsn C
- adufismusvesaiestiiauseuduiag w,
- Easnshavdasiuiuadieunii
- sUAAULSFULUUTINRN VideuuUaIngl

nauveLAsesiLlansiiudues W, WudnwazdAyusyn1suils Aavdesinviun

'
= =

Feuegiumauglnivasiaanaaeus G usiudausey U, muwinldnsauns 2.6
= r 2
VRS (2.6)

2.1.3.3 nsudadusedudunag lumanuaaan
INNATNUFIVAF U WUBUNE993 B Tugy 2.7 (b) Wieuszaliiudaiiuusey C, s
L3eAUSAYsEY Uy kaziianisaursa nadrsauny SG azvi ¢, dafiuieasusuguadiu nns

WAT1elY Laplace Transform WWeuisasasuseiulanagy 2.8 [7]

1
5 =L
cs
[
Ra
Yo U(s)H| | ues)| —— L
S C,S

1%
o

5U#1 2.8 Laplace transform ¥8439938uiaaNugIu



N29951UIUN 2.8 AusIuATENaEITeuld

U
U (S)=—+——=
S(z,+2,)

1
R,| R, +—
@,

b

1
R 4R +—
c.S

U,(R,R.C.C,S+RC.)

usIAUNIBeaNTluanAnaIn ULS) mudnsidiusuiiuaudazle

1
U.(5)—
$AW ¢S
IS G b
C.S
URC,

u(s)= 3
R,C,C.5" +(R,C, +R.C.+RC,)S+!1

. 1

U YEY% -
R,C,S+RC,S+RCS+RRCC,S

ues) =
X (RC,HRC, +RCIS 1

R,C, S -

Clpmes O

¥

Wenluguuuude il
U

u 1 _ Y 1 1

R.R.C.C R,R.C.C,

uis)=-"2 - =
+as+b K (a,—a)\(s—a) (s5—a,)

K'S

20

(2.7
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y RC +RC +RC
e a:db e s e b

Rd Re Cs Cb

1
b=
RdReCSCb
K=R,C,
a,, 0, \usnTiaeweddunis S"+as+b=0

_ai\/02—4b

UuAe a,.a, =
2
FalaAusenuludiuvenande
7 AN
Ut) =—==——"—lexp(—0ut) = exp(=0,t)] (2.8)
K (o, —a,)

NFUNITVBILTIPUNTAIINWATBUNEE ziulainnisildsunlassaunsssulumay
209181U5E N UMEBULATL LU T agRUN DY T9iALI81A (time constant) WU 1/,

uaz /0, é'fﬁgﬂﬂ' 2.9

u(t) A

k(a,—a.,)

JUN 2.9 JUpAuussAuBTadumsgIuUTZneUMendluTadeunoy

Y



22

AuiluvesgunduLIWLBNTAGUIR ST LA mILAMBIaYWMTAGY T, UasT,

aud1du danuduiusiueasiine 1/a; wasl/o, Yuegiudnidiunes T,/7, sulud

wansfagusnuaivesgnedu a1 T, uay T, silvldanuduiusead
T, = L 2.9)
aZ
kl
T, =— (2.10)
al
A1k, uay k, Wumesiatuegfugnadu iBurasdusgiugnaiuds uandlunsed 2.1
M51eil 2.1 A k, wae k, dwsuguadusnmsgu (7]
/T, ki kz 1/0, (us) 1/0,, (us)
1.2/5 1.44 1.49 3.47 0.805
1.2/50 0.73 2.96 68.5 0.405
1.2/200 0.70 3.15 286 0.381
250/2500 0.87 2.41 2875 104.0

2.1.3.4 MIAMUIUMIANIAIVIGNARY T, uae T,

Tunsdifinsruaaunsalfnquetaasduiiasg drandusesnismsuanIaiiag
MNAAUBATTIIMNNAEY B19fWIMANngUsaNlAINAT k, kag k, fadl [7]

] 1 3 o iy, <~ I,
15799 2.2 A199AUTENDUNIATASINLSIAUDNNEA

NIT A NI B

R R QAL C.C

7_1 kz d e b s kZRd b”s
(R, +R)(C,+C.) c,+C
T k(R ,+R XC,+C.) kR.(C,+C.)

R.C. C.
n -
(R,+R XC,+C ) (C,+C.)

msAuinaldtsiuiieinwsildmunliianumieni luneujifsuatun

lasinazuanaliainAmg el InelanizAiatantnaay LazA1wanuadusiiy v9iiiesain
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Turasiimnuwmiienth wandedls silmineendaduls Wievdnndussaondouid
Sndusdddanusiunmuniie R, nMsiansanlianuwiieiisesusuiuanuduniu
Ry WazauyRinaved R, itey (R, =c0) AUAUNIU Ry NN lUIARTIAUINNIIATINGH

=

A

(2.11)

a o/ d U a o )
2.2.2 wadlanTinguARuLIRUBNWARHNHIALNINTFIU IEC 60060-1
2.2.2.1 flgnanmagaunssiuduwading [8-9]
- W3IuBNad AsuswuBuaangnldasilsuTefensiian vzl sRuiueE

U

nsuaranatluandandueaug

- usssudumiaatieh Aeusuduwadfiaviadutiosnin 20 ps

- usesfuBsadinngUnauiy Aeussiuduiadirinlifinnsgndadanesionis
neAtEinaINNITAIEYTEY

- Overshoot Aenstiuturesuuaraduiadissiy esannsnsuiouvoamsiin
Oscillation #19n Peak Aifiaunga1neas Ing Oscillation Asnam (Pamdsewdng 0.1 MHz & 2
MHZ) Huavganaramieniluaes wavuasalidasovindedldlussunalg vl
ﬂws‘mﬂaauﬁué’fﬁaamaauﬁlﬂuﬁamﬁ'mﬁﬂ (L) nouadmsun1sUszaana Overshoot rate

seuldluniAruan v.

v ~ &

- sURdUiItudinls (Recorded curve) Aonswiusedeyaninoaiilumunuesieya
NAABUVBILIINUBNNAE

- Base Level foszfuvasnistiufindvesszuuinduadiflesinnsdneduwal faudlu
yuziivnistuding

~Base curve femsUszinaAvessBiagi T ldfinsdeuriuves Oscillation [10]

- Residual curve ABAULANAIITENING Recorded curve Wag Base curve

- Extreme value (U,) ﬁaqqqmm Recorded Curve 7i¥nléiann Base level Tu
Fruferfuiifinissneduiad

- Base curve Maximum (Uy,) ﬁamqaqmm Base Curve
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- Test voltage function Aeilifduresuuinuaziuaud Jsgninnualidudunuves
nsnevaueweuIlUSBuTaaIIUiU overshoot LansRsalNTS

1
K(f)=— (212)
(1422f°)

o f Aemmilumiing MHz - fsguil 2.10 [12]

1.1

]

0.2 ,
10’ 10° 10"
Frecuency [Hz]

10"

U 2.10 n919 k-factor [11-14]

- Test voltage curve APNATINVDY Base Curve Uaz Residual curve Vigﬂﬂia&
Ineflentu wise k-factor filter Laa

- Value of the test voltage (Uy) AR Maximum w84 Test voltage surge 7i¥nléann
Base level

- YU Overshoot ABANNLANFATIILNIN Extreme Value Wag Recorded Curve uaz
A1E9AAYDY Base Curve

- 9NTIEIUVDIIUIN Overshoot ABERTIAINVDIVUIA Overshoot AR Extreme value
wanadulosidud

- auteaY T, ﬁawwmﬁma%mﬁauﬁgﬂﬁmu@Lﬂu 1/0.6 AYIIAT T 5813190981
Suduileduwadiien 30 Weodiuduaz 90 wWesiius ves Peak value Uy Test voltage curve
(97 A Lazqn B mug"dﬁ' 2.11)

- a;m'%'mﬁul,aﬁau (Virtual origin) (O,) AegnBuduiaioufifiensudy Fumldandunss

9

N90 A wazan B ludaiiunua lnenaiaginidu 0.3 T,
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- 9nTINSINTULAELREAY (Average rate of rise) ABAIAIINTUVDINTINLEUATIVIAII

911 Records curve Iﬂai‘g‘lqﬂﬁmiw’j’]ﬂﬁ 30 Wasidumns 90 Wasidunvuas Extreme value

level wagdnavuanslumule kV/ps
- 1IAAgEA (Peak time) Aa Extreme value (U,) m13938dnsnisiiiudulaeiade

(Average rate of rise)
- ARIRAY (T,) Aewnsdwesialiou MyvuametIwIasenIngailiaaiou (O;)

wazqnfl Test voltage curve In1sanasisnSnila (nugun 2.11)

u
T -
B
09 FT——gF @F —
05 ————==§ 11l T Vi i | e I o £ e ~~—
0.3 (aty ——& A A
>
t
- T,=T/0.6
A T'=0.3T,=0.5T
- TI »
=T I: 3
0 0

JUT 2.11 JUAGUUSIAUBLTAA JUAGLAY

2.2.2.2. BsinguaduLsIRudNNasiisIAMaNIAIg 1L IEC 60060-1

nsUszananaJUARUMLIBINAsST LAz L AUt
1. vhnsdaniipduntuiinle ( Recorded curve) 1 20 Wosldudvasrusifiuasanuas

Aandsndud 40 Weslduavsetisaniivesriusiugansen
2. dhguafudilaainnisdaniiafuwazndend uwaidgnis Fitting Aae Double
exponential function a1uaun15? 1 laefiwisdines 4 dauusleun A B, a uaz [ lag

W15 0B NAINAITUSEUIANE F¥UUNE319 Base curve F99¢@1U150%1A7 Overshoot rate

IEaeaunsi 2.14
(2.13)

f(i') — C(e—a(r—td) _e—ﬂ(t—rd))
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—ot — Dt

ft)=ne“ +8e” (2.10)

Wie A1) WWuilanduuseiy, t Aenan ty Aoansunu
3 11A1 Residual curve 92811511 Recorded curve 11aUM28 Base Curve ﬁQﬂﬁ%”N

YU NRINUUUIAT Residual curve 1HIU k-factor filter Agaun1sh 2.15
1
k(f)=——F (2.15)
(1+22f%)

4 Residual curve ign filter w1329 nU1115IUAY Base Curve T932138071 Test

voltage curve

2.3.3 Test data generator (TDG) [3]
2.3.2.1 %ann"3
TDG AolUsunsunenfinimeifiasadeyasndsfanea umunuvessUaduduiiad
duns1eh warsUaduduiadisuiinld nisdrsdamdrdmaiiiunislaesonduasnieling
veaey uasnMilinesgnustinanannmsiidunsmadeya sensedludieensuls Tu

AARNUIN U TP8USEANSAINVBITNALISANUITONSIVABULR

2.3.2.2 JUuvudaya

L34 ¥V a

IWddayasredangnaselay TDG Sraesleyanv Felnddeyas1dsgniliamidu 2

Y Y
s v

Aoduluguluy ASCIl Aflarzeglumenvadiundl uazlaad viauouuwds er3uwuutoyanse

]
=

sspeinanidlaglusunsunglinismaaeuliaenadosiuuuudeyansonsly ssdowdas

Toyalivaaunauinn1smageuy

2.3.2.3 Ywnuastasiiafeandulddmiunisiimesvadunagdsnsda
ASNA@EU round-robin gﬂ%’mm?swﬁu FanerosualannsafiazfuinA1ves
wsfimesuesduriadensdaesls Aademaaifiannasvaasy round-robin gysidus
9199900 HNeS %’aﬁ”mumaamaﬁm?'iaau%’ﬂﬁgﬂﬁfmummmmuﬁaqmwaam'ﬂsﬁmu
wazAmnesBuiadEsBanand gnasylifemasaussduBuiadieh (L) 81931 uagen

AaALARRUNERNSUlARansluNIANLIN 2.
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2.3.2.4 mmagaulusunsy
TDG gnosnuuuiiiewenliddeyasiaes uuuAdneadmiulusunsumagoudivhiauei
glduinmsiiwesiignsyalu IEC60060-1, IEC60060-3 wag IEC62745
Suadlu TDG gnduunidu 6 ndu smumdiavesduiaddil
LI Surfadussiufinngunduy
LC  wifwievdsndusinueusduduiadine
Sl amTedusiad
IC  Buwiadnszua
OLlI Oscillation Lightning Impulse
OSI  Oscillation Switching Impulse
Tnedayaililunidedeslideyaludurosduindussduiiinguadus (L) 3

NUALLDYALANIAINIANUING .

2.3 Nuilasevieusiamiiey (Neural Network Theory) [4]

Tassusamiien (Neural network) tHun13331n13AIWIALU nonlinear nany9d3
wusnsmdudulun (Node) lnsfimsideslosiuvasdioyasig Weight ua Bias ¥99 Network
Node Susndumnm [fio¥i1n13 Perform naulnuas Weight uaw Applies 1Ugs function (14 Tinsig
Type) uazsurnewmmosnin niantudsrnionima Wi Node Bu tioi3ous (Leaming) uay
1 (Recall) lusavasmsaeu (Training) Fsailunsiuditeusud Weisht wazen Bias 1
wanzauiuAnenm fignivuald Tneasuudn Network agi3ousanndamlugag Phase dein
uaz as1sBunalm teUsuranvhelviiaivingan Tnssisusnamidisusinisudlodgymlne
yharuunu Algorithm Tignes1stun dlassrgusamifios (Neural network) fiensiianls
Tumsuszndldlusuiidesnisuumansanduailvel n1sa¥ia Algorithm fisinnsduam

70157 visensinglusyuuang 9 Jefigusneenugud 2.12
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Neuron

&

Activation function

J

Output

B %)

35U 2.12 wils Neuron 73l i 8unm

2.3.1 mié’]nimaﬁqaﬂszmmLﬁamﬁaiﬁ;ﬁmmmiﬁﬂ (Training) WUU Levenberg-
Marquardt Backpropagation Algorithm [4][17]

Backpropagation algorithm (BP) {udane3iunisideus (Training) Luu Perception 1ane
Fu (Artificial neuron network) #dlun1308niUy Neural Network Tnevialuludausuasyinnisdue
ehetmn (Weight) wasfausus (Bias) fernlagiuiniieldsians (Simulation) nadstuan 39
wadildnazlrneEnsads Tunsidunslusiuseludafunsusuugeadasimiin
(Weight) f2e35n136113 9 34 Backpropagation algorithm (8P) Aundsluisideslalunsuiuuss
Asana TnglusmAseatuildiatdu traintm (Levenberg-Marquardt backpropagation) Tu

TUsUN5U MATLAB Wuitendudmsumsudanas udundn Inediudnniseal

Input layer Hidden layer Output layer
input; output;
input output,;

5UT 2.13 sUuuulaea Neural Network iy
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[ '
o a

JURDUN 1 918D9A

[
[} 1 o 0y

1.1 quarwiin (Weight) Wuduindussusaziad (Neuron) erntmiiniidaild
o1afideglutas [-1.0,1.0] w38 [-0.5,0.5] anunsarAsundasldvdannmsmuinmie
N9ENLA7
1.2 fanuniusuen (Bias) svuadurduiuluduneunsn Ssenafidvihiu 1 wie
awﬁwmieju%um annsoAsunladlindainnsiunamientsinuda
9819181 Weight = random(-0.5 to 0.5) ;
Bias = 1 ; %3@ bias = random(-1.0,1.0) ;
13 ﬁﬁa;&aLs’u’ﬂiﬂiuiﬂiqsdwaciqu']q%uﬁ’lLﬁfh (Input layer)
%umauﬁ 2 Feed-Forward
2.1 furauriiidn (input) wairdseen (Output) luwsasdu (Layer)
Output, = Input. // output of input layer.
Input = Z/_ (Weight, X Output,) + Bias;

1

Output}. =
=

Input, = Z (Weight , X Output ) + Bias,

J

// output of hidden layer.

—Input

ik
Output, =
1+e

2.2 muluAnaaagsululAazsu (Layer) lagAunaitudioonnaualniuideniuie

//-output of output layer.

—Input,

FJusiou (Hidden Layer) Fsa1na1naaouanansamuinlaannsilseuiiisunaansa

anallanuithvune (Target Value) N9l

Error.  =1/22(T arget — Output, )’ // error of output layer. (SSE)

Total

Error. =1/22.(e)

Total

TuUnaUN 3 Levenberg-Marquardt Backpropagation (BP)
BnsusuathndnludannaraiaasunauInle

3.1 imsswanaUTuALNuiln (Weight) Ae@unisi 2.15

Weight ,, =Weight, —(J.'J +ul)" Je, (2.15)
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Iﬂaﬁl e e Error vector

I Ao wnsngienanual (Identity matrix)

J #8 Jacobian matrix
3.2 e Total error (SSE) freangnatminlyal (Weight,, )
3.3 wnen Total error (SSE) Aifuaadldianfistulivihnson@dnnsldmdmmmin
Faitldan (Weight,,,) Taelildaneathmiiniia (Weight,) kazyin1sgauAn combination
coefficient () #een Factor iasld (nsandaduazaslia 10) ndsanturiadas
dhtindiu Weight, wndaludupouit 3.1 8nas
3.4 wnAn Total error (SSE) Adnunallddiaanasisildaniminfisuald (Weight,,;) uae
¥nsWIsAN combination coefficient (1) §ufn Factor iaaly (nerndsduazaslii 10)
3.5 thadhwindall (Weight,.,) dludwaluduneud 3.1

6. Supeuit 4 nszuaumIThen hnsiuaaltiSes 9 aunsedts Total error (SSE) dien

WAl lagTunuN SIS UNVINALEASATTUN 2.14

> w,,m=1 [«
L Ay
Wy = Wipg v
X X+.
[e]
Wy = Wiyt
m>5 v

A Jacobian matrix computation

m =m+1 l

‘ Wy = Wy — () + ul) U e, ‘

u=px10 Error evaluation

Restore w,
4

Ex+1

JUNITVINNY

DRA"

U 2.14 vdonlaezunsun1swsusag Levenberg-Marquardt algorithm : w, Aefngaedivin
Tuaaugily, w,,; AeAadminludnlaannnsaAuin £, A1 Total error Wy, E,,, AoA1 Total

error sneuula
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n159RNLUULAZUIZNaUES19

Tuunileaznanienisesnuuulunaidsadnmansdrenslinguilasselszam
disalunsmamsdmesdiegvessiuduiad i dedunseenuuulnaadndamans
Sududesiimainioudduns Adausngaudmiuniamaidanimgn (Weight) uazdauiy
A1 (Bias) Feavagluzuues Matrix Inedruiudunmuay Hidden layer d1uiusnaifuluazii
TinsuszananadulUlatuazmndiuaudune waz Hidden layer fisnuiutosiiuldagyilidl
anuwsiuglumsUszinanatesas wazdedliaiednaiideanisiioriinis Training Tiluina
Tassdheuszamisalagluniseenuuuazidudaunnisasadinadsadamans munsgiu
IEC60060-1 Lﬁammaaugﬂﬂ?{uﬁié’mﬂiﬂmmu TDG ﬁa%mgﬂﬁuaﬁa@amummgm wagLiv
AMIITNesANaNNTShTsAuBRaa i dmsuldlunsadslueadanineansludn 2
sULUURD

1. Tuwaidsadamansdmiunisuszananamamfine szuaaunssiulasnse 49
wlenadurussiugegn svesnanvihndu seenamdsndu uay Overshoot rate

2. luwarfandamansdmiuyszmanamasiine faunssuaduuseiu A 8 a
war B Anesmsliidunadng tiovihnismsuils wagnsmAmnaiwed wieldlunisada
Base curve 910U UYIAITMIA I UG AR S8BF1IAIMUIAG U T88BIIANSIAA U uaY

Overshoot rate A133SNMUUANNNLIATF UG LY

3.1 msﬂszuqawagﬂﬂﬁumuagmmgm
nsUszananasURdumLIiasIuasinsadslunasndinaansanud
namluundl 2 Fadedt 2.3 Saimugdtuded 15
1 Yimsdinmiinaduditufinld ( Recorded curve) i 10 3o 20 Wosldudvosrusasiu
g9an uazdinudsnaud 40 WesidudvietiosniivesAuswiugsgasen
2 ihyueduiilfainnisdaniind unazudsnd uudaidngnns Fitting s9g Double

exponential function swauMs? 3.1 Tasiiwisdives 4 fudsloun A 8, o uaz [ lag
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W151TLAS N LAINA1TUTEUANE 92UUE519 Base curve F992@1U150UNAN overshoot rate

I3aneaunsh 3.2
f(f) — C(e—a(t—td) _e—ﬂ(t—td)) (3.1)
ft)=Ae " + ge ”* (3.2)

e () Wuileaddunsedy, t Aslan ty Asliansudu
3 1A Residual curve M18N15UY Recorded curve 11auna8 Base curve ﬁqna%’w
YU NaINUULIAT Residual curve 1MW k-factor filter A4@NN1ST 3.3

1
KO A (3.3)
(1+22f°)

4 Residual curve ﬁQﬂ filter LLﬁ?%SQﬂﬁ’lM’]i’J&JﬁU Base curve 949¥L38n71 Test

voltage curve

1.2 | T T
\ Record voltage curve \
i) VoA Y P 4w Y AN AVl | I
(_/\_// Test voltage curve
\
08 __________ ‘
= \
10" 0.6 [ g/t 2o — 3NN ST T T LI Y A ¢ 2 | (o= S Bty & e
) \
% oA oW NN W7 TNEY R 7 A
3 \
> \
02 O | & Res\idual&urv; e i o R
[
N Ty s e - _—
\ \ \
02 | I I
0 2 4 6 8

Time [ps]

JUT 3.1 NsUsEInaNasUARUBNTAININTg I

Tngr3deliiniseenuuulinaidendinenansnuisaenaninagyinnisussaianalagly

]
a o

SuNPAINFUARULINTZILANIG IEC61083-2 fmuald (TDG) 31uu 29 n3el wagguaduivi

15857197 ULe9 N TULUSWATUNAABIBNIIUIUN 3 N6
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3.2 nseenuuuluinaldsndinaniiioUssanananiAwnsinessuaaunseiu
Aeinlaensg

nsoenuuuluaaldsadinmansii ouszananamamisdinesguad uussiufine
Tagnsadumsthsunauunsgiuan [EC61083-2 uusSeumslimunzausensussiana uaz
ynsmaunis semadnislaseieussamidion (Neural network) dadufusosldyndoya
fudune waznaifeinseenldiilevinismsuszuulvianuamnsalunisduanaly
dnwaziierfuiidodesnis Ssiivdnnisduluauund 2 fdeil 2.3 lnenaideanisaziu
AMn5fitnesue9gnus Ui HTTEYMUNIMIEIN IEC 61083-2 $119U 29 N5dl UALYINS

naaeudnAsITINiuguediuminisasivednilulsunsunaaesdndiuiu 3 nsdl

3.2.1 M139enuUUNsARNTTayadnsun1sUsEUIaNa

[
a YVa v

NsRaNKUUNSInNSteyad UM IUsyianaluinda iy aasﬁwmim%ugﬂﬂé‘uﬂ”’a 32 N3l
ol
1. yhmafemthaauitiufinld (Recorded curve) 20 iasifuduesrisitugeanuiiom

vihAdy uadandsnauil 40 Wesldudvesmusifugsgnoen

2. dhmaifvanaisUadudaudn usnil 20% vesrusafuguaaUInAMTIAA ALY
Afaay 10% LUauisgundud 40% vesALTaiugIanUs nudundendy sasagldinariom
$1uan 15 90 uazthundwnasmansiuiugaig q faunisi 3.4 wlfaruduionue 14 d1
snfumBuns uansdsgudl 3.2

3, IW3sunavesnTRinesyURduLaRuiin 9 asdl Taglu 1 n3dl azUszneumedn
L59FUgegn SEEENAMUNARY TEERIAMAIRAY WA Overshoot rate iftevhnsinsuidlsiun

Tuwayseuiananaly

—
s =1L (3.4)
t—t



02U,

== $(1,03U,)

————— (15,0.9U,) =
_____ (17,0.8U,) — — — — — ==

=== $(,07U,) ——————————=

== $-(1;,0.6U,)-———————————~—
F——— 91,050, ‘————————————
— == 904U, ———————————-—-

34

(l‘13, 06Up)

(1,0.5U,)

__________ (115’ 04Up)

(.= 0)

A AR

JUT 3.2 gafinSeudmvsududunmiiavhnisusyinananiedaseaidnisa

3.2.2 n1saanuuulumalsatinflIansaeiaseattinidsa

AMseenkULlunALTIARAAIaASI et wTMATA YA lufuYBIALaTRuAwAY

\aannmuednndisnnuliinn fsgun 3.3 (n-9)

Input layer

svezhalunsUsznanaiesindnvazvesdunaiignasiefiedase udniisaas i
Uniin (Weight) wagdausuen (Bias) musiutudumauay Hidden layer dsazoglusuvos
matrix F331uauBune uas Hidden layer fifidruausnnifuluassiilimsyssinanaidululéd
wazynTInILduNaLay Hidden layer #drwiudesiiuluasilvidanuuwiudilunisyszaana

Woras Tuniseenuuulunalisrdinenansiideuiionld Hidden layer 9713w 1 layer, 2 nodes

(n) Tuwathseadndsadmiumeannsiugaan (U,)



Input layer

@) luwailseadinisadvsumnaiminegu (7;)

Input layer

(@) luwatseadaisadvsurmnaindaniu (7))

35
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Input layer

@) lunailisearindsadmsum Overshoot
U 3.3 luwmaihizeaiiaise

93Ul 3.3 Besdurenissiiiunsveasewdndsnasiitusoudsil

1. Input layer [utuneuresnieieumauns xiindagnvesdunaiiimadiueen
iileanduauBunAal Wagyhnsina offset oon

2.1 1 Hidden layer dsazutananidu 2 node Tngld Tansis function uiladundn
Tunisuszanana

3, Qutput layer 14 Purelin function vJuslsitundn §adudunauresnisiniouen
@A WAZYIINSAUAT offset WU vBLANN

Tnenailgannniseenuuulunandinaans WileUssuranamaimsdinessUnauusady
Hwilpensasiiana s min (Weight) wasiausuen (Bias) [16] Haaun1sit 3.5 3.6 uaz 3.7 39

sUnuuvealUsunsudeululusunsa MATLAB anafaguil 3.4
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Budumsiey

ATmuA Input wag Output

v

wisdaya
- yadayadmiudeus (60%)
- yadayansradauaugndas (20%)
- yadayasdusunadau (20%)

v

Amun Algorithm a@113unns Training, Activation
functions wazA Error Nuausuld

v

32Y31uU Hidden layer uagAmuadnuau Node ‘

‘ A52960U wazusuAn Input ‘
‘ dud1 Weight uag Bias ‘

‘ ATUUAIR18 Feed Forward | *

p S n W

$iMsU5UAT Weight wag Bias g NO AF99EBUAI Error uﬁamﬁﬂuﬁ'ﬁ\\>
. & o o
Back-Propagation (BP) Afgeusulanmmuals

5 s

‘ 1% Neural Network #3931 Weight wa Bias flisngay

v

AT

JUT 3.4 Flowchart nsinsulaaaiiiseaudianisa

n N
(1) (0 (1) (v (0
V=Dl | Y (wl - wl) |H (3.5)
et i=1
2
f(X):—_ZX—Z (3.6)
I+e

y(u _ 2(1) {f(\/l/lmt+31m)} +B;“ (3.7)
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3.3 mssanuuulunaidendinaansiiayszutananiAmisiinefaunisgUuaau
Wi

nsoenuuuluaaldsadinmansii ouszananamamisdinesguad uussiufine
Tagasadunisthsuaduannsgiuain IEC61083-2 (3] snumssunslianzausanisuszanana
wazvihnsmaumsmemaiianislasadielssamisien (Neural network) Gadduseddyndoya
udunauazrafiFeanisesnldifiovnamsussuuliiauanunsalumsdnunaludney
\Aerfuiigisedeansdedivdnnisnaunii 2 Fded 2.3 Tasnaiidesnisazifudmsimes
aunnsguRduLssTuBuWadiiuielflun1saine Base Curve muvdnnisduiammsiines
sUnduButadiinriignimuslng 1EC60060-1 Tnenaifosnsasidudmsfinesvosgnusadu
ki symuLn gL IEC61083-2 $auau 29 nsdl LLa31/‘1"1m31/1ﬂaauﬁﬂﬂ%’jﬂé’mﬁugﬂﬂ?{uﬁﬁﬂ

Asas1aTues vl luldswnsuMeasdnduIL 3 Nl

3.3.1 n1seenuuuN1sInn1Ideyadmiunisuszanana

¥
v Va o

niseenuuUNIsiamItayadwsunisusssnanalurhdetiifoasinnsinTouguadui
32 nadidtail

1. yinsdavtnad ufidufinl (Recorded curve) 20 % vosAnsIfugaaAUT AT
AAuLarFavAInauT 40 WesusiviotesnimasAusifugignoen

2. ¥ siingagUnAufautgausni 20 Wesifusvarussdugenusuminaduiindy
n¥aay 10% laufsguaduil 40% wesrusstugeanud nuduvdsndy smezldqnsionun
F1uau 15 90 wanafagu 3.5

3. WRsLNAYe N TResauNsgURd LTI o nsdl Aldnmveasuluund
3 wadiedt 3.1 Towlu 1 natlasuUsvneudaer A, B, a wey B fidasmsiidunading iifevinns
wisuilawagyhmsmamnsidines visldlunisaine Base curve 9ntiuvinnismeusaugegn

FLYLIAMUIAAY TTELIAMAIRGL kAT Overshoot rate MNIBNAMUANILLINIFIUsD L
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——————— (110.0.90,)

_____ (t.0.9U,) — (l‘”, OSUp)

_____ (t,0.8U,) - — — — — == (11,.0.7U))

=== (1,070, ———————— === (115.0.6U,)

F— == —-(1;0.6U,) ———————————————— (114,0.5U)

L ———$(,05U,) ————————————————————-—> (115,0.40,)
B 4 U &/

T~ P(,03U)

0.2U, [~

|
(,=0)
> A = ° U @ a = o [% a @ acs
EUVI 3.5 f\(]iﬂ'1/]LGIiﬁlllaTVﬁ‘UL“L]u@uw(5]LW@V]']ﬂ'ﬁUi%ﬁiJ')aNaWﬂﬂu’Jﬁ@aLTJC‘IL'Jiﬂ

t

3.3.2 n1saanuuuluasatinflIansaeiasaatindsa

= o

mssenuuvluwaldindemansiieiiseaiaidsa dnuddaluiuuesniuaziden
wazsrezanlunmsUssananalienndnuuveslinafignasisisdise atlnisaazdannig
Uain (Weight) wagdausuen (Bias) nudiuiudunauay Hidden layer @sazoglusuvos
Matrix 8331uaudunnuas Hidden layer AflsnnaAuluagyinlinisussunanadululed was
MnIudunauae Hidden layer #duiwdeaiiuldazyilviiamuuduglunsussuiana
Woras lunseeniuulunaidendinaransyleudonld Hidden layer 9113 1 layer, 2 node

\isaninmuednndisauliinn fegun 3.6 (n-9)
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' Hidden layer

I

I3

. Output layer

o y(l)

(B)

14
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@) Tuwaihseadndsadmsunia

U 3.6 luinailaseainisa

1. Input layer lutunauvasmainiaudt Input axdinnsingavesdunedifinsditusen
deanduaudunnas uasinsina offset oon dlumsmagouisumafid i wau 15 90 ud
\omngausnvesmnuadeyaiidmieutui =0, Juiiliyadeyaussnanamdeliies 14 9a

2. 1% 1 Hidden layer dsazuussandu 2 node Ingld Tansig function Wuilsidundn
Tunisuszanana

3, Output layer 14 Purelin function 1Juflsidundn dadudunouresnisiniouen
1A wAzYINNITAUAT offset Wl YR RNA

4. %gumaumsﬂismammﬁﬁLmai‘mu?ﬁmmgm
ndanuszananameislasaieUszamidien deagldrnordnadu A B o uaz B ud then
AINANIUNA Base curve 19
3 #1A1 Residual curve 7801511 Recorded curve 11auf18 Base curve ﬁ'qﬂa%’wﬁu

wasantutiAn Residual curve 3y k-factor filter Slaaunns 3.8 [11-14]

1
k(f)=——— (38)
(14+22f°)

4. Residual curve 7190 filter ud2929nU1N15INAY Base curve T332158n71 Test

voltage curve
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Inguafiliainniseeniuulinandinaians Weuszaianam A EnessuaauLsiu
Wnlaunssagiaiaasuimin (Weight) wagsiausua (Bias) [15-16] A4auni1sh 3.9 3.10 way

3.11 eguuvuvedlusunsuiidovlulsunsy MATLAB uanafaguil 3.7

Gudumsiey

A Input wag Output
[
udsdoya
adayadmsuiFeus (60%)
- yadoyansradauaugnias (20%)
v
- yadiay

-2

admisuNagaU (20%)

Aviun Algorithm d@1w3unis Training, Activation

. ! AN
functions wazAn Error Neausuld

v

‘ 38yd1uu Hidden layer uasAmundiuiu Node ‘

v

‘ As29EaU wazusuan Input ‘
‘ durn Weight uaz Bias ‘

‘ AU2UAIR18 Feed Forward | ¥

By
_— ~.

o = —

yin1sUSUAT Weight wag Bias fael NO AT29d0UA" Error L‘lﬁﬂULﬁUUﬁﬂ\\>
T 4 o o
Back-Propagation (BP)  Aniwaniuldnnivuald

\} YES

‘ & Neural Network w¥as Weight wag Bias fivunzau

v

WM

JUN 3.7 Flowchart nswisuluwaiasealinise

n N
(1) (1) (1) (0 (0
V=W Y (wl e el ) [+ (3.9)
j=1 i=1
2
f(X):——zx_l (3.10)
I+e

2

ym — {f(Wlmt-i-Blm )} +B£U (3.11)
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Usznaufenisiamsudesyadunnaingundunssiuduiadfiini (Recorded Curve) msains
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Tnonss waznseenuuuluinaiindamansiiioyszananaminsdinesaunissuadui il
iiellumsitasgsinuusiugy wazanublunisussmanadmividumadonlunisang

]
v A

wsealadanlanusindilunsiinseigaindininigiu

4.1 wanmaseulunaldsadinAansiitaUszanananIAN1s e fUaRUL IRy
Aeilnense
nan1sveaeulunasadnmansiiieuszaiananiamidimes JURa L uilrT
Tnonse v slesesinalaonssdana itliasdudussiugegn ssovinamhnauy szozian
y&sAAY uaz Overshoot rate Fsagliifesmmuelunisfnmmemisdinesdnandudy
Fanuunsgiu uazlidesihnisususuadusae kfactor filter vdanisduramng 4 sennsdn
pudnuazyesgUadu InvinsiuTouiieunsld Neural network fsenausie 1 layer fid
YU 4 Neurons Waz 2 Neurons #anismsulaneaiaseadniisauansleiasudl 4.1 uaz 4.2

Fallanagun 4.3 (n) B (1) uazdalinanagun 4.4 (n) 1 (1) muddu
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Output ~= 0.79*Target + 0.17

Output ~= 0.77*Target + 0.19

Output ~= 0.85*Target + 0.15

0.75*Target + 0.28

Output ~;

Training: R=0.99316

3 O  Data
Fit

—Y=T

115 2 25 3
Target

Test: R=0.99371

O  Data
Fit
1.4 G AT

06 08 1 1 29K 1.498-6
Target

Output ~= 1.1*Target + -0.13

Output ~= 0.79*Target + 0.2

Validation: R=0.98502

12 14 16 18
Target

All: R=0.98137

O  Data

JUN 4.1 nsmluanswanismsulumatinseaddniisa 1 layers, 4 neurons

Training: R=0.99785

O Data
Fit

Target

Test: R=0.98489

[\

O Data

1 1.5 2
Target

Output ~= 0.76*Target + 0.28

0.81*Target + 0.21

Output ~;

.

1.5

Validation: R=0.99525

O Data

| - :

1 1.5 2 2.5
Target

All: R=0.9938

@) Data

JUN 4.2 nsmluansmanismsulumaiaseaidniisa 1 layers, 2 neurons
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nansmsulinaiaseadnisalusudl 4.1 uas 4.2 uannnuduiiusidennaosszning
01 Ne uazALdmineves Neural network AUszneudae 1 layer Afivunm 4 Neurons kg 2
Neurons Fsvnneneuduniusidannes (R) fiaeuduiudidilng 1 snnwiilaezdadiamnuusiug)
a9 uagmnidlngd 0 azdinuusiugianunn Tagen R 84 Training data 4afilY & Neurons il
WinfU 0.99316 wazyafild 2 Neurons fifuaiu 0.99785, f1 R w8 Validation data yaftld 4
Neurons fiAwinifu 0.98502 wazyaiild 2 Neurons fdwinfu 0.99525, @1 R ¥e4 Test data 40l
1% 4 Neurons fidwiniu 0.99371 uazyaiild 2 Neurons JAwinAy 0.98489, fn R Tauyadild 4
Neurons A1y 0.98137 uazyaitld 2 Neurons AAWWMARU 0.9938 FanaresnsnaAgeUNITY
suftsaesgUuuudaasiuglndifes

TumsmeaeunmsUszananasslumadsndnmanslumsmamisiinessuaduusiudy
fiadtnrlaensdludnveussdiugsan (Peak voltage) uansluguil 4.3 (n) uaw 4.4 (n) uandl¥iidiu
Ilunnnsdhdulunmafiimsgrudmuslasandeavugsgasodsitiu 0.19% §dunsalidan

Jeauuannfigavesyaild 4 Neurons aginsdl LA AWIAAU 0.09% wazyaitld 2 Neurons

1l
[

g7NTM LI-M2 fawiniu 0.09%

Y

Tumsveseun1sUszitanameluaadadamanslunsmamnsiimessuaauuswiudy

Wadvirlaensiludiuvesszeziamiingu (font time) wandluzuin 4.3 () uay 4.4 (V) uandli

1
A 1

wiudlungnsddulumuiinsgiuimualaeantonvugeaasadifiu 2.00% Zddunsdinden

Jeauwnniigavesyaild 4 Neurons eg#insl LIFA7 dAwviaiu 1.93% uasyainly 2 Neurons

]
1

agfinstl LFALL SiAwindu 1.58%
TumsneaeunsUsviianadglaaindaaanslunismamninessunauusiudy
wadthrlaenssludiuvessyegamaeray (Time to halh wandluguin 4.3 (A) uay 4.4 (A) wang

TWitudTunnnsdidulunuiinasguimunlaeandesvugaadeosldifiv 2.00% Fdlunsdad

]
=

AdeauuINfianveyaiily 4 Neurons agfinsdl LIAS AU 1.64% wazyniild 2 Neurons

1
ra

aginsal LFA5 dAwviniu 1.77%
TumsmeaeunsUszsnanaselunaisndneanslumsmamiinessuaduusaiudy
fiadiisinlaeassludinues Over shoot rate uandluguil 4.3 (9) uaz 4.4 (1) uansliiuitlunng
nsaldulumuiinasgudmuslneandonuugeandedlsifiu 1.003dunsdififidndeauusnndian
Yoamiildl & Neurons ogffinsdl L-X3 fiawwindu 0.22% wazyaitld 2 Neurons agfinsdl Lix2 4

AYINAU 0.90%
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FRNNANTNNEDUNUINDANSS TN Il aUszinananie Network 93l 1 layer, 4 Neurons
wawidl 1 layer, 2 Neurons aglieevinafifialssuugeadesliifuafunnsgiuesusuls 39
denld Network 71l 1 layer, 2 Neurons Zsflvunadeyaiidinnindmsunisuszananalunsnageu

Aol lnenavasszuznalumsuszinanaiimulnalAsaiulunsddng g dwmisem 4.1

d' = 1 a s a v 1
M1519fl 4.1 sseznattunisUszinanaliioUssuananiainisdmes juad uusetuian
Taense MeuAuiISaiuninsgiu (WUszuranalasud usieU Lenovo ThinkPad X13 10th

Generation Intel® Core™ i7-10510U Processor)

Case Propose Method Least Square Ratio of the execution | Kind of samples
Method times
LI-Al 0.0548 0.7731 14.10766 Training data
LI-A2 0.0494 0.4464 9.036437 Training data
LI-A3 0.0513 0.3741 7.292398 Testing data
LI-A4 0.0434 0.5550 12.78802 Validation data
LI-A5 0.0458 0.4710 10.28384 Testing data
LI-A6 0.0493 0.4873 9.884381 Testing data
LI-A7 0.0485 0.5347 11.02474 Training data
LI-A8 0.0461 0.5546 12.03037 Training data
LI-A9 0.0527 0.4920 9.335863 Validation data
LI-A10 0.0462 0.5226 11.31169 Training data
LI-A11 0.0481 0.4115 8.555094 Training data
LI-A12 0.0496 0.5047 10.1754 Testing data
LI-M1 0.0487 0.5252 10.78439 Training data
LI-M2 0.0468 0.5306 11.33761 Training data
LI-M3 0.0462 0.4402 9.528139 Training data
LI-M4 0.0454 0.3705 8.160793 Training data
LI-M5 0.0469 0.6387 13.61834 Testing data
LI-M6 0.0441 0.4582 10.39002 Validation data
LI-M7 0.0443 0.5466 12.3386 Validation data
LI-M8 0.0429 0.4899 11.41958 Training data
LI-M9 0.0448 0.6673 14.89509 Validation data
LI-M10 0.0464 0.8162 17.59052 Testing data
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= o [ a 3 a Y 1
A15197 4.1 szeziialunisuszuianalieuszalananiIAInggd LW@?E‘U@@ULL?Q@UWWN’]

1nense WguAUTEnULIAsEIL (59)

Case Propose Method Least Square Ratio of the execution | Kind of samples
Method times
LI-M11 0.0449 0.6826 15.20267 Training data
LI-M12 0.0454 0.6682 14.71806 Training data
LI-M13 0.0426 0.8239 19.34038 Training data
LI-M14 0.0419 0.9726 23.21241 Validation data
LI-M15 0.0445 0.8000 17.97753 Training data
LI-M16 0.0434 0.9229 21.26498 Training data
LI-M17 0.0481 0.8551 17.77755 Training data
LI-X1 0.0458 1.0150 22.16157 Testing data
LI-X2 0.0478 0.8897 18.61297 Testing data
LI-X3 0.0470 0.9792 20.83404 Testing data
Average 0.0467 0.6319 13.53105
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4.2 wan1snaseuluinaidsndinarandii alssulananiAmnsdinesaunts
sUAAUR e
nansvaaeulunadsndamansnisUszananamamniinesaunissunauiiic oy
ynsiesed meindmesvesannsuadunssfuduiadiinindsesldnaiiue A 8 a
way B nglumsfumazlifoshnimuiegiaduisnsnunnsgiu usasdeainisaiig
Base Curve 31NW1513ABIAINGN hagid1gnszuiunsauguisauunsguae deeiinig
n3093UAAUMIY k-factor filter ¥1n13M1 Residual curve 1 otunas1agUadunaaey (Test

£ [

voltage curve) UagsiasyinmsAIamMAUsITugIan ssezamthady ssasnamMaInaY uas
Overshoot rate d935ilavanusaifusuaduiiswinnisussianald damanismsulinnaiises
dinisauanddfesuil 4.5 lagunduiiussananaiiinun 29 nsdl fingazBenluunil 3 wang
Fagul 4.6 () 89 4.6 (5) naTBINIAINGNARUUENITITUT 4.7 (n) Fa (9) TneTiavesszoziia
TumsuszananauazApLIUg W s FneaunsgUnduussfuBufadielunsdiing 4

FIMSI9N 4.2

Training: R=0.989 Validation: R=0.98493
105 Q
E. O Data ) O  Data v, b
s Fit N Fit
7
thO ot Nk =T t]()() YRt O
@ @
=4 £ O
& 5 & f
é 95 @) 5 95 /
. =l
7 I 7
14 - 90
59 2 g
& = /0
3 O sy
85 -
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Test: R=0.98865 All: R=0.98466
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O Data
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W y=T

(@) Data
Fit
e O T

100

95
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90

Output ~= 0.82*Target + 17
Output ~= 0.91*Target + 8.5
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Target Target

JUN 4.5 nsmluansranismsulumaiiseainisa
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A15°97 4.2 ANUTEAUUVBINITITNDTUTIHUTUNES wazdnIIdIuveInaInLilunsiisuiu

B (Uszananalpeuduiiey Lenovo ThinkPad X13 10th Generation Intel® Core™ i7-

10510U Processor)

Deviations of impulse voltage parameters. Ratio of the Kind of
Case execution sample
A B o B :
times

LI-AL 0.00% 0.53% -0.45% 0.09% 11.12 Training data
LI-A2 0.00% 0.12% -0.61% -0.26% 12.39 Training data
LI-A3 0.66% -0.85% -0.28% -0.09% 10.87 Testing data
LI-Ad 0.00% -1.72% 1.85% 1.73% 12.53 Validation data
LI-A5 0.00% 0.98% -0.63% 0.33% 12.96 Training data
LI-A6 1.16% 0.75% 1.87% -2.60% 12.55 Validation data
LI-AT 0.00% -0.42% -2.45% 0.93% 14.72 Testing data
LI-A8 0.00% -1.92% 0.16% 2.39% 13.92 Training data
LI-A9 0.00% 0.27% -0.04% -3.62% 12.28 Training data
LI-A10 0.00% 0.27% 4.04% -1.92% 16.68 Training data
LI-A11 0.26% -0.16% 0.07% -0.73% 10.75 Validation data
LI-A12 -0.03% -0.99% 0.83% 0.01% 11.66 Training data
LI-M1 -0.80% 0.92% 0.27% 0.18% 12.56 Training data
LI-M2 -0.18% -1.34% -0.40% 2.85% 14.29 Testing data
LI-M3 0.00% -0.81% -6.32% 4.27% 12.12 Testing data
LI-M4 0.00% 1.42% 3.63% 0.14% 10.69 Training data
LI-M5 0.00% -0.63% 2.94% -7.20% 16.91 Testing data
LI-M6 0.00% -1.27% -1.03% -0.22% 13.45 Training data
LI-M7 0.75% 0.83% 2.77% 0.81% 13.32 Validation data
LI-M8 0.46% -1.05% -1.34% 0.42% 10.58 Validation data
LI-M9 0.00% -0.14% 2.59% 0.33% 11.92 Training data
LI-M10 0.00% 1.11% 0.26% 0.63% 10.48 Training data
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A157199 4.2 audssunreITimesusiiuduias wazsndvetaniunsiieuiu
B (Ussnanalpeiduiied Lenovo ThinkPad X13 10th Generation Intel® Core™ i7-

10510U Processor) (@)

Deviations of impulse voltage parameters. Ratio of the Kind of
Case execution samples
A g “ ’B times
LI-M11 0.00% 1.87% 0.04% -2.47% 10.79 Validation data
LI-M12 -0.04% -1.82% 1.73% -1.42% 10.45 Training data
LI-M13 0.00% 1.24% -1.40% 0.64% 12.18 Testing data
LI-M14 0.00% -1.61% -1.62% -0.17% 12.18 Training data
LI-M15 0.00% -0.87% 1.98% 1.21% 11.16 Training data
LI-M16 0.69% 3.10% 0.99% -0.66% 10.42 Training data
LI-M17 0.00% 0.64% 8.31% -3.62% 10.67 Training data
LI-X1 0.00% -2.20% 7.29% 2.38% 13.82 Testing data
LI-X2 0.00% -1.43% 1.19% 2.56% 12.77 Testing data
LI-X3 0.00% 2.00% 7.66% -1.38% 11.74 Testing data
Aade 12.34

wanmsmsuligadseaidndsalugun 4.5 uannaudimusidonnessyrinuendng waz

E24

At mueues Neural network Niusgneaunie 1 layer,2 Neurons #9MnAIANNENRUSITNOn00Y
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a

(R) fiemmdaniudidalad 1 unwidlassdslenausiuggs uagvnadilng 0 axdanuusiugian
110 TAeA1 R U84 Training data JAWYINAU 0.989, A1 R w94 Validation data A1t 0.98493,
f1 R 984 Test data RMWINAY 0.98865 wazA1 R 394 Ay 0.98466 Gwiaresmsvnasunns
wsuilenuusugg

MM 4.2 smnudsauuresnsdiwesaunisaiine Base curve wAzsEEELIAN
Tumsuszananaieuiisuiuisauunsgiu marudeauugeanves A fewinfu 1.6% lu
nsdl LFAG6 Aesdsauugagaves B fAwindu 2.20% lunsdl Li-x1 Aansidsauugan
Y99 @ iU 8.31% warlunsdl LM17 enuideavugsgaves B dawvindu 7.20% lu

nsel LI-M5 Zerndeauunmunegludlinvesandeauugeaaniivualy
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TuismsUszananamislunaandamanslunismanisifine Svesaunisuaay
wssuduitadiinendfierusaigilunsussinanagininisnuasgudadeniin1sauans,
FeaBsananlenuElunsussnanaganiinsfudeISinasguega 10-16 wh

lun1snageunisussanananislunaldantnmanslun1smAImIsIEme SUesaunIs
sUnAuLssuBuTRdisiTludauvosussiugean (Peak voltage) uansluguil 4.7 (1) wandliiiiu
Tluynansahdulunufisnasgruuslasandsavugagadedsiiiu 0.10% Fdlunsdiida
Desuunnilgnogiingdl LI-AG Siewinfu 0.06%

lun1snageun1suszanananIsluaBIRdnmans lun1sMAIMSIELRE SUBIAUNTS
sUnAuLsLBuiadTiludvesEEE A MTARY (Front time) wandluguil 4.7 (1) uandls
wiudlunnqnsdiduluaaiunsgiudmuslasandesuugsgadedliiy 2.00% slunsdliis
Andsauunniianegiingdl L-A12. fidusidy 2.00%

lunsnagoun1sUszaIanan e lunALBIANAAIAAT LUN1TIIAINI LR SYBIAUNTT
sUnAuLsuBaadwinluduvessreznamdsndu (Time to half) wanduzuil 4.7 () uans
Tiuinlunngnsadulumudiumsgiuivunlagadeauugegasneslsiciu 2.00% ddlunsali
fandoauunnianegiingd L-AG Teuviniu 0.12%

lun1snageumsuszanananiglunaldandinmanslun1smaAImIEine SYeaunis
sUnRuusafuBLWadf R TugIUvRs Over shoot rate uandluguil 4.7 (1) wanslsiuiluyng
nsddulumuianmsgudmuslasandssvugeqadodliiiu 1.00% dslunsaiifidndonun

wniigaegingdl LIFAG fwwiiiu 0.79%
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Ussanmienlnodnajaiulusuanuuwiuginduiensunuinnsgiu wasimuanudilu
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Lightning Impulse Voltage Parameter Evaluation

Using Neuron Network Algorithm

Kirit Kitwattana
Department of Electrical Engineering.
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Abstract—This paper presents the evalnation of peak
voltage (Up). Front time (7). Time to half (7%) and Overshoot
(B,) of lightning Impulse voltage. The objective of this paper
is to evaluate the peak voltage. front time. time to half and
overshoot of lightning impulse voltage according to the
standard. Input of algorithm was prepared by separating
lightning impulse waveform to 15 point. starting the first point
at 20% of the peak voltage at the wave front to 40% of the peak
voltage at the wave tail, each point between front and fail is
different by 10% of the peak voltage. The results of evaluation
in peak voltage. front time, time to half. and overshoot are in
accordance with the standard. Maximum absolute errors of
peak voltage. front time, time to half and overshoot of lightning
Impulse voltage are 0.92%, 1.72%. 1.59% and 1.00%,
respectively.

Index Terms—neuron network, lightning impulse voltage,
prediction, waveform parameters, curve fitting.

1. INTRODUCTION

Lightning impulse voltage is performed to evaluate
insulation durability. such as the potentiality to withstand
transient stress of voltage and fo investigate overvoltage
limitation. According to the standard the impulse voltage is
generated in laboratory for applying to test objects.

In real testing for extracting the base curve. it is better to not
use complex procedure. However. the testing often has
oscillation and overshoot in the measured data influenced by
parasitic inductance in generation circuit [ 1-3]. For this reason.
the new standard of IEC [4] and ANSLIEEE [5] specifies the
procedure for parameter calculation of impulse voltage with
superimposed oscillation and overshoot. By base curve much
to reconstructed and implemented with k-factor.

There is also nonlinear fitting with least square
method [6-11] i.e. Levenberg-Marquardt. Newton. Guess-
Newton method were used. In the process to develop fitting
algorithm need to use waveform data provided by the test data
generator (TDG) program. recommended by IEC 61083-2
[12].

Nonetheless. the nonlinear approaches have problems
because the process of curve fitting method requires a great
number of iterations to implement data with k-factor before
calculating the waveform parameter.

This paper selects the neuron network method to
predict the result of waveform parameter. This technique is
non-iteration curve fitting and do not have to implement data
with k-factor. The propose for fastest of evaluation in
processing to determine waveform parameter.

Peerawut Yutthagowith
Department of Electrical Engineering.
Faculty of Engineering.

King Mongkut's Institute of technology
Ladkrabang.. Thailand
kypeeraw(@kmitl.ac.th

II. METHODOLOGY
A.  Standard curve fitting method

In figure 1. the standard [4-5] recommend evaluating
testvoltage waveforms using the frequency-dependent (k-
factor) function is:

(1) Firstly. remove the wave front less than 20% of peak
voltage and the wave tail more than 40% of peak voltage
and thus extract the substance of the record waveform.

(2) Normalize the above waveform in order to prepare the
data for fitting curve by double exponential function of
equation (1) which consists of 4 parameter: A . B, o and B
to get a base curve.

f(#)=Ae™ + BeP* (1)

(3) Subtract record curve with base curve to obtain the
residual curve and filtered that by k-factor filter as shown
in equation (2). According to the suggestion form
standard. ' zero. phase shift IR filter can be easily
implemented form using k-factor filter recommended by
Lewin et al [8].

1

STy

(€3]

(4) Test voltage curve come from combination of residual
curve filter and base curve. This curve is used to evaluate
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peak voltage, front time, time to half and overshoot by
reference form standard recommendation.
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Figure 1. Process used in evaluation of impulse voltage and current
waveforms.

B. Proposed curve fitting method

Proposed method using neuwron network algorithm for
predict the peak voltage. front time, time to half and overshoot
follow is:

(1) ~ Remove the wave front less than 20% of peak voltage
and the wave tail more than 40% of peak voltage and thus
extract the substance of the record waveform.

(2)  Separate the lightning impulse waveform to 15 point.
start first point at 20% of the peak voltage at the wave front to
40% of the peak voltage at the wave fail. each point between
front and tail are different by 10% of the peak voltage.

(3)  Inject the time series fo neuron network algorithm.
calculated flow chart shown in figure 2

(4)  The finally get the result of peak voltage. front time.
time to half and overshoot for decide of standard accepted.

"‘"‘O @ —_— | b
‘—-————-.—-. -L-m e,

Figure 2. Flow chart of Neuron network algorithm

III. SIMULATION

The 29 impulse voltage waveform (LI-Al to LI-A12 and LI-
M1 to LI-M17) glean from the test data generator program
(TDG) [12] were used to predict the lightning impulse
waveform components. The resolution of vertical is 12 bits
and the sampling time step by 10 ns in all cases.

The proposed method simulates lightning impulse voltage
with the test data generator (TDG) 29 cases by keeping the
domain time series (15 point) form recorded curve to evaluate
peak voltage, front time, time to half and overshoot in the
neuron network algorithm

Firstly, figure 3 shows part of preparing data input. This part
injects time series domain to processing input layer. thus
extracting important data by selector data and subtract with
Plimin(offset) and multiply with PI gin and added with Plymin

Process Input

A

Selector Data

e [Prree]

Figure 3 part of preparing data mnput.

)

Secondly, figure 4 shows part of neuron network algorithm to
get the data from the above layer for multiplying and added
bias. Toinject data to Tansig function and Purelin function in
layer 1 and layer 2, respectively.
Layerl

Process Input

=
e = ) Q J
Figure 4 part of neuron network algorithm

Finally. transfer data from part of neuron network algorithm to
part of preparing data output. In this process, have to subtract
with POymin and multiplying with POgm and added with
POsxmin. The output is peak voltage. front time. time to half and
process  is
Process Output

overshoot. -~ The shown in figure 5.

Figure 5 part of preparing data output

IV. RESULTS

The result from prediction of lightning impulse voltage
components, in part of peak voltage is shown in figure 6, all of
cases is in the standard. By standard is recommended to the
deviation is not over 1 percent. Maximum error in this part is -
0.92 percent at LI-M2 case.

In part of the Front time is shown in figure 7, all of cases is
in the standard. By standard is recommended to the deviation
is not over 2 percent. Maximum error in this part is -1.72
percent at LI-A12 case.

In part of time to half is shown in figure 8, all of cases is in
the standard. By standard is recommended to the deviation is
not over 2 percent. Maximum error in this part is -1.59 percent
at LI-M11 case.

In part of overshoot is shown in figure 9. all of cases is in the
standard. By standard is recommended to the deviation is not
over 1 percent. Maximum error in this part is 1.00 percent at
LI-A8 and LI-M12 cases.
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V. CONCLUSION

This paper proposes a prediction of waveform parameters by
neuron network algorithm. It does not have iteration and does
not have to implement with k-factor filter. The procedure of
preparing input data were separate time of record curve to 15
points for applying to a neuron network algorithm for predict
the waveform components. The time of computation is far
shorter than nonlinear least square method recommended by
standard. In the real practice for prediction of waveform
components were testing with 29 cases of waveform form test
data generator program (TDG) attached with standard. The
result of maximum absolute errors of peak voltage (Up). front
time (77), time to half (T7) and overshoot rate (B,) of lightning
Impulse voltage are 0.92%, 1.72%, 1.59% and 1.00%.
respectively.

Finally. for the waveform parameters of lightning impulse
voltage using the neuron network algorithm can be used to
determine the results accurately and quickly due to no iteration.
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Abstract— This paper presents the effective approach for
the waveform evaluation of lightning impulse voltage used in
insulation tests according to the IEC standard. Those
parameters are composed of 4 parameters, i.e. peak voltage
(U7), front time (T7), time to half (72), and overshoot rate (B.).
A neural network was applied to evaluate the waveform
parameters. The input parameters of the neural network are
15 points along the recorded waveform from 20% of the peak
voltage on the wave front up to 40% of the peak voltage on the
wave tail. The voltage difference of the adjacent points is 10%
of the peak voltage. The 29 waveforms recommended by the
standard were used in the training process of the development
of the network, and 2 additional experimental cases were also
utilized for validation of the proposed method. The results of
parameter evaluation using the proposed approach are in
accordance with the standard requirement. Maximum absolute
deviations of the peak voltage, the front time, the time to half,
and the overshoot are 0.09%, 1.58%, 1.77%, and 0.90%,
respectively. Due to no requirement of the waveform fitting
process, the proposed approach has very short execution time,
when it is compared to the standard recommended approach.
The developed approach is a good candidate for the waveform
parameter evaluation.

Keywords— curve fitting, lightning impuise voltage, neural
nenwork, waveform parameter evaluation.

5 INTRODUCTION

Lightning impulse voltage is performed to evaluate insulation
durability. such as the potentiality to withstand transient stress of
voltage and to investigate overvoltage limitation. According to the
standard the impulse voltage is generated in laboratory for
applying to test objeets.

In the real testing for evaluating the waveform parameters, it is
better to not use complex procedure. However, the testing voltage
waveform often has oscillation and overshoot in the measured data
influenced by parasitic inductance m the generation circuit [1-3].
For this reason. the standard of IEC [4] and ANSVIEEE (5]
specifies the procedure for parameter calculation of lightning
impulse voltage with superimposed oscillation and overshoot
based on the implementation of the base curve and the k-factor
filter.

