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ABSTRACT

This thesis presents a frequency domain method for determining the stray and
load circuit parameters of the lightning impulse voltage generator. The determined
stray and load impedance parameters are utilized in the simulation of the lightning
impulse voltage generation and for controlling the waveform parameters (the front
time, the time to half, and the overshoot rate) to be within the standard IEC 60060-1
(2010) requirement with the fast process and reduction of the trial and error process.
Due to the trial and error process, the insulation in the high-voltage equipment
deteriorates and wastes time in testing. In practice, for lightning impulse voltage testing,
some generating circuit parameters such as stray inductance, stray capacitance, and
high voltage test equipment are often unknown. These parameters significantly
influence the generated waveform. Also, the measurement of these parameters is
quite complicated and time-consuming. However, a great advantage of the proposed
method is that the impedances of a measuring system and an additional load can be
combined as a combined equivalent impedance. In the first step for the determination
of such circuit parameters, the lightning impulse voltage waveforms generated by the
generator with a measuring system and without a test object are measured and
recorded by a digital oscilloscope. Using the Fourier transform, signals are converted
from the time domain to the frequency domain. Then, multiple linear regression is
utilized to determine the stray series inductance, paralleled resistance, and paralleled

capacitance. From the determined stray circuit components and the load circuit



parameters, the other generator circuit components can be effectively adjusted with
the help of a circuit simulator to obtain the waveform parameters, including the front
time, the time to half, and the overshoot rate, as per the standard requirements. For
the verification of the proposed method, some simulations and experiments were
performed and compared. From the simulation and experimental results of the
determination of the stray circuit parameters, the proposed method is fairly accurate,
and the deviations are within 3%. Also, the simulation results agree well with the
experimental ones. The achievements in this research are very useful in testing the
lightning impulse voltage with high-voltage test equipment. Using the proposed
method, the lightning impulse voltage waveform parameters can be controlled within
the standard requirement with the minimum amount of tests. Consequently, testing
process time, risk of unintentional damage, and insulation degradation of the HV

equipment are significantly reduced.
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F() = [ Flioe do (2.20)
2r 2,

- ﬂﬁLLUaﬂﬁ(\lﬁLﬂﬂMaLﬁaﬂ (Discrete Fourier transform)
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Y

ponunduduiaduuinnig o lngsseeniesenindunadasvin q Ay Weriun1sulas

dyaamaansilasenunazegluseauiuegiussugriaseninduiad

Y

Af()
// ‘ t
7 iy
AT
J t
T do T

5UN 2.14 msgudyeas AD meau T

a

1NJUN 2.14 szegvinesenineBuiadvisenvianindu T dedayeyind fin) LAn

ndgataya At) duniaiu T Induainduaneenduiadideuseny asladund
anwazAaeiudynin At wiadsundeeiiedls Yudussesvindlunisdy Asudin
SrezMsauLAULINIUT s anils An) amnsaneadu Ao la

10 fin) ldaunsaldnisduiiinsensaunisi 2.19 lawilewdy Jeneedinig
AnAusndlunsulasdygia Jesidnwusduddiaaninniin1sdudiingm Asaunisn
2.21 15endnsuuasySiesuuulineiies (Discrete Fourier transform) Weilil8431An1s
° g v = Y o l d' v g £ o i a s 1 I
A ldaiuudddimuseioliiituiondn n1sudasSiesed1esinsa (Fast

Fourier transform)
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N-1 —Z—Hkn
X(k)=Y x(nk " (2.21)
n=0

Farnualiinteyaniiunguiegvazdendudeyanindauasdndunsdse
AuIztnfinsaiiewanufies wasnadnsazlilugadeyadmuuidnguiu
nsulasniladduiitueg fusuus t deavduiiinsmitouiledtu ¢ agldnadns

DONUIRIFUNITN 2.22

X (n)=o= [ X (jok™do (2.22)

2 *.

- NsuUayfsie 08193957 (Fast Fourler transform)

Wasmnnsudasisieslideitloiusslevdlunane 9 du Falesinsimun3s
o 9w ° a A g & =) a a RS a
MilvnsAanisudaseslddeiiansu wagdusednsainnidndeie nsuuas

LS$981959AL57

<

NANN1TA 2.23 91 N iduavg dwsanseany Xk) eglusunauinves

$7
Y v A

P ] | P < A
W9UN N LUUALASLNONNA N Wuale aatl

E—l E—l

X(k) ZZX(ZH) —j4znk/N -I-ZZX(ZT'H-].) —j2z(2n+1)k/N (2.23)
n=0 n=0

au1sanasan el

ﬂ—l E_l
2 =j2mnk —j2ank —j2zk

X (k)=Y_x(2n)e M2 +3"x(2n+1)e N2 e N (2.24)
n=0 n=0

31 X(k) nanerfunavinvesaeamey Insiluldauan DFT A/2 0 Fameu
w3 AUV YU X(0), X(2),..., X(N-2) LazinauundsazAuIaNUaYIad x(1), x(3),...,
x(N-Dfstfulunnsduaas DFT N/2 9a fiaviaa 2 90 tnsusazgnagld CMAC (V27 dlodl 2
0 wahdedld CMAC savun N2/2

agUAen1sAuIMm WK) anansnandiuiu CMAC lsedanils iile DFT A 90
nszanelinanediu v/2 90 uazdinszanendu A2 9a CMAC fanasBnaimils Bonisnisil

71 MawaniEiesegnssngd 31uu CMAC fsesnstdlunisAuan FET N 9a = Mog,N
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2.7.3 NQEHAATILVINITOANDY
AMTIATIZENTA0BY [20,21] WUITNISAUERRIUNNTRANTUIANNEURUSH
wsunndn 2 faudstuly e faudsduniedauszanainis (Predictor, Independent
variable, X) T i ufuUsiinsiuan wazfauusiaunusaundofmneuauss (Response,
Dependent variable, V) Fudufuusidesnisasnian lnganuduwusa laainnisle

Regression TUNSIATIERATUNUAILENNTIULTANAAIERTAIEUNITN 2.25 Uag 2.26

y="f(x) (2.25)
%39
y=ax+h (2.26)

g x Aedoyavdi (input)

I3

y Pouaans (OQutput)

WV S0

a AemIAIEluAIaRALNY v (Intercept)

9

£ )

b AeduUsEaNENIsana0uTDwINBUAUDY X (Regression coefficient)
Usglnnuesnisanaeeuusennidu 3 WUy Usenausae N5 iATIEin1sannee
a v g i a ot P = { .
\Wadu (Linear Regression) N15atAIzMn1sanaaslndlutliza (Polynomial regression) way
nMsAsIzinsannealadaing (Logistic regression) fiafl
- MTIATIERAITNNDBLTIEU
A = g Ql'u U 6 o a ¥ Y =2 L% ¥/ t-ﬂl‘ U
AonsanwIsLUTFuRWSAUlwTEunse Tnag@nwdulsau (x) wilsfanu
FanuInIn (y) 92 138091 1193LAT1ERNIT0R0 08T 9L dUBE 19978 (Simple linear
regession analysis) enanil atdunnsAnwadindsau () goesyuly fufudsany (y)
wileda 3und1 MIAeTein1sanaeedudunyam (Multiple linear regression analysis)

1. MFIATIZINITONNBELTIAUDEINY

'
aa

[ aa a I ¥ a [ v 6 a % 1 Y] a a
WS nsneadfnane lius iU U USIB L AUTEnI1ABUSBIUS U 0

A09A798719U U 1T ANVFUNUSYRIFLU S uAUnTluneAdineansidusiaunisn 2.27

Vi =B+ BX% (2.27)

lng  y Aawaans (Output)

& 1 P 1 o
B, AeApsiguA1gadinwLny v (Intercept)
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Bux foduuszandnisannesveswineuaua x (Regression coefficient)

2. MTBATIBINTONDDLLTATUNAM
Humsaguiluvesnsannesdaduesnaie Tuudiiisnmsivhlransn
Uszillumuduiusidaduseninadandsnavauss (FaUsunn) wasdnlsesuienaleda

(FAUTHUNTOLTIRUAIN)

oglsAimunsannesdadunmgaildiuanuiouannnit iesa nidumeia
maaddiilflunmshuenadnsvesulsmusvesinlsautaesihtuly uandudiuady
yesnsannesdadu fuusiindesnsihuedonitdn e Tusueiduusiis il
msvhweAmesuUInutusndfnl sBassviasiuUsesuty dagnsveamannnanids

iunmAMlAENN1TI 2.28

Yi = By + BX+ X+t BX +E (2.28)

log  y, Fenaans (Output)
B, Forasnidaduangasawnu y (Intercept)
& o = £ o .
Bi Bz - Bp ABFIUIZENGN1SNANDYVININOUAUBY Xy, Xp, ..., X, (Regression
coefficient)
£ foATaNANAIAIUVENYDIUUTIRGY
nsthnldivanideatuiifie asanunsamavanaueAusznaunegntim

wUsdaszanuuldnIsudannIsiiaLUS s UgUNIADIRUSENBULE NTIaZ A7

a '3 al =
- NFIATITINITER0kUUINA U
[~ = [ IS, o 1 ) P 1 & 1% [y Y4 ¥ ¥ =
Wun1sAnyImUdunuss21I19mnUs 7 b TuEUn s (ANUFURUS LUULEULAT) B

AANUYINUALTULIUNINMUULEUATS AIEUNTSA 2.29

Vi = By + Bx+ X+t BX (2.29)

- MTAATITRNTanaoLUUlalaRnd
Junsfnwanuduiusserinesauds lnendudsau (y) danlaaesaniuy wu T/

Taile wazdwdsau (x) dasavieauuund tnsunddndiunlglunisvinuielanianaziin

o ' '
a0 A

winn1sad Inedauusduenalilauinnidt 167 wanduldvisafideliowazlisieiiiog 1w n1s

vaas A v A a A < v
auliRdude neldlouly oy Budeu Wudu
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unii 3
[
n1s1ReAUsEnauLNILaslnanvuq

299585719159 UBUNWadN N

Wn1sesAlsEneuliLazlianle 9 TEs1ussRud NN adiN1 lagldnisAwIn
ludgdnsanud wethesdusenauinsiuldlumsieszinisnaaaunssduduiad iyl
aadusznaugUaduliunnamiiniu namawau uardnsidunsiuduluauuinsgiu
IEC60060-1 (2010) [1] saialananaliluuni 2 Inegluuni 3 agnanfisnisiielilaunda
AUt L, anugliialnan ¢ pnudunuluan R kazlssriudnusey U, Nkaun
InnIsnegeukuuliligUnsaivadeunau arduksnua R nvageuLaziiudeya UAAu
wsssuduiadn e luiginsialunsedemans Junadisvesilsiduondlmuuieases

d‘d (% | % 3 a 6 % o d’ ¥ a s .
WeanndiaAwaa1eiu anduTinseiludginsanudlagldnisudas3ies (Fourier
transform) @eaglanisnevauadlulTnNulLasA10IAUIENEVINRTNADINS ntudiold
TnanualaziAiesAusyneuuianAulsnielvlaunddnanduiuaud Z fadunssiutu

a = -1 al = % o 3 o a = 4
YoIBUNUALGUEN LPTadlIn Ynin wazaunsalnaaey tlvanduiiuaud Z ldunuluauns
WaraeUsSUANUATUNIUATL AR Y R, WALAUATUNIUNAIAAY R, WalrlnesAUsEnay
surdululumunainuasgiunivun GinisuadeuyseansnmaedisnisiAnvuunilay
nadsduuni 4 luawudall uenainidnannasilalulysinsuneuiunesaznaritilu

AMANUIN U

3.1 WsunsudmsunesAusznaunrsuazlvan

Anenfinusatuildlusunsy MATLAB neddu 2021a Fadeuuunvn C, Cov, Java
Hesnlusunsuiiiftsitunmsadamanslidentldidusiuaumn wasdeyagndafivlu
Svasumdsurililddewedimieulsunsudumiily Fwrsuidomiludouninduas

nnwaslaie ludiuvewmanmsildmesrusenauuriasivanuandagui 3.1
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uentraunsziulesiFugadadini 0.01 nlesisu

v

dgadunthyaauidindr 20 ulesiduvesgasen

— 3

' v A o P A ° '
manIdimnzaniudmmivesglaauiahlissunanm

' Y vy 2PN
wengaunszdadunnu Y anauilu 0

v

v v o { v 3
mlasnniginananiuiginsanudatensulasyfies

v

i Ls Cp Ry az Uy dhe Multiple linear
regression

v

m3inadouuuull Tviaa

fMuramm Z

v

nagounuuiiTviaa

1hesrlsznou Tnaaduum U,
4

v @ 3 v @ 9 4 @
wlaanniginsarmdiihuiginsnaidiemaul a5 snndu

v A o A
NWUIAAU HaNAaU Lag

sandnmjunueglununinasgii

SUN
Y

A

J5um Ry uag Re mudoans viodossdtlseneuduimanau
12903 Tl

3.1 TURUVBILUTHLATUIDIAUTENDU9T AL 1R 11995519 LD UWAAN NN
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3.2 A13591809NIA 1T IRUBUWAG 6N
msasssUaduussiuBiiadiinnedesiifiaussiuduiadiu aunsadiaoday
nsldTUsuns ATPDraw faguil 3.2 Tasfinsdraesiurhduiiefnwudnnsyiinures
i3osiuiaussfuduiadliegisazidon auantAvenndssiuiaussiuduiad 1ieann
anusaUsudUsznause 1 lusesasUsuifiounadnsldedeasmnuazsansa Snits

v v o a Y a & = [ A v 5 LY Y @ v
g9URDANYLLBLNAYDNANAAYU IﬂEJlI‘Waﬂﬂ'ﬁﬂE]ﬂ@uuiﬂﬂumWﬂigLLﬁﬁaUI%LﬂULLiﬂﬂu’sﬂﬂ

i

nszuaadulnelduifoutas 19299s150anszua (Rectifier) waznsosnsua (Filter) iilolvls
useduganssuanss antutouunasiisussfugenseuansdlifugaiudausafuduiad i
Usznausmesiiulszuasssunuifleaiisgurauussiuduiad ogslsfnalumsufln
p19iidaduuitviliguaduusstudiiadiiniulimiouduisiaedlddelusun [16] 8

Y a a o cs' o a & =) ° I a ! ¢
ADIUNITLNUA VU SAUNNLUUNGTINYDIANULNAU AU IN T HT N7 BIAUTENOU

[%
[

dinindy 9 i lulunes esdusenauwalEnavibisuaduiieulustnadidedAny ded

v
= U

Jereaiinisdnassuarfnuingdnssuluvaty g nsalielviaseunguiaminienafinuds

dasalUll

28 ATPDraw - [simulation.adp) - o
4 file Edit View ATP_ Objects Jools - Window  Help
Ol =] 4| o] Cyfem) g1
2|89 @/% Q7 %

2]

G Rd Ls test obj

[

3

|

I
3

i

Lo

MODE: EDIT

JUN 3.2 2asauyalunisiiaesussiuduiadmelusunsuneuiiunes

3.2.1 msdaesuiurasausEnauulslutsasussiuduwadae
idesananuddudilnglinmssiasailofnusunduusfuduiadisilany
druvitiu Ssedldnseunqunsdivesussiuduiadienlunsdifitateneuonsns q dadu
nsdrensaiaussiuduiadiinindelusunsuresfiumesluivendnusatuifynuszasdiile

Ly

AnwinsviuresdIung 9 lulasasussiudunad dddunsdfenaiiadunieuent
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dsnasegunduusauduiadlimiioufidnnaliannisdiass uananinslfiadosrsida
ussfuduiadifunauuidmalideraumisiiluinsdudesunsdensuiavie
Ussiananglillunsasitldimneay fuhudaddldlusunsunouiiamefiiiofnvingfinssuuay
sUpdusng q eldannzfifinissuniuantaduneuendsdmwalinismeaeuiiruiianans
Antu Padbusnilaesusufenmsusumesdusyneuuddlinms ssdusznouudslursasiia

v

wsauBiiadlufitiinaindiulsznausing 4 luassnuiiugUvesesiusenouiiieliviion
TumaUuafian Taun mnumienhusleiinananumdeailusasuazaiedni dsns
$raesazUfumuimienhussious 15 uH lauls 960 pH dwalizuaduindnsidauss
Auiivsnsennauiiutuies 9 Fausivszanm 1 wWedifudlUauieUsyana 30 Wesiiudi
anuwidleathudadu 960 uH fsguil 3.3 Tunsimuavesminsgiu IEC60060-1 fvuaiy

[y ] | a v a LY 4 i a A §f < 3 oA a va =
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Tusassmiuluguvesesdusznouiielimiieuluma fuaian 1dun aaugluinlunaniian
Nnlnan yraduswuduiiaduazyaiadesiiotn Mfunulvaniiinainauggydeain
msafussiudiiaduasyaiaiosle dinsassuiumesduszneulnanfeonisrovuiunio
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v a

3.3 nsUSuaNINYayaRuNaIINNITNARBY
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3.3.1 nsuflgmizassuudeyalivisame
nsfisudeyaliifissnorafnnnmsisauesnaaeuvieTniinues
wiosdioaviessatalaalay oglsfiniunisiisuaduduiadisaariiduauiuluvinly
dolinseilundnsmuifafamuianainiu dwalinismesuseneuuluazivani
mnuwiudfesasuaziananld dslunsudtymazldnsmanldsiimunzanaindeya
T2 60 Woesldus vesrvenlaudslayadigainedenisldaunisannansuauswuy

N9AINININGRAIANNITN 3.1
y=ae ™ cos(wx+ p) (3.1)

nnulinsUssanaAuendlidveyadviianuenmintuluisey q Filunis

Muuaddnteyanlsinisussananuenysliauianiiletu agldnnsivunesidud

£ '
v =

A Y oo v Y ¢ 2 & o o | s d ¢ &
YNRAVULT 1R8NNI ALATININISNAADIU LAY LU@SL%um;mmmm’] 0.01 wWastgun Uul

a
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3.3.2 msuilynFasdruranulutianisuiuusaudunad
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Z,=— (3.4)

R.R +R.R,RSC, +R,R, +RRs’C,L, +R,sL,

= > (3.5)
R.RsC, +R, +R +R,;R;sC, +R; +R;s°C,L, +sL

2
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U —ﬁ(ij (3.6)

* s (Z,+2,

U, [ RR +RRRSC +R,R, +RRs’C/L, +RysL,
U - s | RRSC,+R, +R +R,RsC, +R, +Rs’C,L, +sL, (3.7)
° 1| RR+R,RRSC +R,R +RRsCL, +RsL,
sC, | R,R;SC, +R, + R, +R,R;sC, + R, + R;s’C,L, +sL,

U, =[UsC, (RR +R,R.RSC, +R,R, + RRS’CL, +RsL, ) [/[R,RSC, +R, +R +R,RsC 658)
R, +RS’CL, +5L, +R,RSC, +R,R,RS’C,C, +R,R,sC, +R,RS’CC,L, +Rs’CL ]

U, =[UC, (RR +RRRSC, +RR, + RRS’C,L, +R,sL, )R ]/[(RRSC, +R, +R,
+R,RSC, +R, +RS’C,L, +sL, +R.RSC, + R,R.R s°C,C, +R,R,sC, (3.9)
R

— 4R, +ssz(R,sC, +1)}

+ReR|s3C,CSLS+RESZCSLS)(R i1y
IS I+

U, =[U,C,RR.]/[R.RRSC, +R, +R, +R,R;SC, +R, +Rs’C,L, +sL,

(3.10)
+R,RSC, +R;R.RS’C,C, + R, R,sC, + RRSC,C,L +R,s°C,L, |
U - RRSCU,  RU, RU RRsCU; RU,  RsGLU, sLU,
’ Cs RI Re Cs RI Re Cs RI Re Cs RI Re Cs RI Re Cs RI Re Cs RI Re
 RRsCU, RRRS$CCU, RRSCU, RRSCCLU, Rs'CLU,
Cs RI Re Cs RI Re Cs RI Re Cs RI Re Cs RI Re

Yy =U, %4 DAL 2 VAR moReoaa e MEM U R,
o7 | R G gapadic | BCHRCY L.C, rRLE,

S

(3.11)

jU,S
(3.12)

[ 1 i} R, J
Er + + U,
Cs I:al I‘sCI Cs Re LsCI Cs RI Re LsCI

Re| 1o LG Ry o) S, S/ ) LO (R 1 /41 o’ (3.13)
U(s)) U, (LGCRR LCCR, LCCR ) U, (L RC RC

AN e[ R, 1 R o QN D a)—LSC'a)3 (3.14)
U(s)) U, \LGR | LC, LCR. RRCC, LC. ) U,

Weawndeyadygyianiedluiginsaudlasunisnsesdyarssuniueen
warargninunuendudinasuaraiuiunnimesnainiu MNUuIIINsanaesiuaLNIS
LS9AUY108NT 3.13 uag 3.14 WievnduuseavaeasnnegmiduusBaseadlunifonaile

W agleA1AIiaanul 4 A1 dnuLAsuiUBIAUIENBUNTINALLaWALARIENN1SA 3.15-

3.18

A =5 R, 1 1 (3.15)
UO I‘sCICsReRI I-sCICsRe I‘sCICsRI
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A3:LSC, R, , L R . 1 1
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I-sCI
A= U,
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(3.16)

(3.17)

(3.18)

witlgad el L anuglndilvan ¢ anudunulvan R waskssnudausey U, fegui

3.14

A
(1] 4x1 double

1 2

1 29727008 |
2 21615e-09

3 04418¢+03

4 76705e+04
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U, |

= 4+ LR LR =0 3.19
s +SCS + 1%.® 2¢'e ( )
LR, = I,R +1L,R, +1,sL+1,Z =0 (3.20)
1 u,
|1(£+ REJZ IZRe+ sh (321)

I,R,sC u,.C
| = 2% & s ch™~’s 322
i C Rescs)Jr (1+R,sC,) (3.22)

I,R,sC,+U,C
'1: 2 es s+ ch™'s (323)
1+R,sC,
1,R%C, +U,C.R,
0=1,R, —-2 1+ResCZ +1,R, +1,sL, +1,Z (3.24)
2
ﬁzlz Re—ﬂ+Rd+sLS+Z (3.25)
1+R,sC, 1+R,sC,
U,CR, | R, +R%sC, —R?sC, + R, +R,R.SC (+sL, +SL.R,SC, +Z + ZR,sC, (3.26)
1+RsC, ° 1+R,sC, '
u,=1,Z (3.27)
ZU,C.R
U, = - 5 th s e (3.28)
R, +R;sC, —R;sC, + R, +R;R,SC, +sL, +sL .R,sC, +Z + ZR sC,
[R - 1]Z(s)csuch
+
U,(s) = et (3.29)

Re
[RECSS +1]+(Rd +sL)+Z(s)
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[RCRelJr R, +sLSJU,(s)
Z(s) = oSt (3.30)

R
" |cU,-U (s
[ReCSs+lJ Uo=U,(5)
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4.1 NAFIUABNITINABIANTUTUNTUABUNILADS
4.1.1 n3alvA§U
n1531809n28lUsunsuaaunImesazlvlusunsy ATPDraw Tun158319
wssduduiadiie Fegtasandulunuzud 4.1 Taesraosianun 7 nsdl Sn1siinune,

29AUsENoUNSIALTURIMNS197 4.1

R&

UM 4.1 nsdnaesguaduLssiuBuiadimellsunsunauiines

i ! 13 =
f15199 4.1 LanIA1RIRUTENBUVDINTUNAFDU

. 2IRUsENOY
N3l
L(uH) | Ry(@Q) | R (@ | C(uF) | C(nF) ()
Lis 15 200 300 0.25 1 10,000
L4 30 200 300 0.25 1 10,000
Leo 60 200 300 0.25 1 10,000
L 15 120 200 300 0.25 1 10,000




Loao 240 200 300 0.25 1 10,000
L aso 480 200 300 0.25 1 10,000
Logo 960 200 300 0.25 1 10,000
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gﬂﬁ 4.8 gﬁﬂﬁuLLiqﬁuémﬁaﬁﬂwmﬂiﬁmaau Y of

szdainalddusasnsdaziivefidudduyaiulivindusudeanaindrves
aailentuds L, fiuasuld annsdives L %ﬁﬁ'auvﬁuﬁuagjﬁ 0.4685 LUasLHud uag
usngudes 7 AUNSETINTAIVEI Logg ﬁﬁﬁ’mﬂuﬁua@jﬁ 32.6059 Wosigus G?fammgm
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A15199 4.2 Lansn1stUSsuisuAIALwteiLle L Aenuialanuailednass

nsel L, (uH) fiemnndld L, (uH) 7431009 ANNRaNan (Uasidus)
Lqs 14.9977 15.0000 -0.0153
L3g 29.9767 30.0000 -0.0777
Leo 60.0248 60.0000 0.0413
L1 120.3698 120.0000 0.3082
Loso 240.5293 240.0000 0.2205
Lago 478.8322 480.0000 -0.2433
Logo 957.5970 960.0000 -0.2503

M13199 4.3 wanamsiseuiieueiaaliilnan ¢ adwnalatuaildinass

C, (nF) figuailé

C, (nF) Mdsrans

a & @ 6
ANUNANAR (LUBILYUR)

NI

Lys 1.0020 1.0000 0.2000
Lf 1.0011 1.0000 0.1100
i 0.9998 1.0000 -0.0200
L4 0.9974 1.0000 -0.2600
L% 0.9956 1.0000 -0.4400
Laso 1.0012 1.0000 0.1200
Logo 1.0013 1.0000 0.1300

a = a ! v o I
M990 4.4 LLa@Nﬂ'ﬁLﬂiﬁl‘ULV]EJU?‘YW‘W'HJ@’]UVHUIW'&?@ R[ V]ﬂqujva@ﬂUﬂqmiaﬁﬁmaaq

R (2) fidunadls

R @) 5189

a & @ 3
ANUNANAR (LUBILYUR)

N8

Lis 9,986.6819 10,000 -0.1332
Lo 9,985.9232 10,000 -0.1408
Leo 9,978.9309 10,000 -0.2107
Liso 9,941.1705 10,000 -0.5883
Logo 10,105.6617 10,000 1.0566
Laso 10,680.2918 10,000 6.8029
Logo 9,995.7490 10,000 -0.0425
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M19197 4.5 LanamsiUSeuiisuALsnudausey U, ienwinlanuaildinass

nsel Up (V) fidnundlél Up (V) fildi51a04 ANUAANATR (lWasLHus)
Lqs 74,844.7483 75,000.0000 -0.2070
Lz 74,844.7819 75,000.0000 -0.2070
Leo 74,845.7060 75,000.0000 -0.2057
L1990 74,851.0879 75,000.0000 -0.1985
L 540 74,835.3654 75,000.0000 -0.2195
L4so 74,774.8971 75,000.0000 -0.3001
Logo 74,918.8269 75,000.0000 -0.1082
| CaseLis TR R A\
140 | Case L30 Case L480
| Case L60 Case L960
120 L Case L120 &

L !
53 54 55 56 57
t (us)
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° 1 = & = o a a s & &
AwIANNAIUULEn R, BuTunsal Lag, AdMAURaNaIioU 7 Wesidud ame

NnanTussumdulAsivangandensaldiidvsivgailieanadulaimnzay

A v i

AanaLrdaeuls sg1slsiniuesrusEnaufmduniulvan R duilnaudAgroisasiingsng

a v €

wsarudunadiivesuazeyluinaminsula Jeridaineuluunulddmaiunisdiass
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a ™ a 13 A av v ° 9 I3 I3 A ° Y a s
M19190 4.6 ﬂ’]iL‘UsEJ'ULWSU@Q?’]‘U?%ﬂ@‘UEUﬂaUWlﬂ‘UWﬂﬂ'ﬁﬂ’]u’)m@nEJ@\W’]‘Uﬁgﬂ'EJ‘U'NQ?LLaga\iﬁﬂizﬂ@UEUﬂau?ﬂqﬂﬂ'ﬁ%']aQQW'JEJI‘UiLLﬂﬁiJﬂ@ﬂJW']Lfﬂ@ﬁ

INNISAUIN 21NN1531884 WosiGuarawana
sl . 1980 1987 4 . 4987 4987 e : 1380 1980 o
ANgan . 4 o4 dauns AN8DN = D 5 dauna AN8an V4 V4 daune
YRR | wReAAu y YUNRAY | WRIARY N YUNRAY | ViRIRAU N
V) LNU(%) ) 1NU(%) ) tNU(%)
(Ps) (|s) (ps) (|s) (|s) (as)
L15 73.21 0.42 50.93 1.68 73.22 0.42 50.92 1.71 0.00 0.12 0.01 -0.03
L30 76.85 0.42 a47.35 9.85 76.86 0.42 a7.33 9.89 -0.02 -0.07 0.02 -0.05
L60 83.49 0.53 41.25 18.90 83.50 0.53 41.24 18.92 -0.01 -0.28 0.02 -0.03
L120 92.13 0.76 34.02 25.94 92.13 0.75 34.02 25.91 0.01 1.46 0.00 0.03
240 101.19 1.11 27.15 30.40 101.24 1.11 27.10 30.43 -0.05 -0.24 0.19 -0.03
480 108.92 1.60 3.68 32.54 108.93 1.60 3.68 32.56 -0.01 0.03 0.07 -0.02
960 113.92 2.27 4.82 32.61 113.82 2.27 4.82 32.61 0.09 0.12 -0.03 0.00
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4.2 ‘Vlﬂﬁ'ﬂ'Uﬂ?ﬂﬂqTVlﬂﬂ@ﬁﬁliﬂiuﬂ@ﬁﬂﬂi]ﬁﬂqi

mMsvageuTssuiesUjiinistagsasnsadianseuduiadidulunugui 2.3
Tuun? 2 Tudrweerasrusenaundaziilureasasduluniumisned 4.7 wazdunsiauleile
AUANALTIAUNAZDU V,

AsNAapIlvavum 4 nsal TuwmaznsdazdnismaelnanliwmiauiuiielminaAny

[~ = LY} 1 Y] 1 = v}

nainnarslunisnaaswwazidunisduduingusaldlaiunnlvan Tunsaznsdazusu
mmﬁmmwﬁmﬁuLLawé’aﬂﬁuﬁaﬁﬂwmamﬁﬂigﬂauLﬁmﬁmLﬁ@iﬁgﬂﬂﬁwﬂuiﬂmuﬁ

1MTFIUANUA

A15199 4.7 nsfnegeudTsluioalumnig

N5l C(UF) | Ry(@ | Re(Q) | Lg(mH) | R, (Q) ' (KV) 1an
(1) 1.33 180 60 - - 75 -
1(2) 1.33 180 60 - - 75 *
1(3) 1.33 220 60 - - 125 *
2(1) 1.33 180 60 - - 75 ¥
2(2) 1K) 80 90 - - 125 ¥
3(1) 1.33 180 60 - - 75 e
3(2) 1.33 500 90 0.2 600 125 e
4a(1) 0.333 180 240 £ - 300 o
4(2) 0.333 60 480 0.2 300 450 o

* p3tanUacluinszuudsnvudie 24 kv 250 kVA DY11

* yrlpnUasluinssuunids 24 kv 5 MVA DY11
*x pyfawUadliilnssuunids 115/24 kV (24kV) 50 MVA
L, Aefuniuiihfivuussruseneu R, way L.

R, AFFUMUTIANRvUITUIVAA
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4.2.1 nsain 1 nrsnedaunuusianlasliflnszuuaiienunalIansInulIunNand
nsneaaulunsalf 1 wiseanidu 3 Junauges Town 1(1) 1(2) waz 1(3)

1(1) : mMsnaaaulaslusalnan

S
I
1l

O

&9

O
1"
1l

X
-

JUN 4.10 1995a51ussruBuiadiwnsdllidelyan

(% '
[

GUumauLLiﬂ%L‘%mnﬂmiﬁsiaawaﬁagﬂﬁ 4.10 Imaﬁmﬁﬂisﬂauﬁalﬁuﬂm
A5 9USITUBINAE C. FasunUntAAL R, Wasffnumundsnay R, fefinsed 4.7 v
nsnaaaulaedaldneneudas seiifieseiad osfleTawndu wedesnisnsiuan
psAUsEneuLHatazIvanyen AT s Iu B uTad W ney dslunsnaasunsdlfl 1 4]
Wnefemsnadeundiautasiiiissuudming 24 kv 250 kVA DY11 funaanfuussiu
Uunang ?fqﬁﬁﬁ’mLmﬁ’umaaummwuﬁaLLiqﬁuﬁuﬁ’aﬁa;J'ﬁ 125 kV 31n31m5§1u IEC
60694 pendlsfmuluduneunsuiuesdusznauguaauduiadinlndulumunnmsguiy
nIeigedy 60 Wesldudvesiifnusedunaasunou daglfidaussdunnasy v,

WINAU 75 kV éﬁ’agﬂﬁ 4.11

90 T I

70 - .
60 - .
50 - s
40 - .

30 - T

Output voltage (kV)

20 - m

-10 1 ! ! ! ! ! 1 ! !
0 50 100 150 200 250 300 350 400 450 500

Time (us)
JUT 4.11 sURRULSIAUBUTdRWIINMsNAaeUNTalN 1(1)

Y
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devufinuanisnaassuaztiiiensuadusnuivamnmaaiade 3.3 Jaazdn
dunaidlutsnaEuduresusiuduiadinniy 20 wWesdudvesagen sinsmdan
Tsimmnzanudaldnsussanaruentiuiedoguaduauludnduiifiandy o ludiuves
yamdufvhnsmawlAsimngautagUssanuduentdaagullaunitgaaniineazdanm
71 0.01 Wesidusuesrigen

ogundundeuuinsmuaud Iddmsudasimedidielrerluiginsaud
e 3.4 egrslsfinunssiuduiadiuinldamnuite 250kHz Femnudfiannnindugn
AEEIVN

wengUAd ULt uduWadi W Tinsasudroenidudiuasanazduiunnm
Mntuldnsannesidaduivaunisil 3.13 uae 3.14 Tuiade 3.5 ilelildAosiusznou

Nﬁ]ﬂv\lﬁﬂaaﬂmﬁagﬂﬁ 4.12 Warn1seN 4.8

G Rq

gﬂﬁ 4.12 sarusenauuslsiivnlalunsasivdia

A15199 4.8 AIAUsENOULNITIAIUILA

23AUITNaUIATINN Anfignnild
L (LIH) 29.9480
C (nF) 2.1069
R () 9961.7924
Uy (V) 76619.8701
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1(2) : nsneaeufunsiauladliinszuusinuig 24 kv 250 KVA DY11 7 60 wasidudves

NOALLIIAUNARDU

dieldesdusznousasiuiudsuazesiusznaulvan vnisaensioudaslnii
SYUUTIMUNE 24 kV 250 kVA DY11 §ams1uAtesAuseneunioudasainnsiadad anu
#1un1u 10,000 @ AW e 310 mH wazA gl 0.3 nF wdavinnisneaey
WsITUBUWadR T 75 KV 1uiy

Tudrurasnismuia taresdusznavisasiniudaazesdussnaulvand
Auraildannnsdl 101) wagguaduussiuduiadiiiannnsdd 1(1) fUsununinuaznsos
AuARNTITeR 3.5 wnudluaunisd 3.30 i elilda1vesesrUssnauinan Z §q 2
iumaquﬂuLﬁaamaiaumaaaﬁﬂizﬂamwmmLLam;mﬂ‘%aaﬁa’S’m Faius whnisuny
asAUsznovvamtoulasiniaszuudivuie 24 kv 250 kVA DY11 7 lda1nn1sialu
wosuftRnistelildesduszneulnan Z Almiffimsrevioutautniuises

wnuaessUsznaulnan Z luaunisd 3.29 wWislildusesruduiadiniansen
U, #anasexivan lutupeuianuisalasudianudumundanau R, wezaudiuniy
wdemau R, IfieuSumamiindu T, uasnamdnau T, WLﬁulﬂmmﬁmmgmﬁmuﬂ
NAIINAUIUALTIRUBIRAdTNK1188A U, Iﬂi'fmsl,maw\lﬁw%mﬂﬁuLﬁaiﬁgUﬂ?{uLmé’uau
fiadihenegluipdnsnauasisuifisuiugueauilianmaasuaiduresufianisfgud

4.13

100 T
Measured
90 = =Calculated n
80 - B
< 0k .
=
o 00 B
S0
S s0F -
~
2
' 40 -
& 30 :
=
S 20 - —
10 - -
0 —
_10 I I | | I | I I I
0 50 100 150 200 250 300 350 400 450 500

Time (us)
(n)
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100 T
=——Measured
90 =" =Calculated T
80 - -
70 ™1
=
o 60 -
<)
S 50+ .
~
N
o 40 -
=
S 30+ .
=
< 20+ -
10~ -
0 ’, i
-10 I I I I I il
48 49 50 51 52 53 54

Time (us)
()

JUN 4.13 sUPAuLsTUBNNadTENIINMIINAaRUNTAIN 1(2) (M) Y3818

Y

() Y9808 U

a1

] A ayy ° v v a
WCU'Jqzﬂﬁﬁum‘l@"\ﬂﬂﬂrﬁﬂ’]U')mLLmeﬂ31/]‘1.]55@“31]@@“?]’]ﬂﬂqimﬂa@‘ULLagﬂﬂq R-

square 0.9996 sgndlsAauamMtIAAY T; LB MAIRAY T, kazilosidusdiunuiuden
0.8615 s 52.3040 s #az 1.1967 wWoswus nua1su eeglunasiiuinsgiuesusuws

Y A Y o 1 a U & o= a ) v a
nanutaau 7; lnatAssiurevateuaniiuly asuleiinasnadeulneUsunanutindu T,
Tadnzulunsdn 1(3)

v [y

1(3) : madeuiuntawlasliinssuusinuig 24 kV 250 kVA DY11 ﬁﬁﬂmmmumaau

esinnsdid 1) fiesdusznouamidindu T, maqgﬂﬁﬁuﬁuﬁaﬁﬂmﬂﬂﬁ
yevawennnsgrunAulymsaaeulunsd 13) Sefinnfiuanudumuviedu R,
Hu 220 0 etdumsusunaiiiedy 7, Wdudududentu venainiifiuuswuneaey
Twinififn 125 KV andiunasguimusll

ludiureensAuan Aruinatasadsenaulvan Z luilagldesrdsenou
295l lunsdd 101) willeulfuudasuaiusetusnuszy Uy iumioulunsdi 103)
IntuunuaesAUsznaulvan Z luaunisi 3.29 eldlaussudusiaduieen U, finnaseu
ian ddldrnnuduniumiedu By 1y 220 @ mumsveaasuluiesufoinng Ténns
wasfiosunduiielisunaunssiuduiadiriegluipinsnauaziuisuiisuiusuadud

lganneaaeuasdluviosfuRnisaagun 4.14
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i T
——Measured
= =Calculated

—_

(=)

(=}
T

N
o
1

—

53

(=}
T

|

—_
[ (=3
(=] (=}
T T
| |

Output voltage (k
2
T
1

20 | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500

Time (us)
(n)

160 H===Measured ]
= =Calculated

._.
N
=)
T
1

—

[

(=]
T

|

®© (=3
(=} S
T T
| |

Output voltage (k
2
|
|

40 - i

20 - n

) | | I | |
48 49 50 51 52 o 54

Time (us)
(¥)

JUN 4.14 sUPRUUSITUBUNRdTWIINMIINRdRUNTAN 1(3) (M) FI83818T)
() W98

Y

wuigUeduTilsaInMsAAUIziudousURduIInIsIA@e ULAL il R-
square 0.9997 fiosdusznaugUadudrialuil
nawtheaY T, 1.1513 s
VaWEAdU T, 53.1958 s

Wesiuddiunaiu 0.0923 Wesidud
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4.2.2 n58IN 2 Msnagaununiiawladiniiszuuniasnivnadnnssaulninuu
nang
mMsnaaaulunsdin 2 wuseanidu 2 Tusnaudas Toun 2(1) waz 2(2)

2(1) : nsnegeuiunsouasiifinssuusiiga 24 KV 5 MVA DY11 9 60 wWesiduguasiita

LIIUNAFRY

navageulunsdlil 2 feududounntuidesanlindouvadiuiiszuumas
uwnudsinrasdusznaundoutadldenn Snsdsdiesdusznaunielunsioutasiiviilisyady
usatButadidulunumnassldontu Taeidulnasiifaumidenidsiliaansunds
YOI LIAMEIRAY T, IrdUNIAR UBnINIMSInAuSIAngeAndUTa (Under-shoot)
Y43l 4.15 Yinmamaaeudt 60 wWesidusves 125 kv muflmasg i ieidunisusu
sUnAuLssuBuadien udilosannnamiiedy T, namdndu T, uas iwWesiduddiums
Auvesnsnadeundowdatiniinsyuuideiddlinne Sedandu 2.1637 s 38.2472 |us
waz 0.3207 Wesidud audau ilisesiinisusunamiieiu 7, Tidouauazinamas

Aau T, Wnnduluasugaly

80 - a

P (o))
f=4 S
T T

L 1

Output voltage (kV')
S
T
L

f=}
L

| I | | L | | 1 |
0 50 100 150 200 250 300 350 400 450 500

Time (us)
JUN 4.15 suaduussiuduiadiiminnsaaeunsiin 21)

TudruraanisAruIugsnsltasausenaul9as A as 1ansan udunad W[
o N YR~ P I3 ¢ ~ A
WLBUNTUN 1 AsuaIunsaldAaInUsENaU9aswilaLazasnlsenaulnanannsman 1(1)
TngiA1RInNS199 4.8
U1A189AUTEN0UNITUHY BeAUTENRUIMAA 91NA15197 4.8 Uay JUARY
U a % 4 1 al' dal' d' % d‘ v Y d' 1
wssuduRadinEegeulunstiil 2(1) NUSUANAINLALNTBIANUANINIITEN 3.5 WNUAT

Tuaunis 3.30 wielilaAresrusenaulvian Z
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TunsusuesduszneugUaauduiadiinryildlasnsvuudaifvlsey 1 nF
difuesdusznaulvan Z iedosnisandrunaiu Snvisssannudiumunthaduy R, W
e 80 Q uaztiuANAunIundRaY R, Iuntuly 90 @ Wiedesnislnantndy
T, anauasamainay T, Ay AUy

2(2) - Msnegeuiunsaulasiniisyuuiigs 24 kY 5 MVA DY11 ffifausssunagay

deannsadunaguaduinduluaumnsgiuivualunsdd 21) Faihns
somfuUszdn 1 nF suufunseuladlniihszuuids wasidsumiudumuniaay
R, AU UMIUNSnay R, audilamuiaBlunsd 2(1) vnisnadeuiindansasuy
nadou V, 125 kv auinnsguimunly

quiausuaqmiﬁ'lmmgﬂﬂ?{uLLiaﬁuﬁuﬁaﬁﬂﬂmLﬁaﬁwmLU?BULﬁauﬁumi
naaouluvosufiinig tharesduszneulnan Z lusindsanausafvyseqlunsdil 2(1)
LasAMUEUNIUATIIAAY Ry 80 Q fUANAIUNIUVAIREY R, 90 Q ﬁﬂﬁ”’msaﬁué’mﬁs@ Uy
Wasuandu 125 kv wiuatluaunisi 3.29 wielildusswuduiaduioan U, innaseulvan
T¥nsuvasfBiesunduiielviguaaunssiuduiadiegluiginsnauaziuieuiiisuiu

surduilanneaeuasdbuiesuf UAnNIRegUn 4.16

160 T
m— Measured
140 1= = Cateultea B

—

[

f=1
1

[l
(=4
1

(o)
(=}
1

B~
(=}
T

1

Output voltage (kV)
S 3
T I
| |

60 ! ! | I ! | ! ! L
0 50 100 150 200 250 300 350 400 450 500

Time (us)
(n)
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Output voltage (kV)
3
T

-20 - n

40 F B

~60 I | | | |
48 49 50 <1 52 53 54

Time (us)

(v)
JUN 4.16 sUPAULIITUBUWAdTENIINNITNAGRUNTAIN 2(2) (M) Y383818T)

Y

() Y9808 U

wuinsUaduildanmsiuaumuassivdeuguaduainnismadeunasiien R-
square 0.9994 fiosdsznausupdudwialuil
nathAdy T, 1.1513 11
NANMEIAAY T,53.1958 1s
\Wasdugiaiunaiu -0.0923 Wesibus
4.2.3 nsdif 3 Mmevesauiundewladiniinssuuiadlneldasasunadanes
msvegevlunsaifl 3 wwoeniiu 2 Funeudes 1@un 3(1) uay 3(2)

3(1) : nMsunapuiuvsouaslfinseuusgs 115/24 kv 50 MVA YNynO 9 60 iasifuduas

NAALLTINUNAADUY

nadaulunsain 3 Tomlaudaslniszuumamdauinlugninnsdiin 2 gl
AMUWTEIAT FAANTITHATIUBILSIAU LIATNAIAAY T, TFUNINUNA WarnaInaues
ingaAnaud3 (Under-shoot) d1nndalunsaifn 2 aegua 4.17 lagvin1smaaeui 60

Woesidudves 125 kv iiedun1susuguaiuusadudunad it aufiuinsgiuiivun u

\Wesanamiiadu T, namdndu T, ey wWesiduddwnaiureinisnageundoulas

(%
[ |

Insyuumasiifiandu 0.6841 s 24.1602 s waz -0.1608 LUasidus amandu gaung
NNUNTNINTFINAMUA YR DIINITRLLIAMUIARY T, wazlIamaenau T, Iiundu

Tugrudaly
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& (o
(=3 S
T T
| 1

Output voltage (kV)
S

S

-20 - -

1 1 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400 450 500
Time (us)

JUN 4.17 sUpduUswuBNTRdiEIINNIsaaeunsalin 3(1)

= =

Tudrur89n15A1UIUIATT 1T NeaaUF LT U9stAuAUNTE A 1 Fadan
¢ ¢ o a = o oA Py '
23AUTYNIU9TLH AT BIAUSENBUINAARAIRIS I 4.8 LALBIINaIaIndY T, NEunIT
UnAliosanluandimanuieatien 3daldisesunaianesun [22] iesuwntemnilunsalll
2995 NANWNATTNTNNTLABLNUDIAUTZNBUIIDT bA AR WAL I VUIUG
FUNUUSUMLNARAU Ly 1N9R1RAUBIAUSENBUMIAIUNIUNTNAAY Ry WaLAILATEIELN
Ls WaELUFITUMUANUINGA R, 995UN 4.18 L, UA1BUAILANGAINDULIAIAIAGLTEDI9TN
[=4 ] a o ~ (9] LY 1% P 1 ) P )
Jugeenuden Yseanlmanduainluanuidiniuniunaeniu R, aznaniusimiein
YUNURIAUNUAUIAAY Ly LAY VINIAINUAIAAY T, WUNINTY dIUAA UM UTUIY
Wan R, favieandnsadrunaiulianas lnedanldanlu 200 11H waz 800 @ aua1Au
U199AUTENOUMITUHIMazaIAUTENBUINAAINA3197 4.8 LazgUadu
U a v 4 1 v a va Qldl d' U d‘
wssuduiadiINIInmMInaaeulureslfdfinig ndn 3(1) NUsuAunMLAZNTOIAIIND
ANUFITDN 3.5 UINUIUANNISA 3.30 LN AIUINAIDIAYSENBULYAN Z NNUUIUIUR?
Aunuvuluan R, Wiivesduseneuluan Z livelilaesddsenaulvan Z Alusuag

ARIN1TansndIUNAAuNzIiiatwialu I e vuIud IR U IUrARY L, 1g

21995 TudIureINISIRNAIMTEIINVUIUA P UITUALNAGY Ly 989 IARALSISUYDDN

Wasuluannimuaunisi 3.29 Wussaunisa 4.1

U, =[CRZ(s)U, (R, +5Ly +5L, ) |/[RyR, +R,Z (s)+ LyRys+L,Rs + LR,s + L, Z (s)s+LZ(s)s
+L,L,s2+CRRZ (s)s+C,L, LR’ +C,L,R,Rs* +C,L,R Z (5)s* +C,LRZ(s)s’ |

s’ e

(4.1)
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sUM 4.18 2asunadiunes
wanNLFuALANAWNIUBTNIAGY R, THTU 500 Q wagiuAmIUAIUNIY
naanay R, Wiuntwdu 90 Q afeIn1sRa MuNAaY T, LavaIviaanay T, Wiy
IR

3(2) - nasnagpufuns oudasluinsyuumias 115/24 kV 50 MVA YNynO AR awsasy

AU

ieannsadnguaduindulununasgiuimuelunsdi 3(1) Feihnis
Aofundghuuiususaiuauniinduy wasawiusiunuiunesuUadliiiissuuings
Sndaasumudunumthedy R, fuauduundnay R, snuildeuantilunsd
3(1) shnsveaeuRfiiALsuMagey V, 125 KV samuansgiuimual’

quiamaamiﬁﬂmmgﬂﬂﬁuLquﬁuﬁuﬁ’aéﬁﬁﬂﬂL‘ﬁaﬁ’lmLU?EJULﬁ&JUﬁumi
naaouluiefiAns thessdusznoulvan Z mdaainvuusufuusgglunsdi 3(1)
LAZANUEIUNNUATINAAY R, 500 © AUAILSIUNILNSIAAY R, 90 Q ﬁﬂﬁdLLiQﬁué’mUm
U, wasuandu 125 kv wnuailuaunsd 4.1 wielildussiuduiadiwivionn U, finn
asoulvan ldnsulamsiosunfuielisuaduussiuduiadiiniegluipgdnsnaiuas

Wisuieuiuguaauitlaninnaaevassluviesufifinisdssun 4.19
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160 T

== = Calculated
140 .

—_ —_
(=3 [3e]
(=} (=}
T T
| 1

[
(=}
I

L

IS
=
T

1

13
(=}
T

1

Output voltage (kV)
3
I
|

20 - /

40 - i
-60 1 | 1 1 1 1 | I |
0 50 100 150 200 250 300 350 400 450 500
Time (us)
(n)

120 - =
<100 :
i~

S 80 .

50

S 60 :

)

Zaor 8

g

é 20 - b
0 - |

20 - i

40 - .

60 I | I L L

48 49 50 51 52 53 54
Time (us)
(v)

JUN 4.19 JUPAULSPWBUTRATNEIINNITNAdRUNTAIN. 3(2) (M) ¥383818T)

() 988U

wuirgUaduilfannsiuauIsivdeusUaduannsaaeuLazila R-
square 0.999 flasdusznougUniudsalud
navthedy T, 1.3202 s
VaWEAdU T, 56.3391 s

Wesiduddrunaiu 2.2901 1esidus
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4.2.4 nsdif 4 ﬂﬂi%ﬂﬂaUﬁUﬁiI’E}LL‘Ua\ﬂW‘WWi:U‘Uﬁﬂé’ﬂﬁ‘dﬂaﬁﬂLLi\iﬁUM‘W%LNQQ
nsneaevlunsaif 4 wlseoendu 2 Tuseudes laun 41) uag 4(2)
a(1) : MmaneaeufunsauUasiniinssuumids 115/24 kv 50 MVA YNynO 7 66.67 wosidus

YRINAUTWIUNAFDUAUYARIAKTIE

nsnadeulunsdi ¢ undeuvasliivszvumdsdnfndunsdi 2 ud
NAFDUTAUARINLTIGIUNL FIgUT 4.20 Tnevinismaaeud 66.67 iWesidudves 125 KV iile
Humsuiuguaduussiuduiaditinnuinasgudmue widesnamiedu 7, e
n&andu T, uay Woediuddunaiuvosnsveasunsioudadluiirszuumdad fanu
3.5105 s 51.7718 s wag 5.6612 wWodidus anuddu delaiidulumuinaeifuinsgiu

° ° Yy o a Y A o A v X o v
AR YNRIENSALLIAMTNARY T, kavnainasnau T, munduluaisunnly

w [9%)
(=3 W
S (=}
T I
1 1

[}
193
(=}
T
1

o
(=1
S
T
I

Output voltage (k
T T
| |

w
S
I
1

(=}
1

&
S
T
I

D 1¥ L 1 " B | £ |BE e /W | L, § - | iy =
0 50 100 150 200 250 300 350 400 450 500
Time (us)

5UN 4.20 sUadULssWBNRadThInMsnaeUnsiln 4(1)

Tudauresnsruanasidnaaeulivasuesiisznou fududesinism
psrusznavasuildlmilae msthsuaauiildanmavaaeuluies fiRnislunsdd 4(1) i
U¥uaunmsUadu 19n1sudamGiesuagnsosnaudgeiie eldnisonnosaylden
paAUTEnoULES TuArMumTeniues L, Wi 34.537 BH FedndulunisAuimmian
asRUsznaulvan Z anaunisi 3.20

nsuidamilunsdlildnasunaianesmilounsdil 32) Tnetheresddsznou
Tvan Z suudhdudumienhauuiidununiedu L, Afandu 200 1H el
psrUszneulnan Z il uenaniusumanuiunumiadu R, anauude 80 @ uazUu
ausumundsndy R, wisdu 480 Q Wiedesnslinamiadu T, anasuaziaivdaniu

TANUTU AUA1AU
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4(2) - nsnaasutunsoutasiifiszuumds 115/24 KV 50 MVA YNynO #ifi fawsasuy

maaué’mma’mmqq

deannsaduaguaduindulunusnasgudmunlunsdi a1) Faihnns
sefunilgnhvuiuduimimununtiiady Ly uazauiudidiunu R, fuvsiautasld
syuunds Sntadaua suaudununtady R, AUALEIUNIURSIRAY R, MuTiLe
Analilunsd 4(1) vimsveaeuiiidnusaiunaaey 400 kv dmiulvan 115 kv awd
WnsgIUIrUaLY
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Abstract: To generate a lightning impulse voltage
with waveform parameters (front time and time to
halfy within the specified range of IEC6006D-1, the
circuit components of a lightning impulse voltage
generator necessary to be precisely determined. In
practice, some parameters including stray and load
circuit parameters are frequently unknown. These
parameters sometimes greatly influence the generated
waveform. Using these inaccurate parameters. the
generation of the test waveform according to the
standard requirement is difficult in practice. Also, the
measurement of these parameters is quite complicated
and time-consuming.

This paper presents a frequency domain method
for determining the stray and load circunit parameters
based on curve fitting approaches. To determine the
circuit parameters of the lightning impulse voltage
generator, the generated lightning impulse voltage
waveforms are measured and recorded by a digital
oscilloscope. Using the Fourier transform, signals are
converted from the time domain to the frequency
domain. In the first step, multiple linear regression is
utilized to determine the stray inductance, load
resistance, load capacitance, and charging voltage from
the recorded waveform collected from a case without a
test object. Then, the stray inductance from the no-load
case is used in the test case with a test object for the
determination of the load impedance, which is the all-
inclusive value of stray impedance, the measuring
system, and load from the test object. Using the
determined stray and load circuit parameters, the
generation circuit components can be adjusted to
obtain the waveforms according to the standard
requirement. For the wverification of the proposed
method, some simulations and experiments were
performed and compared. From the simulation results
of the determination of the stray and load circuit
parameters, the proposed method is fairly accurate,
and the deviations are within 3%a. Also, the simulation
results agree well with the experimental ones.

Kevwords: Fourier transform, Lightning impulse
voltage waveforms, Load circuit parameters, Load
impedance, Multiple linear regression, Stray
impedances

1. Introduction

Lightning is a common phenomenon in nature that can
have several detrimental effeets, such as damage to
property, the demise of living beings, and the disruption of
electrical networks. Therefore, high-voltage (HV) testing
is pecessary to demonstrate that HV equipment can
withstand overvoltage caused by lightning and switching
surges. For simulations of the overvoltage occurring on the
HV equipment, HV tests are typically performed in the
laboratory according to the standard guidelines [1].

For lightning impulse voltage withstands tests, the test
gircuit [2] utilized to generate test voltage consists of
resistors and capacitors generating a lightning impulse
voltage waveform, as shown in Fig. L. The waveform
parameters must be within the range of the standard
requirements [1]. For instance. the front time (7)1 1.2 ps
with a tolerance within 30%. the time to half (T3) is 50 ps
with a tolerance within 20%, and the overshoot rate is up
to 10%.

However, in practice, stray impedance, i.e. parasitic
inductance and stray capacitance affects the test waveform
[3-10): This stray mmpedance causes oscillation and
overshooting around the peak voltage waveform. Also, the
load is so complicated that it cannot be represented by a
simple circuit load capacitor () connected in parallel with
a load resistor (Ry). For these reasons, the test waveform
parameters are difficult to be controlled without trial and
error approaches in real experiments, and experienced test
engineers are required in the lightning impulse voltage
tests.

For better understanding, it should be considered the
equivalent circuit of the impulse voltage generator as
shown in Fig. 2. The following principle is the process of
impulse voltage generation [11]. The charging capacitor
(Cs) is charged until reaching the required voltage. The
front and tail resistors (R, and &) are utilized to control T
and T2, respectively. L; is an equivalent parasitic inductor
in the circuit and its connecting leads.  represents the
total equivalent capacitor including the test object and the
generation and measuring systems. R denoting the
equivalent paralle]l resistors represents the loss in the
generation and measuring systems.

In practice, however, adjustments of T and T within
the standard range are performed by changing the Rs and
R, using a trial and error approach. It may take several
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times, and it causes damage to the test object. Many
researchers have attempted to deal with this problem by
determining all the parameters in the impulse voltage
circuit. For example, L. Pelikan [12] using the simulation
of a real impulse generator modeled in LTspice, and R M.
Del Vecchio [13] developed a model of an impulse voltage
generation circuit including transformers represented as
test ohjects.
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Fig 1. The lightning impulse voliage wave form
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Fig. 2 The equivalent cireuit of the impulse voltage generator

However, the approach described above still requires
stray and load impedance as input data, and some impulse
voltage circuit parameters need to be known in the
experiment for adjustment of the waveform parameters as
the standard requirement. In practice, the precise
determination of L, C, R, and U is a time-consuming and
complicated process.

In this paper, an effective frequency-domain approach
based on linear curve fitting, polynomial curve fitting, and
optimization  techniques [14,15] is applied for the
estimation of the eircuit parameters of an impulse voltage
circuit. In the preliminary experiment, the generation
circuit included a measuring system but no test object was
utilized to generate the impulse waveform for estimation
of the parasitic impedanee, i.e. parasitic inductance,
equivalent load capacitance, and resistance. From the
estimated parasitic impedance, the experiment with the
same circuit parameters and a test object was performed
for the determination of the load impedance in the
frequency domain. The estimated test object model was
validated by the experiment using the adjusted generation
circuit parameters of which generated impulse waveform
parameters are in the ranges of the standard requirements.

This paper is separated into five parts. The realistic
equivalent circuit and its principle are described in part 2.
Then the method for determining the circuit parameters of
the lightning voltage impulse test in the frequency domain
is described in part 3. Next, the results proved the circuit
parameters and compared the errors in both the simulation
case and the experimental case. The last part is a summary
of this paper.

2. Equivalent circuit of lightning impulse voltage
generation

This paper presents a frequency domain approach for
determining L, C. Ry, U and £

In an ideal case, the circuit has no inductance, and the
capacitance at the load is just pure load capacitance.
In practice, however, there are more complex than that.
Because of the presence of connecting leads in the circuit
or even the inductance at the impulse generator, the
inductance in the circuit is represented by the parameter L.
The presence of a simple test object and parallel
capacitors, such as a voltage divider and stray capacitance
will eause more capacitance in the circuit to be represented
by the parameter . Furthermore, the resistance is
sometimes paralleled to the load indicated by the
parameter K. In addition, if the load is so complex that it
cannot be given in terms of C; and R, or if there is no need
to know the separate parameters, it can be considered as a
Z term. Because of this, the actual situation is more
complex and challenging to caleulate. However, the
estimated £, C;, and £ can only determine the sum of the
parameters but cannot determine the value of the
inductance orcapacitance of the individual components. In
practice, ag seen in Fig. 2, an equivalence circuit can be
employed for estimating. Even though the values of the
complete gircuit were consolidated into a few parameters,
the findings were accurate and straightforward.

To simplify the analysis, the Laplace transform [16] is
employed to convert the circuit in Fig. 2 1o Fig. 3.

Fa

il
2‘_1{'.’,

o

— L
Fig. 3. Laplace transfiorrn of the impulse voltage penerator

Then we can see that (1) can be used to express Uds)

:,:.-:J:Pi[—_—_ Z4 J (1)
o\ Iy £

Where [l is the mput voltage, Z; and 7> are load
impedance as shown in (2)and (3)

Z| = ? B tz}
R
R| ———+R, +sL,
SCR, +1
;= & - (3)
R +———+R, +sL,
SCR +1

The output voltage (j) can be expressed in (4)

CRRU,
()" +(a,)s" +(a;)s+(a,)

Uis)= )
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where a, =CCLRR
@ =CLR+CLR +CLR +CCRRR,
@=L +CRR+CRR,+CRR +CRR,

a,=R+R +R

3. Determination of stray and load circuit
parameters

In practice, the only known circuit components of the
impulse generator are Rg R, and €. Other circuit
components are difficult to measure and complex, such as
Cy, Ry, Uy, Lo from every electrical partway, or even the
complicated load. Some values might be estimated from
the crucial parameters provided by the manufacturer as
expressed on the nameplate or in the test report. However,
such parameters are sometimes improper for lightning
impulse voltage tests due to the wide frequency range and
transient conditions.

The proposed approach is utilized for determining L.
Oy, Ry, Uy, and Z from the impulse voltage waveform from
a preliminary test. Every parameter in the impulse voltage
circuit will be known. After thar, all known parameters
may be utilized to determine what R and R should be for
the impulse voltage waveform to be in the standard range
[1]-

The procedure for finding L., Cp U and £ is
explained as follows.

In the beginning, Rs and R. are estimated from the
initial impulse  voltage  generating and record the
waveform of the impulse voltage as shown in Fig. 4.
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Fig. 4. The recorded impualse voltage waveform.

After that, the portion of the wavefront part below
20% of the peak voltage was removed [19], because the
impulse voltage waveform frequently has an undesired
interference in a form of spike voltage at the front part
[17]. After that, the removed waveform part is replaced by
a waveform part which is extrapolated by {5) using the data
from 20% to 30% of the peak.

v=a(x-b). (5)

Also, the waveform on the tail part is extrapolated
until it approaches zero, as shown in Fig. 5. Waveform
extrapolation is performed until it reaches a final value of
0.01% of the peak value due to the anti-aliasing resulting
from the Fourier transform and its inversion. As a result,
the caleulation of stray and load parameters is more
precise. The function in (6) is utilized for extrapolation of

the data from 50% of peak voltage to the end of the
recorded data. Fig. 5 presents the extrapolated results in
comparison with the originally recorded waveform.

y=ae "cos(cx+d). {6)
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Fig. 5. (a) Removing and hiting below the 20% of the peak in the
waveffont and (b) extrapolating until it approaches zero

Next. after preparing the data for ease of analysis, the
Fourier transform [16] is used for analyzing the waveform
in the frequency domain, as shown in Fig. 6. However, in
the frequency domain, higher frequencies tend to be
scattered by noise sipnals. As a result, the data over 250
kHz were eliminated, and only the data below 250 kHz was
used for the determination of the stray and load
parameters, as shown in Fig. 7.
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Fig 6. Applying the Fourier transfiorm to the impulse voltage

waveform.
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Fig. 7. Kecep the data below 250kHz.

After that, the waveform in the frequency range below
250 kHz is used for the estimation of the coefficients in
(7yand (8) by linear regression. Eqs (7)and (¥) are derived
from (4) with the separation of real and imaginary parts.
From the estimated parameters in (7) and (8) L, Cp, Ry, and
Upcan be simply solved.

RC|“ 1 “|_L,r_;[' [ A ]
\U(s))” U, \LCCRR “LECR LCCR

., (7
LC(R, 1T |.;
i e B e A [
e e
[ W Le (k1 R 1 1]
Im| e e + 4 v~
\U(s)) [U, \LCR EC, LGR-RREL L, J @
LG
[T

Lastly, after all the parameters in the lightning
impulse voltage eircuit are determined, the load combined
with O and Ry or complicated load in terms of Z can be
calculated using (%) as shown in Fig. 8. Furthermore, if
inductors, resistors, or capacitors are paralleled or series
with the load, the value parameter can be paralleled or
series with Z. Then, by substituting & in ( 10), we get [} in
the frequency domain. A time-domain impulse waveform
can be obtained by applying the inverse Fourier transform
to UL Equation ( 10)'s Rs and R. parameters can be adjusted
with the help of the circuit simulation until the lightming
impulse waveform parameters are within the range
according to the standard requirement [1].

!
E Hy al,

Fig. 8. The load combined with CF and & in terms of Z.

R, .
Wlﬁ-l-r R, +sL, ]ffr{s]
R

(9)
m] Caf:'ﬂ - f:’r{S‘}

2{3}=[

R )
[RI_C\.-:+]JZ{S]C‘L"

M (10}
[F;-rl}-“e" +sL, )+ Z(5)

U (s)=

This approach allows the next impulse voltage
generating to determine Ry and R, using circuit simulation
without trial-and-error experiment and it also reduces the
unintentional damage due to the trial-and-error approach.

4. Verification of the proposed method

The verification of the proposed method is separated
into two parts, i.e.. 1) verification with simulations and 2)
verification of the actual waveforms from the experiment.

4.1 Verification with simulations

In the first part, the proposed method was verified
using the simulated waveforms with the known circuit
parameters. [n this proof, every parameter is known. The
parameters are Ry =200 0, C, =025 uyF, R, =300 0, C,=
1 nF, Ry= 10 kL2, and L; from 15 pH to 960 pH. Increasing
L, increases the percentage overshoot of the impulse
violtage waveform [18]. As a result, the L; has been
raised until the overshoot rate reaching to 30% in this
simulation. With the known R R., and €, the proposed
method was wutilized to determine L, Ry, and () as the
results are expressed in TABLE [-IV.

TABLE]
DETERMINED Ly IN COMPARISON WITH THE KNOWN VALUES
Case Calculated L Exact L Tolerance
{pH) (uH) (%)
E1S 14.9977 15,0000 -0.0153
L30 29 9767 30,0000 00777
L&0 GO024R BO.0000 00413
L120 120.3698 1200000 03082
L240 240.5293 2400000 0.2205
L480 4788322 AR0.0000 -0.2433
L9960 0575970 600000 -0.2503
TABLE D
ConPARING O, OF THE CALCULATED RESULT TO THE SIMULATION
Chse Caleulated Exact Tuh:rjmcc
{nF) (nF} {%a)
L15 10020 10000 0. 20040
L3 1.0011 1.0000 0.1100
L&D 0.9998 1.0000 -0.0200
L120 0.59974 1.0000 -0, 2600
L340 0.9956 1.0000 -0.4400
L4380 1.0012 1.0000 0.1200
L9960 1.0013 1.0000 0. 1300
TABLE Il
DETERMINED R, [N COMPARISON WITH THE EKNOWHN VALUES
Case Caleulated f, (LX) Exact Ri(£1) Tolerance (%)
L15 DORLGELD 1 WA -0.1332
L30 D9R5.9232 1 (W -0 1408
L DUTR.930% 1 WA -0.2007
L120 0411705 1 WA L5883
L240 10105.6617 1 WA 10566
L480 106802918 1 (Y H.8029
L0 DU05. T4 1 (D L0425
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TABLE IV

DETERMINED Ly IN COMPARISON WITH THE KNOWN VALLUES
Case | Calculated U (V) | Exact Un(V) T“g:;’“
Lis 748447483 75000.0000 10,2070
L30 748447819 7S000.0000 20,2070
Lo 748457060 75000.0000 0.2057
LI120 | 748510879 75000.0000 10.1985
1240 | 748353654 75000.0000 02195
L480 | 747748971 75000.0000 10,3001
L960 74918 8269 75000.0000 10,1082

The data provided in the TABLE above reveal that the
determined L,, C,, and U, values are very modest with a
deviation of less than 3%. Only the determined £;is quite
inaccurate, but this is acceptable hecause Ry has very little
effect on the impulse voltage waveform. As a result, when
transferring the inverse Fourier transform back to the time
domain, as illustrated in Fig. 9, It was discovered that the
results of the calculation using the proposed method
almost totally agree with the waveform from the
simulation.

¥ (k)

Fig. 9. Comparison of the impulsc voltage waveform from sinulstion
and ealeulated from the determined L, O Ry, and L

4.2 Verification of the actual waveforms from
the experiment
In this section, the proposed method was validated
using the 3 cases of experimental data with the circuit
parameters as shown in TABLE V.

methods are presented in TABLE VL. So, all parameters
are known

ey T

i vodvape (1)

1 180 am
Fivrer )

Fig. 10. Case 1{1) experimental lightning impulse voltage waveform

TABLE VI
THE CALEULATED L, €. £, AND L, VALUE
Parameters Value
Ls caleulated (uH) 20,9480
(i cabeulated (nF) 21069
R calculated (1) F961.7924
L calculated (V) Te619.8701

Then, in case 1{2) connected a 24 kW 250 kVA DY 11
distribution transformer as a load with the measured
parameters £ = 10000 £, L =310 mH, and C = 0.3 nF.

However, the standard [1] determined that the
transformer’s voltage rated for equipment at 24 kV must
undergo testing at the rated lightning impulse withstand at
125 kV. Additionally, the first R, R, adjustment test is
performed under 70% of the test voltage. Therefore, the
load parameter is parallel to Zin (9) and substituted in {10)
to obtain (. After obtaining L in the frequency domain,
an inverse Fourier transform is performed to become the
time domain. The calculated time-domain lightning
impulse wvoltage waveform is compared with the
experimental lightning impulse voltage waveform in case
1(2), as shown in Fig. 11. There is a 0.9996 R-square error
in it.

«u.—--- . 7=y , Pe— a0 = — 4

TABLE Y _i =
THE 3 CASES OF THE EXPERIMENTAL DATA E '
. i R Re L R ¥, Ew
Case | k) | (o | iy |ty | gy | vy | 0@ &
11} 1.33 180 | &0 - = 7 ] Mo load
1(2} 1.33 1800 | &0 3 = 75 *
1(3) 1.33 220 | &l 5 & 125 *
1) 1.33 1800 | &0 = = T5 **
A2) 1.33 &0 an 5 = 128 **
31 1.33 1800 | &0 = = 75 ¥
32) 1.33 SO0 | 90 0.2 i) 125 it

*24 kV 250 KVA DY

M EVIMVA DY

R 1524 kY (24KV) 50 MVA

Ld is an inductance across the B and Ls.
Rpis a resistance parallel to load.

In case 1(1), experiment by generating the lightning
impulse voltage waveform without any load as shown in
Fig. 10. There are just three parameters that are known:
C: = 1.33 pF, Ry= 180 £, and, R, = 60 0. The results of
calculating unknown parameters using the proposed

CHi vege (48]

(&)
Fig. 11. Calculated waveform compared to case 1(2) experimental
lightning impulse voltage waveform (a) full wave (b) wavefront
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However, in case 1(2) the computed T, was 0.8615 ps,
which was inadequate, thus Ry was adjusted to 220 two
adjust the wavefront to a higher value and tested at 125 kV
voltage as required by the standard. When comparing the
lightning impulse voltage waveform calculated by the
proposed method with case 1(3), the R-square value is
(.9997 as shown in Fig. 12,

Lhatgmit voliege (17
I
T

me sy
(k)
Fig. 12. Calculated wavefonn compared to case 13 ) experimental
lighining impulse voliage waveform (a) full wave (b) wavefront

In case 2(1), use the same lightning impulse voltage
circuit ag in case 1 but change the load to a 24 kV 3 MVA
DY11 power transformer, as shown in Fig:l3. Since
case2( 1) already have a loaded transformer, the parameters
calculated from casel(1) use only L and Uh. Furthermore,
the parameters O, and R are combined with the load as Z
by using (9] to calculate. As a result, knowing the ' and
Ry values separately 15 not necessary.

wim .

Elwipur valioge (&6

£ ] £ 1a T30 Mo A +E 4= £l
i ()

Fig. 13. Case 2(1 ) experimental lightning impulse voltage waveform

Then, case 2(2) is parallel C = 1 nF with the power
transformer load changing T and 7. Therefore, parallel Z
with ' = InF and adjust R to 80 £ R, to 90 £ to alter T
and T> within the specified range [1]. Furthermore, the
impulse voltage test withstands of the 24 kV transformer
must be tested at 125 kV, as in case 1(3), therefore L in
(10} is changed to 125 kV. After obtaining the [ from
(10}, the inverse Fourier transform was used to obtain
waveform in the time domain.

Then the lightning impulse voltage waveform from
the calculations was compared with that obtained from
case 2(2), the R-square value was (.9994 as shown in Fig.
14.

f‘“‘:' dns)
(k)
Fig. 14. Calculated waveform compared to case 2(2) experimental

lightning impulse voliage waveform () full wave {b) wavefront

In case 3({1), use the same lightning mmpulse voltage
circuit as case | but change the load toa 115/24 kV (24kV)
50 MV A power transformer as shown in Fig. 15, Same as
case 2, since case 3(1) already have a loaded transformer,
the parameters computed from case 1(1) use only L. and
Ui

S

Chapar wirage (48]

Fig. 15. Case 3(1) experimental lightning impulse voltage waveform

MNevertheless,  when measuring the waveform
parameter case 3(1), T = 0.6841 ps and T> = 24.1605 us
are not within the standard range. Glaninger's circuit [17]
was intreduced to solve this problem. As shown in Fig. 16,
;15 connected across R, and L, while R, is connected in
parallel with the load to alter the lightning impulse voltage
waveform. [n terms of calculating the parameter R, simply
paralleling its value with £ in (9) provides a new £ value.
In the case of adding the Ly parameter, (10) is derived to
obtain (11}, which is the same U, equation, just adding the
La term to the circuit following Glaninger's circuit [17].
Moreover, Ry = 500 £ and R. =90 £ are adjusted to keep
T and T within the standard range [1]. Substitute the new
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Fvalues, L, R and B, into (11) to find {7, However, U 1s
also in the frequency domain, so the inverse Fourier
transform is used to transform it into time-domain form.
Then compare the calculated waveform with the
experimental waveform in case 3(2), the R-square value
was 0.9990 as in Fig. 17.

sl
L o
ﬂ: g =l
U . .
e R, | Usish Z|| B Uifs)
-

Fig. 1é. Glaninger's circuit

W ] [ [ i FT) F) o &0 Y
T (59

(a)

Fig- 17. Caleulated wavefonm compared o case 3(2) experimental
lightning impulse voltage waveform (a) full wave (b)wavefront

U,(s)=[CRZ(s)U, (R, +sL, +sL, ) |/[R.R+R,Z(5)
+LRs+L R+ LRs+LZ(s)s+L Z(s)s
+LLs2+CRRZ(s)s+CLLRS+CLRRS
+CLRZ(s)s* +C LR Z(s)s]

(11}

In all three cases, the calculated lightning impulse
voltage waveform with the measured one agrees very well.
R-square is greater than 0.999.

Although the experimental waveform has noise and
spikes, the proposed method can be eliminated such effects
by the proposed curve fitting. This confirms that the
impulse voltage circuit parameters are determined
precisely by the simple proposed method.

5. Conclusion

The effective method for determining stray and load
circuit parameters based on calculations in the frequency
domain has been developed in this paper. The waveforms

from simulations (without noise signal) and experiments
were used to verify the validity of the proposed method. It
is found that the proposed method yields stray and load
circuit parameters regardless of their complexity with
acceptable precision and fast caleulation speed. From the
determined circuit parameters in the preliminary tests, the
circuit parameters (the front and tail resistors) can be
adjusted to obtain the front time and time to half according
to the specified standards. It can be concluded that the
proposed method is an attractive method for determining
the stray and load circuit parameters and proper circuit
parameters for the generation of the lightning impulse
voltage waveforms according to the specified standards.

Reference

[
[21
[31

[4]

[51

[6]

[10]

[1]

[12]

[13]

[14]

[13]

[16]

High-Voltage Test Techmigues. Parr [ Cemeral Definitions and
Test Requirements, IEC 60060-1, 2010.

E. Kuffel, WS, Faengl, J. Kuffel, “High Voltage Engineering:
Fumdamentals.” 2nd od.. Newnes: Oxford, UK, 2000,

H: R. Mirzaei, “A Simvple Fast and Aceurate Sinmulation Method for
Power Transformer Lightning Impulse Test,”in IEEE Trensactions
o Pawer Delivery, vol. 34, no. 3, pp. 11S1-1160, June 20019,

H. B Mirzaei, F- Bayat and K. Miralikhani, “A Sermni-Analytic
Approach for Determining Marx Generator Opiimum Sctup During
Power Transformers Factory Test,” in JEEE Tramsactions on Power
Detvery, vol. 36, n0. 1, pp 10-18, Feb. 2021.

5. Odaabe. T. Tsuboi and J. Takami “Basic study of possible
waveforms generated in lighining impulse withstand voltage test on
UHV equipment.” inJEEE Transacrions on INeleerrics and
Elecirical frsganon, vol 16, no. 4,pp_ 1127-1133, Ang. 2009.

M. Hinew, W. Hauschild and E. Gockenbach, “Lightning impulse
voltage and overshoot evaluation proposed in drafts of IEC G006G0-
I and future UHV testing,” in JEEE Transactions on Dielecirics
and Electrical Insularion, vol. 17, no. 5, pp. 1628-1634, Oct. 2010.
Bodidar Filipovié-Grtié, Dalibor Filipovié-Gedic, Petar Gabrié,
“Estimation of load capacitance and stray indwetance in lightning
irmpulse voltage test circwits,"” Elecrelc Power Systems Research,
Volame 119, 2015,

F. Tuethong, P. Yutthagowith, and A Kumakom, “Effective
Simulation Approach for Lighming Impulse Voliage Tesis of
Reactor and Transformer Windings,” Energies, vol. 13, no. 20, p.
5399, Oct. 2020,

P. Toethong. K. Kirwattana, P Yutthagowith, and A Kunakom,
“Am Algorithm for Circuit Parameter Identification in Lightning
Impulse Voltage Generation for Low-Induetance Loads.” Energies,
vol. 13, no. 15, pe 3913, Jul. 2020,

P. Yutthagowith, P. Kitcharoen, and A. Kunakomn, “Systematic
Design and Circoit Analysie of Lightning Impulse Voltage
Generation on Low-Inductanee Loads,™ Energies. vol. 14, no. 23,
p. BO10, Nov. 2021.

B. Vahidi and J. Beiza, *Using PSpice in teaching impulse Voltage
testing of power transfonmers to senior undergraduate students,”
in [EEE Trmmsecrions on Education, vol. 48, no. 2, pp. 307-312,
May 2005,

L. Pelikan, M. Krbhal and J. Orsagova, “Simulation of Impulse
Generator  Followed by Practical Verification,” 2020  2isr
Intermational Scientific Conference an Electric Power Engineering
(EPE), 2020, pp. 1-5.

. M. Del Vecchio, B. Ahuja and R. D). Frenette, “Determining ideal
impulse gencrator sctiings from a gencrator-transformer circuit
model,” in [EEE Transactions on Power Delfvery, vol. 17, no. 1,
pp. 142-148, Jan. 2002,

A Zielesny, “From Curve Fitting to Machine Leaming,” 2nd ed..
Springer: Switzerland, 2016,

Mustafa SEKER, “Paramecter estimation of positive lightning
impulse using curve fitting-based optimization technigues and least
squares algonthm,” Electric Power Systems Research, Volume 205,
2022

I G. Proakis, D. G. Manolakis, “Digital Signal Processing
Principles, Algorithms, and Applications,” 3rd ed., Prentice Hall:
USA, 1995,

77



The 7" International Symposium on Lightning Protection and High Voltage Engineering (ISLH2023)

[17] C. Dechthummarong. S. Thepa. D. Chenvidhya, C. Jivacate, K.
Kirtikara and ). Thongpron, “Lighting impulse test of ficld-aged
MATLAB," 2012 9th International Conference on Electrical
Engineering /Electronics, Computer, Telecommunications and
Information Technology. 2012.

[18] K. Schwenk, M. Gamlin, “Load range cxtension methods for
lightning impulse testing. with high voltage impulse generators.”
14th ISH Beifing paper B -78, 2005.

[19] P. Yutthagowith, “Non-lterative Technique for Determination of
Full Lightning Impulse Voltage Parameters.” Energies, 2022.

dy 3 dl Y o L 14 dl = ! 5 1 Y o ¥ €Y 1Y
wnanstiluenansianulidmsunisidauienistnwintu leugslmiluldusslomismunisi

I e~ O & A U Yv agvo & Y Y a = v & A ° v
VL@J’Mﬂiﬂﬂ,@G] NG @ﬂﬂﬁﬁqﬂ\lmiﬁﬂﬂ&ﬂa%u@ﬁq LLangNE]'N@ﬂﬂQL";J’]GUENL@ﬂaqinﬂﬂiﬁwmﬂqﬁuqlﬂiﬂ



79

ANARUIN U
UsLASUABNNANDIN LU LUNITAATILHNBIAUSZABULN LAz I nan Tu

2995851959 UDUNAFNINA



80

TUSHNSUABUNLADSN LT IUNITIATIZINDIAUSTLNDULLAS

Lazlnan lu9asa519USIAUDUNAFNINA

MATLAB 13 ulusunsuiildmuiandssaian @agauain MATrix LABoratory N1

M9ruveslusunsy MATLAB ’e]EJIUuﬁ‘u%WUﬂWiﬂ’]U’JﬂJW’NLﬁJG}iﬂ"?JLﬁULLﬂu‘W an (Matrix

Y

(%
9

Manipulation and Computation) Iiug1un1w1Aane q C wag Pascal UenINTTeaLsa

THatloundesdnay Mnsdummsadamanslaviui laovihmvosusunsudusagud

2.1
4\ MATLAB R2021a a %
o e e —
e Hgmm Lo ; Normal =. E&Rmu- [;_, {=] section Break P &
New Open Save AP ~ W eocitty | I PP LT Coly cooubt, \Ting WYL (gl o T3 Run hdindva Rin  Step Stop
v v & bpotv v ? - ' 5l ¢4 Section P RuntoEnd -
FILE AVIGE oc CTION L -
<o EE v D » HV-NEWTOPIC » IMPULSE » MATLAB WORK -0
urent Folder B Live Editor - D:\HV-NEW TOPIC\MPULSE\MATLAB_CODE\CASET.n ®
Name e euem\x ¥ Bvaliate T172.my CASELmix % | CASELS.mix CASEZmik CASE3iml CASEdimb: " [ dealllLmix +
1] CASE1_2.mat - -
1] CASE1_3.mat | clear all
CASE2_1.mat 2 ;:ﬁe all
CASE2 2 mat O,
4 CASES1.mat . load (ASEL 1.MAT;
H GRSEQI2 mat 4 5 exceltest(: :
CASE4_1.mat 7 exceltast(:
2CEM Ve o UY) % 1t /{max(exealtest(s;2))); ¥ NORMALTZ
w0 r 4 8 a2 B
I | 2 ( *0% Hindunh|
a [29343e-05;,.. ~
ans 50000
bint [-8:5181e-1
I cecut noise . 175x7 double
HH cceut twen | 92¢7 doubi RXERXRRNE le
HH cdiv 21615609 16 Exgptesiipelte l“ =
Ha 1,0000e-09
mCs 1.3300e-06
£t cut_ hund (] A : , ) (. R -
FHcut hund2 44697 nable.to create personal MATLAB work folder:C:\Users\Pong=atorn\OneDrive\???272\MATLAB
[ cut_noise (]
1 cut_noise1 00 1x7 dou.
cut_noisee 115 v

UTF-8 LF | seript n 12 Col 53

U 2.1 wihuansuaveslusunss MATLAB

nmshdeyaiiiglusunsu MATLAB Tidndudesiiuviviazussiia ilesainlusunsy

annsadnserulusunsudy 9 Tussuudiiinig Windows Aoanunsath ASCI text file 14hg
TWsunsulelaunss Inglddosdourdafivmm ity
msuadulusunsy MATLAB 9:0unsAunabUumesng 1wy uin au gal s
ﬁuﬁaL:Jm’%m%ﬁ%aaaﬁaaaamé’mﬁ’ummﬂgﬁugwumsmﬂ aU AN 13
uennidiigairuseiolui
- MATLAB Wulusunsufildlunmsiunamasuaninaluda dsasnsauaninasanuniuiay

viogUnmAle wanenswl 2 87 3 8@ leegnsdreny



81

- anmsanrvgunsvielulsunsuldtagadids (Command line) nioagnslusinsy
(Script file) Ala

- fimadeulsunsuduuuuadamansfidues Sshenihmadeuselusunsudugs wu ¢,
Pascal, Fortran

- fhlsunsuiifladdudisaguiiloGenldlaviud viedosnadoues Asunsadeuduileity
voadfaLostusld

- MATLAB @nansalganiededayaiuu Dynamic link Aulusunsufieg uuiiugiu windows

U Excel v3alUsunsuililsuasmaniw C visen1wdu 9 Al



AANUIN A

AN U lUN1SATNIRIAUS N UYL az1an

82



83

11a1 I lun1sAUI9AUSENaU9Rs LI LaZ lran

a599 A.1-0.2 wanananadslunisldmuaesduseneuisasiniiuluasnandils
Wandu SaavendennudnarldnalumsinalagedsUszanala Tnevhnsiuan
AsMAaesay 5 AYe wdavinIsiedsnateany otalsfinunanedeiissyeiaiiade
AsuenuAITes Wy aareufinned msldaulusunsuduluse wiowludgumni
poufmeifidsadan s fafunaadeiissyluAensuenasn q fiilusunsutly
Taluniseuuenalanarlunisanuldass ulndifAss
sosnauRumasduyanaililunsiuniaafal
- nhgUszuiana
11th Generation Intel® Core™ i5-1135G7 Processor (2.40 GHz up to 4.20 GHz)
- syuulURnIs
Windows 10 Pro 64 preinstalled through downgrade rights in Windows 11 Pro 64
(English)
- NIYAIIUTT
16 GB SO-DIMM DDR4 3200MHz
- madaiudaya

512 GB SSD M.2 2242 PCle Gen3/4

M13199 A.1 uanaaaaglun1suszananasie 1 seUveINIIVARRULUUTa0IFUATUTUIN

nIal naiildlaewds Gund)
iows 12.79
L 12.60
Lo 12.68
L 10 12.18
L pao 12.25
Lago 13.40
Logo 12.95




A13199 A.2 wandiatedslunisusvinanasie 1 soUvsINITVIAaRUIsItuasUURNTS

N6l naiildlaeinds Guad)
1(1) 12.30
1(2) 14.29
1(3) 13.38
2(1) 11.99
2(2) 13.51
3(1) 11.97
3(2) 14.31
a(1) 11.83
4(2) 13.66

84



Yo-wnlana

[y

Y Heu Tin

=b.

28
U

UsgIRn1sAnY

85

UseIngUeu

UNUNIATT LALLAYIRNIA

4 wgAdniey 2541 Tlveuuny

159/138 wyltnurangnenIuias o.m33uns
srvatiudn Sunewdiswweunny vauwny

40000

2556 dL5ansaAnwseausseudu 15aseuasnuniIne devauLay
(@Anweans)
2559 d1L5ansanwiseaviTsentans 1sasguanSauIneduveunnuy
(@Anwreans)
2563 AMNIsumanIvuden (3d.u.) aisidinssulnin (Reshdes

Jufu2) anndumalulagnszaanddinunmsaInn sl





