-
drilnvedyanan wzsenindaransat:

FENUMIVeRTUaNYL

msilszgnamsmasnvhdanazTyanlszAugamsuinnzyiveadly
szvudme IWih
An Application of Discrete Wavelet Transform and Artificial Intelligent

for Fault Diagnosis in Distribution Systems

v d 1\ au d
HYIIFITATINNTY A3, DITIOWD NINNDHAD

o ol
drumansing as. Fodug ionua

RCH
5549
.:5(,

- 25 2200083
v,
mw,lﬁ,,u__lm;___g R
@ Il..Tﬁtﬂ.Q»'l 2958
i asuUNHauayHIdEnRuIulszInamkuan Yszditliwlszana 2556

d
AMULIAINTITNAAAT

amUumATHIaEWIZ 0MNAUNAUNMITNANTZT



Felasams (mwilve) msUssndmasdasamdnsastiunussfvsdhuiiassivesd

Ussdleuussann__ 2556 Sruauduiildsuniseduayu._ 435000 um

szevaimsie_ 1 U deusl. p@nan.2555 B Aueneu 2556..
eo-ana Fanlihlasams uadiulasenside wieussy whonududain
HHneansnansd a3, aszawa Waivinsina anund sl angdrnssumans

Haspannsd o3, fedud waunay gnuiudmassdlnil angdanssuaans
UNANES

aquﬁﬁaaﬁ’uffﬁﬂﬁﬁ%auaLmemﬁﬂmiﬁmﬁu‘hLﬁaﬁzqﬂismwwgaﬁ’l,uiswﬁmﬁnEJ
Wi wwaruAnmsdadulaitedevieaduiseenidu 2 %umauﬁw*ﬁugqu nMIwUadnaniée
wuuiinheufulaseieusgamision sumeuisn vdausitia daubechies 4 (dbd) gn
thunldifeusnesdusznsummiiganndyg unszuatead AndulseAnsgaganisuyag
nlAnvesgneaunsuandifniesriva A, B, C wazasAsznauaduaudgnliiiudumn
dmfugUuuiiinasuy Funaudesn Tnssredsganiieurliapaanitasdugnitonsanify
unmuRansndulafiessydssianreaduumedsiihlinu luvaeflaswhedssandion
tliaunirrdaundugninsandmivssyusaanlsudesiuvemifondadluda psdfnwi
vanvaneanszuusmielifiuysemalngldfunisasvaeudaiuumanyudnanse
thanlden naagduandlhidudn umm@aihiaueanuisoszyussamseasduiiimels

Addny : nsulasawide Jayguseivg Aesevinead seuusiiglnih udeulasivih

ot



Research Title: An Application of Discrete Wavelet Transform and Artificial
Intelligent for Fault Diagnosis in Distribution Systems

Researcher: Asst. Prof. Dr.Atthapol Ngaopitakkul and

Asst. Prof. Dr.Chaiyan Jettanasen

Faculty: Engineering  Department: Electrical Engineering

ABSTRACT

This research proposes a decision algorithm for classifying the fault in
distribution system. Fault diagnosis decision algorithm involves two stages with based
on a combination of discrete wavelet transform (DWT) and artificial neural network.
First stage, the mother wavelet daubechiesd (db4) is employed to decompose high
frequency component from these signals. The maximum coefficients of DWT of phase
A, B, C and zero sequence for post-fault current waveforms are used as an input for
the training pattern. For next stage, probabilistic neural network (PNN) was be
considering as decision algorithm for classifying fault type on underground cable while
back-propagation neural network was be considering for classifying the zone
protection of power transformer. Various cases studies based on Thailand electricity
distribution underground systems have been investigated so that the algorithm can be
implemented. The results show that the proposed algorithm is capable of performing
the fault classification with satisfactory accuracy.

Keywords : Discrete Wavelet Transform, Artificial Intelligent, Fault Diagnosis, Distribution Systems
Transformer
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2.1.1 mstasivanaeuuussezms (Distance protection)
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faevesanedssuandunmil 2.1
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mnﬂwaamumimauauawmuwmm1LuamauﬂUiLaEJmmEJ’Lnaammnﬂwgam iuma
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2.1.2 mstasiuvsfeudasiviluurasiis (Differential protection)

Dusieddesturvuiugruiivghesindatodasfuninuidonofiasiiaiufy
wifouvas (agvhlufivuinuinnds 5 MvA) Tasmudemeiisiagtasuiuunamedeyinns
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Jasiuwuunanisazasenuezsenitaioasmnntunely (ntemal Fault) uasweasdi
\efunneuen (External or Non-nternal Fault) vssimseuladlvisenlneiisiadizdmivly
v  Asdlveseadfiinfuntelu (ntermal Fault) uagazdosliineu Block) Tunseiilaly
WoadTAnduniely

vdnmsvinsuwesdiadeiiail fie aneseumLuanig Oifferent) 189nsvuaiiluaui
LLavaanmnaUnmiﬁ%'Laﬂ‘{]mﬁ'ua&i fuansafutaslaiiAunditnualy (Setting) Fanes
e (Set) 1iUssana 30% Yasnseuaiia (Rated Current) vos3ias suqluaamnuﬂ iie
aqlmmiamwﬂuaﬂnimuu mammhnwual,maa nﬂamimawuﬂivLLawNmuLLimum
LLavLLimumwawuaLLﬂaauum ilesmnfiaduiniihnssuamnanviouanseua (CT)
2 Muvewsiaulas muumLmuwawuawmniuLLa (€ Fadusmivunleu (Zone) uas
Meuvessiad LLa“aquLUuﬂua‘Lmﬂiawamawuﬂumaﬂaaﬂamumna Ly yaleasiad
SidiAsuutasmuiuiuil Judy Wemntaduinianumsonnedunssnesuinanig
nidedtestudinafiasifiunsdnisesvieneadiomeiiAnlusiowasiniy udeeslsin
Lﬁaqmnwﬁﬂmiﬁwmu%ﬁmé%ﬁmfflﬂumsmwaaumwmmnshwaanisuaﬁlwachu
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nilouUasld
Jadtostuntfoudadililutogiulidiasdudiodues ABB Siemens 3o SEL aglivdnms
Wediudnszuanana (Percentage Differential Current) dwfunTiadouanizweadi
Aatun Hurteadietuneluvidenisusnuinaditosty Faaziaeasveimsvhaugenm
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nelungdeuvas (nterturn fault) mawuwamansvueﬂ,mmﬂuﬂ wdlnavililianinsn w529
wulﬂmumaqmn‘lumsmwuﬂmwmwuﬂh (Setting) UBIANDNTIEIUVDINTLUANARIGH D
nszualuda ﬁ]"lL‘Uwﬂ’e]\iLN’e]ﬂ’]‘ZJ?NE]Gli']a'mmiLLﬂa\?mﬁlm’mU‘Su%TN‘MuﬂLLUmﬂi&fLLﬁWG}aE}EJ‘VN
muﬂﬁunmm“muwmaﬂu mamam'}mwmqnuwaw:uaLLUaanszLLamammu (Current
Transformer Mismatch Ratio) tlay maqLwammmwmwamﬁlmmnwawuaLLﬂaqniuLLam
aaqmu (Current Transformer Error) 3’JJJVI\3ﬂ'1‘§LUaEJu°UENﬂiuLL’ﬁﬂ’]u U%unuwm%%awu
mamaaaumaammﬂmamaqmnﬂaammﬂmawummaq
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2.2.1 mMIwaaavidn (Wavelet Transform WT) [30, 31] .
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processing) miﬂumiwwmmmnmiLLanammmwumuwuaEJLml (M3udasyiSesuazms
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22.1.1 nqufavifin (Wavelet Theory)
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a
73 A' c‘f‘ a [=3 A d' o 1w dv
nRuBely szvessureiumiBanilinisainauasiouriumiagiad
2.2.1.2 nsaEna (Scaling : a)
mslaneinmidnsvuaadiifiufiuatwassunnvesdygin nMsana (Scaling) 2w
nngianmvaldn (Compressing)  #3an15venween (Dilation) Tl “a”  unushe
a '3 o = o o i o o
wisllinefveimsnansevesdandunsivisuanudvesinidauaituies vieaasen
! o Y a [ ccda &
“a”  duludrseneuvuin (scale factor) wagA RSNy alaunlifussnaviuin
wansefiusziidnwazdansunmi 2.7
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A

NN\ s 0=
4

1

/\/\/\/\/\/ R
2

Sin(t)y> a=1

o wa @ &
AN 2.7 uansnasuURnsainavasdysy ol
fusznavun (a) svinalumadenfuiunnidn Bsandusznauruatssauiila
o W X Y 4 a da e ) @ Y
nidmazgniudanintuiinty efimsennlidniifldnusznauuansefiuasusingdnvee
@ a
AILEASIUAWA 2.8

r 3
“y> a= l
¥ 4
y@ey>a ==
Yn-> a=1
| I l

Y

]
I T I I

o i ¢ o 3
NN 2.8 LLﬁﬂ\‘iﬂmﬂuUﬂﬂﬁﬁma‘Uﬂ\‘iW\iﬂ‘U‘uL’JWL’dﬂ

2213 msdsusiumis (Translation or shifting : k)

nadeudwmisesinidngiiamumnedieg fie madeuduaalunadineans
Famsidouvesiladdu Y  Fe k wwuanddlag Yk nadeusumisazimuslag
wsiwes “k” Fwsvaneds madousuminsinadunvidnuuiy definsanwiaad
fimsdeuiivhumidan ausafasanlédnmi 2.9
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Y

>
P

Y

o e o o 1 € o =3
2NN 2.9 LLﬁﬂQﬂﬂJﬂMUV]ﬂ'ﬁLﬂﬂﬂﬂ’]uﬁu\ﬂlﬂﬂﬁdﬂﬁunﬂmﬂ

2.2.14 nM3nsEanukaEsINNduueIan (Decomposition and-reconstruction of
Wavelet)

dlevidsyanodad mci’mnmmamwtﬁmﬁLU‘%UULaﬁaumsumnﬁmmmﬁ”’uaanmaq
Tunmvesilaidundnuiiffmumionwaisasanaiuanaiueaniy lnefindausay
aeiiamimnin (Weight) Aet %amwuuu'lumiumnnixmﬂé‘mmwmﬁﬁﬂn’hmsnismanw
\dn (Wavetet decomposition) ﬁ’auamag'lumwﬁ 2.10

Signal

= o v
AW 2.10 wanIMInsEedyIumsnsLUaLIvidn

'luvrmné’uﬁ'unnssmnejmmL’ML?\MLtdazﬁaquisnauﬁuLﬂué’mmmtﬁuﬁ'aniw n13
sundunIvida (Wavelet reconstruction) FeRromsuUainduresavidn (nverse wavelet
transform) Tagagifunisiiendiulsznauton’ wiantlun3sesefuileysznauldudyan
W suassaglunanil 211
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Signal

P~ 1 v W v =3
AN 211 LEAINTITATNNAUAYYIUAIBNITUUALINLGR

2.2.2 mswlasaldanuuiAuwiag (Discrete Wavelet Transform : DWT) [31]
mndesrfimvesnsulasnmdmuudeidio B dimeinun amuuunsuasamidning
nswasnvidauuuidumiag AdnvaznsinsvilaeUsianawarmsideusumisly
Snvaumutaeg Wisewlestu lulassonatuildinsuasdnudumsnlddmiu
mAnnsidyameadinntuuiaeleila FovhmsuenesdUsznaum wilgieanuvany
faeudl (@na) (dfasandeyaiildnndudssansidiaurlvitansvisoll uazdmiums
denimdmiulddenldluuuy daubechies 4 (dbd) ilpsmniimumnzasilunsinses
Fyaludnuasnsudoud W reas werlfanuwiudmnanaiia Wessniiduuszanan
euifios 4 i Tnpuysnisthniswasandmnidieneidaniamsadesmiu 2 funeu
mefiume
1) MsusnNBIAUsSTNRUYRIdRNN. (Wavelet decomposition)
Iuﬁ"’umauﬁwL{"JummanaaﬁﬂisnaumwﬁqwaaﬁmzymnwLLaLLazu,ﬁqﬁuaaﬂu'flu
anafl 1- 5 Alufiiiesifenfivrsnniameasfussnoumnitgs (detall) vty
2) msunaudya (Wavelet ‘Reconstruction)
Wevhnsiisuidioudeyaldfivinaiduaturiseguugiunaifsiudsfesinissu
ndvdygraluuraranaifis 1 uduusganswhAvdugafunuuiiinsieesy way
vananilielinisiansanifiupwanianniusenidassdiuss@vdluudazaina 39
duuszavdnaunfioveglusuuan Taviisigasdoniomnagldngrrogluunil 3

2.3 Tasevneussamidiey [32]

Tulgtulédiimsuszgnihlasseussamidiounldlugunsaiaesldrineg Wy ssuu
Hindusalul@ (Auto pilot aircraft), wiasilomvan (Sonar) AifimmaainunduLgy @wnse
venléi gevaniihidmsreduegiubuvaisla Swauwinls Wusu Juatesiiouavgunsnl
#eq fiienlasstieyssamifisnnldiaedinssidussiinnunatnuiniu wazisvuy
mwAaRfimshenludnvazadoiuiyed  inidesulnihidddiunanivssgndld
Tasstheusvamisndnanuitgmiieatulihidmaretgmidetu wu Jagminanivad
(Load flow), nMsnennsalmumeanisidluii (Load forecasting) wartgymnisanelvaneeng
fiuszAnSam (Economics load dispatch) Judu luhdeififiunisedurendnmsves
laswneusvaaniion TngagnanidanaivedasitgUssamdion, silanoimsiteuives
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Tasstguszamiiien sauldfdlassteyssamiiouriinniieg edusegndldluns
Anseviveadiuaies

laseedszamiesndumslduseleiananuinudwesnaluled Jussuums
UszanadeyafifwgAnssuvisesrumiieudulasstnsussamdanin Jena1alédn
Taswheussanmiion (Wudanesfuildsunuunsouivosauasywd Tnoflasdusenou
vedlassairituguitddydiie gla Unit), Muusduwn (nput layen), Fuvsiendum
(Output layer) uazeneastimin (Weighted value) uanasisnndl 2.12

Inputs Neuron with bias
p(1)
p2)

i n a
Summation ‘@—»

I b a =F(w*p+b)

1WA 2.12 uandlpssaiisituguesslasmingUszamivien

[

annsaaguruduiusserinlasheyszaminmiulassneUssanniiiedlansd

lasanayszamanin lassgUszaminies
fiwag (Cell Body) glln (Unit)
wulase (Dendrites) ALUsBUNY (Input layer)
wanyau (Axon) mudsteany (Qutput layer)
louuUd (Synapse) fngastamin (Weight value)

Tassneyssamiisiorafinsanliifuduneuiinendnmans (Mathematical
algorithm) vaslasstngUszanmianm tnessuuiug el
1. whedssuanaenia Trseu nsdsiudeyasenineiiiseurilalagnis
\ouleaszniniseu
n’m’ii'au‘[tmLmasdauﬁw*ﬁuagﬁuﬂ'ﬁmiL%aﬂﬂqﬁamdwﬁmﬁn
Yeyatendivmgninvunadeflsitunsedu (Activation function) Seund
rudiiugsnintmasuvesieyaduwniigusernsidenlesiuteyatediym
\Duauduiusuuulii@uidadu (Non-linear)

anauiRvedaseieussamifienignimundeasiussnouisamdiu dufe diuusn
Tudo 1. Gunmuuunsdedlossrndiseudondiuiin Taswedwedasenelsyam
Jien dudelulute 2 Wunsimundresmadedlesdondiuiin funeudinisiinaou
vsemisideus dhugavhediade 3 Meafumsdmundeyaiaimlneilitunssdu
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2.3.1 lassadwvedlassineussanmilen (Architectures of Neural Networks) [32]

lunsafruwadussamiismilaead Tnelduwrnnudnanaduszamiinm
miﬂ::mLsdaaﬂiumwmamm‘lmm‘lmuu maa‘lﬂﬂfuaaﬂsvmwmaumﬂmanwmvmaﬂ] iy (AN
maumuﬂamﬂwﬂmauummLﬂdaaﬂsvammEmumavwjaammanwm%mnmqnu‘w ) 11
Lmaumawaaﬂiumwmaq mmmﬂnu‘lmnmﬂuaﬂwmvwao‘[ﬂiamaLUu‘Uuq wefienin
\aLee3 (Layer) mwaaﬂsvmwLmavmwaalwummnuavluummaumamnu UszLnnues
Iﬂiqammmauma’lmwwﬂsvmwmau wovswlwendu 3 uuude Taswheyszamifion
meumm (Single Layer Neural Network), lasetneuszamilenuuunass (Multi
Layer Neural Network) waglasstreussamufisunuunaniia (Lattice Neural Network) &
uiasvinffnadnuasiriuiiuandetul

232 marmuasigsimin (Setting the Weights)

At fauduifusiuesls uasfinsBsuudasedadls? Hufldudeafuiu
LﬁnﬁﬂaaﬂaanmﬁﬁauaaLLﬁaLwiauaqﬁqlajw‘%nuu?mimLWEm‘waLLazé’qlaj"Lé’%’Uﬂ'ﬁ?]ﬂaamLas
Syud Lﬁnﬁﬁzjmmmv‘hﬁﬁ)niiu’m Iddefies. Guurfanssuiisssuvfadramdeuiu
ﬂ’]SmL‘LmV]LiEJﬂ’J’] “HoyngIe” smﬁiimm’l,aﬂmanwmvmaaEmlwuaaaummqmu
mmeinmmmu‘[maaﬂﬁnmim LU iwuumummimah nssendeadefa, au
8 1udy Lﬂnazwmmmmauﬁlﬂmmumau 39Nty aneseuiagldsuntg
Anadeu uazasaAvlalunieuiu wadavesnsldsunsuiuandnuaraanndasiuns
Anaeu uazaviyivlndulasssdonndasiy

Tasseysvamisniiadiunidnvasduiiontu fs Weadwatousazivad
Usramitedrstuuniy aslsiansnundaee lowinddliinissmunei@uindaey
fimnzautunuiidasnslituly Sufadinfnaeudalflasmwessaniionfia i
AndNYMEALTReInS msinaeuvadlasaiteyssamiisuaznseyilaensusuasu
sejuLLmeﬂanwLwa‘LﬁmewaﬂsumwmaummmwLLUUﬂ'J'mauwuﬁiumNauwwmJme
wWnlal Iﬂa’iu‘uumauLLsﬂawmwumLUumau‘Lmﬂ (Random. weight) reuwdrfieusuasusn
mqmwun‘tﬂmuaanaswmuum%m wane9 sevauntzldiadwnvadlasstioussamidien
muauﬂ'umewwumiﬂsamaﬂsumwmwwwaami Tueulvarfiawaafivensuld

LﬂaqmﬂmsﬁmuﬂmmqﬁmﬁnﬁLfluﬁ'leiu’l,ﬂ6] TAssteUss mmﬁﬂu%aé’thmmm
wansnmuanuurlaeenut n1sinaeulilassdineffe m‘sﬂiummqumunmﬂq At
aonndsafuBuyvmateq uuu ielldeaiwnmuemudesmstiues msfinaeulassde
Usumwmamvmawﬁamﬂiwmumsm‘lﬁ)wumuLaemau Ao mMseuilulassieyszeam
mauuunmﬂmﬂﬂ Ugmanae gldnsasudlunou LmeNauu‘Lﬂmqmmmumsﬂiuﬂiq
Areetimidn waamnﬂiuam’l,mmwﬂwmﬂmmmwwmsrurmLamwm{]mmauaaauﬂuw
W’eﬂ'ﬂLLa’J Iﬂiwwﬂswm‘wmamuuﬂwsaumuaLﬂsw.Mauwmt,ailmmmwwmuaﬂwmumama
fianiFousn n3Seuiastinisuiuasiminvansg seu sumdnimnasandasiy
sty fMetiuezanusalieviwlimuioms wuhlasweussamiiouile



dinvaduanan WSLIRUAAIANANTE .

mamaamsvmiﬂiuaaumnq TﬂsqmanmummLLuumawu waifagldinanlunmsuduaey
WUy

lassheUssanifierannsauisesniy 2 Ussinnlng AuANBAENSSEUIAD N3
ISeujluunIuAN (Supervised Leaming) uag MaseuFuUUBase (Unsupervised Learning)

2.3.3 #aridunsesiu (Activation function)

'Wx‘iﬂ‘ljuﬂiuﬂuﬂ’]\‘im’iﬂﬂ’)’] Warduaneleu (Transfer function) \Duiimundnesdym
W\‘inmuni“muﬁ‘l‘ﬁumiﬂnaauiﬂiamﬁaﬂiuﬂﬂwmamawma‘uuﬂ anaulsinitunszdu
fugrusenldifu 3 viinfe

1. #leidumnsalead (Threshold function w3e Hard limit function e Step
function)
Herfudadudus (Saturating Linear Function %@ Piecewise-Linear Function)
WanduBnuees (Sigmoid function)

vinfteifunsesuitugius 3 9in liidulnuesd Susiiduild ummmfominrly
Wuilaidunseurestassussamiisuiuunn iesnduildiduifud uetwashiaue
(Smoothness) wenmilainilaidunsefuiiugiuioa udadennsaaudintussewing
odoyalunmmuuudug aubuileifunseduld saaddu feifunssiuuunesufni
(Competitive function)

T,mamlﬂﬁwuunszﬁua"mnﬂ‘mmewmaamum 0.fis 1 Tumsusgyndldauuiensd
mammmmLﬂumaﬂwﬁanmuﬁ‘lmmaanmuanmuamqmnma WuADIN TN IoE T
Al -1 fis +1 dmsumsiinrsonidenldteridunsy muuw‘lmuuuumﬂ%uumluu

mamwuﬂmuueu LLG]EJ'T«J‘\’J%W’\]’]?mqﬂ’lﬂﬂﬂﬂﬂiﬂﬂ@Uﬂdﬁlﬂlﬂu

A BuBady el dudady

é’nwmsmaqsﬁama%uwm

°ua'uwmwmmmmauanwmwuawauameww
i’]amaaumuuamﬂmmawamauauawaamiawiéﬂmqmaﬂs”mwmau
Tngsau

P Dd e

234 fuguntavesdaswheuszamiien (Basis Algorithm of NNs)
Tulassinguszamifien foyaviedotn  (sample) gnusngaeiauaitnluluys
Hnaou (Training set) YANTI90Y (Validation set) uasanmeaau (Test set) AIINUANATS
sewingadesdnifiannudrdyunn YNNIV Uaznameugninlviduautony e
mmumaqmwuﬂumummwma*uutwammmh

137818
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YAENgaY (Training set) :
L2 1 d ¥ a L]
YoavawnegsliiieFouiihinniwesvosmsulssmimangas

YAnTI9e0U (Validation set) :

gavasedulduiumsmfiinesvsinisussan dmiufegeiidensviuuesty
deululassneuszamiiion
Yanneay (Test set) :

gavashedsliUssiiumaiinesvesnsuenyssaniiseyl g

davhanrudhlafunsfwe s f\]x‘iM?Nﬂm’lmWiJﬁ’]U“U@dIﬂN‘U']BIJﬁ%ﬁ’]‘VIL‘VlEJZJ
asﬁ,uIUiLLniu MATLAB/ Neural Network Toolbox

2.3.4.1 Insineusvamiieusinanutazy

Ay Usslowided) iaualnelnseingussarmiiion (ANN) Iafin1snszsumin
wengnuonsnUssandaeisuedoy (Bayesian) Lm"LUaLmeaaqmlﬂ TasstneUssam
Wenslaauunazidu (Probabilistic Neural Network) flassalngldnufnonmgud
auazfunsuusussian (Classical probability theory) LU A1SWUIUTZLANTBIUNLY
Wy (Bayesian) Uz MAAsieiuusdsunandniuilesfdunnumunituresanainesdiy
(probability density functions : PDFs) iievhifiunmwuulsifulaseneussamiiieydmiu
amuuumsulsuan Tasehevssamifisusiannniezdugnldaswssaunrudisa
mmnummni‘]mmwmnwmanamaqﬂmmnmmwivLfm i lassreUseamidiey
sinanuiaduddhineUssiluegrafuiieniliouiisusumaiingu dlassdneuszam
FewilatufiRnunamts Taseseamifensinmmniosduitvensdendmiy
Yyvnsudssznniiuandasiu

Iﬂiaa%f'mﬁuadﬂiqﬂflaﬂismwLﬂamﬁﬂmmﬁw i (Probabilistic neural network :
PNN) Uiunauﬁw %"’uﬁuww (Input layer) mwaumamaﬂmiamw ﬂvumusﬂu (Radial
basis layer) Lag ‘UuLE]’]ﬂW‘Vlﬂi’e]U'NﬂS\ﬁLiEJﬂ'J']‘U‘Uﬂ’eJ&JLLWGWW]“N (Competitive layer) dnweuy
‘uaﬂﬂiammuﬂw,ﬂuiﬂsw'}a‘w{]aulﬂmwm Tnefinaidenlaslunsasdunuusedsiumun
Tiufle 09 miaulu‘uuauwmzmammmlﬂmmnS] miau’l,mmmuiﬂu wazyng daseuly
mumuiﬂmumazymmlﬂawnﬂ uasau‘lummmmwm NN 2.13 LLamIﬂiqamwumu
vadlassngusyamifsnsiinanuiiandy
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Input Radial Basis Layer Competitive Layer

f N \ 3
oxk | IWn
p ¢ @ xl ‘ __’m:y
- i X ’
Rx | | dist || nl al . 2 Kxl
'* Q;w(lbﬂ 0 n1 L“’E'l‘ Kxl I c
1—' l)l KXQ
R ) %1 0 O
UL © I\ S,

20H 2.13 LLﬁﬂx‘lLLUUﬁi’]ﬂ’&N"UE]\ﬂﬂ'ix'ﬂJ"]EJ‘UiSﬂ'WlLﬁﬂuﬁ]ﬁﬂﬂ’ﬂﬂﬂ’]ﬁ):ﬂﬂu [32]

il 2.13 wanslasetneuszanmitendinnasiesidy BUnN R 4o, ﬁasau‘lu‘ﬁy'u
grudall wirfu Q waelitenvinm K 9 auwnmmauwmmmas P Lmavmﬁlvanwaumnu
m‘sauumavuaaau‘luw%qusﬂumammamwun W' (381 Input_weight, W) Fafy
Lumnwum QX R uazliAmes a- Lﬂumaawmawumuiﬂu Iﬂammm Q zluBunmves
%uaammmema‘uumewm auwmma“mmmnﬂmai a' ﬁwnnmaumnumsammau
Thsevludupenufindivin & mammamwun w (Lsafm Layer weight, Lw™) Gaflusmin
U9 K x Q wummnunwugmiﬂu Taefl ames o Jaluwndnduunn K esunadws
yaalasetnguszanniiiey

nAmi 2.11 Lﬁaﬁagaﬁuwwﬂiwnguu%uﬁuww (Pz,R =1,...,R)_&yginaniu

dunmisnuaIsgndunnuateiveuleslufadiseugadlutudaly ludissouusn 9
weay miaulwumuiﬂu anwau‘lmmammwwunwaa Tutugrusadl

o9
i

(lw e =0 = N)*um‘"uu gyhmsandyauednmvesiisougadiudugiuiadl
lﬂmna‘umi
—iw
Co e ]
ap = exp (2.5)
20'Q

- ° v
RNFNNISN 2.5 aunsarhundsuaunmsiudladuy

1 R 1,1 2 1 ’
R=1
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N lnIO.Si _ 0.8326

spread spread

< .1 _
Tned by =

spread fe Anszevesiaidunsefuudingiusad

P o) < 1
D SYYIULDIANN @) ‘lumumusﬂu L?J']WWWWIﬂﬁQﬂ@IUUG‘UﬂL@’]WWW Tnouras
miau‘lwmmm‘ww ﬂﬂL‘UE]MIENWJEJﬂWﬂ'N'lJ'l‘ViUﬂ‘V]E]FJIu‘UULE]’IWW‘Vl (lw ) OEAelak b

mmmmyzyﬁmauvgmaamiauLeuaa"lumuLa'mwm Ianaunns

net x = Z w2 Qaé 2.7)

v ¢ o Y A o ) ¢ 2 g ¢
Wiladdunszduiodundyaaerdw @) lutuensiym

2 = fnet ¢) (2.8)

naivandanlminasuiulaefindniusevanszaeaesitsidunseduriingusnadl
(spread ) Wagsou wasanlunsuiudludanasarrsnhmineul Tuides 4 aunsedts
e IuseUHnaaulREvegansilnaou

2.3.4.2 lnsateUszermiiieswinunsrrdaundy (Back-propagation NN)

Iﬂiqa%'wﬁuﬁw‘uaqiﬂiq‘ziflEJinmwLﬁamﬁmmi'mé'auné’u (Back-propagation
neural network : BP) Usy naumﬂmiaawaamimnuaamnmw 2 Sundiie ﬁlﬂmum 3
Fuguly Fausznauday muau‘ww (lnput layer), fudeu (Hidden layer) i@y ‘nuLa'mww
(Output layer) aﬂwmumaﬂmwwmuﬂumﬂﬂswﬁawﬂaulﬂmwm Iﬂaumiwaﬂsﬂwm
avtunuudetaiuvn thifte 1A miaulu‘uuauwmuaqammmlﬂawm=] Thsevlutudeu
Fuusn Lazyng miau‘lu‘uwawuLLinaumammm‘Lannq msau‘iuwmlﬂw’tuwaﬂ
NN miaulwuuszjauaﬂmaaumammm"mmwnf] msau’Lu%ummwm MNFUT 2.14 uang

Iﬂi\‘iﬁi’]ﬂwuﬁﬂu%aﬂﬂﬁﬂﬁ anil 3 Pu
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Input Layer 1st Hidden Layer 2nd Hidden Layer Output Layer
T N

2/
YR

o o 1 < a (B 4 v oo
AN 2.14 LLEWNLL‘U‘LI‘D']aE]\i‘U’eNIﬂNﬂJ']EJUiSﬁTV]LV]EJ%J‘UUWLLW?FY]EJE]UH&UV]QJ 2 uTaU

tuneumsiinasuradlassiessamifionsiaundrdoundy sxansnsauisoenity
3 funeudeiu fie daudeyaduymiudremih, uwsdmdeunduvesmiawmeiifotoway
Uumeanhuin delufuseaedonvesnsinluurestunen
1. unsendeuludramidn (Forward-propagation)
Lﬁ@%’agaﬁuwwﬂiwnguu%uﬁuww (PrsR =1,:..,R) Ty wnmmn%’uﬁuwmﬂ"’wm
wgndanaudedenledudiiasouwadlududaly udazdiseulufudeud 1 an

d‘ o (K Y o (iwl’llR =S1 =1:--°:S1) o ° 1y a
L‘lJEJQJIEJ\'iﬂ'JEJﬂ']ﬂ?\?u']ﬁun S5 WHNINTAUIN miyﬂmﬂu“/!‘ﬂ‘uﬂﬂ

a & = [y
Tsauwaniududaun 1 ldanaunis

R

net. o =by +Yiwlh! P
S s IR R
g=1 /% R (2.9)

vy o v 4 o o 1 G4 o
ldentunseduiiiomunm anae i @) ududeud 1

al =f(nets|) (2.10)

4' (3 1 5 t a‘ (3 alv v T o 5 1 a ]
We dggauenym @) lududeud 1 wrdyniilddedelusetudeui 2 Tnoudaz

PR w3 =852=1,..,5%

hseulutudeun 2 gnideuleswiemdinimin - 55" g
° o a a L < v
iy Iadunvesiiseuwadlututeun 2 lHnaunis
SI
2 2,1 I
net ¢» =bg, + lz lws’,s'a
§'=1 (2.11)

3] ¢ o Y A o as 2 & al
Teandunseduiionunn ayaue1dvm @) Tududeud 2
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a? =f(net sz) (2.12)

s

P (3 2 ) 1 a‘ <& P 1 v & (3 1
e dyganerinm @) Tududeud 2 ediynitlidedaludiduiendym Tnsusiae
(wil,=5°=1..,8%

thseulutuerdwn gnideulewhedainimgn - 5% w1119
AmnadyaaBuymvesiseuadlutuedym Hnaunis
S2
3 3,2 2
net ¢ =bg, + 22 lws3,sza
7=l (2.13)
£ ¢ o ¥ P [J Ly (3 3 ) (3
ldilsifunseiuiiodwudyganendnm ) lufuweriyn
3
=J \net
a’ = (et o) (2.14)

2. unsFndeunduvasdifiawatn (Back-propagation of error)
luurasiseuvesiuendyn Afanainvedlassireasifunadiissenirneidum

ar 3 1 3 — 3 Y d‘ ¥ 1 s ¥ U 1
Wmnnefulewiwnvsdlasene Q \ )mwﬂwmﬂwlmsgﬂaqnaummmimww‘lugﬂ
VeI INAIAANWAIR (error  signal) NIy IUAEANa1RATWD WY Wldain
aunng

8=? —a’} et 1) (2.15)

3,2
e I a8 e A R A w e ¥, AW, oy g,
AwnAsavinifsdes (fieusulsdidiahmin = 555 ndaand) Tnefl @ o
oms1M 358U (Learning rate)

Alw 32 = ad’a?
Vsis - (2.16)

o Y L ovdd v ¥ A e b3 o 2,
Auanurnluda (bias) Mfigndes Adiieusulse”s’ udannd)

3 _ 3
Abg =ad 217)

) 3 A 0‘; 1 d'
wazds 0 Tuiitudaud 2
Tuwdasihsouvestudeudl 2 msmdyg i Rawanfitudeust 2 wildanaunis
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§3=1 (2.18)

° L S v o a v v oo o 1 H o W !
Annrdsiminiifedes (iflevfuupemdaimidn — $*5' wdwanil)

Al 2,1 1_a52 1
Ysts ¢ (2.19)

0 Moy dd yd o b2 v &
Aaluda (bias) Mifigades (diieusuuse”s” udsani)

b = ad®
§? (2.20)
! 2 S8 o od
uazds 07 Tuidudoud 1
! a 3 ¥ o s | _a al'q‘.ll t o 2/
Tuusiazihseuvesdudoud 1 nmsmidygueRanainiivudond 1 mldunauns
S2
=3y 8w (net 1)
£ s? s S
§2=l (2.21)
2 ] ' v iw 1’1 v
Amnamsdminiifgtes (fiflousudpdidanihnin SR wdmni)
Aiwl! = ad'P,
Sk (2.22)
° ] Y] . o ) v o @ b 11 'Y &,
Annrluda (bias) Miiedes (diteusudse”s’ wimani)
Abg, = ad'
s! (2.23)

3. funsumsuiuAtalmiinuasAlues

kg Y o a q‘l oa a o v 0 o/ H (Y o 2/

MmndveaRananiady  ArlanaraiAunlaszgnihunldlunisySuimdnifiels
1 Y @ e v v ¥ o o w 1 oa Y ¢ ° v

lasweldnadwsiigndes msuulmindmiuusiasiasevlutuendum fuailsan

lw o =Iw +Alw 3 e

S() SS()

5 (2.24)

ﬁ?ﬂﬂﬂiﬂiUU’]WUﬂ‘U@\‘i‘UH‘Uﬂuw 2 MUY LUUL‘UULﬂHUﬂUﬁNﬂWiW 2.24 LLFIG]'JLLUWIN‘]
ﬁ]uLUN‘UBQ‘UU‘UﬂU@U mwsmmawu'siau’luwmauw 2 %ﬂﬁ’]ﬂﬂiﬂ‘ﬁ’ﬂ;ﬂ’\ﬂﬂ
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Iw %1 =lw %! +Alw %
sz,s'(,,ew) s? S( ) s? S‘ (2.25)
o a 1 o g 1 A
amsmmasuasau“lwuwuauw 1
1,1 1,1 .1,
iw = iw + Aiw
S Rew) 5 ) T s 226

2
@ < U

mitJ%"Uﬂ'1d’mﬁmﬁ’n%ﬂsuwawumn%uLmﬁ‘vgwné’ulﬂs]’a‘*ﬁu'uﬁuww ileiadadufiay
nfugauvestloulutramininads emAnenyveslasstnelniinusuifiouiua
windne uasdnunsuiudidsiminludiuresunsrndoundusiul adufuly
Tngipdnsveamsimnammauiioawainaiasnisufudmtnesnsdusioluaunss e
mRanarnndriifmunlidmiudaSmennsruaunis - drnhunilldesdudnd
winzaudwiuynguesduniazadming lunsilnaeulassigyszamiiieusdiaungan
foundu MsdnnaauiansAsNYe Wit wldaandadsvesm Asnainaniids

& v oa 3 ) v e |
@83 (Mean-square error, MSE) s¥winedmauiusiase (¢i) funadniveslasstioussam

- 3
Wed (%) Tuauais (2.27)

%(IIB 0

MsE = L NP Y
N iz (2.27)

logl N X\ Inuyaverisyarndeu

Iumumaumiﬂsuumunwnm’;mmmu mwanmiwuﬁﬁumemwumaumsﬂiu
ﬂ?ﬂ')\m’]WUﬂLLﬂuﬂWlULL@ﬁ‘U@\‘iﬂﬁNﬂﬁGUIﬂN“U'IEJUi“ﬂ’mL‘VIEJJJ‘U‘UG] Feed-forward Neural
Networks Taald Neural Network Toolbox uuuag‘wmmﬁ 81919 Levenberg-Maquardt
algorithm, Resilient Backpropagation, ~Conjugate  Gradient Jufu uiaz3sfaz
Uss aVIﬁm‘wLLaum’lm’Jmi’ﬂumiNnaaulmﬂmdnu m’mmmlﬂu Neural  Network
Toolbox User’s Guide ‘uu Levenberg Maquardt algorithm HUszavBAMUaEANLTING
Iumiﬂﬂaauq\chﬂ 114m'iﬂn‘lz}'lu’«axﬂﬂu%a'lmﬂwumau m’i‘lJiUﬂ’m'J\mmunLLasﬂﬂULLaa
Filld Tnefiwudumounsusummaiminuessluies dewunsd 2.28

Xnew) =X (ou) t AX = X(gyy + [J 'J+aI]L e (2.28)
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A -] 1 1 ‘01 7] 5

Toe?l  x An mauniw) wasAluwea (b)

J Ao 9lAdeundng (Jacobian matrix ) veseyius
YNARANAIA(UARZA) FBA1 x (Liazan) '

T - .

J A Transpose matrix V89 J

o = (3 LY ] [ 3
e A LIATNFVBIANANAA (Error) 5¥1319A98U (Target , t7)

L7 1 ¥ 1 (] ¥ 3
fualassnsyssamiioumuidle (Answer , a°)
l A9 Identity matrix

i ae] ael Oe,
o W, 15
632 an aez
(w) = | 0w, ow, awz,sl
Be, . Oe, de.,
- a ¢ aw: aW, aW, 2
Nnladowassnduas (W) 7%\ a6 s (2.29)
2347
6bl
27}
I(b)=| Ob,
Oe ,
S
A a & ' ab 3
ladouussndussan (b) L s (2.30)
€] t)—aj
€2 | 13 —aj
3 3
Oal fs» as (2.31)

LIRS NDVRIARANARA
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unil 3
N15371899La2 A2 ViNDad

3.1 N1591804

mAdvatuiildvhmssasmearuuaedsdaelusunsy ATP/EMTP iilasanwoadiiu
éaﬁﬁmJnﬁ'luswu‘lmlﬁﬁa‘lumquﬁﬁ’ﬁLté'thmmmwmaaq'[uiuuuﬁqlﬁ waziitelddmsu
miﬁnmanvmuwqmniwmsmauaummqmuwswumuumLuaﬂmauumaasvuumam
Wasuly TUsunsy ATP/EMTP fianuannsalusaiunissiassssuulninids uasiangay
awsumaaawamauauaqL*zm‘[muuumquwuwwu'lmamumum (Time  Domain
Instantaneous Responses) Wiasnisl4Tusunsy MATLAB / Wavelet lumsimseidygyu
Woan TmuuLuamLtauiwauLaamaamimaaewaamuansmsaLﬂiﬂma:yzymwgammma'[ﬂu

3.1.1 MIavsssUvaIEs

midnaesmedaadalafusrldarsdddunsddnwniuiadaldfuiiiininue 5.8
Alawns o seaudseduluii115 7 kv MnissiaeeseuvdssnsiniagasTusunsy
ATP/EMTP

115 kV.50 Hz goad
300 MVA 225 MW 0.8 pf

EA i
VIBHAVADI Fault SAMYAN
4 . i o o o
MWA 3.1 sruvdsemasinialunisdiass

Underground Cable 5.8 km

o L3 A - ¢ W @ d‘ 1 L2
NNTIRITTUVIBINTANOAATADSULUUING A 890U (A-G) Tuszazmaiiuanseriulay
a v o a a ‘v o v ) v Y a a

SuAun 1 Alawns yuwlasudui 1500 meiuds Tngldiva A Jugaineds vilavesans
WUae 5.8 Nlawng

Ground surface R1=0mm
R2=17mm
R3 =38.5mm
R4 =41 mm

R5=44.5mm

028m 028m

P a va * °
MW 3.2 uavesanualalanuilylunissnass
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A1 AugaUledunS (permittivity) (&, ) vosene den 2.7
A1 AN Ialun1sBuRule (permeability) (4, ) vodenaiian 1

o

ihjuntiuresnseuailaainnisdiaesainlusunsy ATP/EMTP sugnnasdusenaulviedlu

U nIguadIRuLIn NsTuadduay uae nszuaddiuaud antuihguaduiilauvadanian
o { =y o o w v < & v

Inglusunsy MATLAB 1hgurduiildenidsaesasldsuafiuaviinvewivaasuaenidinu

Atlaz B

1K

Phase A PhaseB Phase €

i T .
L 20. 40 60 .80 A[ms]
“LSENDASTNIA BISENDB “LN[E- 9:SENDG *LMIC: '

Al 3.3 uaRTUARUNSEILEYY 3 InlaRiilade (Sending end)

Phase A Phase B~ Phase C

: T T T
0: 20 40 +60: 80 tms]
“IDELNGA = RECVA. T " 11"INGB -RECVB 127ENSC. - REGVC ]

= « & o v .
Al 3.4 Lansgumaunssuans 3 waiiilelu (Receiving end)
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3.1.2 m3tnassneanlundioulaslndi

hilasmsAdeildldssuumemdoutadiinddeonn 50 MvA, 115/23 kv Sai
wifouvastihmdifldnusidtandlnihumansan (M) deswrnluanmsiRameaniu
wiinsdeuudamesguuuvreavnmsaiiiatu dufuitelfamsadinmeivoadls
asaunguluvanesUuuuiniian Seimsadesruusaeduiuandunind 3.5

EGAT | PEA
RE MK 115/23kV ~ +— | —

9?4 50 MVA '
@ I I A A R+jX

Primary side Secondary side
current current LOAD

2N 3.5 tansszuusiasaeannslunsouasuuin 50 MVA

Tunsdaswleadiuiiednumeadiiuanssfudwinnsnisusuudsumsfne s

naietedsdalud

- Usmnnvesens 2 sialaun Weadnelulsutestulasweadmeuenlaudaaty

- mﬁmaaﬂaaﬁﬁlﬁﬂﬁuw1qﬁaﬂgugﬁLLasnﬁaQﬁwawﬁaLLUm

- yuiEuAnvean 0° - 150° Wetitpuiuyuirtarowseiuasfing A (these 309)

- dwiunsiiweaduaaindninsasiu fuvtafiana99s 10%-90% vestnann (Unain ey
a WasuwUasasay 10%)

- dmiunidiieadunalndnae9ssendngeu AunteNan1995 10%-80% 28320870
(vmaanges a Wasuulawisa 10%)

- dmiunsdineadunaindni99IIeninesau duntifian99s 10%-80% 104UAa10
(amaIngey b WdsuLUashsay 10%)

- ANUmUMUTRIead 5 laviu

nmwsnziiaiearvasiaitamagaulunmil 3.5 vinssassdayaiuviovan 5
a a = T o a (4 o U 1 e av v
lwida (0 - 0.1 Junfd) Inglifinsidavieadionn Feausauansegwasdyaiadlidan
o L7 ﬂl A
Msdnaewauanslunwi 3.6 uaznwi 3.7
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x 10

Primary Current
A

(11

W

05

] I 1]
[ 0.025 0.05 0.075 0,01

r < — r I3 r L z
1] 001 002 003 004 005 DOS 007 008 003 0.1

Secmmhem

: . . .
0 00t 002 OAOG 0.04 0.15 0.06 0407 008 009 0.1
T1ms (sec)

() ﬂimmﬂWaa mam‘lﬂﬂqmqﬂum (@) nsdlinneadnvaalnlniduseiusm
AT 3.6 uanedey Um%laammﬂﬁzLLaﬁlﬁmnﬂszﬁWaaﬁma’[,u‘[%uﬂaaﬁ’u

Frimary Cument
s T

' I3
[} 0.025 0.05 0.075 01
Time {sec)

Secondary Current

: r £ : . I . : I
0 001 002 003 004 005 008 007 008 009 0.1
Time (sec)
Secondary Current

T v

. : £ . h L h r 2
0 001 002 003 004 005 006 007 008 009 0.1
Time (sec)

I r e
[} 0.025 0.05 0.075 0.1
Time (sec)

a a‘a‘ 7] 6
(n) nszummﬂaa mam‘tﬂﬁwgmﬂuaa (@) nsalifaneannuaan sy
il 3.7 uanedy UmﬂaaWumnszLLaﬁ‘Lﬁmﬂnszﬁﬂaaﬁmauanisuuﬁaaﬁ’u

~ o t% ° = aa X
PN 3.6 uazn1ndl 3.7 wanshiiunanisdtansvesnisidsuwlasiiiieduly
) Y o ¢ & a dwo o
wlawUamagau 9¥nuIN anvalznsiUdeunlasaseannidnssintlanvazn1siuasuulas
A 1 -7
AUHNANY

v o

ol < = ao v et vwo o

NN RUFIUVeINITRUAIWERTUUNT 2 mmaUauuuwlﬂmmiﬂquﬁmi
wUasvBanuuLiinig (DWT) ATRdy g ureasTinuuNE e Tl Aukas e
wlasli TngauyRgruilddmSumsimssidygrnioadde Tuanzunfdey gy

1 ¢ o ' | PP ¢ o

ﬂ’i“LLﬁlW‘W']ﬁ]ulmlﬂx‘iﬂﬂiuﬂ’el‘Uﬂ’J']&Iﬂﬁ\‘ii’maﬂ Lm‘luamakuWaamvumiLﬂaauuﬂawm
amﬂanaummnmanJuLLa::mimLUaauu.ﬂaqmmﬂuvmmﬂaaw;.nﬂ‘uuﬂ'aEJ Rt mm
Liumwgam fundeiliAn wiawaAnwead Wudy suumaums::Lﬂsﬂuwammmwaamw
Uaneanedaluusiazaiy Iﬂauwa;&aamuzgmmsLLaWaamvﬂ,ﬂmmmumamﬂaamwamwms
du (Sampling  Rate) 200 kHz swhmsudadldedlussdussnaudfiunnsy (Network
Sequence) Ao asAUIENBUEWULIN (Positive Sequence), BeRUsEnaUSITUAY (Negative
Sequence) - WagasAUsENDUAWUALE . (Zero Sequence)  ntiuiidyanlosdusenau

3.2 malnseiauuvaaddlonisivaanian



30

nszuad1duUINn (Positive Sequence Current) indifiunisulasvi@nuuuiiuviiag (DWT)
weuenesAusznaummdgsluainadl 1-5 sanu1 Taensldlaminusisiin Daubechies 4

YV a 1 U _a é d 1 4. L ‘d a d" 1
(dbd) umAnsanAdUsEaVEMsUasuLUawBIuRazaina ensaaduneadmintuluws

) Y o v a o Y  a fad a &

avaina vasnduhdeyaluainausniinsrsduneadlaundiasigiussinnueseadiintiu
wazduiseaduuszuulwihiely lnesvaziBenvesnsiiasieitingg asuandluide
dnly

3.2.1 MSATIINU

sUnuuaIMInsRduneadlusAdeatuil lihdyaraunssuareaduinsinse
Wssedrainaiieandnnulunmsiinnsivazarnududoulunmsesnuuudunsunsinsei
ij"’umaumﬁmswﬁnwLﬁmsﬁwé’mmmnsxuaﬂaaﬁﬁﬁmniﬂmnsu ATP/EMTP Tuusazina
nnUmeanedwdasslunsiiinduszuuaedsiviiléau iethdyyraeadnszuanasi
Tuudazimannnieuastiilunsdiidumisuvadlui svimisuvastiegluguves
8aAUTENBUAIRUAIY (Network . Sequence) Tagldiun3nduasnasuuas (Sequence

Transformation Matrix) “z'iﬁaumimsLLiJﬁﬂﬁLLﬂﬂWghﬁlJﬂ']iﬁ (3:1) [33, 34]

I0 Ia
I | =IT] | L, (3.1)
IZ Ic

o Iy mneisesrusenauduaud (Zero Sequence)
I, vuefivesfUssnauddivuan (Positive Sequence)
I, vingieeAYIznaudsivay (Negative Sequence)
T viefsninn1sUasuesnssild (Phase Current Transformation Matrix)

mAdatulamdenldiunindnisutaresaaisn  (Clarke’s - Transformation  Matrix)
Lﬁaqmnmmmﬁlﬁﬁ’umaLﬂLﬁav‘lu'aLLUUiinws"l,'uﬁaﬁuawl,l,uuanugziu,as‘lzjﬁmﬂwi'aé'uma
sulfwmdauvasiwiiie Inusindnisulaiasmis$ipdudumvuaediwosssuy
Faosuansliivannsned 3.1

A1319% 3.1 LL?IﬂQLJJVI%ﬂ‘??ﬂWiLLUﬂs‘iLLazﬂ’J'mL%')ﬂauLaUVINUuﬂ’IEJ?h‘UENi:ﬁ‘U‘U [30]

'Tl_'ai;i?‘:t'ng Wave | Sequ

Speedkm/s) |

294,747 [ |
296,988
296,748
6.25-12.5 296,464

-

5 3.125-6.25 296,411
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n13nsduneadausavialdlaenisidygianssuaveadlundasina uasdnyyiu
NIEUaNeaRvaIRIAl sENBUEIAUIGY YesUmeamedaRasAuNIdUATLUaIRHIEALUY
muwuwim'l%nWLameuuﬂ daubechies4 (db4) [35] LwaLL&Jnaaﬂﬂi“ﬂaummﬂmaanm 5
amamanumnuummanmaaam LLam“lwmu‘lmmmww 3.8 wag 3.9 mua’mum'lul,mav
ANAANLNIOUARSANYDIT AR Kai]

awnafl 1 uansdryaaiiinudlugas 50-100 kHz
anadi 2 wansdyaaideudlugag 25-50 kHz
ainafl 3 uansdyaadifinrudlugag 12.5-25 kHz
ainadl 4 uansdyaradifiaruilutig 6.25-12.5 kHz

anadl 5 uanad uzy’lm“ﬁmmﬁwzm 3.125-6.25 kHz

positive sequence negative sequence Zero sequence
10000 5000 .
0 V\/\N\/ 0(\/\/\/\/\ [ R— AN AP AN
g y -5000
100003 0.05 o1 % 0.05 0.1 0 0.05 0.1
20000 2000 5000
Scale 1 ol L w L l
0 0 0
1000000 100000 200000
Scale 2 so0000 l 50000 L 100000 l
0 0 0
40000 10000 10000
Scale 3 20000 dl 5000 I| 5000 “ "
o - 0 . 0
1500000 200000
1000000 2000007
Scale 4 500000 M 100000 JJ 100000+ AL
0 0 0
200000 40000 100000
Scale 5 100000 M 2 M > id AL )

0 0 0
0.0395 0.04 0.0405 0.041 0.0395 004 00405 0.041 0.0395 0.04 0.0405 0.041

il 3.8 suatiuvdnentddawudsnsaifaveadlussuvmedslnilliny



Scale 1

Scale 2

Scale 3

Scale 4

Scale 5
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positive sequence negative sequence Zero sequence
2000 2000 1000
-2000 " -2000 -1000
0 0.05 0.1 0 0.05 0. 0 0.05 0.1
0.2 0.02 0.1
0.1 0.01r 0.05 I
0 L. o | 0
4 0.4 1
2 0.2 l 0.5} l
0 | SN 0 A 0 i
10 2 2
5 1 l 1r E
o I. l il i A o i
40 10 10
201 l " l! J 5 | l! 5 !!
0! 0 0 4
200 20f 40t
0] 0 . .
0. 0395 0.04 0.0405 0.041 0.0395 004 0.0405 0.041 0.0395 0.0405  0.041

d’ A o W ¥ L4 a 1 Uy
awil 3.9 UrdunGRsni AR U UnsaliveadluszuUaeds i ldRy

Scale 1

Scale5 gogle4 Scale3d Scale?2

o P o e a L v
Mwdl 3.10 gUrduWdnenfdEsnsalifiaweadanelulouilastures usfoutasiudi

Phase A Phase B Phase C Zero sequence
100 1 100 100
o—VV o] oA b«/\/ﬂ
-100 -1 -100 -100
x10° x10* x10°
| X Ry i I
0 0 y 0 0
0o} 4x1o'3 2x1o'3 5x1o'3
N [CNSE O 7 O 77|
0.04 l 0.02 l 0.02 l 0.1
0 0 0 0 I
0.4 0.04 0.1 0.4 T
N NS~y N N
2 x10'3 0.1 1
0 | 0 1 0 I 0 I
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1 0 0.05 0.
Time (sec)
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Phase A Phase B PhaseC - Zero sequence

- o4 X107 ,x10° o

g ol—l 0 L 0 l ob—

S 4 0.02 0.02 1

g1 I [l [ ]

© 10 0.05 0.05 2

O T o N N O

T 04 0.1 0.1 0.4

s [ [t [l ]

© 0.2 0.01 0.02 0.1

- AT e N RNt TN o SRR
0 005 01 0 005 01 0 005 01 0 005 01

Time (sec)

i A o o a -2 L4
nwil 3.11 juptiunvlanenidsdesnsdifianearneuenisuldesiuremniouvasinih

nATsuilffmuanavisufisusswinsengsaaosdiuseansluday %4 lude
wdnifianeaduarigegavesdisydvsiuannztouiavieaddusaurh ludasana
yeenszua uasielyinsfionsanietufahdulssaviinenfdaonielifunnuuansed
IoounnBetufuandunnd 3.8 fanidl 3.11 nremswlasanidnaninsedunaliily
anneiSuiivieadt ( t > 004 sec ) wuhAwesdulsEAvslulsazanassiageiustig
duaznnniiesdlsdvtluanzdowiaead (t < 0.04 seq) FaiuFwanunsn
fasfgiuldi “Gadussuiludoag % leRendsnnifnvieadvesdinalasinanisves
nszu,aé"]ﬁ'ummﬁai’wﬁﬂmamaduwia3ﬁ'qul,ﬁﬂmiLU?{EJuLLUaeqa%uu'mnfi'\ 5 113N
Yasdanazneuiawsasd uanvifinnuRaunidedulussuuluiadds”  eananse
asa9dureadlaudy uwidsliannsassyleutesiurewdisutadla sulutsssysiiavde
UszLamvesoadfitinty fedy FuhdoyanmswAsuidasesrazdrenrudlursasiiie
WeaduliaTeiiislasiedssamiisnsoly

3.3 nMsanundssinvaadnlelaswinedssamifioy
3.3.1 syuvanudalwihlafu
A 1 v 4:1 e‘ () dd" [ = 1 1
PnANENUEIlUUNT 2 Hendunguiiiugiuedesiielssamdionin laseae
UssamifsaiiunAndeuuuunsyinuresaussdinim lnedeuduaznwmnisyhanues
‘4 o -] Q ¥ o é’ b -~ L7
auesiinwiteimualuIndmiunsaawuuiiasdiuen udmetsuauuigiudnuae
nsinulnesrassdunuudiassndinenansnildneusifurtusdidndunseuialaeld
=Y ¥ 1 o 7] s a‘ o o s 7] 1
poNfmes frvnlasetieauisasuruieituluuisdnuusiiiaaudunudszring



Ly

aumea"mewﬂuIﬂiww aamﬂmwﬂwmm mﬂnmaauum L‘U‘UWB\?N ﬂ']'iNﬂﬂE]uIﬂN“U']EJ

@
[y

WSy uunaumvmmnLﬂﬁmmaiﬂsw']aﬂsumwmaumLﬂumawmmnaaumanau

Lummnmiﬂnaau‘lmwwﬂsvmwmaaﬂummﬁ]aﬁ)u“l‘u Neural Network Toolbox
[32] vealusunsu MATLAB Enasulassiheuszaviiieny muuaaﬂﬂiznauuwzjumwuwama
nMsiFeuiveslaseineyszaifion Tdsunsy MATLAB  I&vnasimusling gniiy
9AlTENaUUNTNALYY neuvesgULUUBULas oY, Juruvesteyaflindeunasy
Toyanaaau tJudu mc’i?]naamvl,ﬂuwnmumm ﬁmmwmams?]ﬂaauiﬂsamwi $aAM
Wisnlusidede E‘JnaauLwa‘lﬁ‘lmmmwwmaamsﬂa Ussinvnleadiinty deliduneunis
Anaounazmyinsevised

Iumu'mau"lmmmit,aanmLL'tJiauww‘lumuwaqmsmﬂivan‘Waam ngldrrgegn

maqawi“awﬁmnmmﬂmnWLam‘luaLnaLLinwmm%UWaaﬁlmmnsuLLmaaLWa A, B, C ay
asAUsznavddugudlutie 1 lalavduinreadnud gy sunand 3.12 Tudufuusiend
wnasiaduiusiua (4, B, C) uaznsiin (G) viseuiaveadiintuluaneds Imamﬂu,w
mi&lnaaumaiuuﬂiummaqmammmﬂfdu

neulnasuveslassiglszamifiousinninuyigzdy (PNN), Tasse§eneuflnasu
Uiunau‘lﬂmEmmuu'siau“lul,ma“wmu Iu*uuauwm 4 daseusisuanduniwd 3.12, lu
fudeuil 540 Thsey (mmumiau”lwwauavumwnnummuwmaamaua) wazludy
mewm 1 thsou fmmmewmaﬂﬂsqmaﬂiuamwamJmﬂaauuﬂaaaasumw 18410
sm”umauwuﬁnuﬂivmeaammnmu’lumam fauansluniseit 3.2 Wamﬁuniwumsﬂu
suusuauﬁ]u‘lwuuﬂﬁ'msﬂu (radial basis) mu‘uumewmu’lmﬁan‘uuﬂizmuwmﬂamemww
(competitive)

Phase A curent at VIBHAVADI

0
{ O N ()
20 T

(1]
0.039 0.0395 0.04 0.0405 0.041 0.0415 0.042

Phase B cument at VIBHAVAD!
D
QA sz

04 Competitive Layer

0.2

\ \
039 0.0395 0.04 0.0405 0.041 0.0415 0.042

Phase B curent at VIBHAVADI
0.4 Iy L
3_[1 < (o815} -

e

0.2

(1)
0.039 0.0385 0.04 0.0405 0.041 0.0415 0.042 ,/

Zero sequence at VIBHAVADI /
20 /

-
10} \1" e (1).17)

]
0.039 0.0335 0.04 0.0405 0.041 0.0415 0.042
Time (sec)

Al 3.12 wuudaesdunmvedassneuszamifisusfiamuiiesiy
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W]i'l\‘i“r’l 32 LLEWNF'HL?J']GlWVI‘lJ’eNIﬂix‘i‘U']EIUiuﬂWV]LV]EJiJ‘UUﬂﬂ’J']&JU’]?JuLUU

Output of ST
R 'Classn" catlon of fault type A Types ~of fault
1 Phase Ato ground fault AG
2 Phase B to ground fault BG
3 Phase C to ground fault CG
4 Phase A,B to ground fault ABG
5 Phase B,C to ground fault CAG
6 Phase C,A to ground fault BCG
7 Three phase fault ABC
8 Phase A to phase B fault AB
9 Phase C to phase A fault CA
10 Phase B to phase C fault BC

iu‘VI’J'Nﬂ']iBJﬂﬁE]uIﬂi\‘i“U"lEJUiuﬂ’l‘VlWIEJZJ‘U‘LJG]?’I’]’]LIN'Y«J”LU%J Liﬂﬂﬂﬂ?&lﬂﬂiauﬂ’m?\‘i
m‘vmﬂ (Random initial weight) LLaumeﬂ'miuﬁl’l‘éJﬂ'mm (Increase spread) mamwuﬁnum

0.8 @ 1 v v a v ' <l o oav v
luda (b= ) Tuduseu TiiulassaasuiuveddassineUszamisusilenaan

Spread

mua’ﬂum’mmu Muaiaumi‘s‘]naauumsaummamwunLLa“UiULﬂaaumnsvmﬂmmﬁiﬂEJ
Lsumuw 0.0001 L‘wammzu‘mmLUaswumwﬂwmﬂLaaaau'usm (MAPE) 98490 Tayanngau
vmwam '«muummﬂw:umnsumammm’l,wusuamwmumaau 0.0001 A3 0.1 (o
Tﬂiqaﬁwaﬂﬂiwwﬂiummmauwuﬂiuawﬁmwaawaﬂ) WioaunitAUasidudianann
Laaaamim (MAPE) iy 0 udameanisiingou Fumsumstinaeuuanslunmi 3.13

wasanEnasulasstieyssamifieuasean HaasUveInsinasulananslunisng
fi 3.3 Iﬂu’lﬁmaﬂumﬁlnaauwwamﬂsvmm 62 Uil wazAnszatpasiiu 0.001
mnuummmmamwun’twwauLLawuuLa'mwwmmumnmnwu'm (540,4) uag (9,540)
AU LLauﬂﬂULLaawwﬂﬁ’Iﬂiwaismwmauwiuamquwqﬂ wmazeuiudoya
vnsuAuaYn (HaasUnsmageulduandluundaly)

9]'15’1\114 33 LLamNaasUﬁlmmnmsﬂnaau LLauna'lﬁT‘z'ﬂumsanaau

5 e S : euaua : - s Rt

AnsEneAs (Spread) 0.001

Frunuseuiinaey (Iterations) 300
nafildlumsiinaey i) 1




36

Start

Obtain maximum coefficients details (cD1)
from DWT (Phase A, B, C and zero sequence
for post-fault current) in first scale at % cycle

1 output (value range 1-10)

corresponding to the types of faults l

Normalization of input and
output pattern

fori=10.0001

v

Random initial Weight

| Adjusting Weight |€—

bias = 0.8326 /i

v

Compute outputs of PNN
and the number of error
in test sets

v

Compare the number
of minimum error in
test sets

Store Weight and bias that can
calculate the number of

minimum error

No

1>0.1 or
the number of
error =

i=i+0.0001 —

Yes
Store Weight and
bias

End

= (] L7 ] =3 LY acdd o
MW 3,13 uaasununwnIssyyUssnveaddmsvanedsiniinlafumeAsfiiaue
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3.3.2 szuuniiouUadlih

iesmnmsinaeulasetneUssamiieniuanudduazld Neural Network Toolbox [11]
99¢lUsunsy MATLAB  Enaeulassineuszamifioniduienfussuuaneddainlafu lu
smiddeildvinindent wUsBuwluduveanisssydszinnvenad tneldrgegaues
fulsrAnsanmsulasiidaluainausniinsadureadlfveansuanassweaia A, B, C
uazasAvsnaudfuguilugn % ladevdufaveadnudiiu el 3.14 Tudusuls
wdynazdanduiusiulsutesiuvemiowdadlud nanfle Aavegszning 0 fls 1 fren
N1 0.5 wanedn avleadmeusnlautiosiu Tumandufuddunnniviewinfu 0.5
uaned Aieveadnelulsutlasiu Tnefiguuuunsiinaeuilessyussinnvesensifsieluil
euilnseulassdieUsramiieneilaunsArfoundy, Tassaddoullnaeuazusznauluse
Sunuthseulundastuged Iu%uﬁuwmﬁ 4 frseudwandunnd 3.1, lududeudl 1 uas 2
2 uay 1 fhseu muddu uasluduendyil 1 S1sou

seriumstinaeulassineyssamiionsiaunsardoundy, azisudusmenisguandag
thutfnuageluied (Random initial weight and biases) TfulassasieSuduresiasstng
Uszamiteuseildnamnanudaludhedu nilseumsilnaeuszutseenidu 3 umeu : deud
SunmiildFuanduBuwnuinamdneuisieiynuestassthedssamidondmiues
avgUuuuteyediteulsl saniu undmiaunduresdiianatnssuinuordiunuasinsetng
Uszamieuiuierfmdanuiswesinnisuuivasudidasiminuasaluseadie
Levenberg - Magquardt algorithm (trainlm)  ZsangaamiinuazarluteaasiUdeulusnn
wietestuagiuusinamosmmAnnanfiliy nssuruniseenduluhdrlutuneuusn
Wusdruau 20,000 s Giteration) Lﬁ'aﬁqmmmmLﬂa%L%uﬁﬂﬂwa'mLaﬁaé’uyizﬁ (MAPE) 2184
wdeyannaouiifilgn snduihmadiudwutaseulutudeudl 1 uas 2 Fstufiay 1 ou
Asu 10 (ewilassadrsvadlnsaineyssamioniifiussasnwgsiian) udmyanisinaeu
Fumaunsfinaounanslunmi 3.15

Input Layer I*Hidden Layer 2" Hidden Layer Output Layer
/ Pax i
ﬂﬂl|- ?(——(lml
“ﬂaw aol Presed axs
T ) N
lﬂaw L] Prant s
+ t(zml
A eosame
)
a|'~ T
ams as [N, s
-

A o = 5 ~ LA ¥/ U
NN 3.14 LLUUiJ’la'eNE]‘lJW‘VI‘UENIﬂi\WJ’]Elﬂiﬁﬁ’mLﬁﬂll‘liumLWiﬂ']ﬂﬂUﬂﬁU

@ 1 ry v oo
visnninaeulassngussaniienaiadu Tesazldnanlunsinaeundngaussun
31 Wil wazdnuihseulutudeud 1- 2 uastuodiwnlu 4, 3 uaz 1 sy waagy
vasmsingeulatdndlumni 3.4 anntudahendwdmilnuaarluieaivilflassine
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a a P PN ad v v
UseamiilesiivssinBnmgedian (yadillen  MAPE vesyannaeufiiian) smaseuiudeya

L)
) a

neaeugaiisdflagliifisnameddun, Lifidnerwithwaneuasfisnsandneuitlai

1
2/

Indisefuriondwmtmuneiignieamield (naagunismadevlduanduundnly) lu

v
-

nszvIuMmadeuvaansinaeutiaziliunisAuinvesdutouludrantidised i oz
LifinsUaudndunieuSummaniminlag Wiy Seilildmnoulngldinalunisinses
o Iy I
NABUTIAN

M3l 3.4 uansaagunwsauildnnmsiinaeulasstheyssamidien

_ deya k ‘ BPNN
Sunuihseuluruduwn q
[ = 5 1 A
UUTIToUlUT U UN 1 q
o - 5 1 A
. nuiseulutugeud 2 3
Jwauihseulutuiesing 1
MAPE e9avinsauiiign 2.43%
nawueldtunsiinaau (uadl) 30.20

msehl 3.5 wanssaasuludassaulinasulaswessamitoy

Lt E 99 MAPE Sgsain - |

5.2206 0.30
32 3.8035 0.48
43 1.5418 1.31
>4 3.0337 1.46
6-5 4.6911 215
76 4.4708 233
87 2.4876 319
9-8 4.3685 3.58
10-9 4.3647 5.09
11-10 4.9167 6.18

vasvnseyleutasiuremfioudasiviug dufnveasareuenleutiesfuidy ifin
woadiaudsluiin qunsaillosurasamedsiiiitosvhawiiui wisledaneadneluley
Jasiudnudosszyvilavievnainiiineadse e dresionsthgednumiiautastnih
Aol

lasins3ded Wiinsssysinesmeadselasnessamienstnuniddoundy
Tngldrgegnuesdiuss@vinnmsudasavideluainausniinnadurearldvesnszaanasng
vesiia A, B, C. uazasuszneudiugudludas v lo@andafnnoadmidisiu fannd
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IS PN

3. 14Iu?hus“hLLiJiLmﬁwmzumauﬁ’us‘ﬁ’uW\Ia (A, B, O) waznsia (G) w%amﬁwﬂaaﬁﬁl,ﬁﬂ%u
o

Tundiauvasividl famn9199 3.6 990815997 3.6 2idiulET A9zRgTEming 0 e 1 dAnen

171 0.5 wanein watldfavead ‘lumanaunummmnmmsammv 0.5 wansi wlat

\inwead IﬂaugﬂLmeianaauLwaizuUizmw*umﬂaammmalﬂu

mMINd 3.6 uansrnewnvedlastelsvamiieisdaunsadoundu

I ::ZA2‘,»

AN A FAeasaiu
(Fruvnamlwihusasiug)

UNAINNA A SAITAIAY
unaIntiiansadtus)

NAINNE B 80995896
(FuvnaalWinsadiuge)

UNFINNE B dna995aiy
Prurnaan e

WG C §RI99IaIRY
(uvnanlwihusedugs)

NG C an9a5asnY
(Frurnaintniusasusia)

neuflinaoulassnedszamileusiaunirdoundu, lassadneutindeuszusznauly
Medwaudaseuluwdaedused Tududunnil 4 Soseudsuanstunnd 3.14, Tudugeudl 1
wae 2 8 2 uaz 1 Thsew audey LLaw‘Iwﬁu’uLmﬁwwﬁ 8 179y
mzmam‘sNnaau‘[ﬂiwwﬂsvmwmamumLstmaaunaU 2w Liumumﬂmaaummﬂ
thwilnuazAluned (Random initial weight and biases) °lwn‘uiﬂsaamLsmusuaa‘lﬂiww
Ussamifeuseilinananudaludnsdu viliseunisiinaetasutsoondy 3 Susey - Uouen
auwwwlmsumﬂmuauwmmmmmmmmaummmmwmaﬂquaﬂivmmmaumwsULm
~5ULLuumauawﬂau’Lw Nt unsArdeunduvesAianainsenitendnnvadlasdte
UsumwmaunUme‘wLﬂmmauasmmsﬂsuLUaaummqmwunu,a.umlmaamﬂ
Levenberg - Maquardt algorithm (trainlm) ZeAnsnstiminuaganluneaaseylann
w’%aﬁaa%uasiﬁ’uﬂ%mmmf’hmmﬁﬂwmmﬁlﬁ%’u nszuruMsznduluhenlutuneuusn
Wuswau 20,000 ¥y (1terat|on) LwammmmmLﬂaiwumwﬂwmﬂmaaauum (MAPE) w94
"Uﬂ‘UEJiJﬂVIﬂﬁ?JUVIﬂV]ﬁﬂ mnuhmsdsswuiseoulututeudt 1 uay 2 Wnduiias 1 U
AU 10 (Lwam‘[ﬁsqaﬂwaﬂﬂswwﬂismwmwmwuﬂssamﬁmwgwqﬂ) whvgan1sinaey
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al

wé’qmnﬂnaauiﬂiqﬁwﬂsummﬁamLﬁ%%ﬁu Tngazldinanlumsiinaeuiidiignyuseann
22 wfl warsuinsevlududeud 1- 2 uasduedyndu 8, 7 uay 1 nuddy Haagy
vosmsiinaeulduandunei 3.7

msﬁm 37 LLamwaaiUﬁlﬂmﬂmi‘?]naauaﬂmusuwumwaaﬂwuaLLﬂa\ﬂwﬁﬂ

mmuu soiluthi] - MAPE 2 maw TN
T o mmsm‘aaua(uum)‘w
foui Tuag 2 Nmaauquﬂ maawmmqﬂ )

2-1 16.667 16.667 0.33
3-2 16.667 16,737 0.84
4-3 15.909 16.591 1.18
5-4 15.357 15.246 1.56
6-5 6.616 10.963 2.07
7-6 6.163 9.127 2.80
8-7 1.105E-02 3.039 3.63
9-8 1.011E-03 7.183 4.97
10-9 1.23E-05 5.993 6.19

MNduRBUNITILAT IR QI eafRag N1 3RA1IARARINN LA L ALY
Wumbeswiulasshedsramienildeluisiudrinediy wesifenadeuisauuigiures

ad ) = ) ) ¢ala o P i [y
PmsfsnaAvihnseas Uiy IneadnildnvazAana1eiu nanisviaasuldandlily
ungialy
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Obtain maximum ratio coefficients details
(cD1) from DWT (Phase A, B, C and zero
sequence for post-fault current) in first scale at
Y4 cycle

1 output (0 or 1) which
corresponding to the types of faults

A

Normalization of input and
output pattern

Initial number of neurons
Hidden layer 1=2
Hidden layer2=1

Adjusting number of neurons in
[™Hidden layerl=Hidden layer]+1
Hidden layer2=Hidden layer2+1

fori=1

Random initial weight
and biases

St

Adjusting weight
and biases

Compute output and
MAPE of BPNN

Store Weight, bias that
computed minimum _
MAPE

computed minimum

( Store Weight, bias that (
MAPE

Hidden layer] = 11

or
MAPE < 0.5%

Store Weight, bias that
computed minimum
MAPE

i & o U L’ 2/ add o
A7 3.15 wasauNunmnssEyUssinnveaddmiunliondasinihie it nuiaue
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NANISNAGDY

dmivuniifunsihaueransvaaesdsldannminseidyaiaveadainms

Sraeemelusunsu ATPEMTP suawiuuusgdsnmsiduaueluuni 3 fsdoyaildlunis
nadaudmiunsnsIaduead dnmuuulunsthiauedsil

4.1 suuuumsiieue
4.1.1 jUuvumsiiauavaduiaznsIWHan1sNAaas
AMSUARINANTNARBITTLARIARRBYHANS AR B SEmUF U T RANDas Tny
Uiusumdansifiewead InaszgesnisiiinnloadasAnonandluinduds (Sending end)
Hugednededeneasdunazdsznauludas

1. MsnTadurlead Feafildunainnsimmamansinsgimenisulananidn
WUULANWY '

2. misgyUszianvarioasiugteddliinldfu Ssnafilduieinisdaamans
AaszimensuUaiidnsiniulasaedssamifieurdaannuuiasdy Soedsuany
Ussuavwaavland Ao wilaadansesaeiu (SLG) aedwaanieasadiiu (DLG) an9a5581IN4
W (LL) waganeasaiuia (3P) muansiu

3. massyussLanveseadlundeuvadliin Sanaftldutannisiruimmanis
Answmensuasliinsaniulaseisssamiiisusie uwsadeundu (Seadduny
UsgLanvesioan Ao ansasnelulyulesiumeiuaainuseiuge (ntemal Fault HY)
dansasmelulautesfiunsiuenainikssiusi (nternal Fault' LV) &ansasaeuenlay
Unafumemuvnadnussdugs (EXtemal Fault HV) uagdasasnisuenlautesiunidiy
IAEIALIIFUA External Fault LV) snsdsfy

4. msszyvilavaseainsluvasavdoudaslii fawailfunanssuiamans
Aesshemswasaviinsuiulassdieussamiisuein unsadaundy Sued1duniy
Ussuavuealaad Ao dnieasasiungluanainii 4 Winding to ground fault at Coil 1)
dansasasiuneluraaindl 2 (Winding to eround fault at Coil 2) dansasasiiuniely
AaINT 3 (Winding to ground fault at Coil 3) §na9asasiunsluwnaIny 4 (Winding to
ground fault at Coil 4) §n9asashunelusnaindi 5 (Winding to ground fault at Coil 5)
uazdnasasasiuneluananndl 6 (Winding to ground fault at Coil 6) mugIdy
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4.2 wamsvaasinstineanuudedslwialdau

nnmssasssruvdsiielunsdfinuildiuuuresaedanannsiniiuasaisen
mssasamameaniiinluszuvdisluudazdrsaedamuinluniazdenissiasiian
asRawaRTiAauanmefuswanssolul

- d - -
4.2.1 nsaliiaveanissezne 1 Alawns vasauelawds (5.8 Alawns)

o o
MIns9uroan

Wavelet

SLG DLG L-L 3/

Usztnnroad
(a).N13NF0IUNaR

msslsuanond f

B Wavelet and PNN

SLG DLG L-L 3P
Uszianvload

(b) M3szyUssanneas
= g ¢ v d 44 a cal af
Al 4.1 uanaeiidudmnugnieaady Weinweadiszezne 1 Alawns

v
v

L n‘ = '3 v
PNWAGNSIUNING 4.1 aunsadasizinaleisad
N15A5293UNan

[ ¢ U a :{ 3 I3 ] «
AU150MT993UNBANINANUTZANTNTUUAIINAR LU LA UNUI8UDI99AUTENBU

o . al P o 2

nseuEdRUUInluAINaLs A Wazainawin a1 @) LAadummgnaes 100%
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n3szyUssinvvasviead

ms'l'vauﬂsvawﬁmnmmﬂamvh.ammuJu‘uauaauww'lwnu‘[ﬂswwﬂszmwmau
*nummmuwumumasuws"mwmlaam aunsaszyUszinnveviead lnsldifiesdeyaly
anail 1 Fsanamit 4.1 (b) vziuladn mmmsuwsummaaﬂaamumwnnmam 100%
fiveasiaiia 1 waasiu (AG, BG, CG), Woasszwirawa-ina (AB , AC, BC) wazveanviln 2
\wiaasiu (ABG, CAG, BCG) luvaiziivlaadt 3 i (ABC) i ummgnmaaaqw 66.67%

= d - -
4.2.2 nm"immlaaﬁmsazma 2 flawns YBIAUEES (5.8 n‘iamm)

o '
MIATTUNBad

a Wavelet

SLG DLG 89! 3-p

Uszinnweasd
(a) NMsns19dunoan

nmszaplssinnond
%

- B Wavelet and PNN

SLG DLG L-L 3-p
Wszianvoad

(b) MsszyUssiavead
AT 4.2 uammaswumﬂ'smnnmaqLaaa dlaiinweadfiszeznig 2 Alawns
Mnuadnslunmdg 4.2 a'm'lsml,ﬂi']vwmalﬂmu
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N15As293UNLan

[ < [ a J [ [ ] «
A70130M3399UNBAAIINFNYTLEANT N15uUaINLERLUULANNUI8UDI89A USENa U
o w a al a v
NIEUAFINUVINIUANALIN LALINNNA 4.2 () WUANARUAIUYNABY 100%

N3szyUssnnvaioan

ms‘lﬁauﬂs"awﬁmnmsu.ﬂaqnWLammquuauaauww’lunu‘lﬂswwuﬂiva'mmsu
‘uummmmmmumaquUiuLnMWaam ausnseyUIEIANYaINean Iﬂﬂ'mwawaua'lu
anail 1 F9nnmi 4.2 (b) szl edevieadiia 1 aasdiu (AG, BG, CG), Woan
sewiaa-ia (AB , AC, BC) weaduiln 2 waadfiu (ABG, CAG, BCG) uazwead 3 wia
(ABC) amnsnszyUsziamveaeadiimiugndeadt 100%

- A =) =
4.2.3 nssliiawaanfiszeznis 2.9 Alawns vasrdnueadaeds (5.8 Alawny)

- 14
nTAIIILNBan

Wavelet

SLG DLG L-L 3-pP

Ussinndean
(a) N15nsIuNBan

nsssijissanoas
%

o Wavelet and PNN

SLG DLG LL 3P
szianvload

(b) M3seyUssinnweas
= ¢ ¢ v a4 44 a cal af
2w 4.3 wasesidudnugndeunds Waaweadnszognng 2.9 Alawms
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L 4 - Yo Y
PNNAGNSLUNNT 4.3 aunsaiasisvinalemt

N13M5293UNDan

[ ¢ [ a .{ -3 I3 ' I3
AU1309929UNBANINFUUTEANTNITUUAINTEALUURNNUIBYDI89AUS LB
o w a a a v
NILUAFIRUUINIUALNALSA WALIINNNT 4.3 (3) WUANIFYANYNABY 100%

nsszyUssnnvasviean

ms'l?sauﬂs-'avnﬁmnmswamwtammL\Ju'uauaauww'lwnu‘lﬂsamUUsvmwm&Ju
-uummuwumumamﬂsumwwaam mmmsuuﬂs"mmaawgam Ima‘lmwawaua’[u
ainadl 1 Fsnamil 4.3 (b) 2zl eiavieadiin 1 aasdiu (AG, BG, CG), Woan
sEWiaa-iwa (AB , AC, BC) veadula 2 iaasiu (ABG, CAG, BCG) uazwoan 3 wa
(ABC) annsasyyUsiamvasenriiinnugniiosd 100%

“ A - =
4.2.4 nssliiaweanfiszernna 3.5 Alalns vesruendesds (5.8 nlawuns)

i 4
MiAs9TUroad

;

0 wayelet

SLG DLG LL 3.p
Usanmioan

(a) Msnsaadunioas

5 mszyazinnvlead
% Y

O Wavelet and PNN

SLG DLG LL 3p

Uszinnvleadt

(b) m3sgyyszianeas
2wl 4.4 Ltammamummmﬂnmaqmaﬂ mammﬂaamwsvavmq 3.5 Alawns
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Nneadnslun Ml 4.4 annsoieseinaldged
N13A5293UNDad
mmsnmwwﬂaammnauﬂsuawﬁmmﬂmnwl.amwumwmwmamﬂs“nau
nIgiaawuvINluanaLsn wazannwil 4.4 () mummaamnugnmaa 100%

mss:qﬂszmmmwaaﬁ
nmsleduysy awﬁmnmswammammLUuﬂJauaauww'anUIﬂsa'mUs vamifisy
'uuﬂm'muw.,mmwas yussinnwean mmmswﬂmnmmﬂaam Ima’l‘mwawaua'lu
anadl 1 Fsonnmd 4.4 (b) axuiuldin dofaneadedn 1 Waasdiu (AG, BG , CG), Woas
swihaa-a (AB , AC, BC) Weasitila 2 Waasal (ABG, CAG, BCG) uazwead 3 wa
(ABC) amnsaseyUsy sianvetiendidaugngesii 100%

o a ~ a a
4.2.5 nsedinaweadnseeznng 4.8 dlawns V8IANUYEEES (5.8 Alauns)

o o
mMins9iurond

Wavelet

SLG DLG Bsly 3-P

Uszianvoad

(@) MM TUas
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nsssylsznnond

o Wavelet and PNN

SLG DLG L-L 3-P
Yszinnoad

(b) mMyssylszinnwean
d cd ¢ v a4 4 ‘a cal a
A 4.5 danudesiduingnaenate dahiaoadfssesnng 4.8 Alawns

NANAENSIUANT 4.5 aniseinssviNa AR

N13M5993UNDan
ansansduNBaRInALUTYAvSnIsLUa s WE R U E L ev0e AU EneY

nszuadRULANtUANGLSN Wara ANl 455 (a) asﬁd'u,aﬁaﬂ’nugnﬁaq 100%

nmssEyUssimvamioan

ms'li'z‘fuﬂsuﬁw%{mnn'xmﬂamwtﬁmmLﬂu-ﬁaua%‘Juww'lﬁﬁ’u‘lﬂmhsﬂiumwLﬁau
ﬁuﬂmwma"mmwasuwsvmwﬂaam mmmsvuﬂsummaamam Ingliiestoyalu
anafl 1 Fsnnanil 4.5 (b) sl iileiavioadeiin 1 iaasdiu (AG/, BG, CG), Woan
seviana-wa (AB., AC, BC) Woanwiln 2 iWaasfiu(ABG, CAG, BCG) uazweasd 3 wa
(ABC) anunsnszyUssinmyesvioaniinaugniasil 100%
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4.3 wan1snasInsainaanuuniaulaslnin

o 4
m3ns9iuread

100 4

80 -

60 4

40 -

20 1

Intemal Fault HV Intemal Fault LV Extemal Fault HV Extemal Fault LV

Uszinnvioad
(a) N5ns293Unean

% msselszinnvond

B Wavelet and BPNN

Intemal Fault HV  Intemal Fault LV Extemal Fault HV ~ Extemal Fault LV

Uszinnioad

(b) nssyUssinnweas

%
miszyszmead

B wavelet and BPNN

BE e eL8ELEL S S

Windingto Windingto Windingto Windingto Windingto Winding to

ground fault aground fault aground fault atground fault aground fault aground fault at
Coil 1 Coil 2 Coil 3 Coil 4 Coil 5 Coil 6
wiinvoaroan

(0) m3szyviavaseadnelundoulaslvin
= s o d0)Td A ¥
AN 4.6 Lansilesiduimnugnieady islaveanlussuuniioudaslin
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Mnuadndlunmil 4.6 annsediTevinaldsd
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nsseylszinsaaan
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employed in case studies is chosen based on the
underground distribution system as illustrated in Figure 1.
In addition, a cross-sectional view of a cable is shown in
Figure 2. To avoid complexity, the fault resistance is
assumed to be 10Q. Fault patterns in the simulations are
performed with various changes of system parameters as
follows:

- Fault types are single line to ground, double lines to
ground, line to line, and three-phase fault.

- Fault locations are from 1 km to 5 km (each step = 1
km) of the underground cable length measured from the
sending end

- Fault inception angles on the phase A voltage
waveform are varied from 0° to 150° with a step of 30°

115kV 50 Hz
300 MVA

Load

Underground Cable 5.8 km 225 MW 0.8 pf

Fault

VIBHAVADI SAMYAN

Figure 1. The system used in simulation studies [17].

Figure 2 The configuration of cable in simulation studies

The example of ATP/EMTP simulated fault signals is
illustrated in Figure 3. This is a fault occurring in phase A
to ground at 1 km measured from the sending bus as
depicted in Figure 1. The fault signals generated using
ATP/EMTP are interfaced to MATLAB for the fault
detection algorithm.
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Figure 3 Example of ATP/EMTP simulated fault signals for AG fault
at sending end.

3. Fault Detection Decision Algorithm

Fault detection decision algorithm is processed using
positive sequence current signal. Fault signals generated
using ATP/EMTP are imported to the MATLAB/Simulink
in order to analyse the high frequency transient components,
which are superimposed in the fault current signals, by
discrete wavelet transform (DWT) using the wavelet
toolbox. The Clark’s transformation matrix is employed for
calculating the positive sequence and zero sequence of
currents, With several trial and error processes, the fault
detection decision algorithm on. the basis of computer
programming technique is constructed as shown in Figure 4.
The mother wavelet daubechies4 (db4) is employed to
decompose high frequency components from the positive
sequence current signals.
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. TARLE 3. PERCENTAGE OF AVERAGE ACCURACY FOR FAULT TYFES

Single line to ground fault 100.00% 80.00%
Double line to ground fault 100.00% 97.78% 80.00%
Line to line fault 100.00% 100.00% 100.00%
Three phase fault 93.33% 73.33% 100.00%
98.33% . 90.00%
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Discrete Wavelet Transform and Probabilistic
Neural Network Algorithm for Fault Location in
Underground Cable
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Abstract—This paper proposes an algorithm based on a
combination of discrete wavelet transform (DWT) and
probabilistic neural network (PNN) for locating fault on
underground cable. Simulations and the training process for
the PNN are performed using ATP/EMTP and MATLAB. The
mother wavelet daubechies4 (dbd) is employed to decompose
high frequency component from fault signals. The first peak
time in first scale of each bus, that can detect fault, is used as
input pattern for the training pattern. Various cases studies
based on Thailand electricity - distribution underground
systems have been investigated so that the algorithm can be
implemented. The results show that the proposed algorithm is
capable of performing the fault location with satisfactory
accuracy.

Keywords—Wavelet Transform, Underground Distribution Cable,
Fault Location, Probabilistic Neural Network

L. INTRODUCTION

In decade, several techniques have been employed to
determine the fault location in underground cable such as age
cable [1], bridge technique [3], Murry loop pulse radar [2],
and traveling wave [3-5] but each technique has different
solutions. In addition, a technique selection is available for
fault location; it depends on several factors such as length of
circuit (or cable), type of fault (sustained or temporary), and
etc. Based on the traveling wave, in previous research works
[6], discrete wavelet transform (DWT) based on traveling
wave is employed to detect the high frequency components,
and to identify fault locations in the underground distribution
system, The first peak time that can detect fault obtained
from all buses is compared, and the fastest two first peak
times obtained from comparison are used as input data for
traveling wave theory. Although the accuracy of fault
locations from the prediction of the traveling wave theory is
highly satisfactory but the effect of the change in the
propagating velocity of traveling wave cannot be neglected.

As the work presented in this paper is part of a research project sponsored
by the National Research Council of Thailand and King Mongkut’s
Institute of Technology Ladkrabang (KMITL) research fund,- Thai-land,
the authors would like to thank them for this financial support.
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In recent years, the artificial intelligent are often
employed for fault location due that these algorithms can
give precise - results. Back-propagation neural network
(BPNN) is the most well-known and widely applied today
because it can solve almost all types of problems. In practice,
BPNN is partly limited by the slow training performance. In
order to overcome this problem, other artificial intelligent
algorithm has been developed. It is interesting to investigate
an appropriate probabilistic neural network if the fault
location in underground cable can be identified using
wavelet transform and probabilistic neural network for being
included in newly-developed protection systems.

Hence, this paper aims to present a development of a new
decision algorithm used in the protective relays in order to
indicate fault location. The fault conditions are simulated
using ATP/EMTP. The current waveforms obtained from the
simulation, then, are extracted using the DWT. The decision
algorithm is constructed based on the probabilistic neural
network. The validity of the proposed algorithm is tested
with various fault inception angles, fault locations, and faulty
phases.

II. SIMULATION

The ATP/EMTP is employed to simulate fault signals, at
a sampling rate of 200 kHz. The system employed in case
studies is chosen based on the underground distribution
system as illustrated in Fig. 1. In addition, a cross-sectional
view of a cable is shown in Fig. 2. To avoid complexity, the
fault resistance is assumed to be 10. Fault patterns in the
simulations are performed with various changes of system
parameters as follows:

- Fault types are single line to ground, double lines to
ground, line to line, and three-phase fault.

- Fault locations are from 1 km to 5 km (each step = 1 km)
of the underground cable length measured from the
sending end

- Fault inception angles on the phase A voltage waveform
are varied from 0°to/150° 'with'a step of 30°
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115KV 50 Hz
300 MVA
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Underground Cable .8 km 225 MW 0.8 pf
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Fig. 1. The system used in simulation studies [6, 7]

Ground surface Rl =0mm
R2=17mm
Im R3=38.5mm
R4 =41 mm
RS =44.5 mm
0%m  02%m

Fig. 2. The configuration of cable in simulation studies

The example of ATP/EMTP simulated fault signals-is
illustrated in Fig. 3. This is a fault occurring between phase
A and ground at 1 km measured from the sending bus as
depicted in Fig. 1. The fault signals ~generated - using
ATP/EMTP are interfaced to the MATLAB for the fault
detection algorithm.

M1 DECISION ALGORITHM

From the simulated signals, DWT is applied jto the
quarter cycle of current waveforms after the  fault
inception. The mother wavelet daubechies4 (db4) [6, 8, 9] is
employed to decompose high frequency components from
the current signals. Coefficients obtained. using DWT of
signals are squared. The coefficients of scale 1 obtained
using the DWT are used for training and test processes of
the PNN.

A training process is performed using - neural
network toolboxes in MATLAB' [10}. Before the
training process, input data sets are normalized and
divided into 300 sets for training and 150 sets for tests. A
structure of the PNN consists of 2 neurons for the inputs and
1 neuron for the output while the number of neurons in
radial basis layer is 35 (because that number of neurons is
always equal to the number of training sets) as shown in Fig.
4. The time that the fault signal used to reach the ends of the

Sendingg end

0

Phase C 9

00

¢ il asd 406 DoR LA

Time (sec)

TABLE I. OUTPUT OF PNN FOR IDENTIFYING THE FAULT LOCATIONS

Fault location (km)
(Distance measured from the sending end

1

1.5
2

2.5

2.9

3.5
4

4.5

48

Output of PNN

Ol |w|an|n | |WiN|—

distribution cable is considered as input data for PNN as
shown in Fig. 4. The output variables of the PNN are
designated as value range from 1 to 9, corresponding to
various location of fauit as:shown in Table L.

A training process of PNN involves two stages as
follows

Input values are propagated to each neuron in the first
layer. The radial basis layer computes distance from the
input vector to weight vector, and produces output in radial
basis layer as expressed in Equation 1.

_“p -1, “2

2
O-J

@(p)=exp (1
where pis the input pattern vector
W, ; is the center vector of radial basis layer

@ is the spread constant for radial basis layer, which
0.8326
Spread

corresponds to bias value (b=

@ (p) is the output of radial basis layer

|."“2..Fach neuron in the competitive layer receives all
radial basis layer outputs associated with a given class,
and produces, @s its net output, a vector of probabilities.
Finally, a competitive activation function on the output
of the competitive layer picks the maximum of these
probabilities, and produces a 1 for that class and a 0 for
the other classes as shown in Equation 2 [10].

Receing #nd

S VAY)

& om 904 008 o8 ot
Time (sec)

Fig. 3. Example of ATP/EMTP simulated fault signals for AG fault at sending end:
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Fig. 4. Probabilistic First peak in the scale 1 at both ends of underground cable for PNN.

Start
TABLE Il RESULTS OF TRAINING PROCESS
SRR RN = 7
%j}lnformau 5 R : The first peak time that can detect fault in first
Spread 0.001 scale at % cycle
Iterations 300
Number of Error for Test set 0 1 output (value range 1- 9) which
Total time oftraining process (minute) 1 corresponding to the locate of faults
Y
Normalization of input and
0 / Pann = f4 (LWZ,] * ¢(p)) (2) output pattern

where LW, = weight vector between radial basis layer and fgri=4apd!

competitive layer

| Random initial Weight l

Adjusting Weight

f* = competitive activation function

During the training process [10], PNN begins with the
random initial weight and increasing spread in t}éeggaéc;ial
basis layer, which corresponds to bias value (b =———
Spr ead Cot:;;)]ute out;l):s ‘;f PNN
. . and the number of error
from 0.0001 to 0.1. The increase step of 0.0001 is used to 7 N
compute the number of minimum error. This procedure is v
repeated until the maximum number of spread is reached, or g;":‘ll’:; :1‘:; ::’;‘f;
the number of minimum error is equal to zero then stop test sets
training. The training process can be summarized as a [ _ v
flowchart illustrated in Fig. 5 while results from the training ( “w::‘;l":’lﬁl‘%:‘“‘:ﬁ&‘:w‘:f‘j
process are illustrated in Table IL minimum ercor
After the training process, the decision algorithm is No
employed in order to locate the fault in the underground e :u‘x’:b;’r’or

i=1i+0.0001

distribution line. Case studies are varied so that the decision
algorithm capability can be verified as shown in Table IIL
The total numbers of the case studies are 150. Various case
studies are performed with various types of faults including
the variation of fault inception angles and locations in
underground cable. The results are shown that the average
accuracy of fault location from the decision algorithm
proposed in this paper is highly satisfactory. Fig. 5. Flowchart for the training process.

error=10

TABLE IIl. AVERAGE ERROR OF TEST SET FOR LOCATING FAULT

g e B R ’ Fault L ocation . :
Clasmﬁcat N Num hc i oﬁ»Casg-Smdleg " Wavelet.andPNN.. . |. . Wavelet based on Travelling:wave [9]-.
Single line to ground fault 45 0.00 1.075
Double line to ground fault 45 0.00 1.075
Line to line fault 45 0.00 1.075
Three phase fault 15 0.00 1.075
Average 0.00 1.075
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Iv. CONCLUSIONS

An algorithm based on a combination of DWT and PNN
for locating fault in underground distribution system has
been proposed. The DWT has been employed to decompose
high frequency components from fault signals. The time
that the fault signal uses to reach the ends of the distribution
cable is used as an input for the training process of the PNN
in a decision algorithm. Various case studies were done
including the variation of fault inception angles and fault
types. It is shown that combination of DWT and PNN is a
powerful tool owing to its satisfactory results as shown in
Table IIL.
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Abstract— This paper proposes an algorithm based on a
ombination of discrete wavelet transform (DWT) and back-
ropagation neural network (BPNN) for discriminating between
xternal fault and internal winding fault of three-phase two-
vinding transformer. The DWT is employed for extracting the
iigh frequency component contained in the post-fault differential
urrent waveforms, and the coefficients of the first seale from the
YWT that can detect fault are investigated as an input for the
raining pattern. Various cases studies based on Thailand
lectricity transmission and distribution systems have been
avestigated so that the algorithm can be implemented. Results
thow that the proposed technique is highly satisfactory.

Keywords — Back-propagation neural mnetwork, Discrete
WNavelet Transforms, Internal faults, External faults,
Cransformer windings

1. INTRODUCTION

In the literature for fault detection, several decision
algorithms have been developed to be employed in the
protective relay [1-7] for preventing maloperation of the
protective equipment under different nonfault ~ conditions,
including magnetizing inrush current, ratio mismatch, through-
fault current line, etc. Most of them have different solutions
and techniques [1-7]. A novel concept for transformer design
with an asymmetric winding configuration to reduce the inrush
current with appropriate voltage regulation and short circuit
current has been proposed in [1]. An algorithm for protecting
the three-winding transformer using the increments of flux
linkages (IFLs) have been proposed in [2]. Nine detectors and a
rule are suggested for fault detection, the faulted phase, and
winding identification.

The idea of application of wavelet transform to fault
diagnosis is not new, and there are a number of research papers
related to this idea [3-10]. A new wavelet model for the power
transformer has been proposed in [3]. This proposed is based
on the filtering nature of the transformer windings and iron
core, and took into account the active coupling between the
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windings and the iron core. In [4], the wavelet packet transform
(WPT) based differential protective relay using Butterworth
passive (BP) filters has been successfully distinguished the
magnetizing inrush current and restrained the relay from
operation. In previous research works [5-7], in order to
discriminate between external fault and internal fault in power
transformer, the comparisons of the coefficients of discrete
wavelet transform (DWT) have been performed. The proposed
decision algorithm can give more satisfactory results for
identification between internal fault and external fault.
However, DWT may not be adequate to complete
characterization. The performance of DWT would be
developed in order to increase its effectiveness to deal with the
problems in power transformer protection. As a result, this
paper is interested in the decision algorithm for detecting and
discriminating between internal fault and external fault for
power transformer. The simulations, analysis, and diagnosis are
performed using ATP/EMTP and MATLAB on a PC Pentium
IV 2.2 GHz 3GB. A decision algorithm is based on DWT as an
alternative or improvement to the existing protective relaying
functions. The DWT is employed in extracting the high
frequency component contained in the fault currents, and the
coefficients of the first scale from the DWT that can detect
fault are investigated. The construction of the decision
algorithm is detailed and implemented with various case
studies based on Thailand electricity transmission and
distribution systems.

11. SIMULATION

A 50 MVA, 11523 kV two-winding three-phase
transformer was employed in simulations with all parameters
and configuration provided by a manufacturer [8]. The scheme
under investigations is a part of Thailand electricity
transmission and distribution system as depicted in Fig. 1. It
can be seen that the transformer as a step down transformer is
connected between two subtransmission sections. To
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iplement the transformer model, simulations were performed
ith various changes in system parameters as follows:

- The angles on phase A voltage waveform for the instants
*fault inception were 0°-330° (each step is 30°).

- Internal faults type at the transformer windings (both
imary and secondary) which is winding to ground faults was
vestigated.

- The fault position were designated on any phases of the
msformer windings (both primary and secondary), was
iried at the length of 10%, 20%, 30%, 40%, 50%, 60%, 70%,
1%, and 90% measured from the line end of the windings.

- Fault resistance was 5 Q

EGAT | PEA
— | >
|

MK 11523 kV
50 MVA

-7
Primary side
current

%

Secondary side

current LOAD

Fig. 1. The system used in simulations studies.[9]

For simulations of external short circuit occurring at
1e transmission lines at both sides of the transformer, case
udies were varied as follows:

- The angles on phase A voltage waveform for the faults
iere 30° and 210°.

- Types of faults were single line to ground, double lines to
round, line to line, and three-phase faults (AG, BG, CG,
BG, BCG, CAG, AB, BC, CA, ABC).

- The fault locations on the transmission lines were at the
ngth of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and
0%,

- Fault resistance was 5 Q.

The primary and secondary current waveforms can be
imulated using ATP/EMTP, and these waveforms are
aterfaced to MATLAB/Simulink for a construction of fault
{agnosis process. With fault signals obtained from the
imulations, the differential currents, which are a deduction
etween the primary current and the secondary current in all
uree phases as well as the zero sequence, are calculated, and
ue resultant current signals are extracted using the Discrete
Javelet Transform (DWT). The coefficients of the signals
ibtained from the DWT are squared for a more explicit
smparison. Fig.2. illustrates an example of an extraction using
«WT for the differential currents and zero sequence current
'om scale 1 to scale 5 for a case of winding phase A to ground
wult at 20% in length of the high voltage winding while case of
khase A to ground fault is at 20% in length of the high voltage
de as shown in Fig.3.

The primary and secondary current waveforms, then, can
e simulated using ATP/EMTP, and these waveforms are
wterfaced- to MATLAB/Simulink for a construction of fault
#agnosis process. The fault signal in each phase is obtained
om primary and secondary current of transformer as
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illustrated in Fig. 4 to Fig. 5. An example of primary and
secondary current for a case of winding phase A to ground
fault at 20% in length of the high voltage winding as shown in
Fig. 4 while Fig. 5 is obtained when winding phase A to
ground fault occurred at 20% in length of the low voltage side.

Phase A Phase B Phase C Zero sequence
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Fig. 2. DWT of differential currents (Winding to ground fault at 20% in
length of the high voltage winding)
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Fig. 3. DWT of differential currents (Phase A to ground fault at 20% in
length of the high voltage side)

III. NEURAL NETWORK DECISION ALGORITHM

From the simulated signals, DWT is applied to the quarter .
cycle of differential current waveforms after the fault
inception. The comparison of the coefficients from each scale
is considered as shown in Figure 4. By performing many
simulations [5-7], it has been found that when applying the
previously detailed algorithm for detecting internal faults at the
transformer winding, the coefficient in scale 1 (50-100 kHz)
from DWT seems enough as an index for the occurrence of
faults. As a result, it is unnecessary to use other coefficients
from higher scales in this algorithm, and the coefficients of
scale 1 obtained using the DWT are used for training and test
processes of the back propagation neural network (BPNN).

1494



SCIS-ISIS 2012, Kobe, Japan, November 20-24, 2012

76

Before carrying out the training process, input data sets are (" Stat )
«rmalized and divided into 252 sets for training and 168 sets .
]r validation. The architecture (input pattern) is a key factor in Differential Current Signal
1 BPNN structure. The choice of input pattern can change the L. All three phases
shavior of the BPNN considerably. Hence, the objective of 2. Zero sequence
ks paper is to consider studies of an input pattern for the v
ggorithm used in the detection and discrimination between Wavelet scale 1-5
ernal fault and internal fault of the power transformer.

In this paper, a structure of a BPNN consists of three layers Y
thich are an input layer, two hidden layers, and an output Differeﬂﬁalhcal:ef:min each

D

yer. Each layer is connected with weights and bias. The
aximum coefficients of DWT at % cycle that can detect fault
ad maximum ratio obtained from division algorithm between
oefficient from DWT of differential current and zero sequence
or post-fault differential current waveforms at Y% cycle are
sed as input patterns for training process, and the results
fotained from the decision algorithm are investigated. The
wtput variables of the neural networks are designated as either

or 1, corresponding to external fault and internal fault. If
atput value of BPNN is less than 0.5, external fault does
«ceur; conversely, if this output value of BPNN is more than
+.5, internal fault does occur. In addition, hyperbolic tangent
gmoid functions are used as an activation function in all
«idden layers while linear function is used as an activation
function in output layers.

]

Case 1: The maximum coefficients of DWT that can detect
vault

Before the training process, a structure of the BPNN lﬁ(;’,ﬁ{ = 1 and record time (t+5“il
sonsists of 4 neurons inputs, two hidden layers, and 1 neuron
watput. The inputs patterns are the maximum coefficients
sletails (cD1) from DWT in first scale at '4 cycle of phase A, B,
3 and zero sequence for post-fault differential —current

v

~aveforms as shown in Fig. 5.

Case 2: The maximum ratio obtained from division
algorithm of DWT
Before the training process, a structure of the back
joropagation neural network consists of 3 neurons inputs, two
kidden layers, and 1 neuron output as shown in Fig. 6. The
Knputs patterns are maximum ratio obtained from division
«algorithm between coefficient from DWT of differential > Normal
«urrent and zero sequence for post-fault differential current Sicondiges condition
waveforms as shown in Fig. 7.

Sum of Xf,';,f 22

Fig. 4. DWT of differential currents (Phase A to ground fault at 20% in
length of the high voltage side)
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Fig. 5. Maximum coefficients in the scale 1 of differential current signal as input pattern for BPNN.
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Fig. 6. Maximum ratio from the division algorithm of differential current signal as input pattern for BPNN.
dif daf dafr diff
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@
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where,
4 I yar | i p =1 :nput Yector of BPNI.\I .
d{}’mﬂx i dvaax d;;rmax iw™! = weights between input and the first hidden layer
1, i . .
1 Gero max LI Z;{o,max | 1 Goro ma Iw?! = weights between the first and the second hidden
% i layers
Iw*? = weights between the second hidden layer and output
1 i i, layers
max . ,max ,max . . "
T [m] ° o oo b', b’= bias in the first and the second hidden layers
2. o1 o8 T respectively
8 T ) b3 = bias in output layers
0 0.05 01 0 0.05 0.1 ] 0.05 01

7. Result of maximum ratio from the division algorithm proposed in the
scale 1.

A training process was performed using neural network
mboxes in MATLAB. It can be divided into three parts as
ws [10]:
A The feedforward input pattern, which has a propagation
ata from the input layer to the hidden layer and finally to
=output layer for calculating responses from input patterns
+rated in Equations 1 and 2.
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', £ = activation function (Hyperbolic tangent sigmoid
function : tanh)
£ = activation function (Linear function)

2 The back-propagation for the associated error between
outputs of neural networks and target outputs; the error is fed
to all neurons in the next lower layer, and also used as an
adjustment of weights and bias.

3 The adjustment of the weights and bias by Levenberg-
Marquardt (trainlm). This process is aimed at trying to match
between the calculated outputs and the target outputs. Mean
absolute percentage error (MAPE) as an index for efficiency



stermination of the back-propagation neural networks is
ymputed using Equation 3.

MPE=l*i|0/PAMVi_0/pTARGETi|*100% 3)
=1 o/ prarGETi

where,
n = input vector of BPNN

In this training process, a number of neurons in both hidden
yers was increased in order to select the best performance.
uring the training process, the weight and biases were
djusted, and there were 20,000 iterations used to compute the
est value of MAPE. The number of neurons in both hidden
iyers was increased before repeating the cycle of the training
rocess. The training procedure was stopped when reaching the
nal number of neurons for the first hidden layer or the MAPE
f test sets was less than 0.5%. The training process can be
ammarized in Fig.8. while various results from the training
cocess are shown in Table 1.

TABLE 1. COMPARISON RESULTS OF TRAINING PROCESS

o2
3
Number of neurons in hidden 1 4 4
Number of neurons in hidden 2 3 3
Number of neurons output 1 1
MAPE of validation set 243% §1.54%
Total time of training process (minute) 3020 | 2748

After the training process, the decision algorithm is
unployed in order to discriminate between internal fault and
xternal fault in the power transformer. Case studies are varied
o that the decision algorithm capability can be verified. The
stal numbers of the case studies are 504. There are 324 sets for
aternal winding fault and 180 sets for external short circuit.
“he results obtained from the algorithm proposed in this paper
ae shown in Table 2 and Table 3. The results are shown that
he average accuracy of fault detection from the decision
1gorithm proposed in this paper is highly satisfactory. This is
n improvement of the fault detection which is based on the
oefficient comparison technique [7].

IV. CONCLUSION

In this paper, a decision algorithm based on discrete
wavelet transform (DWT) and back-propagation . neural
«etwork (BPNN) for discriminating between external fault and
wternal fault of the power transformer has been discussed. The
<ault conditions are simulated using ATP/EMTP. The current
waveforms obtained from the simulation, then, are extracted
sing the DWT. Daubechies4 (db4) was selected as mother
wavelet in order to decompose high frequency components
—om fault signals. The decision algorithm is constructed based

*-1-4673-2743-5/12/$31.00 ©2012 IEEE
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on the BPNN. In addition, BPNN was divided into two case
studies training for comparing between maximum coefficient
of DWT and maximum ratio obtained from division algorithm.

_ Various case studies have been carried out by taking into

account the variation of fault types and different locations on
both primary and secondary of power transformer. The result is
shown that an average accuracy obtained from maximum
coefficients details (cD1) from DWT in first scale is more
satisfactory with an accuracy of higher than 93% as shown in
Table 2 and Table 3. This technique would be useful in the
differential protection scheme for the transformer. The further
work will be the improvement of the algorithm so that
magnetizing inrush current of the transformer can be identified.

1 output (0 or 1) which corresponding
to length of the types of fault

Input as maxi
coefficients cD1

o ratio ¢cD1

/ '.Bi.n i - : 03

coefficients detailsuZD 1§} Ob&_au} mml::l“s ratio

from DWT in first scale ot l?r::n g‘l:’l_lrlsl:eﬁm st(::zlgt

0 i Y cycle of Phase A, B, and

a’:&'f‘?;me.ml e for post- Normalization of input and C for post-fault differential
N - Output paticm current as shown in Figure 5
shown in Figure 4

Initial number of neurons
Hidden layer 1 =2
Hidden layer2=1

Adjusting number of neurons in ‘
idden layer1=Hidden layer1+13
idden layer2=Hidden layer2+1

Random initial weight
and biases

Store Weight, bias that
computed minimum
MAPE

tore ";- bias tha
computed minimum
PURIAPE

Fig. 8. Flowchart for the training process.
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OF AVERAGE ACCURACY IN CASE OF INTERNAL WINDING FAULT

10% 100% 100% 100% 100% 100% 100% | 100% 100% 100% 100%
20% 100% 100% 100% 100% 100% 100% 100% | 100% | 100% 100% 100% 100%
30% 100% 100% 100% 100% 100% 100% 100% | 100% | 100% 100% 100% 100%
40% 100% 100% 100% 100% 100% 100% 100% | 100% | 100% 100% 100% 100%
50% 100% 100% 100% 100% 100% 100% 0% 100% | 100% 100% 100% 100%
60% 100% 100% 100% 100% 100% 100% 100% | 100% | 100% 100% 100% 100%
70% 100% 100% 100% 100% 100% 100% 100% | 100% | 100% 100% 100% 100%
80% 100% 100% 100% 100% 100% 100% 100% | 100% | 100% 100% 100% 100%
90% 100% 100% 100% 100% 100% 0% 100% | 100% | 100% 100% 100% 100%
Average 100% 96.30% 96.30% 100%

TABLE III. PERCENTAGE OF AVERAGE ACCURACY IN CASE OF EXTERNAL SHORT CIRCUIT

6
20% 100% 0% 100% 100% 100% 100% 0% 100%
40% 100% 100% 100% 100% 100% 100% 100% 0% 100% 100% 100% 100%
50% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
60% 100% 100% 100% 100% 100% 100% 100% 100% | 100% 100% 100% 100%
80% 100% 100% 100% 100% 100% 100% 100% 100% | 100% 100% 100% 100%
Average 93.33% 100% 86.67% 100%
{4] Saleh A. Saleh, Benjamin Scaplen, and M. Azizur Rahman, “A
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Application of Back-propagation Neural Network for Transformer

Differential Protection Schemes Part

2 Identification the phase with fault

appearance in power transformer
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Sulee Bunjongjit, Jittiphong Klomjit
Department of Electrical Engineering, Faculty of
Engineering, King Mongkut’s Institute of Technology
Ladkrabang, Bangkok, 10520 THAILAND
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istract— In this paper, a decision algorithm for identifying the
\ase with fault appearance of a two-winding three-phase
insformer has been proposed. A decision algorithm based on a
mbination of Discrete Wavelet Transforms and back-
opagation neural networks (BPNN) is developed. Daubechies4
b4) is employed as mother wavelet in order to decompose high
equency components from fault signals. The maximum
efficients of DWT at % cycle of phase A, B, C and zero
quence for post-fault differential current are used as input
«tterns for training process, and the results obtained from the
cision algorithm are investigated. Various cases and fault types
e studied to verify the validity of the algorithm. The result is
und that the proposed decision algorithm  can give more
tisfactory results.

eywords — Back-propagation neural network, Transformer,
dscrete Wavelet Transforms, Differential Protection

1. INTRODUCTION

During the course of recent years, the development of fault
iagnosis techniques for the power transformer has been
-ogressed with the several techniques [1-5]. The idea of
aplication of wavelet transform to fault diagnosis is not new,
«d there are a number of research papers related to this idea
«-6]. Most research works [3-5] are interested in only the
Kfects from magnetizing inrush current and the discrimination
«etween magnetizing inrush current and internal faults. A new
wline technique to identify mechanical faults within a power
ansformer has been proposed in [1]. A new wavelet model
or the power transformer has been proposed in [2]. A
»chnique for discrimination between an internal fault and an
arush current using the two-terminal network has been
«coposed in [3]. A novel concept for transformer design with
w2 asymmetric winding configuration to reduce the inrush
«arrent with appropriate voltage regulation and short circuit
«arrent has been proposed in [4]. In previous research works
5-6], in order to discriminate between external fault and
iternal fault in power transformer, the comparisons of the
«oefficients of discrete wavelet transform (DWT) have been
erformed. The comparison of the coefficients from first scale
wat can detect fault is considered. Although the wavelet
ransform is very effective in detecting transient signals
enerated by the faults, but identifying types of internal fault
mad locating the phase with fault appearance are as important
s fault detection. In previous research works [5], for

~1-4673-2743-5/12/$31.00 ©2012 IEEE

Boonlert Suechoey
Department of Electrical Engineering,
Faculty of Engineering, South-East Asia University,
Bangkok, 10160 THAILAND

e-mail: boonlert@sau.ac.th

identifying the phase with fault appearance, the division
between the maximum coefficient of different current phase
(A, B, C) and zero sequence differential current, was
performed as comparison indicators. The proposed decision
algorithm can give more satisfactory results but it may be
complexity.

Therefore, this paper concentrates on the types of internal
fault in the transformer winding in order to prevent false
tripping and decrease complexity for analyzing the types of
internal fault. An application of DWT and a decision
algorithm based on back-propagation neural networks (BPNN)
can be applied to develop the signal analysis of electrical
power system and increase in the performance of protection
devices subjected to fast and precise operation. The
transformer model [3, 7-9] with the stray capacitances is used
so that internal fault signals with high frequency components
can be calculated. The current waveforms obtained from
simulations are extracted to several scales with the DWT, and
the coefficients of the first scale from the DWT are
investigated. The comparison of the coefficients is performed
and used as an input for training processes of the BPNN. The
construction of the decision algorithm is detailed and
implemented with various case studies based on Thailand
electricity transmission and distribution systems.

1. SIMULATION

A 50 MVA, 115/23 kV two-winding three-phase
transformer was employed in simulations with all parameters
and configuration provided by a manufacturer [10]. The
scheme under investigations is a part of Thailand electricity
transmission and distribution system as depicted in Fig. 1 and
Fig. 2. It can be seen that the transformer as a step down
transformer is connected between two subtransmission
sections. To implement the transformer model, simulations
were performed with various changes in system parameters as
follows:

- The angles on phase A voltage waveform for the instants of
fault inception were 00-3300 (each step is 3000).

- Internal faults type at the transformer windings (both
primary and secondary) which is winding to ground faults was
investigated.

- The fault position were designated on any phases of the
transformer windings (both primary and secondary), was
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ied at the length of 10%, 20%, 30%, 40%, 50%, 60%, 70%,
%, and 90% measured from the line end of the windings.
ault resistance was 5 £2.

EGAT | PEA
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Fig. 1. The system used in simulations studies.[11]
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The primary and secondary current waveforms, then, can
be simulated using ATP/EMTP, and these waveforms are
interfaced to MATLAB/Simulink for a construction of fault
diagnosis process. The fault signal in each phase is obtained
from primary and secondary current of transformer as
illustrated in Fig. 4. An example of primary and secondary
current for a case of winding phase A to ground fault at 20%
in length of the high voltage winding as shown in Fig. 4(a)
while Fig. 4(b) is obtained when winding phase A to ground
fault occurred at 20% in length of the low voltage side.

With fault signals obtained from the simulations, these
waveforms are interfaced to MATLAB/Simulink for a
construction of fault diagnosis process. The differential
currents, which are a deduction between the primary current
and the secondary current in all three phases as well as the
Zero sequence, are calculated, and the resultant current signals
are extracted using the Discrete Wavelet Transform (DWT).
The mother wavelet, daubechies4 (db4) [5-6, 9, 12], is
employed to decompose high frequency components from the
signals. The coefficients of the signals obtained from the
DWT are squared for a more explicit comparison. Fig. 5(a).
illustrates an example of an extraction using DWT for the
differential currents and zero sequence current from scalel to
scale 5 for a case of winding phase A to ground fault at 20%
in length of the high voltage winding while case of winding
phase A to ground fault at 20% in length of the low voltage
winding as shown in Fig. 5(b)-

Primary Current
A

B G T
s y 4
500} & o, s
£ I , 9 o~ ~ Y
>, p-4 A N, A W
o\ N, AN NS, % S ;" YAV AV \ X
. Aeit®. LA AN (3 ) o
500+ A et Forunt” B
1000 ' L L 1 L 1 L 1 L
0 001 002 003 004 005 006 0.07 0.08 0.9 0.1

. ' ! . L
002 003 004 005 006

0 0.01

(b) Fault occurs at the low voltage winding.

Fig. 4. Primary and secondary currents for a case of internal fault at 20% of length of the winding.
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Phase A Phase B Phase C Zaro sequence
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(a) Fault occurs at the high voltage winding. (b) Fault occurs at the low voltage winding.
Fig. 5. DWT of differential currents (Winding to ground fault at 20% in length of the winding)
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Fig. 6. DWT of differential currents (Winding to ground fault at 20% in length of the low voltage winding)

III. NEURAL NETWORK DECISION ALGORITHM

From the simulated signals, DWT is applied to the quarter
cle of differential current waveforms after the fault
ception. The comparison of the coefficients from each scale
considered. By performing many simulations, it has been
und that when applying the previously detailed algorithm for
secting internal faults at the transformer winding, the
sefficient in scale 1 (50-100 kHz) from DWT seems enough
indicate the internal fault inception of the transformer. As a
sult, it is unnecessary to use other coefficients from higher
ales in this algorithm, and the coefficients of scale 1
stained using the DWT are used for training and test
ocesses of the back propagation neural network (BPNN).

In this paper, a structure of a BPNN consists of three layers
nich are an input layer, two hidden layers and an output
iver as shown in Fig. 6. Each layer is connected with weights
d bias. Before carrying out the training process, input data
ks are normalized and divided into 252 sets for training and
8 sets for validation, A structure of the BPNN consists of 4
urons inputs, two hidden layers and 8 neuron outputs. The
aximum coefficients of DWT at % cycle of phase A, B, C
«d zero sequence for post-fault differential current are used
input patterns for training process. The output variables of
s neural networks are designated as either 0 or 1, which
wrespond to phase A, B, C, and ground (G) as shown in

1-4673-2743-5/12/831,00 ©2012 IEEE

Table 1. If output value of BPNN is less than 0.5, no fault
occurs on each phase; conversely, if this output value of
BPNN is more than 0.5, a fault does occur. In addition,
hyperbolic tangent sigmoid functions [12] are used as an
activation function in all hidden layers while linear function is
used as an activation function in output layers.
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Table 1. Output of BPNN for identifying the fault types

£ Fault-Types- < = JA1|B1 B2 m
Winding to ground phase A 0
(High voltage winding)
Winding to grounq p}}aseA ololololilolol1
(Low voltage winding)
Winding to ground phase B
(High voltage winding) 0J1[0)1]0]0]0]0
Winding to ground phase B olololololilol1
(Low voltage winding)
Winding to ground phase C
(High voltage winding) | °[® || 1]°[°[°[°
Winding to ground phase C olololololol1]1
(Low voltage winding)




. training process was performed using neural network
olboxes in MATLAB. It can be divided into three parts as
sllows [9, 12, 13]:

The feedforward input pattern, which has a propagation of
ata from the input layer to the hidden layer and finally to the
atput layer for calculating responses from input patterns
lustrated in Equations 1 and 2.

a2 =f2(lw2’1 *fl(iwl,l *p+b1)+b2) |
o/ pay = AW *a? +5%) 0

here,

= input vector of BPNN

v"! = weights between input and the first hidden layer

v>' = weights between the first and the second hidden layers
v = weights between the second hidden layer and output
yers

, b*= bias in the first and the second hidden layers
spectively

} = bias in output layers

, £ = activation function (Hyperbolic tangent sigmoid
nction ; tanh)

= activation function (Linear function)

The back-propagation for the associated error between
dtputs of neural networks and target outputs; The error is fed
all neurons in the next lower layer, and also used as an
(justment of weights and bias.

The adjustment of the weights and bias by Levenberg-
arquardt (trainlm). This process is aimed at trying to match
tween the calculated outputs and the target outputs. Mean
solute percentage error (MAPE) as an index for efficiency
termination of the back-propagation neural networks is
«mputed in Equation 3.

MapE<L+S IO/PANNi =0/ Prarcer:| 100% .00
=i o/ PrarGETi
1ere,
= input vector of BPNN

In this training process, a number of neurons in both
Mden layers were increased in order to select the best
«wformance. During the training process, the weight and
uses were adjusted, and there were 20,000 iterations in order
compute the best value of MAPE, The number of neurons
both hidden layers was increased before repeating the cycle
the training process. The training procedure was stopped
«en reaching the final number of neurons for the first hidden
er or the MAPE of test sets was less than 0.5%. The
Wning process can be summarized as Fig. 7. while results
«n the training process can be shown in Table 2.
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8 output (0 or 1) which corresponding
to phase A, B, C, and ground (G)

v

Obtain maximum coefficients details (cD1) from
DWT in first scale at % cycle of Phase A, B, C and
zero sequence for post-fault differential current
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Fig. 7. Flowchart for the training process.




Table 2. Results and MAPE of BPNN

Ay
2-1 16.667 16.667 0.33
3-2 16.667 16.737 0.84
4-3 15.909 16.591 1.18
5-4 15.357 15.246 1.56
6-5 6.616 10.963 2.07
7-6 6.163 9.127 2.80
8-7 1.105E-02 3.039 3.63
9-8 1.011E-03 7.183 4.97
10-9 1.23E-05 5.993 6.19
11
I B €4
0% 18 100% [66.66% | 100% [ 100% | 100% | 100%
0% 18 100% | 100% | 100% | 100% | 100% |66.66%
0% 18 100% 166.66% | 100% 1 100% | 100% [66.66%
0% 18 100% | 100% | 100% | 100% | 100% | 100%
0% 18 100% [66.66% | 100% | 100% | 100% | 100%
0% 18 100% | 100% | 100% | 100% | 100% | 100%
0% 18 100% | 100% | 100% | 100% | 100% | 100%
0% 18 100% | 100% ] 100% | 100% | 100% | 100%
0% 18 100% | 100% |66.66% | 100% | 100% | 100%
erage) 162 95.06% 97.53%

When the training process was completed, the algorithm
s implemented to identify the phase with fault appearance
the winding transformer. Case studies were varied so that
» algorithm capability can be verified. The system under
asideration is shown in Fig. 1. The total number of the case
dies was 162. Case studies are performed with various
res of fault at each position in the transformer including the
iation of fault inception angles. The result obtained from
¢ studies both high voltage and low voltage winding is
tlawn in Table 3. It can be seen that the average accuracy of
t types from the high voltage winding is 95.06% while the
rrage accuracy of low voltage winding is 97.53% at various
igths of the transformer winding. The average accuracy of
4t types from the prediction of the decision algorithm is
tly acceptable.

IV. CONCLUSION

n this paper, a decision algorithm using DWT in
nbination with BPNN to identify phase with internal fault
«earance along the transformer windings has been proposed.
> current waveforms obtained from the simulation, then, are
-acted using the DWT. Daubechies4 (db4) was selected as
her wavelet in order to decompose high frequency
wponents from fault signals. The maximum coefficient
w the first scale at % cycle of phase A, B, and C of post-
«t differential current signals and zero sequence current
uined by the DWT has been used as an input for the
1ing process of a neural network in a decision algorithm
w a use of the BPNN. The results obtained from the
arithm proposed in this paper can detect and indicate the

“{673-2743-5/12/$31.00 ©2012 IEEE 1503
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fault types with the accuracy higher than 95% as presented in
Table 3. Although the proposed algorithm can give
satisfactory results, the overall accuracy indicates that this
algorithm requires the further improvement so that the higher
precision can be achieved.
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Improvement of Internal Fault Detection Algorithms
to Reduce Training Time of Back-Propagation Neural Networks
for Transformer Differential Protection Schemes
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Abstract — This paper presents an algorithm based on a combination of Discrete Wavelet
Transforms (DWT) and back-propagation neural networks for detection and classification of
internal faults in a two-winding three-phase transformer. Fault conditions of the transformer are
simulated using Electromagnetic Transients Program (EMTP) in order to obtain current signals.
The training process for the neural network and fault diagnosis decision are implemented on
MATLAB. In addition, the initial number of neurons for the first hidden layer to decrease duration
time of train process is taken into account. Various cases based on Thailand electricity
transmission and distribution systems are studied to verify the validity of the proposed algorithm.
A comparison between the proposed technique and conventional training is presented. The result is
shown that the proposed technique is very effective in reduce training time and gives a satisfactory
accuracy. Copyright © 2012 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords: Wavelet Transform, Transformer, Neural Network, Differential Relay, Internal Fault

1. Introduction

The differential principle is applied for protection of
medium and large power transformers. In the literature
for fault detection, several algorithms have been
proposed and discussed for detecting fault but these
several algorithms have different solutions and
techniques [1]-[17]. In previous research works [1], in
order to discriminate between external fault and internal
fault in power transformer, the comparisons of the
coefficients of discrete wavelet transform (DWT) have
been performed.

The proposed decision algorithm can give more
satisfactory results for identification between internal
fault and external fault. In addition, artificial intelligence
(AI) has been also reported in the literature for fault
detection [18]-[30]. In several research papers, the
artificial neural network (ANN) [2], [4], [6], [14], [27] is
employed as well as Fuzzy Logic [25], [30] in order to
detecting and discriminating among magnetizing inrush
current, external fault and internal fault. Despite progress
in differential protection algorithm, the literature shows
that the Al based on the multilayer feedforward neural
network with back propagation learning [3], [4], [16] has
been commonly employed to solve this problem.

In the foregoing it can be seen that BPNN is a
necessity to reduce training time for fault detection. The
training time of BPNN depends on the selection of
optimum number of neurons in the hidden layer. In
addition, the number of neurons required in the hidden
layer depends on the complexity of the relationship
between'the inputs and outputs.

Manuscript received and revised September 2012, accepted October 2012
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Hence, the objective of this paper is to first propose
the initial number of neurons for the first hidden layer to
decrease duration time of train process. A comparison
between the proposed - technique and conventional
training is presented in order to show the advantage of
the proposed technique. For artificial neural network
(ANN) and wavelet transform, their application for
protection of power transformer is also progressed
nowadays.

Soan application of discrete wavelet transform and a
decision algorithm -based -on back propagation neural
networks used to detect the internal faults at the windings
of a two-winding transformer are employed as illustrated
in Fig. 1.

The transformer model with the stray capacitances is
employed so that internal fault signals with high
frequency components can be calculated.
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Fig. 1. The medules of detection and identification
of fault position
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The simulations, analysis and diagnosis are performed
using ATP/EMTP and MATLAB on a PC Pentium IV 2.4
GHz 512 MB. The current waveforms obtained from
ATP/EMTP are extracted to several scales with the
Wavelet transform, and the coefficients of the first scale
from the Wavelet transform are investigated. The
comparison of the coefficients is performed and used as
an input for training processes of the neural networks.

The construction of the decision algorithm is detailed
and implemented with various case studies based on
Thailand electricity transmission and distribution
systems.

II. Theory

II.1.  Wavelet Transform

The wavelet transform is a tool that cuts up data or
functions or operators into different frequency
components, and then studies each component with a
resolution matched to its scale [31]-[33]. The advantage of
the transform is that the band of analysis can be fine
adjusted so that high frequency components and low
frequency components are detected precisely. Results
from the wavelet transform are shown on both the time
domain and the frequency domain.

The wavelet transform can expand signals in terms of
using a shift in time or translation as well as compression
in time or dilation of a fixed wavelet function named as
the mother wavelet [31].

The wavelet transform having a change in the analysis
scaled by the factor of two is called discrete wavelet
transform (DWT) as in Eqn. (1):

DWT (m,n) =—1‘/2_72k: f(k)w[f_zlfn—zm} [6))

where:

m
W[n k2 ] = mother wavelet
2m

(In this paper, Daubechies 4 is selected as a mother
wavelet) [34].

S&lwﬁlL@
25-50kHz
4‘{ 2 ’
125252
®

6.25-12.5M 12

@ o High pass Filter
= Low pass Filter

2.125-6.28k1z

0-3.12%:Hz

Fig. 2. 5-level wavelet decomposition tree

From the Fig. 2, In the first stage (scale 1), it splits up
the signal into two parts by passing the signal from a
high-pass and a low-pass filter resulting in two different
versions~of the same signal: portion of the signal
corresponding with low frequency components of the

Copyright © 2012 Praise Worthy Prize S.rl. - All rights reserved

signal used to analyze the low frequencies, is called
approximations (low pass portion) while portion of the
signal corresponding with high frequency components of
the signal used to analyze the high frequencies, is called
details (high pass portion).

I12.  Back-Propagation Neural Network

The structure of a back-propagation neural network
(BPNN) consists of three layers - an input layer, at least
one hidden layer and an output layer. Each layer is
connected with weights and bias. A three-layer back
propagation neural network with one input layer, two
hidden layers and one output layer was used as shown in
Fig. 3. Hyperbolic tangent sigmoid functions [16] were
used as an activation function in all hidden layers,
whereas a- linear function was used as an activation
function in the output layers. A training process was
performed using the neural network toolbox [35], [36],
[37] in MATLAB. It can be divided into five parts as
follows:

1. The feed-forward input pattern, which propagates
data from the input layer to the hidden layer and
finally to the output layer for calculating responses
from the input patterns as illustrated in Equations (2)
and (3):

at=f? (Iwz'l A p+b‘)+b2) @)

o/ pag = 12 (W *a* +5?) 3)

where:

p = input vector of BPNN

iw"! = weights between input and the first hidden layer
Iw*' = weights between the first and the second hidden
layers

Iw™? = weights between the second hidden layer and the
output layers

b', b*= bias in the first and the second hidden layers,
respectively

b’ = bias in the output layers

£, f%="activation function (hyperbolic tangent sigmoid
function: tanh)

f° = activation function (linear function)

2. Compute the mean squares of errors over all input as
expressed Eq. (4):

1 ]
MSE = FZ(O/ Prarceri — 0/ Panni ) @)

i=l

where:
o/ paywi= the output value of network in the output

layers for pattern p
o0/ prarceri= the target value (desired output) of the

output layers for pattern p
n = number of test sets

International Review of Electrical Engineering, Vol. 7, N. 5
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Fig. 3. Back propagation with two hidden layers [16], [35]

3. The adjustment of the weights and bias by
Levenberg-Marquardt [37]. If we minimize this error
with repect to the new weights X(new) V€ obtain in

Equation (5):
Xnew) = *(old) +Ax =

= Yay+ [T (IR @H] )

T (x)-e(x)

where:

x = the weight

J = Jacobian matrix

e = error matrix between the target value and the output
value of network

I=1dentity matrix

= Learning rate

4. Compute the Jacobian matrix as in Eq. (6).
Recompute the sum of squares of error using x+ Ax
if this new sum of squares is smaller than that
computed in step 2, then reduce o, and go back to
step 2. If the sum of squares is not reduced, then
increase o and go back to step 3:

(oo 0o 0o
%y, Oxpp Ox, 2
J(%)= Oxyy 0%y, ox) 2 (6)
6es, 6es3 . de 5
_axf 1 Fa, o3 |

5. The algorithm is assumed to have converged when
the norm of the gradient is less than some
predetermined value, or when the mean squares error
has been reduced to some error goal.

Copyright © 2012 Praise Worthy Prize S.r.l. - All rights reserved

III. Case Studies and Fault Detection
Algorithms

Neural network requires fault signal samples from
simulations to training and test processes but internal
fault in winding transformer rarely occurs when
comparison with fault in other equipments in power
system, so various fault signals patterns must be obtained
using simulation.

The ATP/EMTP program is employed in simulating
the transients of fault signals, at a sampling rate 200 kHz.
The present study is interested in identifying the types of
internal fault of the transformer windings.

HL1. Transformer Model Using EMTP [37]

To study internal faults of the transformer, Bastard et
al [38] proposed modification of the BCTRAN
subroutine. Normally, the BCTRAN uses a matrix of
inductances with a size of 6x6 to represent a transformer,
but with the internal fault conditions, the matrix is
adjusted to be a size of 7x7 for winding to ground faults
and of 8x8 for interturn faults.

However, the effects of high frequency components
which may occur during the faults are not included in
such a model.

In this paper, the combination of the transformer
models proposed by Bastard et al [38] with the high
frequency model including capacitances of the
transformer recommended by IEEE working group [39],
are used for simulations of internal faults in the
transformer windings.

The process for simulating internal faults based on the
BCTRAN routine of EMTP can be summarized as
follows:

I*' step: Compute matrices [R] and [L] of the power
transformer from manufacture test data [40] without
considering the internal faults.

R -~ 0
[R]=|: . @
0 o R

International Review of Electrical Engineering, Vol. 7, N. 5
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L Iy - L
wer IR e
L61 L62 L6

2" step: Modify Eqs. (7) and (8) to obtain the new
internal winding fault matrices [R]. and [L]. as
illustrated in Equations (9)-(10) {38]:

R, 0 0 0 0 0 0 O]
0O R 0 0 0 0 0 0
0 0 R 0 0 0 0 0
. 0 0 0 RR O O O O
[R] = . ©)
0 0 0 0 R 0 0 0
0 0 0 0 0 R 0 0
0 0 0 0 0 0 R 0
(0 0 0 0 0 0 0 Ry
2] -
La Mab Mac Ma2 Ma3 Ma4 Ma5 Ma6

Mba Lb Mbc Mb2 Mb3 Mb4 MbS Mb6
Mca Mcb L McZ Mc3 Mc4 McS Mc6
MZa M2b MZc LZ M23 M24 M25 M26 (10)
M3a M3b M3c M32 Lj M34 M35 M36
M4a M4b M4c M42 M43 L4 M45 M46
MSa MSb MSc MSZ M53 M54 LS M56
_M6a M6b M6c M62 M63 M64 M65 L6

3™ step: The inter-winding capacitances and earth
capacitances of the HV and LV windings can be
simulated by adding lumped capacitances connected to
the terminals of the transformer as shown in
Fig. 4.

Cy

G

-

Primary 115/23 kv Secondary
50 MVA

bg

o

Fig. 4. A two-winding transformer with the effects
of stray capacitances [39]

II1.2. Winding to Ground Fault Simulation
A 50 MVA, 115/23 kV. two-winding, three-phase

transformer is employed in simulations with all

Copyright © 2012 Praise Worthy Prize S.r.l. - All rights reserved
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parameters and configuration provided by a manufacturer
[40]. The scheme under investigations is a part of
Thailand electricity transmission and distribution system
as depicted in Fig. 5.

» » EGAT } PEA
MK US2BRY
50MVA 1

Primary side.
current:

o+

‘Secondury side o
ciiFrent LOAD
Fig. 5. The system used in simulations studies [41].

From Fig. 5, it can be seen that the transformer as a
step down transformer is connected between two
subtransmission sections. To implement the transformer
model and cover all regions of operating conditions
training and testing data are simulated with various
changes in system parameters as follows:

- The angles on phase A voltage waveform for the
instants of fault inception are 0°-330° (each step is
30°).

- For the winding to ground faults, the fault positions
as shown in Fig. 6 are designated on any phases of
the transformer windings (both primary and
secondary) at the length of 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80% and 90% measured from the
line end of the windings.

a
‘I'_/ b Phase A
2

Phase B
3 4
Phase C
5 6
Primary Secondary

Fig. 6. The modification on ATP/EMTP model for a three-phase
transformer with winding to ground faults [38]

The primary and secondary current waveforms, then,
can be simulated using ATP/EMTP, and these waveforms
are interfaced to MATLAB/Simulink for a construction
of fault diagnosis process. With fault signals obtained
from the simulations, the differential currents, which are
a deduction between the primary side current and the
secondary side’current in jall three phases as well as the

International Review of Electrical Engineering, Vol. 7, N. 5
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zero sequence, are calculated, and the resultant current
signals are extracted using the DWT. The coefficients of
the signals obtained from the DWT are squared for a
more explicit comparison. Fig. 7(a) illustrates an
example of an extraction using DWT for the differential
currents and zero sequence current from scalel to scale 5
for a case of phase A to ground fault at 10% of length of
the high voltage winding.

From Fig. 7, the input signal is plotted in the top trace
of Figure. The input signal implementation is a
multi-signal trace from each high-pass filter,
corresponding to a particular scale parameter, as shown
in Fig. 7. The traces labeled scalel, scale 2, ..., scale 5 in
this figure correspond to the filter output of Fig. 2.

x 10° Phase A Phase B Phase C Zero sequence

1 &0 5

- 50 50
pi 5 5 40
P ool | | L=l
(7]

0 0 a 0
I 0 2 40
R l 2 10 l 2 l
0 0 o o
o 50 150 150
= 100 100 500
3 o | Jo | l

0 0 0 0
<« 500 300 200
2 200 200
3 10 100 L

8 0 0 0
w 20000 a0 0
2
; = | = |
7]

0 9 ) 0

0 005 01 0 OB 04 0 005 01 0 005 Of

Time (s)

Fig. 7. Wavelet transform of differential currents
(Winding phase A to ground fault at 10% of length of the winding)

II1.3.  Interturn Fault Simillation

Interturn fault simulations are performed with various
changes in system parameters as same as winding to
ground fault simulations but the position of fault that
occurs is performed as follows:

- For the interturn faults, the position of point a on the
transformer winding, as shown in Fig. 8, is varied at
the length of 10%, 20%, 30%, 40%, 50%, 60%, 70%
and 80% measured from the line end of the windings.

- For the interturn faults, the position of point b on the
transformer winding, as shown in Fig. 8, is varied at
the length of 10%, 20%, 30%, 40%, 50%, 60%, 70%
and 80% measured from the line end of the windings.

Fig. 9 illustrates examples of extraction processes
using DWT for the differential currents and zero
sequence current from scalel to scale 5 for a case of an
interturn fault. From Fig. 7 and Fig. 9, it can be seen that
the coefficients obtained in each phase nearly both
winding to ground fault and interturn fault so that the
comparison of the coefficients from each scale is
considered [1], [16].

From previous papers [1], [16], DWT is applied to the
quarter cycle of differential current waveforms after the
fault.inception, The coefficients of scale'] obtained using

Copyright © 2012 Praise Worthy Prize S.r.l. - All rights reserved

the DWT are used for training and test processes of the
BPNN.

\ Phase A

(=4

Phase B

Phase C

5 6
Primary Secondary

Fig. 8. The modification on ATP/EMTP model for a three-phase
transformer with interturn faults [37]

* Phase A Phase B Phase C * Zero seque
j x 10 50 50 1 x 10
0 —]\N\/ 0 oA o—AAAS
-1 -50 50 -
- 20 5 5 40
= ) [0
& 0 0 0 0
o~ 200 40 il : 40
2 l 2 10 l 2 l
O
“ 0 s 0 0
o 500 150 150 B0D)
= 100 160
g o | s |
12 0 0 0 0
< 400 400 3009
o
; N i N O o l
@ 0 o i (1]
w 25000 40 40 7
O 3 o W e O l
a 0
U6 o5 o % om® o1 Un 005 01 0 005 01
Time (s)

Fig. 9. Wavelet transform of differential currents
(Interturn phase A fault between 10% and 20%
of length of the winding.)

IV. Neural Network Decision Algorithm
and Simulation Results

In this paper, a three-layer back propagation neural
network with one input layer, two hidden layers and one
output layer is employed as illustrated in Fig. 3. Due that
the number of neurons required in the hidden layer
depends on the complexity of the relationship between
the inputs and outputs so a number of neurons in each
hidden layer have to be fixed first.

The end user must design a suitable number of
neurons in each hidden layer as well as the number of
hidden layers by a trial and error method. In previous
study [34], the comparison between results obtained from
the one hidden layer and two hidden layers were
performed.

International Review of Electrical Engineering, Vol. 7, N. 5
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It was found that the two hidden layers are able to give
satisfactory results, and the two hidden layers are the
architecture adopted in this paper. For the initial number
of neurons for the first hidden layer, it can be calculated
using in Eqn. (11):

imput + EUTONS gy ) (11)

2
Neuronsy,, = E(neurons-

where:

neurons,,,, = Initial number of neurons in the first
hidden layer

neurons,,,,, =Number of neurons input

neurons ,,,,, = Number of neurons output.

When the initial number of neurons in the first hidden
layer has been determined, the final number of the
neurons in the same layer has to be calculated in order to
stop the training process. The final number can be
obtained from:

REUrONSy,, = NEUFONS sy + NEUFONS) (12)

where:
neurons,, = the final number for the neurons in the
first hidden layer:

5 2 < neuronsg,, <6

4 7 < neurons.,,.. <10

neurons; =4 _ if i
3 11< neuronsy,, <13
2 14 < neurons,,,

Before the training process, input data are normalized
and divided into 1620, 648, and 216 sets for training and
810, 324 and 108 sets for test to identify fault types,

Input Laycr
i=1,2,3,4
200
< (170.8760)
A

Phase B

Pﬁass C

Zeto sequsnce’

locate interturn fault and locate winding to ground fault
respectively as illustrated in Table 1.

A structure of the BPNN consists of 4 neuron inputs
that are the maximum coefficients details (cD1) in scale
1 at % cycle of phase A, B, C and zero sequence for
post-fault differential currents as illustrated in Fig. 10.

The output variables of the neural networks are
designated as either 0 or 1 with various types of faults for
training to identify fault types as presented in Table IL

Moreover, the output variables of the neural networks
for fault locations are designated as value range of 0.1 to
0.9 corresponding to length of the winding that fault
occurs,

TABLEI
NUMBER OF DATA FOR BACK-PROPAGATION NEURAL NETWORKS

Trainging 1620, 648 648 216 216

Test 810 324 324 108 108
Case Studies 810 324 324 108 108

In addition, the initial and final numbers of neurons
for the first hidden layer are 8 and 11 neurons for training
to identify fault types respectively while the initial and
final numbers of neurons for the first hidden layer are 3
and 8 neurons for training to locate interterm fault and
locate winding to ground fault. During the training
process, the weight and biases are adjusted, and there are
20,000 iterations in order to compute the best value of
Mean absolute percentage error (MAPE) as shown in Eq.
(13).

The number of neurons in both hidden layers is
increased before repeating the cycle of the training
process. The training procedure is stopped when reaching
the final number of neurons for the first hidden layer or
the MAPE of test sets is less than 0.5%.

4

Hidden Layer1-2 Output Layer
1.2, k=12,..,m
Actual
output
Y,
Y:
Y,
Yo

k = 8 logic output for fault types

Fig: 10.-Magnitude in scale 1, for post-faultcurrent signal shown inFig.,7
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TABLEII
OUTPUT PATTERNS FOR NEURAL NETWORKS
" Classification ofFailts, 147 ‘ GIEA2:B2.C2G2
Winding phase A to ground fault 0000
at high voltage winding (AGHV)
Winding phase A to ground fault
at low voltage winding (AGLV)
Interturn phase A fault
at high voltage winding (AHV)
Interturn phase A fault
at low voltage winding (ALV)
Winding phase B to ground fault
at high voltage winding (BGHV)
Winding phase B to ground fault
at low voltage winding (BGLV)
Interturn phase B fault
at high voltage winding (BHV)
Interturn phase B fault
at low voltage winding (BLV)
Winding phase C to ground fault
at high voltage winding (CGHV)
Winding phase C to ground fault
at low voltage winding (CGLV)
Intertumn phase C fault
at high voltage winding (CHV)
Interturn phase C fault
at low voltage winding (CLV)

3

1 0 0 1
0O 0 0 0 1001

1 0 0 0 0000

Normalization input patiemn

& output (0 or )hnclc ‘Blé
correspond fa pl A,B,
and ground (G'

Obtain maximum coeflicients dewtls.
{cD1) from DWT (phase A, B, Cand
e sexquence for post-fault differentiall
current) in find scale ot Y4 oycle

Tnitial number of neurons
Hidden layer 1 = neurons_start
Hidden layer 2 = peurons_start-

Adjusting number of nevroas in
idden layerlvHidden layerl+1
Hidden layer2=Hidden layer2+1

Adjusting weight
and biases

Compute output and
MAPE of BP

Store Weight. bias that
computed minimum
MAPE

Store Weight, bias that
computed minimum

tore Weight, bias that
computed minimum
MAPE

Fig. 11. Flowchart for the training process
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The training process can be summarized as a
flowchart shown in Fig. 11 while the results from the
training process can be summarized in Table III to Table
\'H

L — "
WPE='1—'Z|0/pAMW 0/pTARGETl x100% (13)
nog 0/ Prarceri

where, n = number of test sets.

TABLEIIL
RESULTS FROM THE TRAINING PROCESS OF THE PROPOSED
TECHNIQUE AND THE CONVENTIONAL TECHNIQUE IN CASE OF

2 - - 16.6669 61.35
3 - - 16.8446 12435
4 - - 16.6823 188.06
5 - - 12.6881 269.18
6 - - 12.1164 358.06
7 - - 11.8476 471.18
8 1.4183 594.31 49914 593.54
9 0.466 767.54 3.3858 769.3
10 - - 1.459 953.3
11 - - 1.042 1169.06
Total time Total time
used in training 1362.25 used in training 4958.58
process process
(minute) (minute)
TABLEIV

RESULTS FROM THE TRAINING PROCESS OF THE PROPOSED

4 0.86 341 419 3.57
5 0.79 425 2.7 427
6 0.74 5.16 2.32 5.36
7 0.75 6.35 272 6.45
8 0.7 7.46 297 8.34
9 0.73 10.46 2.84 10.44
Total time used in Total time used
training process 3829 in training process 40.03
(minute) (minute)

The conventional training is compared with the
proposed technique in order to show the benefit of the
proposed technique. Before the conventional training
process, the initial and final numbers of neurons for the
first hidden layer are 2 and 11 neurons respectively. The
conventional training is processed the same as the
proposed technique:

International Review of Electrical Engineering, Vol. 7, N. 5
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TABLEV
RESULTS FROM THE TRAINING PROCESS OF THE PROPOSED TECHNIQUE IN CASE OF INTERTERM FAULT
High Voltage Winding Low Voltage Winding

Number of neurons in the first

Time used in training Time used in training

hidden layer MAPE of Test set (%) process (minute) MAPE of Test set (%) process (minute)
4 1.166 12.21 . 1.53 12.1
5 1.196 16.11 1.558 16.12
6 1.153 20.2 1.458 20.19
7 1.207 26.23 1.544 26.17
8 1.122 3444 1.495 3531
9 1.06 44.13 ‘ 1.515 433
Total time used in training process (minute) 154.12 Total time used in training process (minute) 153.59
TABLE VI
RESULTS FROM THE TRAINING PROCESS OF THE CONVENTIONAL TECHNIQUE IN CASE OF WINDING TO GROUND FAULT
Number of neurons in the first High Voltage Winding . = Low Voltage: Winding. P
hidden layer MAPE of Test set (%) Time used in training MAPE of Test set (%) Time used in training process
process (minute) (minute)
2 792 ©207 493 23
3 1.14 34 437 232
4 0.87 401 3.91 3.34
5 0.77 437 3.05 4.18
6 0.7 5.36 287 524
7 0.73 7.19 297 6.23
8 0.7 8.37 1.77 7.4
9 0.74 11.09 3.1 10.33
10 0.76 13.31 3.07 12.46
11 0.64 16.51 2.91 16.46
Total time used in training process (minute) 71.27 Apul Smtysell e i 72,26
process (minute)
‘ TABLE VIL
RESULTS FROM THE TRAINING PROCESS OF THE CONVENTIONAL TECHNIQUE IN CASE OF INTERTERM FAULT
Number of neurons in the first MAPE of T:iitsh 'IV‘;:::EuZ:Ziil;dti:aginin TOCESS R B v’IYiix:iinied in traini 0Ce!
: used in training process
hidden layer o Hl i g p! MAPE of Test set (%) (minte) g p!
2 2.039 5.48 1.803 5.42
3 1.573 8.06 1.541 7.37
4 1.244 10.36 1.492 11.40
5 1.170 13.58 1.554 16.10
6 1.115 17.27 1.541 2143
7 1.122 2225 1.512 29.55
8 1.106 28.42 1.469 41.09
9 1.142 36.09 1.505 53.46
10 1.080 49.13 1.496 63.17
1 1.078 56.17 1.529 66.11
Total time used in training process (minute) 24841 Total time used I0NRIheE Doy 317.1
(minute)
. TABLE VIII
ACCURACY OF FAULT CLASSIFICATION FROM THE PROPOSED TECHNIQUE AND THE CONVENTIONAL TECHNIQUE
) Average Accuracy
Types of faults Number of case studies Case 1 Neuron 8-11 Case 2 Neuron 2-11
The proposed technique The conventional technique
Winding to ground fault at the high voltage side 81 93.83% 91.36%
Winding to ground fault at the low voltage side 81 100% 100%
Interturn fault at the high voltage side 324 94.75% 95.06%
Interturn fault at the low voltage side 324 100% 99.38%
Average 97.15% 96.45%
TABLE IX
AVERAGE ERROR OF TEST SETS FOR LOCATING FAULT
Types of faults : High .Vc.JltaEe Winding : Low \"o!tage Winding
Maximum error Minimum error _Average error Maximum error Minimum error _Average efror
Winding to ground proposed technique 0.0334 0.0001 0.0099 0.0540 0.0001 0.0187
fault conventional technique 0.0322 0.0001 0.0089 0.0621 0.0001 0.0211
Interturn fault proposed technique 0.055 0.0026 0.0262 0.03 0.0001 0.0202
conventional technique 0.0524 0.0024 0,0258 0.05 0.0001 0.0227
Copyright © 2012 Praise Worthy Prize S.rl. - All rights reserved International Review of Electrical Engineering, Vol. 7, N. 5
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The training procedure is stopped when reaching the
final number of neurons for the first hidden layer or the
MAPE of test sets is less than 0.5%. The training process
can be summarized in Fig. 11 while various results from
the training process can be shown in Table VI to Table
VIII. From Table III to Table VII, it can be seen that the
result of the proposed technique is much better than that
of the conventional training in terms of the training time.
After training process, the decision algorithm based on
the BPNN is tested with various types of fault as shown
in Table VIII and Table IX. In addition, the total number
of the case studies is 810 when all case studies are tested
with various types of internal faults and different
locations on both primary windings and secondary
windings at the three-phase transformer; the accuracy of
the results obtained from the prediction from the BPNN
is shown in Table VIII. Results among various types of

106 T

Fault Type(High Vollage winding)

fault of case studies set both high voltage winding and
low voltage winding are illustrated in Figs. 12. From
Table VIII and Figs. 12, it can be seen that the accuracy
from the proposed technique is highly satisfactory. From
Figs. 13 to Figs. 15, they show the result of the proposed
technique under different fault conditions. In Figs. 13,
the average accuracy of winding to ground fault at
various lengths of winding transformer in each phase of
high voltage winding and low voltage winding is
presented. In Figs. 14, the average accuracy of interturn
fault at various lengths of winding transformer (subcoil a
as shown in Fig. 8) in each phase of high voltage
winding and low voltage winding is presented at the
same time as the average accuracy of interturn fault at
various lengths of winding transformer for subcoil b (as
shown in Fig. 8).

. \ob.k Fault Type(Low Voltage winding)
— Gasa 1 :Neuron 811 ' ~— Case { :Neuron 811
-&- Case 2 :Neuron 2-11 =g~ Case 2 :Neuron 2-11
100 ]
E SORL] < € g & E
1 ]
g § ) ‘A
=] \ iy
2 o5k -] i s “
[3] [
< § 1 LN Y
) o, 3 { 3
g @ Y i Y
2
E: Z oosl 4 i Y j
L \‘ i ﬁ‘
ol E Y ! Y
[} ! )
4 1
20K Y
8 3
1 f (]
Y \
(4
& 2]
&5 . . : A L \ a3 X . , ; . .
AGHV BGHV GGHV  AHV BHV CHV AGLV ~ BGLV = GGALV ALV BLV 1Y
Fault Typa Fault Type
(a) High Voltage (b) Low Voltage
Figs. 12. Comparison of average accuracy of fault type between
the proposed technique (case 1) and the conventional technique (case 2)
Winging to ground fault High Voltags winding) Winding o ground fault (Low Voltage winding)
T T T T x T T T 101 r T x T T T T T
1m0l =X~ Phass A ta gound fautt || ~%- Phase A fo ground fault
~&- Phase B to ground fault 100.8} ~©~ Phase B to ground fault |
-8~ Phase C {0 gound fault -& Phase G to ground fault
w0l i 100.6} L
/’
& ; 1004} J
g g / 1 g 1002} -
3 Ygerew 3
b R R R —— % -
HG S 18w
g 4 % s9.8 1
2 / 2
< af o'l’ 41 < g6l i
g9.4| E
20t i
goz| E
0 1 L 1 1 1 1 1 1 1 99 1 1 1 1 L 1 1 il 1
0 10 20 3 4 6 @@ 7 e @ 10 0 18 20 3 44 S e 70 & 9 100

% laagth of tha high voltage winding (subool! @)

(a) High Voltage

% tangth of the low voltage winding (subcoil a}

(b) Low Voltage

Figs..13. Comparison of average accuracy; of winding to ground fault for the proposed technique (case 1) at various lengths of the
winding (subcoil a as shown in Fig. 6) among phases that fault occurs
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interturn fault (Low Voltage winding)

Interturn fault (High Voltage winding)

101 T T T T T T T T T Y
-%- interturn Phase A fault =¥+ Interturn Phase A fault )
1008t - Interturn Phase B fault || 120t ~& Intertum Phass B fault
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1006y ) 100} - e B g
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8 100l R e e e B 4 8
< < e} N
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2 oosl 18
2 g
< g96} 4 < a} ]
o94} 4
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992} R
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0 10 20 20 4 N 66 7 & 9 10 0 10 20 30 4 & & 70 &8 9 100
% length of the low voitage winding (subcoll a) % langth ot the high vollage winding (subcoil &)
(a) High Voltage (b) Low Voltage
Figs. 14. Comparison of average accuracy of interturn fault for the proposed technique (case 1)
at various lengths of the winding (subcoil a as shown in Fig. 8) among phases that fault occurs
o Intarturn tault High Voitage winding) . Intertura fault {Low Voltage winding)
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Figs. 15. Comparison of average accuracy of interturn fault for the proposed technique (case 1) at various lengths of the winding
(subcoil b as shown in Fig. 8) among phases that fault occurs
Fault Posilion (Winding to ground fault) Fault Position subcoll b (interturn fault)
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Fig. 17. Comparison of average error of fault position for interturn fault
at various lengths-of the winding (subcoil a as shown.in Fig. 8) among
phases that fault occurs

Fig. 16. Comparison of average error of fault position for winding to
ground fault of the proposed technique (case 1) at various lengths of the
winding (subcoil a as shown in Fig. 6) among phases that fault occurs
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Fault Position subcoll a (Intertum fault)
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Fig. 18. Comparison of average error of fault position for interturn fault
at various lengths of the winding (subcoil b as shown in Fig. 8) among
phases that fault occurs

It can be seen that the proposed technique can reduce
duration time of training process as shown in Table I
and is very effective in identifying the fault types as
illustrated in Figs. 12 to Figs. 15.

In case of fault position, when the training process
was completed, the algorithm was implemented to locate
fault positions due to winding to ground fault and
interturn fault along the transformer windings. The
results obtained from the algorithm proposed in this
paper are shown in Table IX.

It can be seen that the proposed technique can reduce
duration time of training process as shown in Table IV to
Table VII and is very effective in identifying the fault
position as illustrated in Fig. 16 to Fig. 18. It can be seen
that the average error of fault positions from the high
voltage winding is 5.5% while the average error of low
voltage winding is 5.4% at various lengths of the
transformer winding,

V. Conclusion

In this paper, a decision algorithm using DWT ‘in
combination with BPNN used to identify types of faults
including locating the phase with fault appearance and
locating the fault positions along the transformer
windings has been proposed.

The maximum coefficient from the first scale at %
cycle of phase A, B, and C of post-fault differential
current signals and zero sequence current obtained by the
DWT have been employed as an input for the training
process of a neural network in a decision algorithm with
a use of the BPNN,

In addition, the initial number of neurons for the first
hidden layer to decrease duration time of training process
was considered.

Various case studies have been investigated including
the variation of fault inception angles, fault types, and
fault locations.

A comparison between the proposed technique and
conventional , training, -is -presented. The results have
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illustrated that the proposed technique is able to predict
the internal fault along the transformer windings with an
accuracy higher than 97% with less training time
compared with conventional training time.

Thus, this verification shows the effectiveness of the
technique with a fast response as well as simplicity, and
the technique can perform accurately under various
systems and fault conditions.
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Paper

A Novel Discrete Wavelet Transform Based on Traveling wave Technique
for Identifying the Fault Location for Transmission Network Systems

Theerasak Patcharoen, Non-member
Atthapol Ngaopitakkul?, Non-member

This paper proposes a technique to identify fault location on transmission systems using discrete wavelet transforms (DWTs).
Fault conditions are simulated using alternative transients program/electromagnetic transients program (ATP/EMTP) in order to
obtain the current signals. Various cases based on Thailand electricity transmission systems are studied to verify the validity of
the proposed technique. The comparisons among the maximum coefficients in first scale of all buses that can detect fault are
performed to detect the faulty bus. The first peak time of positive sequence current obtained from the faulty bus is used as input
data for the traveling wave equation, It is shown that the proposed technique gives satisfactory accuracy and is suitable for all
types of fault occurring in different sections of transmission lines. © 2013 Institute of Electrical Engineers of Japan. Published

by John Wiley & Sons, Inc.
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1. Introduction

Fault in transmission lines is a mistake that should not occur
n power systems. It is important to identify the fault location on
-ansmission lines as soon as possible to repair or maintain the
ower system. Precise protection schemes have to be developed,
articularly in fault detection and fault location on the transmission
mes. Several algorithms for fault detection and fault location
«ave been developed for the protective relays [1-15] but these
(gorithms use different solutions and techniques. The most
€fective technique for identifying fault location, which is based on
aveling waves, has been proposed in several papers in the 1980s
(-3]. Most researches have only considered the fault location
ased on traveling waves for Type A and Type D modes. Type
v is one-end algorithms that estimate the distance to the fault
/ith the use of voltages and currents acquired at a particular end
€ the line. One-ended impedance-based fault locators calculate
1 fault location from the apparent impedance seen looking into
i line from one end. The correct fault location estimation is
tfluenced by many factors such as influence of zero-sequence
wutual effects on the components, untransposed line, charging
apacitance, etc. Type D is two-end algorithms that require both
« accurate method of time synchronization and an easy means of
inging the measurements from the two terminals to a common
sint so that the fault location can be determined. Type D mode

more accurate than Type A mode and is able to minimize or
liminate the effects of fault resistance, loading, and charging
arrent. While calculating a Type D mode, the result requires

‘mmunication with the data acquisition units in two or more

bstations; it does not have to be ‘online’ and can, therefore,
« any communication channels. Although the traveling wave

‘hnique can provide precise results in fault location, it requires
«igh sampling rate and has difficulties in distinguishing between

‘orrespondence to: Atthapol Ngaopitakkul.
‘-mail: knatthap@kmitl,ac.th

lepartment of Electrical Engineering, Faculty of Engineering, King
fongkut’s Institute ‘of Technology Ladkrabang, Bangkok (10520,
hailand

traveling waves reflected from the fault point and those from the
remote end of the line.

During the 1990s, the development of algorithms for detecting
faults on transmission lines progressed and resulted in transient-
based techniques [15]. Since transient-based protection can oper-
ate accurately, the application of wavelet transform (WT) is
widely used. The development of an-algorithm for locating
faults on the transmission line with WT was initially proposed
by Magnago efal. [5]. In the literature on fault location, most
researches [12—-20] have only considered the fault location for
single-bus and two-bus systems but not for a multiterminal sys-
tem. According to Ref. [18], the technique uses principal com-
ponent analysis (PCA) to identify the dominant pattern of the
voltage and current signals preprocessed by the WT at different
scales. In addition, use of artificial intelligence (AI) has also been
reported in the literature for fault location [8,20,21]. In Ref. [8],
a novel hybrid framework that is able to detect and locate a fault
on transmission line is presented. Negative-sequence components
of the three-phase current and voltage quantities are applied to
achieve fault detection, while a set of adaptive structural neu-
ral networks is used to predict fault location. Nowadays, fault
diagnosis for transmission line has also progressed with the appli-
cations of WT and Al [22,23]. Moreover, transmission lines are
more complicated as a large grids owing to increasing demand
for electric power. During faults, it is necessary that the pro-
tection system is able to deal with a complicated transmission
network. As a result, it is important to take into account the
loop structure of the transmission network for fault detection and
location.

Conventional method for fault location employed by the Elec-
tricity Generating Authority of Thailand (EGAT) is the line fault
locator (LFL) Type ‘c’. As the devices of LFL are complicated and
expensive, a new technique has to be investigated. This paper aims
to present a combination of discrete wavelet transforms (DWTs)
and the traveling wave technique for the location of fault on trans-
mission systems. The systems under| consideration have loop and
radial structures in order to show the advantage of the proposed
technique: ‘The fault conditions; are' simulated using, ATP/EMTP.
The current waveforms obtained from ATP/EMTP are extracted

7113 Institute of Electrical Engineers of Japan. Published by John Wiley & Sons, Inc.
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Fig. 1. Line fault locator (LFL)
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Fig. 2. Radar pulse sent to the fault point on transmission line

Fig. 3. Five-level wavelet decomposition tree

several scales with the WT, and the coefficients of the first
ale from the WT are investigated. The maximum coefficients
tained from all buses are compared to detect the faulty bus.
le first peak times obtained from the faulty bus are used as
put data for the traveling wave equation later. The construc-
m of the decision algorithm is detailed and implemented with
rious case studies based on Thailand electricity transmission
stems.

2. Theory

2.1. Line fault locator (LFL)  Generally, when a fault
curs on the transmission line, the protective relay sends the
rting signal to LFL to operate and send out a radar pulse
50-450 kHz) into the conductor of the transmission lines to
sate the fault point, as illustrated in Fig. 1. The radar pulse signal
ts reflected the from the fault point and returns to LFL at the
e velocity as the sending pulse in order to calculate the distance
the fault, as illustrated in Fig. 2.

2.2. Wavelet transforms A wavelet is a small localized
ve of a particular shape and finite duration that has an average
ue of zero. WT is a tool that cuts up data, functions, or oper-
's into different frequency components, and then studies each
nponent with a resolution-matched to its scale; The advantage
he transform is that the band of analysis can be fine-tuned so
‘' high-frequenicy components, and low-frequency. components
detected precisely. Results from the WT are shown in both
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Fig. 5. System used in simulations studies for a double-circuit
structure [27]

Lo
S00MVARL =08

Fig. 6. System used in simulations studies for a loop structure [27]

time domain and frequency domain. WT can expand signals in
terms of using a shift in time or translation as well as compression
in time or dilation of a fixed wavelet function called the mother
wavelet [16,24,25]. The WT that has a change in the analysis
scaled by the factor of two is called the DWT as expressed in
(0.

n—k2'"] M

1
DWT(n, 1) = T Y foy [2—m
k

where

¥ ["‘2’,‘,,2'"] = mother wavelet.

In this paper, Daubechies 4 is selected as the mother wavelet.

From Fig. 3, in the first stage (scale 1), it splits up the sig-
nal into two parts by passing the signal from a high-pass and a
low-pass filter, which results in two different versions of the same
signal. The portions of the signal corresponding to low-frequency
components of the signal that are used to analyze the low fre-
quencies are called approximations (low-pass portion), while the
portions of the signal corresponding to high-frequency components
of the signal used to analyze the high frequencies are called details
(high-pass portion).

3. Power System Simulation using EMTP

ATP/EMTP) [26] is| employed | to ‘simulate. fault signals 4t a
sampling rate of 200 kHz (corresponding to the chosen sampling
time. used -in - ATP/EMTP, which s 5:us):, The fault ‘types- are
chosen based on the Thailand’s transmission'system as shown in

IEE] Trans 8: 432-439 (2013)
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Fig. 7. Example of original fault signals from digital fault recorder
for AG fault
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Fig. 8. Example of fault signals from ATP/EMTP for AG fault

7igs 4—6. To avoid complexity, the fault resistance is assumed
o be 10 Q. Fault patterns in the simulations are performed with
rarious changes of the system parameters as follows:

- Fault types under consideration are single phase to ground
(SLG: AG, BG, CQG); double-line to ground (DLG : ABG,
BCG, CAG); line to line (L-L : AB, BC, CA); and three-phase
fault (3-P : ABC).

Fault locations on each transmission lines are at distances of
10, 20, 30, 40, 50, 60, 70, 80, and 90%, measured from the
sending end.

- Inception angle on a voltage waveform is varied between 0°

and 330°, in steps of 30°. Phase A is used as a reference.

Examples of the original and the ATP/EMTP-simulated fault
ignals for phase A to ground fault (AG) in each phase at the
ending end (MM3) of the transmission lines are illustrated in
igs 7 and 8, respectively.

The similarity between the two waveforms can be seen by
isually-inspecting the original and simulated, fault signals. The
hult signals generated using ATP/EMTP are interfaced to the
TATLAB/Simulink . for ‘the construction of  the: fault detection
Focess.
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where,

Fault signals generated using

ATPEMTP Pi,s.0y = Coefficient from Wavelet

transform for the positive sequence

Clark’s transformation matrix current at the time of t+5ms
pt = coefficient from Wavelet
max(0et) ..
transform for the positive
Wavelet scale 1-5 sequence current at the time
fromt=0to t=t+5ms
I Positive sequence current | P, =comparison indicator for a change

in coefficient from Wavelet
transform, used for separation
between normal conditions and faults

L = the scale of Wavelet Transfrom

L

Py =0 andfind PL_

Fig. 9. Flowchart for fault detection

GPS
Satellite

Microwave

MM3 PLC, Fiber optic

ABG
DWT DWT
scale 1-§ Dexistion for scale 1-5
fault
- Detection 4—1
- Location
- Identification

Fig. 10. Example of communication system

4. Fault Detection Decision Algorithm

Fault detection is processed using the positive sequence current
signals, as illustrated in Fig. 9. The Clark transformation matrix
is employed to calculate the positive sequence currents. The
fault ;signals| ‘are  generated’ using’| ATP/EMTP: | The: measured
signals at both the ends are considered to be synchronized and
are. obtained by a- global -positioning system (GPS) [28=32] as
depicted in Fig. 10. The fault signal is" extracted to several

IEEJ Trans 8: 432-439 (2013)
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Positive sequence current at MM3 Positive sequence current at TTK
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Fig. 11. DWT from scale 1 to scale 5 for the positive sequence
of current signals shown in Fig. 8

scales with the DWT in order to analyze the transient high-
frequency components using the wavelet toolbox. The mother
wavelet Daubechies4 (db4) is employed to decompose the high-
frequency components from the signals. After applying the DWT
to the positive sequence currents, the comparison of the coefficients
from each scale is considered, as illustrated in Fig. 8. The
coefﬁcnents obtained using DWT of signals are squared so that
any abrupt change in the spectra can be clearly found. It is
clearly seen that, when a fault occurs, the coefficients of the
high-frequency components undergo-a sudden change compared
to those before the occurrence of the fault, as illustrated in
Figs 11-13.

By performing many simulations, it was found that the coef-
ficient in scale 1 from DWT was sufficient to indicate the fault
inception on the transmission line. However, on careful consider-
ation, it was found that all coefficients obtained from the positive
sequence currents at every bus had a change of more than 5 times
the normal value during the faults; this is due to the effect of
the loop structure of the transmission network. The comparison
among the maximum coefficients in first scale of each bus, which
can detect the fault, was performed to detect the faulty bus. In
case of double circuit, the maximum coefficients obtained from
the same bus were also compared to detect the faulty circuit.

Positive sequence TTK

14

14

0.05 006 0.07 008 009 01 0.11 012 013 0
_, 003F - ;
ol : % TTK1
g 002f R 0.02145499 1
g 001 - 0.080065s .
Q ()"0’5"'0"()46“'()”(')’7'”‘6‘08'”6'(')'9”"(')"1""()'”1'1”'0'”1'2”'0”13'”0”
0.03 i
N : A
5 oo} B 002120074 TIK2
= i
S oo} 0.080065s
9 0.05 0.06 '0.07 0.08 0:09 0.1 0.11 0.12 0.13 0
Time (sec)
Fig. 12.

.14
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From Fig. 12, the maximum coefficients of positive sequence
currents from the faulty buses involving with a fault location (in
this case, TTK1 and NCOI, with the fault location between them)
are the highest values when compared with those of other unfaulty
buses. In addition, the maximum coefficients of positive sequence
currents from the WNI1T and CBGIT are also detected as faulty
buses with the highest values. The first peak time obtained from
the faulty bus is used as input data for traveling wave equation as
shown in (2) and Fig, 14.

where

WNIT is WN bus section WN-CBG circuit 1,
WN2T is WN bus section WN-CBG circuit 2,
WNI1O0 is WN bus section WN-SNO circuit 1,
WN20 is WN bus section WN-SNO circuit 2,
CBGIT is CBG bus section WN-CBG circuit 1,
CBG2T is CBG bus section WN-CBG circuit 2,
CBGIN is CBG bus section SNO-CBG circuit 1,
CBG2N is CBG bus section SNO-CBG circuit 2,
SNO10 is SNO bus section WN-SNO circuit 1,
SNO20 is SNO bus section WN-SNO circuit 2,
SNOIN is SNO bus section SNO-CBG circuit 1, and
SNO2N is SNO bus section SNO-CBG circuit 2.

In case of a single circuit, because MM3(0.04032) and
TTK(0.04075) are the two fastest first time obtained from com-
parison, they are used as input data for the traveling wave
equation. In case of double circuit, because TTK1(0.02145499)
and NCO01(0.007224603) from the faulty buses are the two high-
est values, the first peak time in the first scale of faulty buses is
used as input data for the traveling wave equation as shown in
Figs 15 and 16.

[LT —v X (15 — )]
2

d=

@

where
&
d is the fault location measured from the sending end,
LT is the length of the line which the fault is detected,
t4 is the time which the fault at the sending end is detected,
tp is the time which the fault at the recetving end is
detected,
v is velocity of the traveling wave (297 322 km/s).

After the traveling wave equation is processed, the algo-
rithm is employed to calculate the distance of the fault on the

Positive sequence NCO

0.05 0.06 0.07 0.08 009 0.1 0.11 012 0.13 0.14
0.02 .
NCO1
0.01} 5 0.007224603 4
’ ‘f " 0.080625s
0 005 006 0.07 0.08 0.09 0. 01l 0.12 0.3 0.14
0.02 '
I 0.003577578 neoz |
0.01
{'_} 0.080625s
0 s SOOI U YIRS W N Y S
0.05 °0.06 0.07 0.08 009 0.1° 0.11 0.12 "0.13 0.14
Time (sec)

Example of DWT for the positive sequence of phase A to ground fault at the transmission system (section TTK-NCO)

IEE] Trans 8: 432-439 (2013)
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Fig. 13. Example of DWT for the positive sequence of phase A to ground fault at the transmission system (section WN-CBG)
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wig. 14, First peak in the scale 1 at both ends of transmission lines
the positive sequence of the current signal shown in Fig. 10

ansmission systems. The fault location is defined at the dis-
«nce between 10 and 90% of the transmission line length mea-
red from the sending end and receiving end, respectively.
__1se studies are employed to verify the algorithm capability.
1e system_under consideration is shown in Figs 4-6. Differ-
t'case 'studies 'are” performed 'with' various' types of ‘fault' at
ch location on the -transmission: line including the variation of
alt inception. angles land locations ‘on €ach’ transmission [line,

e total number of the case studies was 8676. The results
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Positive sequence TTK1
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Fig. 15. First peak in the scale 1 at the faulty bus for the signal
shown in Fig, 12

obtained from the algorithm proposed in this paper are shown
in Table L.

From Tables I and 11, it is seen that when tests are conducted
with various fault inception angles and locations at each transmis-
sion line, the accuracy of fault locations from the prediction of
the algorithm/is highly satisfactory. In addition, when’ the incep-
tion angles of fault are varied, without changing the distance of
the fault, as shown in Table IL, it is noted that the first peak) time
at both sides (14 and #g) that can detect fault obtained from the

IEEJ Trans 8: 432-439 (2013)
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Fig. 16. First peak in the scale 1 at the faulty bus for the signal

shown in Fig. 13
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Fig. 17. Modules of identifying the fault location

wositive sequence current do not change with increasing inception
mngles of the fault.

5. CONCLUSION

This paper proposed a technique based on a combination of
YWT and the traveling wave technique to identify fault loca-
-on on transmission systems. DWT was employed to decompose
«i¢ high-frequency components from the fault signals. Positive

Table 1. Results of the fault location

Maximum Minimum Average
Section error (km) error (km) error (km)
MM3-TTK 1.2810 0.0000 0.836
TTK-NCO 1.0983 0.0000 0.888
WN-CBG 1.1064 0.0000 0.7104
WN-SNO 0.4833 0.0000 0.2712
SNO-CBG 0.7563 0.0000 0.4103
Average 1.2414 0.0000 0.679
Fault location for all sections of transmission line
—— —————— =
12} ~=k==TTK-NCO |1
<y WN-CBG
g WN-SNO
b -~ SNO-CBG |
E
g 08t 1
g’ .
Z 06 .
P =SS
R B A e - - S - S
02 T S e s

AG ‘AB_ABC ABG BG BC
Fault type

CG CA CAG BC

Fig. 19. Comparison of the average error for fault locations at
various types of faults

sequence current signals were used in fault detection. The maxi-
mum coefficients of the positive sequence current obtained from
all buses were compared in order to detect the faulty bus on the
transmission system. Traveling wave theory was applied to cal-
culate the location of the fault. The first peak times obtained

In case of SLG In Case of DLG
14 ¥ T T T T T T T 14 T T T T T T T T T
12 1 1.2 1
E 1r 1 8 'f 1
< &
08 L 8 08 1
5 £
L o
%ﬂ 0.6 g 0.6
A >
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02 1 02 f E
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g L J 5 L i
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o <]
@ E+)
éﬂ 06 B :%o 0.6
2 o4} 4 < oa} 1
02 E 02 b
0 0
% Length of the Location % Length of the Location
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Fig. 18. Comparison of average error for fault locations at various lengths of the transmission lines where fault occurs
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Table II. Results of AG fault at different inception angle (fault at 30% of length transmission lines)

First peak time (ms)

Location (km)

Real location (km) Inception angle ta tp Calculation Error
97.5 (MM3-TTK) 0 40.32 40.75 98.575 1.075
60 40.32 40.75 98.575 1.075

150 40.32 40.75 98.575 1.075

270 40.32 40.75 98.575 1.075
80 (TTK-NCO) 0 80.265 80.425 79.714 0.286
60 80.265 80.425 79.714 0.286

150 80.265 80.425 79.714 0.286

270 80.265 80.425 79.714 0.286

36.6 (WN-CBG) 0 40.1225 40.4875 37.239 0.639
60 40.1225 40.4875 37.239 0.639

150 40.1225 40.4875 37.239 0.639

270 40.1225 40.4875 37.239 0.639

from the faulty bus were used as input data for the traveling
wave equation, as shown in Fig. 17. The results show that the
proposed algorithm is capable of detecting the faulty bus with
100% accuracy and identify the fault location with the average
error of 0.679 km, as illustrated in Table L. From Figs 18 and 19,
it is seen that, when tested with various fault inception angles
and location at each transmission line through case studies, the
accuracy of fault locations from the prediction of this algorithm
could be obtained. As a result, the proposed technique can be
considered as a first processing in fault location on transmission
systems.
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In the literature for fault location, most of research works have never been mentioned about effects of simultaneous -
faults. This paper presents a new decision algorithm that will be developed in order to predict precisely fault loca-
tion, during simultaneous fault, in an underground distribution system using discrete wavelet transform (DWT). The
advantage of the DWT is that the band of analysis can be fine adjusted so that high frequency components and low
frequency components are detected precisely, consequently DWT is considered herein. The fault signal is simulated
using ATP/EMTP. The DWT is used to detect the high frequency components. Coefficients of positive sequence current
signals are calculated. The positive sequence current as extracted to several scales with the DW'T, and the coefficients
of the first scale from the DWT are investigated. The time that the fault signal uses to reach the ends of the distribution
line is considered, then, applied so that the distance of fault can be calculated. Various case studies have been carried
out including the single fault and simultaneous fault. The result is found that the proposed algorithm gives satisfactory

both in case of single fault and simultaneous fault.

Keywords: fault location, travelling wave, discrete wavelet transforms, simultaneous fault

Introduction

ienerally, when fault occurs on transmission lines, de-
Kng fault is necessary for power system in order to clear
K before it causes the damage to the power system. Even
ugh the underground cable system provides higher re-
adlity than the overhead line system, it is hard to seek
the fault location. In the literature for fault location,
t researches have only considered the fault location for
whead transmission system and underground distribution
~em with several algorithms - but each technique has
arent solutions. Bridge technique®, Murry loop pulse
wr @ are used for identifying fault location in underground
wibution system. Travelling wave theory ©“®® has been
‘reported in the literature for predicting underground sys-
. A technique selection is available for fault locating; it
>nds on several factors such as length of circuit (or ca-
. type of fault (sustained or temporary), and etc. The cur-
My most effective technique for identifying fault location,
:h is based on a travelling wave, has been proposed in
ral papers *®®@, The location of fault using wavelet
«form based on travelling wave was initially proposed by
. Magnago, et al. @,
« previous research works ®, discrete wavelet transform
'T) based on travelling wave is employed to detect the
frequency components, and to identify fault locations in
mnnderground distribution system. The first peak time that
«detect fault obtained from all buses are compared, and

‘orrespondence to: Atthapol Ngaopitakkul. E-mail: knatthap@
<mitl.ac.th’

epartment of Electrical Engineering, Faculty' of Engineering,
ing Mongkut’s Institute of Technology Ladkrabang

gkok 10520, Thailand

3 The Institute of Electrical Engineers ‘of Japan,

the fastest two first peak times obtained from comparison are
used as input data for travelling wave equation. Although the
accuracy of fault locations from the prediction of the travel-
ling wave theory is highly satisfactory but the effect of the
change in the propagating velocity of travelling wave can not
be neglected. In addition, all techniques mentioned above
can give precise results in fault analysis, but the effects of
simultaneous faults have been neglected. The occurrence of
simultaneous faults can be crucial in understanding certain
system incidents, especially in regards to protective relaying
actions. These research works rarely mention about simulta-
neous faults in underground distribution systems. As aresult,
it is necessary that the protection system must function pre-
cisely during simultaneous faults, and it is very advantageous
if the simultaneous faults are taken into account in the deci-
sion algorithm of the relays.

As a mention, in previous research works @, the first peak
time that can detect fault obtained from all buses are com-
pared and the two fastest first peak times obtained from com-
parison are used as input data for travelling wave equation.
It was concluded that in case of single fault, the accuracy of
fault locations from the prediction of the travelling wave the-
ory is highly satisfactory but, during simultaneous fault, the
travelling wave theory is not efficient in predicting the fault
location in an electrical power transmission system. When
carefully investigating, it is found that in case of single fault,
the time that the fault signal used to reach the ends of the
transmission lines is considered as input data for traveling
wave equation. From Fig. 1(a); during single fault, Trs and
Trr are the first peak time at both end of distribution line,
which are considered as input data. On the other hand, dur-
ing single fault, Tris and Tror are the first peak time at both
end of distribution line, considered as input data is shown in

-~
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ig.1. 'The arrival peak time on each end of distribution line

1(b). It is noted that the simultaneous faults are detected
sr than the single fault due to the fact that the time which
first fault (F1) at both end of transmission line should be
wlated but in this case, there is an effect of second fault

. Consequently, travelling wave theory could give an er-
kn predicting the fault location in case of simultaneous
. In order to overcome this problem, a new algorithm
wld be developed in order to predict fault location pre-

y.
merefore, this paper aims to present a development of a

decision algorithm used in the protective relays in or-

<0 detect fault locations, during simultaneous fault, in an
srground distribution system using DWT. The advantage
wme DWT is that the band of analysis can be adjusted to
~ high-frequency and low-frequency components to be
uisely detected. The simulations, analysis, and diagnosis

serformed using ATP/EMTP and MATLAB. The current
seforms obtained from ATP/EMTP are extracted to sev-
«scales with the DWT, and the coefficients of the first scale
w the DWT that can detect fault are investigated.

Theory

<l Wavelet Transforms A wavelet is a small-
ized wave of a particular shape and finite duration that
win average value of zero. The wavelet transform is a tool
zuts up data or functions or operators into different fre-
¢y components, and then studies each component with a
mqation matched to its scale. The advantage of the trans-
is that the band of analysis can be fine adjusted so that
frequency components and low frequency components
mctected precisely. Results from the wavelet transform
Bqown in both time domain and frequency domain. The
let transform can expand signals in terms of using a shift
1¢ or-translation as well as compression in time or dila:
_f afixed wavelet function named as the mother wavelet.
vavelet transform, which has a change in the analysis
1 by the factor of two, is called discrete wavelet trans-
(DWT) as expressed in Eq. (1).

Fig.2. 5-level wavelet decomposition tree

DWT(m,n) = \/% Z FEw [n _252'"] ......... )
x

where,

m
Y [n 252 ] = mother wavelet 2
(In this paper, Daubechies 4 is selected as a mother wavelet).

From Fig. 2, in the first stage (scale 1), it is splits up the
signal into two parts by passing the signal from a high-pass
and a low-pass filter, which results in two different versions
of the same signal: portion of the signal corresponding to
low frequency components of the signal used to analyze the
low frequencies is called approximations (low pass portion)
while portion of the signal corresponding to high-frequency
components of the signal used to analyze the high frequen-
cies is called details (high pass portion).

3. Power System Simulation using EMTP

The ATP/EMTP ® is employed to simulate fault signals,
at a sampling rate of 200kHz. The system employed in case
studies is chosen based on the underground distribution sys-
tem as illustrated in Fig. 3. In addition, a cross-sectional view
of a cable is shown in Fig.4. To avoid complexity, the fault
resistance is assumed to be 10 Q. Fault patterns in the simu-
lations are performed with various changes of system param-
eters as follows:

e Fault types are single line to ground, double lines to
ground, line to line and three-phase fault.

e For the single fault, fault locations are the distance of
4.5, 6,9, and 12 km measured from the sending end

@ For the simultaneous faults, the location of F1 on the

underground distribution system is designated at the dis-
tance of 4.5, 6, 9, and 12 km from the sending end

e For the simultaneous faults, the location of F2 on the
underground distribution system is designated at the dis-
tance of 15, 21, 24, and 27 km from the sending end

e Fault inception angles on the phase A voltage waveform
are varied from 0° to 150° with a step of 30°

The fault detection decision algorithm ®® is processed
using the positive sequence current signals. Fault signals
generated by ATP/EMTP are used to calculate the posi-
tive sequence as well as the zero sequence of currents us-
ing the Clark’s transformation matrix. The resulted current
signals are extracted using the DWT. The mother wavelet
daubechies4, (db4) @@ js employed to’decompose high
frequency components from positive sequence currents. The
coefficients of the signals obtained from the DWT are squared
for a more explicit comparison. The fault detection deci-
sion algorithm is assumed that if coefficients of any scales

|IEEJ Trans. PE, Vol.133, No.11, 2013
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Fig.3. The system used in simulation studies o
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Time (sec)
(a) Three-phase fault (ABC)
Fig.4. The configuration of cable in simulation studies Sending end
160000 T % T T T T
i R Ty, =40.046 ms 1
changed around five times before an occurrence of the 120000 :
ts, there are faults occurring on underground distribution ol j
An example of single fault current signals is shown in L .
5. There is a fault occurring at the 9 km measured from promi ]
sending end as represented in Fig. 3. Meanwhile, an ex- ok - s i - ;
le of simultaneous fault current signals which occur be-
tn the 9 km and the 24 km measured from the sending end . A
Hlustrated in Fig. 6. AA APLaY
om Figs.5 and 6, when considering the positive se- o o 1
kce current at the sending end side, it can be seen that e
;oefficient obtained from DWT at the sending end side AL |
similar value in case of single fault and simultaneous |
fs. Meanwhile, the first peak time obtained from single Y ' J :
and simultaneous fault can be detected at the same time. 0.03%9 oo 00401 “g‘-.olzgi v Jo 00404 0040
Micient obtained from DWT at the sending end side has (b) Throe-phase to ground fault (ABCG)
ke more than coefficient at the receiving end side because
occurs near the sending end side at 9 km measured from Y
sending end. In addition, coefficient detail of positive '“mr RIS, i & 0 ]
fence of three-phase fault has the same behavior as three- 30000} 1
ke to ground fault. However, at the other side of the sys- ool i
K(the receiving end side in Fig. 3), it is noted that the first : 4
time obtained from simultaneous faults is detected faster oot
the single fault with higher amplitude; this is the effect 0 ¥ : , - B
mase A to ground fault at the position of F2. e
Fault Location Algorithm o - . .
N IS SR )
a mention, in previous paper, the travelling wave theory so000]- s |
mapplied in order to calculate the location of fault. The - 1
that the fault signal used to reach the ends of the un- 0T 1
wound cable is considered. From Figs.5 and 6, the time sk ]
# the fault at both ends of transmission line is detected, 0 - - - - -
applied in order to calculate the location of fault. As 850 o s . N S G008 909

)40108) and t5(0.040046) are the two fastest first times
1ed from comparison, they are then used as input data
ermine the fault location using travelling wave equation
lows:

L LT —ux (tp= 1a)]
N 2

(c) Phase A to ground fault (AG)

Fig.5. First peak of single fault at both ends of transmission
lines for the positive sequence of current signal

d: the fault location measured from the sending end
LT: the length of the cable in which the fault is detected
ta: the time where the fault at the sending end is detecte

IEEJ Trans. PE, Vol.133, No.11, 2013
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tp: the time where the fault at the receiving end is de-
tected
v: velocity of the travelling wave as calculated in Eq. (3)

3% 108
v=

VErkr

Recelving end

(a) ABC at F1 and AG at F2

Sending end

Ti=40.046 ms -

Recelving end

99 0.04 0.0401 0.0402 0.0403 0.0404 O.W
(b) ABCG at F1 and AG at F2

§€ig. 6. First peak of simultaneous fault at both ends of

Kransmission lines for the positive sequence of current

«signal

where,
Uy relative permeability of cable (i, = 1)
&, relative permittivity (dielectric constant) (g, = 2.7)

The results obtained from the travelling wave theory ® are
shown in Table 1. It can be seen that the accuracy of fault
locations from the prediction of the travelling wave theory
is highly satisfactory for single fault but the travelling wave
theory becomes less effective in predicting the fault location
in case of simultaneous fault. From Table 1, when carefully
investigating during single fault in Fig. 1(a) and Fig. 5, since
Tris and Trir are the times which the three-phase fault at
both end of underground cable should be calculated but in
case of simultaneous fault as shown in Fig. 6(a), it has an ef-
fect of positive sequence of phase A to ground fault at other
bus as shown in Fig. 6(a) and Fig. .6(b). As a result, an effect
of the other fault that occurs at the other side of the system
(the receiving end) leads to the miscalculation of the travel-
ling wave theory. In order to overcome this problem, a new
algorithm is developed herein in order to be able to predict
the fault location more precisely.

In Sect.2, the first peak time detection decision is pro-
cessed using the positive sequence current signals. After the
first peak time detection process, the time which the fault at

“‘both end of distribution line is detected is then applied so that

the distance of fault can be calculated with the proposed al-
gorithm as follows:

Ldif_FS

G R e ¥ bdlicsid T . . o AN............ @)

taig_rs + tag FR

where,
d: the fault location measured from the sending end
LT the length of the cable in which the fault is detected
Tr1s: the first peak time which can detect fault at send-
ing end
3Trs: the second.peak time which can detect fault at
sending end
T'ri: the first peak time which can detect fault at receiv-
ingend
3Tr1z: the second peak time which can detect fault at
receiving end
Ly _rs+ the different time by comparing the arrival peak
time to reach the sending end as calculated in
Eq.(5)

Table 1. The results from travelling wave for fault location at different locations of distribution cables

9 - 0. 6 . .001

- 15 - 0.040080 0.040080 15.000 0.000

- 17 - 0.04009 0.04007 16.935 0.065

- 19 - 0.040100 0.040060 18.870 0.130

- 21 - 0.040120 0.040050 21.773 0.773
AG 9 24 0.040046 0.040032 16.355 7.355
AG 15 24 0.040080 0.040032 19.644 | 4.644
AG 17 24 0.04009 0.040032 20.612 3,612
AG 19 24 0.040100 0.040032 21.580 2.580
AG 21 24 0.040120 0.040032 23.515 2515

IEEJ Trans. PE, Vol.133, No.11, 2013
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(a) Simultaneous fault (b) Single fault
Fig.7. The time that can detect fault in the scale 1 for the positive sequence of current signal
Table 2. The results obtained from the proposed algorithm for fault F1 of simultaneous fault
Real location from| ' ¥
gendingend(en) 1040 = ]
Fault F| FaultF, | Tpys'oc tagrs )/ Tn ez Calculation r (m)|
4.5 25.5 40.024 0.023 40,132 0.132 -:1451.61 X
5.0 15.0 40.026 0.026 40,130 40.388 0.129 5032.26 32.26
6.0 21.0 40.032 0.031 40.124 40.372 0.124 6000.00 0.00
9.0 24.0 40.046 0.047 40.108 40.326 0.109 9038.46 38.46
12.0 27.0 40.062 0.062 40.092 40.280 0.094 11923.08 76.92
14.0 16.0 40.072 0.073 40.082 40.248 0.083 14038.46 38.46
Table 3. The results obtained from the proposed algorithm for fault F2 of simultaneous fault
Real location B RS 7z
from sending end Fault location measured from the sending end (m)
Fault F, | Faul S ;_ Ty ox | tag_r [alculation (m)|Error (m)|
45 255 | 40.132 | 40396 | 0.132 40.024 | 40.070 | 0.023 2554839 | 48.39
5.0 15.0 40.078 40.232 0.077 40.078 40.232 0.077 15000.00 0.00
6.0 21.0 40.112 40.330 0.109 40.046 40.140 0.047 20961.54 38.46
9.0 24.0 40.124 40.372 0.124 40.032 40.094 0.031 24000.00 0.00
12.0 27.0 40.140 40.420 0.140 40.016 40.046 0.015 27096.77 96.77
14.0 16.0 40.082 40.248 0.083 40.072 40.218 0.073 15961.54 38.46
v _NTrs=3Tms| ) of simultaneous fault when the first fault (F1) happening at
aif Fs = 2 9 km from sending end and the second fault (F2) is at 24 km

—_rr: the different time by comparing the arrival peak
‘0 reach the receiving end as calculated in Eq. (6)

lif FR =

Trir~3TFir

S| (6)

r results obtained from the proposed algorithm in this
are shown in Fig.7. Figure 7(a) illustrates examples

from sending end, and two types of faults occurring at the
same time. Figure 7(b) shows examples of single fault when
the fault (F1) occurs.at 9 km from sending end. 'The. results
obtained from the proposed algorithm are shown in Tables 2—
4. It can'be seen that in case of simultaneous fault, the pro-
posed algorithm gives satisfactory results in locating faults
as shown in Tables 2-3. Further, fault location for single

|EEJ Trans. PE, Vol.133, No.11, 2013
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Table 4. The results obtained from the proposed algorithm for single fault

Real location
from sending end Fault location measured from the sending end (m)
(km) -

Fault F, | F & | tag.rs | Tre | 3Tmr | fag_re [Calculation (m)|Error (m)
4.5 - 40.024 40.070 0.023 40.132 40.396 0.132 4451.61 48.39
5.0 - 40.026 40.078 0.026 40.130 40.388 0.129 5032.26 32.26
6.0 - 40.032 40.094 0.031 40.124 40.372 0.124 6000.00 0.00
9.0 - 40.046 40.140 0.047 40.108 40.326 0.109 9038.46 38.46
12.0 - 40.062 40.186 0.062 40.092 40.280 0.094 11923.08 76.92
14.0 - 40.072 40.218 0.073 40.082 40.248 0.083 14038.46 38.46
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