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ABSTRACT

Power transformer is one of the most important links in a power system. However, they do
suffer from internal winding fault due to insulation failure thus it is necessary precise protection
scheme to detecting transformer fault. This thesis presents applications of the Discrete Wavelet
Transform (DWT) and Artificial Neural Networks (ANNs) in fault diagnosis of three-phase two
winding power transformers. The internal faults at windings of the transformers are detected and
classified. In addition, the locations of the faults along the windings are identified. The power
transformer connected to a transmission line system is simulated fault conditions by using EMTP
program. The high frequency modelling of the transformer is incorporated into the simulation.
The simulation also involves the modelling of the fault between any tum and the earth and
between any two turns of the transformer windings. Discrete Wavelet Transform is employed in
order to extract high frequency components of the fault current signals. The decision algorithms
are developed based on the back propagation neural networks with training processed being
constructed using MATLAB/Simulink. Coefficients detail obtained using DWT in first scale that
captured differential current signals of the transformer are used as an input pattern for ANNs. The
results obtained from ANNSs are used to locate faults, and identify faults. The total number of the
case studies are 864, are performed to verify the validity of the algorithm. Results show that that
the technique, proposed in the thesis, gives satisfactory results, and will be useful in the

development of a new differential protection scheme for power transformers.
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W ' [ a 3 ' g4 o P -

(Equalizer hole) vz¥adpanmumd anudumeludnsgaiustaiiduiiioaniisznmy
a sg :' as a o A o 9 1 @ [ 9/ ar

M (Are) ifnvuluingiu  anwsuluddsiadezdesniianuauludamioulas mguaw
ar P @ a Jd . : o o Y a @ A

(Bellow) A9317 2.5(N) LUHIWAIAUAIATIAN (micro-switch) N1U M ldinaus iy

laozunsu (Diaphragm)  A9317 2.5(v) Uadsvsiineda1/anaa9s (Trip) WSAINDI VB4

3
niauilaq
ao an ,
= = L ,Lsad wircoutlet
E
- }L:—f‘t'rermina! board
Relay chamber
Microswitch
Bellows t. » Equalizer
Test plug -

Strainer i T .
Equalizer orifice

Inner construction of the SP sudden-pressure relay

(M ()

" ~ o { @ ar
s 25 uamslaseadraneluvedsindilasuiainuduuii (Sudden Pressure Relay)

= &AL e ¥ o Ve ¢ a A da a Y] o
iadyiiaidinseadanarnaSadyiadunne luanIwlnd nuaauaue
= Yy o a o 1 e ' - a v w ad
alaeundastanaiy Sades livianusuneziinslasuilasnnuaunungavuganu
1 ) Y P=1 S a a J [ d"d d - dyw =
11 molundeutlasazAsdimamsunralnanaiuual uenvni Siadriiatdelinnu g
[ a 4 ar i o n,: ~ s s I=1 a
Ariiasuyn usaauntau1das13naueu 0.025 nn / 21’ 1AZBATIANUGTIVOIIIAY

v
fivziihu 0.00560n 7 w1’ / FuA
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223 Sdanuiou (Thermal Relay)

b
ar A

e d a yq " o o a

Sindyiiadiaadsegdrude nouenveandoudasniifiduaziionnasAuihoiniea
movenduiiay Tmhiasviugungivesvaalaniulgeiiqa nTegumgiivestiniu
nifouasuas Idanafiou (ALARM) ungaiuauasemieginsaidanou  (Interrupt)

[ 7] a
v

v 2 a a Jd

y F 5 = (] s wa =1
n30AILAUINGBATDTZUIBAMS B (Cooling  Device) 881980 1ulld Rziiuvliadadiany

]
=

¥ v ¥
(micro-switch) Haudianeazanlun1sae Unfvzasngumgil 63°, 75

a u

°naz 110° duilu

¥ ¥
gumgilvesvania uazi gungil 55°, 65°uaz 80° duilugmnaiveniniumniomlas

o d .
23 mansaduneadizalvlvh (Electrical Faults Detection)
o A a ar - n‘d? = a e¥ ar =
Taona 1) lusuziifanisdansnsoneantu Usuiunszuavsiuiuuasus AUy
vuaanad Mslaounlasveenszuauazussnil szdawalisuaduavumlasaiuun
iy g gvesnszuanazus gy dudsznouniveiiauazanuivesszuy ifudu ms
o o as = n’: =Y U H ar { =)
viaessiaddeeiuda Aty e 195ua Iwihmarddudyapuideuldudsimg
b 1
szuuilestuduiivanedgy 1adadl
2.3.1 M3ieanuuuUNIZINU (Overload protection) [10]
(Y] =) dy w 1 A a o a e Y A ¢ A ey, d 1w
seuvteoasuriiail odeanszuaninudafing deoulduniad meldsmodedyanm
A -] ar Y o w £ A - o a
oy (ALARM) H301lannsssaanounen Jodinydeiiegdn 5108n5eue (Current Relay) $1in
E ¥ 0
il sxdesennsoutendaanuyiia muiunszuaiifanndatessniomssiiusivae
¥ '
ponlW1d dnzriuvs 1dBudvsdyanaudousgnasanat TasinAdimua (Setting) 139 150%

YDIANYEUNTDFIYA (Maximum capacity) Voaniiou/as

2.3.2 matlesfuuuunszuanu (Over current protection) [10]
ar —= cfdad a’ ] ad 1 -
szuutlostuaiiaiiiistlosduey 2 35 naiife
o o da Yo 4 Y
1. szuufad (Fuse) iWuszuuilosdunldfiumdeutasvuiain noassidonls ads
= = e o [ e o [ 1 @ o
Asantguauiavesiad senienssuaimuiad nazandudadiunniuiy
H o ] v 1 o
nszuamilvaimaszdes lulinaasiad
o) o = =l d a ::yd yé [ ar
2. SfnTzudAu (Overcurrent Relay) Stadyiiaiii 1Aiveiloanunisanisesniouen
d d a dy ar : a ow
Taomwz d1dlundouasvuaan w145 mdriiatitlenuninsdinadalsesnely
ar 9 =1 d = dy o ¥ A = =1 a o
nasda239sMouendls Undsaswiiai sxiimtntlufiesSiadd1509 (Back up
o e d o v = 5 o a
Relay) §M35U5 1adiianszianan1y (Differential relay) Tumsflosiunisdnaaees

3 £ o v 4 d’g o a o
.ﬂ']f.ﬂu'ﬂuﬂllﬂja\‘lsﬂﬂﬁ'ﬂllﬂuﬂ'ﬂﬂﬂ'flﬂmllﬁzlﬂunaﬂ“ug’luﬁ’]ﬂ5Uﬂ15ﬂﬂ33§]3ﬂ10u3ﬂ
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Tavinamnnua (Setting) 1A% 150% YBIANUAWNTNYIYA (Maximum capacity) YOI
3 = ' . 4 a 4 v v e '
wiioudas uaziimIminana (Time delay) HIBAANDAANIIATULTIAUAUNINY 2
a = o [ L4 = 9 ar A 4 a
2UIN (seconds) T IMIUIIAUNITTUTAUNNATUUIIAUYN Tuvnznsmdnszuanu

MU IRUAIT NS NI 1.5 TUW

2.3.3 mstleanunuunIzuaau (Ground or Earth Fault protection) [10]
=1 a o ] a o
Tunsdindouasiigaiiansey (Neutral) ¥93UAAIATATT (Y) ADAIAU QIWIRNID
S o = n‘: o a ar s 9 Ul =1 = 9 A
'imum:umnuuumnmﬂﬂmﬂumsamwmw“luﬂnauﬂmﬂmwﬂs:ﬂmmw"lﬂ 29
yddn‘a;éo Y A Y a o ' " s ° v A A a
ADINSIAUFUALINDMNHRUINANYTIAENIZUANAA N (Differential relay) NIIUNUNIUBDINGA

s 9 = s 9 [ {
mssansvesvanamolundoutlasnsdudnunzyesiees lduaasegluzili 2.6

FAULT DIRECTION

Y YY) P o o e—
—

Ip
3lo PHASE RELAYS

3lo

—1®

31p

87N

g 2.6 uaasSaddeaiunszuadu [10]
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2.3.4 Mmiteatuuuvnan1a (Differential protection) [10]
a Y w e qu::'.s.ﬂ., o A a 4 o
Wusaddestuuuuiugiunizdesdaduieteafuanudonionzinauny
wfoudas (daeya livuamnn s MvA) Tasanuidoniohsadilestuuuunadiadesin
s n’.: - =1 A'Q -&' s 9 - ' n’: ar : ar
msdeanuiiue anudsmisiinatuludmionas nolu1au (zone) IN1TU ANTUAIVDY
a o i ' i o d o
2 adilpsfunuRadezdeniuzsznaoadiiRedun101Y (Internal Fault) tazWoadn
{Aa3un BN (External or Non-Internal Fault) vesdamsfeuilasldenn Tavhsindezdmsulu
] ¥ '
yn 9 nsdiveanoadfiiaiuneu (intemal Fault) uazazdodliviiamu (Block) lunsdiii lily
i a J
Woaannavunelu
b '
nanmsRIILYesS gy iiatl Ao A32980UAINUANAIL (Different) YBINTEUAN Ivah
o At o ar [ [ @ Y " a ' Ao P z 2 o
uazeonungnsainsadileaiuey Sruanaraiuiies luipuanivualA (Setting) ¥inve

o oar L= é L] o
S (Set) 152119 30% voanszafifia (Rated Current) vos3tad Faliganniin wde

Ty ar 3 5 A ) 3) o 3 oA ar [
s hifimsdalees lugdnsehin e diundeuas Afenisasedunszuanieaiu
ar ot i @ 4 d =a awa
ussRuganazissRuRIveandoutlaaiuio (1999105 moriathinssuauinnudoulal
b L
AsTud (CT) fie 2 Muvoandoutas Fuiudunisvesndoulasnszua (1) Sailu

=

) ¥ kY
FatmuaTau (Zone) wazdiramvesiad wasdsiifudeldnSouvessindsiaiideiiad

e

a a (] 4 a [V Y] 4 = a
HoafuiBana 1w yaleasiad Tinduasuulasnnuduiui dudu iiesnniadyiiail
ar ar = 1 4 w a - ar
AN130A595UNMIEA99T LS NN NS IR estuiFenanaziiunsdaleesnienean
a a ¥ P - [ da A v ° a & a o
mwsiAalundeulaariniu udedilsia iesnrnndnnisiauvessadyiatiiilums
v ¥ F
A32vEBUANNUANAYBInTEIan Inarmundoumlasis 2 Au dufu e lliamnsaldted
b
wilaiitdeatunissio Tvanny (Overload) vosniouasld
[ { s T o
SindflestundondasildluilogiiuliieeiluSiadues ABB Siemens 130 SEL 921%
s Jd o ] = x o [y
nanmslesiFuAnITLaNaAI (Percentage Differential Current) @1HIUATIVABDUANI
dda & “i‘_l ¢ a 4 i a = v & -
Aoasninavul Wureasiinatuniolunieneusnuinuiiesiu deezlineesvesns
Mauaegilin 2.7
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T, 12
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. l T vARAII
1 5

wiouaa \._,/
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; ¢ o i o ¢ g '
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S ]

angU# 2.7 lunsdinnszua Inadmifeudasdinuiiunssuai Inavennanioulas

v
s

¥ v ]
Wi oAy nazuai ldnandeutasnszuaiinedmilyugd (7, )sstaumnunszuah

= 1

¥ [
Tannndeulasnszuadunaogd (7,) Aniunszuai lnadSindearueziinniugud

< ad )

14
winfmua Ifmnszuanamasznialguniinasnasgiiauiiu 7, dumneanuin 7, fim
o & = v Ted a a J
fugud Felumamguezmneanui hiliweadamelunaiu
1 a wa 1 ' Coa " = 3 1 = "
ualumad§ia udiiegluaniisilildfaveadneludumnszua 7, o1vdian i
¥ ¥ " ¥
whdueud Msiiileaninnavesmianuianaiai livhiduvesmdiowlasnszuaisaosdn
' 3
(Current Transformer Error) A18as1dufidanuvesndouasnssuaiamoadiu (Current
0 ' 4
Transformer Mismatch Ratio) UAZ@AUINUIUDI On-Load Tap Changer Favziina Ivinssud
o 2 ] =) o ar s u’: = 4 w AR Y =l wad o 1 a
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J @ o s " Y] L] = o 1 1
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dll 9 a 9/ a o s = = ; ar d‘l a
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. g & o Y a a r's .
Analysis : MRA) v0amsu)aanifia i diiavniumsusnains 1z (Decomposition) LAZN3
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QA o =
3.1 Usziaveanylidn (History of Wavelets)
e o a ' d ad ] a o
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a A
3.2 ngqunugivveamsudaanvian
4 o AN Y
maudasnvidailuziiumiisvesnszuiumsszutanadya i (Signal processing) i 14K

ar o J P= P " a 3 o b @ B
msamnnnmsuasdyanaiugwiiiogian ua ldwansduuuianumngauiuns 1%

'
a

¥ o
Pumwiznaungavy luidersiiilumsetumeanunineuazanuuandiaveamsulag
g w as | { = | § o o
Pidatumsudasdyaa lunuudug Mifeades ieiluiug i lumsianudhloagin 14

nusa

- .
3.2:1 ﬂ‘l‘illﬂﬁd‘d!‘mi (Fourier transform : FT)
A = ) a =) o o & 1!.’] Yo @ =Y 9 o [ ' ﬂ
nioafledmiumsinneidanadaiiunisnlaena lluastdeuldtuedraunsnas iy
msuendayauesniludiuilszneuvesdyau Sinusoids  Taotdumsudasdyginnin
TAUA1 (Time-domain) T TanA2I0A (Frequency-domain) 3aizoniuTaoialiiuilu
¥ E
msmanlnasu (Spectrum) voadygnatiues vuasawnsanan ldindumsinnsidyg s
a o as d’ . . o w o = a 'S
Taoo1fofandumugIu (basic  function)  Tugiveaiflsfduend Tnuuiren wamsinseni
ponuluglveamsuanosdlsznovvesdnygialan Ieglugivesilandulnlaiuay lxin

VUIALAZAINDNUANAIAUAADALIUAIND -00 D3 00 Aauaadluaunsh 3.1 [11]

@

F(®)= _[f(t)e”‘”‘dt (3.1)

-0

=

é = = s’ 1] i d' 1 o o
gafaums lumenveamsims e doyauuugy (sampling data) MiTon1 mslasyisosuuy

1%"3 (Fast Fourier Transform : FFT) Faarunsi 3.2 [11]

_;Zizftn]

Ein = z"“f(k)-e"[ v (3.2)
k=0

A
W n=1.2,...N

~ A0 o

a < S A Y A - ' a A ° v
amsamneddiGes ddeidoidrdglunsnldounieglulamuvesniud daezild

g
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- oA = a 03 &
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31 3.1 uamamsilaayiSes (FFT)
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3.2.2 mmﬂmmua‘f (Gabor Transform : GT)
@ — @ § g : o
Wunsnlasdanai IdwannvudlunoousaeudilyvmivesmsuayiSes Taviins
= ] ) .l_-.: o ) r 1 E§
wasSesimmizananauaziianuinmuuaiiilafduniiiag (Windows function) Faaziu

o o o . . & " ~
ANHULYDININFULVUIMAIFBUU (Gaussian function) Gﬁdtlﬁﬂaag1uﬁnn1in 3.3[12]

l SR
. [) —eca 4a (33)
g,( ST
é =1 o :!y
mmﬁnmsmsuﬁmmuai N)E| [11]
Gif Yy = e/ (0)g, @ ~b)dt (3.4)
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=3
3.3 maudaavlian (Wavelet Transform : WT) [14-16]
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3.3.1 NquINIan (Wavelet Theory)
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34 m‘sm.lmnﬂlﬁﬂunmimﬁm (Continuous Wavelet Transform :CWT)
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s

" = o o a dl A [ [ =
maﬂu%zm]mmmmﬂmwwugmmmmu Tﬂﬂi%ﬂ'ﬂﬂigﬂ 3(7u10) UIIUIUYDY

=)

157

anFuNuT NN FanueiedyanuiianuaziBeagaiuns 119 Fraafiimsians

=¢

' a a 1w =] vA P [ . o o a df
m”lmma“ﬂinmmﬂu NIEZWUINUUDIVNINNITEAY j P39 i)::ummummﬂqnwwugmmn

19 a add Ao w ar : ' o 4’ ' a
umﬂmmiﬂﬁanwwuﬁmﬁﬂuﬁ piNtgaINNe asunaaINNanFuiugIvuAaza)

3 ' ¥ . .
wiltanaiuay Fammeiailadduiugmianuigaiues luvusiisedudigl j dndngd

EY
R

Waﬁ%’uﬁ'ugmﬁ’wﬂiwﬁﬂ‘ﬂﬂhanawmﬁan%’uwugmmiazﬁan"hﬁuﬁmuNﬁ;ﬂ"lﬁ"h Harndu
k3 ] "
Nugufisgduanuazidoa j+ rziautilugeunivesseduaniuaziden j auanyue

amantiadon s voamsTnseddyayauuuaessaunNuazDYa

]
=

mnmiﬂﬂanwwugm Uszneufuiludyanaiiszduaiuazida j moluanlys v ez

[ =t

= o as 4 o o a s A {
Gonflaauiiiuilu « HafFuminada (Scaling function : ®(t))” uazilanFumnaasiiszdugaesd

U
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i o A = ddo v o g wawy o 4 o
mm'ﬁqauazﬁ:ﬂﬂﬂmmmm:nmmnﬂmmw mnmmz’mwuﬁ'mmm“luf}mmm %‘O'ﬂ 4 BIN

I aunsa@ouanuduiussznnalansuainaluanlalas 16

]
O, =22DQ2't-k) ;jkeZZ (3.8)

v as L= A as o § = ::1'
MNAUMITIZNUIIRTEFUANNAzIBeAanamMilsEaY HanFuiugiuaziinnudannn

»
asaz 2 i nazedoamald MRA i IWannsodhimsUssnadyau f(H) e L (IR) T

¥
s =

oglulSpiiszauauaziden j Taq 1ddall

f.()=)ci®,, (O (3.9)
k

¥ '
= o @ o as

Tave! Anludmlszaniniohminfiguivilendumnadaidwmia k  laq udnlsznoy

Y

z -
Judy i NszAuANNAzDLA j

D.

nnguaiade 4 ¥99 MRA MsAnszvdyyiuiiszdunnuaziBsadanni indany

o ' (=] a aa o & & a ' a oa 4 o
wiadyaaunadiumiehlegdnligisndunilagausonit « Usgiiveanniaeiinvian (Wavelet

"

j & a 4 =) v < o = :
vector space :W ') " #az1lsznoudioflanduiuguniGondn « anguivian (Wavelet function:

) =1 a1 g
w(1)” Tavaunsa@ouaumstandunviaa ldasee Tt

i
v () =222t -k) (3.10)

fdmuald g (o) Wudygraifannfladduiugu (p;, () Moluligiideaiunsou

dudyauleg vzldn
g;(t =Zd|j\-':”;.k(t) (3.11)
k

{ 1 s a o ' : @ o s Y =1 i o 1 : 4 =
Taon d] WudulszdninseaniminiguiufladFunvidandmuniug iotAatiy

Y g(t) saiunnanuduius v+ W) = Vi oazldn

o
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f..=f +g; (3.12)

Tavauudld fi e V9 szannsouannszaiold () 1Wianuazideaiosasldain

auduRusvea VI + Wi = VI lusaimidsadu V) awnsouanaelunldizesaunseia
. o u‘: v @ @ o
i=0 aaniuvz ldanuduiuh

VH VO We 4+ W L+ W (3.13)

Tuhweudvaiu f,, =T +gjmmmuwmnszmmﬂu funz g, Idaagii 3,14

Vj O’ fj (Dj
. ¥ Y :

v [ \p{(-l W fj_l (Dj{' Wf g
% ‘~,\ il \\l

v (o] v W I Yl &
\d "0 0

VO E WO WO fO (Dk "Pk gO

() o

37 3.4 naraamanlTououdnyaen13nIEAY (decomposition) [19] V03
- oo a
(0 15piiveanames

(V) Fyanunauazduanie

Mgt 3.14 () W AiszAunuaidealan ZNANYULIFIAININ (Orthogonal) FINUHAZNY
wrue ifipanindyyrameluligiveanidaiszdy j Aedusz hilldyanamnoadesiuan
&ty szannsonlasumsuinfunuuas e vee3gi (Direct sum) WumsvInludnyuzuuy

-y : é s s " o d’
A5UINIFIAINN (Orthogonal Sum) Fuduanuduius 1w lddsil
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ke
- o a o

ingii 3.14 (n) W fiszduanuazidealan aslidnyuzisananin (Orthogonal) FInUUAZOY
A Y a A g A a P | [ T @ - 9/ a
o iosnndygrameluligivesnviaanssau j aranuee il dyyrsnerveanuay
gy srenansmdsumsuindunnuase ¥l (Direct sum) Wumsuanluanyuziuy
= u,; & o o e dw
M5UINIFIAIRIN (Orthogonal Sum) atfunuduriug Inafladsil
v=Voeweweo.ow (3.14)

o

o ' a0 a a d o = A a '
ﬁmumummﬂﬂsznauUauwag"luﬂsnunwmnﬂmmmzﬂumwa:mUﬂ"lﬂq FUTHNIN
s g y ] ] a wa
«HanFuWaaN U 14" (Wavelet basis function) szurseenitly 4 UszianIny mudnyuzauin
a q‘: 4 ' as [
Gadamn edenldanideiamnzauiazazainlumsadailaddunian
(1) Orthogonal Wavelets
a a o A 4 o
v wsa wagaun1olu (nner  Product) voaU3giiaian seidunildldioludandu
df g A [y =] e a o VoA Y i
ugunvidafiszdiuanuazidsaRuIuIasdIMUNALINUMUY
(2) Semi orthogonal Wavelets
g o 4 o g
vu10da wanun1elu (Inner Product) ypaidnzilugudiaue dioduilandunugiv
d = s = as 1 ﬂ [ = = ar ﬂ & A & dy v
niEafideseauanuazideady uaduduseAunNazIDUAIRLINUDINILL uguinsonianla
A o o [
PIVLAUNAIRUI N Orthogonal Wavelet *n:,ﬁ]u Semi orthogonal Wavelets 1e/1D
(3) Non orthogonal Wavelets
- g An o . 124 wa o o
oS aii 1iidiu Semi orthogonal Wavelets tag lifigaauian1sAiminnuves
a o o J o
anFniladFuiugumeludyas
(4) Bi-orthogonal Wavelets
o o wa a - o d
nuwna Handuaian ﬁlzﬁﬂmﬁnumﬂu Orthogonal 11 Dual : {7(¢) voadanduian
09 whrhidResadnaauTAFwanin aau w () Aoduez hiliguauiaFinmn

s

Tumsidonlfiidauiiiquauiaveamsiilu orthogonal uduvaveamdulszdninla

ar

=4 14 u” 3 ar o 9 T w a od yq"
&M E 19U (No redundancy) Ylfiaveamduyss@nTin 1dll amunsounudaygyo

U

v
&£ o Aa o

¥

U = = ot ar d .
llﬁ’ﬂﬂ'llfl‘l]‘izﬁﬂﬁﬂ'lw ﬂaumamz‘mmmﬂmmmmﬂamﬂmﬂnﬂ‘j’ﬁﬂu Multi Resolution Wavelet
decomposition

d.. o ny.' s ar o a
9110307 3.14 (¥) AATuEINTOUAAANYUSVDITYTIY 1) Tugilvesilanduainannay
14
Y A

Handuniaa 1aaail

fty=1f;+8; +8jn +8jr2 * -1 8o (3.15)
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suumsuannszedyane iy laq lumals vO hlvudszdunuazideaii j Tugl
@ a Y ' =] g '
voadulszdng ¢ (myunz d;(m)iliTend1 «msuawaviaauunianmiig (Discrete Wavelet

Transform :DWT) * Tawilqumsh 1¥aTuiodaae il [18]

I S ( nbo 0 _ydr (3.16)

-\#ao 0

DWT(m,n) =

m

Taoh  a) flo mamna
g o A o ,
nbya; 19 MIADUMUNIUI

o =1
m,n A0 @ITIUIUANLIN

]
= 3

wazlumalfiiamsiunldauese dyapaiidunezeglugivesmsdgu (sample) Asiuaums

]

i (3.16) Jaanungaumsi (3.17) [20]

Yf (k )W[n_tM

1
\/‘;-:)T k aom

DWT (m,n) = ] (3.17)

1] - C‘ 1
o m,n, k iHuavimuaulasih
24 o E
n A9 Tudoya
A a
m A9 wunaaInsilasulasvesaina

k A9 [@UULAAINITIADUA NS

A a a s o = ¥ = a
dlonnranluzduuvveanmsimszdnatsszauanuazidoaudl Tasinsnldsuuilas
a o ' d
analumsinsziiianaenseas 21 (g, = 2;5, = Dudrnzldgduvumanlauviaanyy

o 1 c§ dal =) " . [ 1 dy
IANHUIY FIUFDITEONRNIZIT dyadic wavelet transform ﬂat’mmma"lﬂu [21]

1 k2’”

S ol —— (3.18)
V2m i oM

DWT (m,n)=

td

"Nﬁuﬂﬁﬂﬂ‘ﬁ‘]ﬂﬂﬂﬁﬂﬂﬁﬂ'l\ﬂublﬁiﬂﬂmﬂfjﬁaﬂﬂﬁ'Jlﬂ‘ib‘}"i‘l]ﬂiﬁﬂmﬂﬁlmd wﬂﬁ
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a ¢ o o
3.5.2 mﬂlﬂ'ﬂ:ﬁﬁ'mmﬂsmﬁmuqnm (Filter Bank Analysis)

[ o a 9 =1 a o o ux: a I ~
AouNnvzatviemMIasamsnlaanidaluanyuzame sty vaosuIonanmMsnugIu

o " '3 ' o at
yoaflamofunaifouamosuuy 2 ¥oadamna (two channel filter banks) sziilumsuondya

a

Sunnoeniilu 2 dau fio drnveannudiwazdiuven g Tavezgninnzrdiogyansea

-

—~

Faimsananudeanuiadanilsdazilil 3,15 Funewwea }2 uanin1sansas1quas (down
sampling) A0 2 wioaaramsSinszieIndInsssoonasanil lundazdunouvesmsiias i
o dyyrusunnudumsulasndidanuuiumitedyyiuszgnuensimlsznoy
(Decomposition) TasAInT DAY 2 ¥ (Two channel filter banks) éwzuunmm?ﬂuuuuﬁ"'
foams soniiu 2 du fio

- pafilsznounIige eesrudiniosnnuiige (High-Pass Filter : HPF) fiGond
“Detail (cD)”

- pafilsEnoUnINART F9uruRINTEIAIMEM (Low-Pass Filter : LPF) fi3ondn

“Approximation (cA)”

HPF

/e

LPF

a ar o 4 " ar
31U 3.15 wamsmsuaandyanumsiamosuyuasarodygy I [15]

b L

o w g ar 4 i as o
nazlunndudufannsadunsnziiveadunduilamesnuyasaresdygiulasnsi
U

dvesnmdduazanudganswfuiudyanadnldduaas1ddagin 3.16 sxdunaldan

o u

Q‘ ar 1 J Al
mawt 2 uanImsinugns 1AM (Up sampling) 154 2 01
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HPF

o/p

_ Approximation —’@f LPF

311 3.16 ugmamslaandudayyradisilamesiuumosreadynu [15]

dnuzveaRInsouy 2 ¥oadagnludnymeiisond “Quadrature mirror filters (QMF)”
TuAnYAUZYDY dyadic wavelet transform vitfumatifawesuuy 2 FoadyananniGunoiulu
o v v 0y R s , 0 =
dnuazIassadranunduld Tﬂu“lﬁsﬁmunuj1mwmvgw"lumummnmmmmsuunmmnaanan
o’: A A4 s a o« o o :
asania Futudnyuzuoamsinseiuuueoamiamosiuan (Octave analysis filter banks)

i ' u‘: = 4 f_\; o u’: ' é = o
TﬂU“ﬁHﬂf‘lx‘lluﬂ'i]‘uilzllﬂ'lilﬂaﬂullﬂﬁﬂﬂ'ﬂﬂﬂ1u@ﬂiTﬂﬁﬂﬂx 2 1m "'INETT!H'EQEI‘EU']UH']SVIN']uUH{

¥
=)

fall
fin) TR %
HPF —@7 >
v
cA1 cD2 & :1
LPF HPE —(2)——»

‘
oo ldh

LPF I

f =sampling frequency
S

! w o o a
31 3.17 naasdnvazmanlaulidaTaglivdnmsTinnziuuooamilamesiuad (22]
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- 4 & o d d ' w .
i)'lﬂ?lﬂ‘ﬂ 3.17 canuarmmxﬁumm'suﬂmnﬂmmmumuwmuiuanym:ﬂma dyadic tree

S o ¢§ @ ‘!. ! d. 1 <
structure TﬂuuﬁmuﬂunmauwWu"ﬂuﬁmﬂﬂuﬂmnnnquﬁwmmnmiqu = . (sampling rate) VN

Q u

@

a o o 1 P 1 & o {I 1 -
Anszviasiaees 2 eadyanalumnai 1(2 ) FdyyIuzgNIuNodniii 2 ¥19A1U0

A - A : = a0 ' fS fS ' 40 A
ADAIUANUDYINID detail 1 Uﬂj?“ﬂagclu‘ﬁ'ﬁ =_—=— Hz HAZAIUAIIUOAT HID
2 4

=] .z:; L] f, = i 2 o '
Approximation 1 H2mWdlu¥19 = 0 Hz nazlumsimneyiluanai 2 2°) A 1dTaomse
4

a a ' = . ] a [ =
ﬂiﬂ&‘ljﬂlﬂﬂh]')lﬂ‘ﬂﬁﬁﬂﬂﬁﬂﬂ Approximation 1 mwamﬁmﬂzﬁwaaﬂmuﬂu AIUANUDY
d'. =) : A~ a 1 fS t.S 1 c;; P -
ainan 2 1o detail 2 "BQMFI’J'ISJQGIN‘H’N —=-— Hz HagaIUuANUIAITINAN 2 HID
4 8

= I ' f o a 1 a d o &
Approximation 2 SAWApgluTN = _oHz AnihimsTiasizvselumnai 3 nansanianlu
8

o a v o 4 i a i o ' i @
Snuzdn lunnduduiammsaisgswdygraiiimsnsznelunaisy %¥23A700 1M naVIN

o - A ) Ll lﬂ.
fudyananan 1] Fawamsuaanidanuaumiielduaaseglugdi 3.8

5
x 10

amplitude

magnitude
~ - o - 8

w A

311 318 usaamamlasndidauuuiduniiae OWT) Tuanai 1-4 [15]
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=] T
3.6 nYiaaul (Mother wavelet) [18]
a as o a = @
TumsTinszddygialag fawuonninmsideniduuylumsinsieinminzauudaball
o ﬂ oy A a w o :: 1) 3 o @ d
anuduiuideudendnyuzveadinsosdynuiug mzaudis dwmsumsudaunian
o‘: s s - WA o 1 : A =1 " Y (] @ o
udansesduauildfenidamitues  daeziiogdroiunariluvuuazudaziuy il
= 1 = Eé ' = y
siintou aalldn ¥aAazasznadzlia1 Number of Vanishing Moments (NVM) Wudonsza
' 4 =1 v
1% Daubechies 4, 8,..., 20, Symmlet 4, 5, 6,..., 10 (Fudu naziipanngluuvvoavidanii
& < o 3 g4 = = ' o _V  q ¥ =)
waranawiies Jahlimsulaanidaianutanguuazamsoin lUszgnalyau Taviden

as =)

=] q v a o — a o =] 14l o Y o
iaau I iminzausudygruinisiinszd aszgaveanwdamindidyuazion 1y

o

atnaunsvatoluilogiuiildun

3.6.1 Haar Wavelet

o a 4 o a a [ ) [
msSinszmiaamenitlUSms e duaialuriasng 9214 Haar Wavelet d@1miuns

o g

a ¥

a s & d’l o a s =3 a o
AUATIEZH ¥ Haar Wavelet ua:sﬂunﬂmmmﬂuinqmmznunqﬂ aﬂumwaanﬂmwuﬂm:

ar ar E’/ o’ é e {
adwiulanduduiula dwaadagyn 3.19

Haar

3UN 3.19 uAAITNYULYDI Haar Wavelet [18]

3.6.2 Maxican Hat Wavelet
d a an e 7w A oo @ Jdow w o ¢ o
pidayiai luiNadsunsananasiinuonnianguoyiusoudunasavealanyu
ANUHUIUUVDIAN WU UM AIBY (the second derivative function of Gaussian probability

. ) @ < P o P
density function) An¥azvoIanYAtinaARIzIN 3.20
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Maxican hat

511 3.20 UAAIANHMUTUDI Maxican Hat Wavelet [18]

u

3.6.3 Daubechies Wavelet
d a 5 - : . & @ Ao o 1
Midn¥iia Daubechies 1dgnAaduTaY Ingrid Daubechies Fuduinivonudmnmiani
o o o & Y Y A Ao J - ' =4 a
UszauduSaazdifyaunilaveslan wildadedanGondl “vouvaiiuiusuveahiaaid
a‘: a & v a o o v
#an1n1nA” (compactly-subport orthonormal wavelet) Fuilumsadramsimnzdniaanuy b
' 4 a wad ° ° ' ) 4
aoripalumalfiavum 1dduse uazldimuad NVM vesnszganvidadunimoaiiany
o 3/ " ' P o w Y o A =1 [
warnnarslumsidenldau ldetramangay a1 NvM Hezdifu Tindareaszganwiaaru
. = o Vo
Duabechies 4 NABNATNVM 1M1V 4
o s o . ! a [ 4 . ) ar [
dmfuidanszna Daubechies HoziilanduiugIu (basis function) Tudnyms hiaunas

o o { é U
(Asymmetric) dn¥azAIzl 3.21 Faivanvanggliniuaun NVM

Daubechies (dbNV M)

db 4 db 8 db220

gﬂﬁ 3.21 LUARIANYUZYD Daubechies Wavelet [18]
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3.6.4 Symlets Wavelet
=] a oo = @ d A : 24 o
vlidawiia symlet sxidadulndifvarunidaiigniauslag I Daubechies &4 1d15u1lgamn
d " wa =] n’: c!y v 2w = o
9nINIAAATENA Daubechies AMaUTAvoAIaATIdBIAsEYailvzadIoadIny Taveziifladdu

¥

B 8 os ' =4 . o d a
NUF W (basis function) Tudnyuz limuunasianioy (Least Asymmetric) anpmzvpAIIAATIA

L

¥ v

Hazuananagili 3.22

Symlets (sym NV M)

! ' !

sym 4 sym 8 sym 16

g1 3.22 uetadnyUEYDI Symlets Wavelet [18]

3.6.5 Coiflets Wavelet
o a . 3/ 2 . a a - o o
niAAYiIa Coiflet gRa31991u TAY I Daubechies NMUNAIINT L. Daubechies Uszaudu3aen
d a . =] a A o ¥ . .
M3ad19WIBAYTia Daubechies M1 NiAnwilatioziifanduiugu (basis function) Tu

dnvaziion Tawinns (Nearly Asymmetric) anvaizaagili 3.23

Coiflets (coifN VM)

coif2 Wcolfi coifl 0

319 3.23 naRIdnBUZUDA Coiflets Wavelet [18]

l
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3.6.6 Morlet Wavelet
o a an a o o a . R ' = ' o
nﬂlaﬂ‘b’u@\uqﬂNWQﬂ‘ﬁuﬂWﬁﬁ!ﬂﬁﬂi (Scalmg function) UAVZUANUUUUDU FTUITOWIITM

I o =Y H @ -
Snvazvoavianwiail lanasain 3.24

Y

Morlet

M-

\/ 0

U1 3.24 naAadnyUZYDI Morlet Wavelet [18]

3.6.7 Meyer Wavelet

d a o o a [ Vi 4 & a @
iAaYin Meyer tiaziansumsainaasldgndmualilulamuniud Fanasandnuue

yoaniansiiail 1de g1 3.25

U4 3.25 uaAadnHUZYDI Meyer Wavelet [18]
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3.6.8 Biorthogonal Wavelet
1 o a a wa a B & o ﬂ o o 3 o
nauveunliansiiafivzuaniguaniAvoudadudu Faudludmsvmsasudygyinuas
& ' 3/ =] as o A o [ o a4 w 4 o [
anaulny Tasmsld nidaeesds damisdmivuendilszaoy dndaniadmiums
v [ 4 o o { et wad 1 @ . -
adnlntunudadavianvilounu Allguauianuiauly dnumzuna Biorthogonal Wavelet 1

uansnagli 3.26

HH B B H-
B oo Ho b
H S =

4155 R

3UM 3.26 uaAIdNYML YDA Biorthogonal Wavelet [18]



1 a a Y ) d . 1 v
M3 3.1 uaasdulszdnivoadanieadayn Mo widnnszga Daubechies 0 N Hauily

4,6,8,10, 12,14, 16 uaz 20 [22]

Order | n |Filter coefficients Order | n | Filter coefficients Order | n |[Filter coefficients
N=4 0 0.4829629131 N=14 0 0.0778520541 N=18 0 0.0380779474
0.8365163037 0.3965393195 0.2438346746
2 0.2241438680 2 0.7291320908 2 0.6048231237
3 -0.1294095226 3 0.4697822874 3 0.6572880781
N=6 0 0.3326705530 4 -0.1439060039 4 0.1331973858
0.8068915093 5 | -0.2240361850 5 | -0.2932737833
2 0.4598775021 6 0.0713092193 6 -0.0968407832
3 -0.1350110200 7 0.0806126092 7 0.1485407493
4 -0.0854412739 8 -0.0380299369 8 0.0307256815
5 0.0352262919 9 -0.0165745416 9 -0.0676328291
N=8 0 0.2303778133 10 | 0.0125509986 10 | 0.0002509471
1 0.7148465706 11 0.0004295780 Il 0.0223616621
2 0.6308807679 12 | -0.0018016407 12 | -0.0047232048
3 -0.0279837694 13 | 0.0003537138 13 | -0.0042815037
4 -0.1870348117 N=16 | O 0.0544158422 14 | 0.0018476469
5 0.0308413818 1 0.3128715909 15 | 0.0002303858
6 0.0328830117 2 0.6756307363 16 | -0.0002519632
7 -0.0105974018 3 0.5853546837 17 | 0.0000393473
N=10 0 0.1601023980 4 -0.0158291053 N=20 [ O 0.0266700579
1 0.6038292698 5 -0.2840155430 | 0.1881768001
2 0.7243085284 6 0.0004724846 2 0.5272011889
3 0.1384281459 7 0.1287474266 3 0.6884590395
“ -0.2422948871 8 -0.0173693010 4 0.2811723437
5 -0.0322448696 9 -0.0440882539 5 -0.2498464243
6 0.0775714938 10 | 0.0139810279 6 -0.1959462744
7 -0.0062414902 11 0.0087460940 7 0.1273693403
8 -0.0125807520 12 | -0.0048703530 8 0.0930573646
9 0.0033357253 13 | -0.0003917404 9 -0.0713941472
N=12 0 0.1115407434 14 | 0.0006754494 10 | -0.0294575368
| 0.4946238904 15 | -0.0001174768 11 0.0332126741
2 0.7511339080 12 | 0.0036065536
3 0.3152503517 13 | -0.0107331755
4 -0.2262646940 14 | 0.0013953517
5 -0.1297668676 15| 0.0019924053
6 0.0975016056 16 | -0.0006858567
7 0.0275228655 17 | -0.0001164669
8 -0.0315820393 18 [ 0.0000935887
9 0.0005538422 19 | -0.0000132642
10 0.0047772575
11 -0.0010773011
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a 1 as ] d a 2 o o -]
1NgUN 321 — 3.23A1NVM WhudmviunuAninanfi g1y (Orden) vauIviaai

4
o

¥ ¥ "
giiariug lupnaasaldianuiidanuii nvMm  udavilfuaasiuauveadulszdns

[

o T as - =1 v W
AINTDA (Filter) ‘Uadl’]ﬂlﬂﬂllnﬂ'}uu"] UAZHIUAAININITIVITOY (Smooth) ﬂlﬂ\]nﬂlﬁﬂllnﬂjuu‘]

a ¥

30420 19U db4 MR UIMIAALLLIVY daubechies NUAUUTEANTNITNIDI4 A2, db20 MUY
d ' . i o a a — =) " 1 el "
(lifasituY daubechies AdwlsednTnsnse 20 @2 Tauh db20 axlizUs 1N WITEUNT dbd

é ’ - =1 =Y J
Savesdulszant 1duaaalumsiad 3.1

¥
Tef et =

4 d q' 0 Y wqq‘ ar
iipaningtunnveanwidamindaumannateins Taousazsialinuauiaiadoiunas
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tyluganiaq (61, 63]

¥2990 HAnAWIdY I
1940s - McCulloch and Pitts - McCulloch-Pitts Neurons
qﬂféuﬁu - Hebb - Hebbian Learning Rule and Book
- Rosenblatt - Perceptrons and Perceptron Learning Rule

1950s & 1960s

- Widrow and Hoff

- Widrow-Hoff Learning Rule (LMS Algorithm),

gAND ADALINE and MADALINE Networks
- Minsky and Papert - Perceptrons Books
- Willshaw and Von Der Malsburg | - Self-Organizing Maps
- Anderson et al. - Brain-State-in-a-Box Model
1970s
- - Grossberg - Grossberg Network
GRISIGT
- Grossberg and Carpenter - Adaptive Resonance Theory
- Fukushima - Neocognitron
- Kohonen - Self-Organizing Feature Maps and Books
- Hopfield - Hopfield Network
- Ackley etal. - Boltzmann Machine

1980s - Ja91iu
gy

- Rumelhart et al.
- Kohonen

- Broomhead et al.
- Vapnik et al.

- Bertsekas and Tsitsiklis

- Back-propagation Algorithm and PDP Books
- Learning Vector Quantization

- Radial Basis Function

- Support Vector Machine

- Neurodynamic Programming Book
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M3 4.2 nanamstszynd 1 Iasainlszamluilogiiv [26]

Fault Fraud Signal/Image |Pattern detection in
[Forecasting]
Diagnosis | Detection Processing databases
Manufacturing X X
Retailing X X X
Finance and Insurance X X X
Engineering X X

Production Control X X

Sale & Marketing X X

Tuduvesszuy s in3sedu iihidaiuafailszgndldns sholszam
Foududilgnadnaiu Ifhddmaeilymdaedu wu JoymInaalnad (Load flow)
5NN oin1uden s 19 IW#  (Load forecasting) wazilyminisiiuIvaasiiell
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4.2 Tasave)szanmney [25, 27)
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4.3.1 Tnsavesze ey (Single Layer Neural Network)
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432 Tasavhwszamifieuuumaesy (Multi Layer Neural Network)
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4.3.3 Insavdszanifesuuunaaias (Lattice Neural Network) [25, 28]
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4.4 MSMAUAMBINITIN (Setting the Weights) [25, 27]
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4.4.1 M3BEUUVVAIVAN (Supervised Learning)
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4.4.4 ﬂ;]m:immfs: (Learning laws)
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Tnssvndszamienluilipiuiivanvaryia Foih Tl ludnyazauiuandiaiu uadl
= a 4o a s d v =1 = (L] ar
Wioe 2-3 viianinluFawtiyd Tnservdseammifivusiaunsnidoundy (Back-
4 ' = o a y !
propagation neural network) iunialulassiivdszamifoundon]s iesninlnsetie
) cly ar o‘z, = = o’dy
YszenniisuriiafiomisolFudiym lditeuyndszinn duinluinerinusilddonly

W
' =) = [ o a = d o
Iﬂ'ﬂ‘lﬂu‘ﬂi:ﬁﬂ"mmﬂﬂ‘lfuﬂlm'iﬂ16’6uﬂﬂl]llﬂ%d’llﬂﬂ‘)ﬂ&ﬂ‘ﬂﬂﬁﬂﬂﬂﬂ

3 =] " 5 1 = = LA s as = o
Aoufiaznadaiug Lo lassinlseamifisuriaunsmdoundy UAIMNIS1HIn03
v oY ¥ s ' a 3 A o ' '
yudnasui ludonon Tulaseviedszaminen Yeyanieniou1a (Sample) QNUINUDY
Lauan’h'lﬂ“lu‘gﬂ Hnaou (Training set), YANITIVADY (Validation set) LAz YANATDY (Test set)
¥
ANUUANA1TEH I gAdBmMANANUd R YLIN gaas 9o uaznadeugni IHduay

¥
Yoo uaz lumisdoves Bishop [31] Tumih 372 Idvmsesurouazagdyadiona ldauil

- ar 1 9 c!..l =) Y1 A =) o ] 1 ¥ °y o
‘!ﬂﬂﬂﬁﬂu (Training set) : ‘iiﬂ‘llOQFI')E)U"NEHLWBLTUNE’J']HW’ISTULﬂBi (191 AIDIUINUN) VDI

MsuUelsznn

ar ] ar =Y o [ T v "
4AN3IVADY (Validation set) : ¥avpIAI06191FSumiimes (o Tasaardralilyanag
v "
11mITn) veamsualssian dmsual0019anIUIUYD

3 L] L ~
Fugoululaseuivdszaminen

FANAADY (Test set) : yAvnadnd lFlsziiumsyfifveansuialszniszy 1l

1 o { 1 4 1 "’ 1
nanlavagiife yanaaeuilugadoyan lumelfivedenszning 2 Tasavio du

@ a

' » ¥
gansnaeuiiugadoyalan Mldinedadulingamsdnaowmniulavasnaeumibanaia

L]
L4 L]

uazAAanmavesgansvaeuiin1d gni Tl lumadenTassadveslassinlszam
Fou Gnudugeunazimauiisenlufudeuvealas sy mmiuriauns s
gounav) ondediuwy 1n3Udea1 MimsnansilTouiousenng MrEanmaveIya
ATINAOY (e, ) HazANTOU (e, ) D iaaéuqﬂmwia:seumsi’lﬂﬁau audny luuaay
seudaaaan Ui 4.5 26] Tavdndlumsinsaudon Inssinoiafiqa nsfinsanfuye
asaey lialsinsanfuyganadeuuasgaRnaou mngﬂ‘i’fndwﬁy ATHYANTOU 1 A

AANAIAYBIYANTINAD (e, ) HAMIgansoiianiooniimnsmuall
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e

| tram

Mumiter of epochs

714 4.5 uaasmsnSouifsusinnuRANAIAYOIYARNTOU (e ,,4;, ) AUTANTIVADY (€, )

o ¥
" A o Y ow 4 A

diovanudnladumaiimesivaril Wadeda lvzvenanfaiuguueslnseiie

=t a = ) o w& [=1 i 4 e '
Uszamiioun 18 luinerinusadviisauiulasswlszamiouiiiegluTdsunsy

MATLAB/ Neural Network Toolbox [25]

4.6.1 1n39@314 [25, 30]
1 di‘ ] = = ") ar
Tﬂiaﬂﬁqwugmmmiﬂiwwﬂﬁzmwmuwuﬂuwimuaunau (Back-propagation neural
Yy a A A a ! ' e VA Aanve ' e
network : BP) 13znaudiutizseamaaiizoanuoguinndl 2 ¥una1ifie i ldaua 3 suvuly
& u‘j = u‘; ] . q’: o
#9152 noVAIY FUDUNN (Input layer), YUYDU (Hidden layer) 1Az ¥ULDI1ANWN (Output layer)
s ' = dy ] P Y v - A " o’: 1
anvaizve lassneriaiiiiulasaonileu lydramih TasiimswenToaluudaz Funuude
0 ¥ v Y
dafunua tudie Mg Waseulususunnezdedyauldimng daseuludusousuusn
¥ ¥ v "
uaznna dasouluduageusunsnszdsdyain ldmng daseulusudalisuluiganng
= o‘: [l T [ = n’: o a
nseulusureuganvezdadyyiu lildanng daseuluswerann vingiln 4.6 uaaa

v
as

Y ; [l aa
TAs3er 19N U IUV03 IATIUENT 3 FU

Input Layer 1st Hidden Layer 2nd Hidden Layer Output Layer

= a ]

d. -3 1 =) lﬂ.
31U 4.6 vamauuIaesves Inssislsyamineuini 2 Fusou [30]
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~ 1 ] P 3 [ aa = - ' a
JUM 4.6 uaaalasaviwlszanmnound 2 Fuaou Tounn R e, drseuluduroun |
1w o o ) = o ' s v
uaz 2 MU S' wag S° uaziieun S’ gA MNFNVBIBUNNANBT P UABTAINTYNITDY
)

&4 a o 1 ¢ | 4 ‘ﬂ v o & WL = I 'ﬂ
"lﬁlﬂumﬂiﬂ“ﬁﬂu'lﬂ S x R UazIA@es a FIUUUNIAWTVDIBUNOUN 1 LHAZUUUIA S 81U

Vv . ¥
Whnutseuudaziiasoulufuaeuin 1 druaoanimin W' (5on21 Input weight, TW"'

a ag [ { a 1 ar o d 4 w a ¥ =
PUNNVBIFUFOUN 2 MNFNUAAZAIVEAINADS a' NezgiFeuTInUTIseULAAZ TN
u‘: [ - [ : s = " g 2, & a )
Tudugoun 2 drua1820m1in W’ (5001 Layer weight, LW FuilummInvuia s'x s'

' ar as u’: ) a o & [ d n‘; [ - =
WU oITUAUFUFOUR 1 1AeeT a° FuilunadnivosFuaeun 2 uaziivuia 87 aziilu
= c: 4 o ' ar o 4 @ a 1 ar
sunnvestudeyaeinm audnudazdavesnnaes a wgniFeudinuiiseunaazaaly
o ¥ e v o 4 w 3 12, <& 1#] a o 3 2 = s 3 A
Fudoyaemnnalemainimin w' (Lw) guitluuasnguiia S'x S° Tashinames a

a 3 o d [ =
ﬁ‘]ummﬂm‘umﬂ S ‘i):LﬂuNﬁﬁ‘w_ﬁ‘uﬂﬂiﬂid‘iﬂﬂﬂﬁ"&’ﬁWﬂﬂﬂUﬂ

4.6.2 uuIAA [25]
n’; 4 ] =} =Y [ ar [ ﬂ
ﬁJuﬂQUﬂ'ﬁNﬂﬁﬂuﬂBQIﬂSQﬂ'mﬂigﬁ'lﬂWIUU‘BUWUW'iﬂ']Uﬂunf“.! TAWITOUUIDDNIUU
3 ) v A Y a ¥ ¥ Y o " a - = v
3UYUADUAIINU AD ﬁﬂuﬂlﬂuﬁﬂut‘!ﬂllﬂﬂl'Nﬂu'i HNIAMUDUNAVUDIATHANWDIANLINYIUD

Vv ¥
wazsumnlnimin @1E]vlﬂLﬂu'i'IUﬁSL’E]Uﬂﬂ]ﬂdﬂﬁﬁ'l»‘l'luiullﬁﬁzﬂluﬁﬂu

1. uwsrtlouTdhamdh (Forward-propagation)

' Ed v ¥
diodoyasuwndsinguusuduwn (P , IR =1,...,R) dygrunindusunnimug

L7 7}

' & Y o n‘: @ J - u,: ] =
vegndanaumeoron loe lildeisewmadlusudald unazirseuluguseui 1 gn

u

" Ed
wouTvadauananimin (iw 11.;‘1‘ =I1s' =1,...,8 ") wimssuiudyarudunn
IR

a o q’: " — 3y
VDIUIT Elumaa“luwcmuw 1 vlﬁi]']ﬂ’dllﬂ’li

R

I N

net =b |+ iw P 4.1)
st T Vst J,RZ:I st m R

a A o ar o c:: 1 ~
Taandunszdquinodudygaoann @) Tudusoui 1
= et 1)
a =f |net 5! (4.2)

A o o 1 .‘f 1 -:' o a' TN " ) n’: [ A ']
e dyroueiann @) lususeun 1 woawnn lddeae lUdisuyoun 2 laouaas

¥ " " £y
tseuludugeud 2 gridou Tvadrwmarnimin (fw >, o= LS? =1,...,58%)
LSk

o as =y =Y o’ 3 [ d‘
ATATHINU iuuiuumuauwmmmmuwaa"lu‘yumﬂuﬂ 2 1ﬁﬂ1ﬂ’s’f3}ﬂ1i

a
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2 s 2,1 1
net =b + w a (4.3)
1s? ~ ULs? LS;#] Ls?s!

3 o o 3 A o ar L4 2 o‘: [ —
¥ sfFunseRumeiIndygIanednn @) Tufuyoun 2
2 -
a’ =f (ner ”2) (4.4)

A ar a 2 u‘: ' P 4 AR Y1 @ 3 o '

o Fnananerdm (@) Tudusdeud 2 edynit 1ddsde ldaiuednn laouna
o u‘: o g (L) ay a o
iseuluduoidnn gnisew Tesdawmiaanimin (Iw ;23 L2 =183 =1,...,8°) M

o o a a o u’: o
nsfvradyaiudunnyesiizseuaad luduoann lavinaums

2
s
33+ Y w7 a’ (4.5)

net 3 — b
LS 3 ;2
LS LSZ:I LS LS

9 o 9 A o w o 3 : o
¥ asFunszduiiodndygiueaym @) Tuduedinm
a’=f (net 3) (4.6)
LS

2. uNIMOOUNAVYDIAIHANDIA (Back-propagation of error)

' a o’z’ o 1A [] 1 ' o
‘lmmazuamumawummwﬂ ﬂTNﬂWﬁ’Iﬂ‘Uﬂ\'ﬂﬂ'iGﬂHUilmﬂuNﬁﬂ']ﬂizﬁ'l'lﬁlﬂ'lﬂw'ﬂ
o o i 1 a - 1 [y o 1
Whnnofuieannvednsaie (t’ —a3) aannaai Idvzgnaandudundslasaiielu
o 1A ar 1o d.n’: o
silvpadyn1UAIAANAIA (error signal) MIMAYYIUMHANDIANTUIDIANN mldnn

aunNII

5=l -afler ) @47

5 v 2 w A ¥ v A a ) > - 3.2 o a i
ATUIUAINIIUIHUNNINYIUDI (1%1Wﬂﬂsﬂﬂ24ﬂ1ﬂ?ﬂu']ﬂu1ﬁ Iw L.;'3 152 HadI1nU) TﬂU'TI
S

-~ s =1 Vv .
a 19 9A5IN1TI50U] (Learning rate)

Alw 32 = b g (4.8)
Ls3,152



A S (bias) Pifwades (e unlgen 5 wdanini)
AbP 3 = as’ (4.9)

. ¥ "
wazad &° TilAFusoun 2

¥
s

¥ v v .
Tunaaztinseuvssruroun 2 msmidyarumAaanaIansugsoui 2 v1ldninauns

7 3y B ( )
o°= > 0 lesi*.Lszf net | o (4.10)

3 i 1 oy v o a 3 3/ A [y " U uv s 2 1 ar e.ty
Annumnnhminiifeaves Aniedimlgemaraihmin iw ) Ll Naa9Inl)
LS

’

Jrllwfs"2 sl = ad’a’ (4.11)

A1 s (bias) Aineades Adiiedsulzas |, wdwni

Abfsz = as? (4.12)

wazaa &2 TUnFuaoui 1

v ¥ 1
o ' =

TunAaziisouves¥uroun 1 msmdyarumAawaiangusoui 1 v ldvnnaums

s
| 2,2, i
o= ; g les12 L.S'lf (neth‘) {#13)
Ls%=1 '

o

o o i w ¥ v A o Vo = R | @ a
ATUIUATDITHIUUNNINYIVD (cl‘]ﬁWﬂ'lJiﬂﬂi\?ﬂ'lﬂ'JQu'Tﬂuﬂ w L.!S'l IR HﬂﬂﬂTﬂu)

1

Aiw" = as'Py, (4.14)

LS, IR

v " " v
A ludd (bias) NNuv04 (“l%xﬁaﬂ%"uﬂ‘;;abzsl na99Inil)
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AbL'S, =ad' (4.15)

¥ Vv
3. dupoumsdsumorniminuaza lunea

9 S Y a =) ‘; = ‘:{o 9 o ar : ar t!‘l ¥V
I INVVDHANDIANAYU ﬂ’lNﬂWﬂ']ﬂ‘Vlﬂ’lu'valﬂﬂzﬂﬂu1nﬂﬁﬂ14!ﬂ1iﬂiHNW‘HHHLW?J‘IH

o

=

[ Y [ L] Y s : @ o ar " o’;’ o« o Y
Insavelanadwingnass mslsmhmindmSuuaaztizseulusweranm siuanldnn

lw 3"3 , = lw 3'23 5 + Alw J‘% 5 (4.16)
LS 1S (new) IS=,LS (O[d) LS= LS

v Vv . I
drumsUsiiminvesdugoun 2 meiiauezitusuRe i uannsm 4.16 uaduls

[ o n‘: [ [ as v a q’: [ { é 3
AN %mﬂuuawwﬁauﬂg mmmmazmsauiwﬁumﬂuﬁ 2 ”Hﬂﬂ'11!'l'§ﬂﬁ11ﬂ%’]ﬂ

w 2‘I2 i =1'w2’]2 i + Alw 2"2 1 (4.17)
LS LS (new ) LS*,LS" (oia) LS*,LS

¥ v
dmsuusaztiisou luFuLoun 1

iw " =iw "' +Aiw ' 4.18)
LS" IR (new ) LS' VIR (o1q) 15 ,IR

ar ¥ ' : @ @ A n’: n’:‘ o [ ar : a -ﬁl < ny g
msdsumainiminedsunazsunndueannnau lldisudsunn weiasadun
@ v 9 9 = & & ' o ' ' =t = ar
wrnavgaiuvestlouldramihdnads vemauoaynvesInsaie IvlSouisudy
1) o o Y ar U 1 :, ar 1 1 [ ] cly v a
anewmwmithvine uazdudumsdiumerniminludiuvesunsmounduuil adudu
v
T Tavdginsvesmsmummanudanaiauaznisdsviiminezasduiuae 11
a1 =Y o' " =;n 9 é 3 = " [ : as ‘:i b
wnszmmanuRanaad s mua Bamilwdmganszuiums maanhminild
"o o [ ' a [ ]
ilzl'ﬂuﬂ'mmil‘lzETII’ETTH'iUTjﬂﬂ“‘UEJ\‘IEJU‘r!mLﬁxﬂ11.‘ﬂ111111t1 Tumsdnaeulassviodszan
HENBIAUNI AI0UNEY NMIAIUIUNIANVAANAIATINYDIAIBEII M1 1ANANRALYDIA
HANAIAUNMIAIAD9 (Mean-square error, MSE) 53M313f1maununesa (1) Aumadniues

Tnssvivdszaminion (@] ) Tuaums (4.19)

N
MSE = Yk —ay (4.19)

1
N i=1

Tagi N = $Snugeveatoyarnaou
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4.6.3 nYM3ISBU] (25, 30)

Ed
o/ s

v ¥ ) 1
Tuduasumsyimihmininanmdiedy Wundamsiuguuddrdudunouns
YSumnaniminuazar luueavesnisinaeulasavivllszamifonsiia Feed-forward
v
Neural Networks 1a671% Neural Network Toolbox Wuiingna1wis unazisnuziilsed@ninm

(=4 = " o
llﬁi’ﬂ'ﬂﬂ‘i'Jﬂl'i'ﬂl.lﬂﬁf’]ﬂﬁﬂuuﬂﬂﬂ']ﬂﬂ‘u

o =] = = o = . . . . .
Y9133 143N 3W1130111135M15909 Standard Numerical Optimization Techniques
o Y a ¥ oy o o ¥ X X
H1ﬂﬂ1£ﬂaﬂ1‘ﬁﬂ'ﬂﬂaﬂ1iLSUHEL!U‘UH‘Wiﬂ]ﬂﬂuﬂﬁﬂllﬂﬂﬂdlﬂﬂ v\lﬂllﬂ Conjugate  Gradient,
. & o = o a d’

Newton, Quasi-Newton (0% Levenberg-Marquardt [30] Faametunwantuil 1y Levenberg-

" 1 z 4 ' i‘_] = PP o a <
Marquardt Algorithm MUY IHUBINIANWUIL 'Llﬂf,]ﬂ’liliﬂuz'ﬂ“ﬂszﬁ'ﬂﬁﬂ"lwuaxﬂ'ﬂlli'lﬂl?']
=t = "

Tumisinaougeiga aunsodnaoulassvidszammiiion 5520913301509 uaz

Wz Insanelszammounisuauannlsvuianai

1515 U1 Levenberg-Marquardt Algorithm (umisiSouiuuuunsméounaui
‘IJ‘S"“U‘IJ‘;GZJW’IY]EJ% Gauss-Newton Nonlinear Least Squares Optimization Algorithm TauTasev

Ly ar 1 1 : r " ar ‘1‘ ‘§ - = o ﬂ"
UszamifondFumarnimin uaza luda mwaunsii 420 Fadoulugilveaunsndaail

1
x(m,w) =x(m-d) -+ Ax = x(m’d) + [JT ‘J +a1]> 'JT.e (420)
lﬂ' -~ 1 ' Qv @ 1
Taoh  x fio Aaaimiin(w) uaza Tuned (b)
] Ao 1 Tadioun3ne (Jacobian matrix ) ¥930YWUT

VDINHANAIALADZAT) ADAT x (LAAZAT)

J AD Transpose matrix UD3 J

e A0 WATNdUBIMAANAIA (Error) 2N 119A1ABY (Target , t')
Ao Tasavwilszamitonsunld (Answer |, 2))

o

a f1D 8A31N13150U3 (Learning rate)

[ fio Identity matrix
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531 ael ael
ow, | ow, , ow ,
¥ i Is
Be, Oe, Oe,
niadouwaingues (w) (W) = | dw,,  dw,, oW, (4.21)
Oe | Oe Oe ,
S S s
ow , ow, ow, ,
L s, 5,2 s s
B ae] ]
db,
Oe,
= = o U
nladioumuaInguoen (b) J(b)=| ob, (4.22)
Oe ,
s
ob ,
. s
= o 1 e ez t23 _a23
WATNHEUDIATHNANDA . = . (4.23)
3 3
€ s tS" _as.\ i

L =1 9 = 4:'\ 9 2 3 U 9 [ 1w
ABATINITITIUIITUAUTUAUVDINTHNADUAIIAI DY 15U 1910V 0.001 LAY
ar c; ] 1 = c; =: = o’:
Ysunaoulugisszninnszuiumsinaeu vaziisunszurumsdnaouduyniamuasy
Y [ ’ ~ 2 =4 ] = o
g lnssnindszemiion alunnsevveanmisinaenlnssvinlszamiouszduaam
L= ﬂ; = g -3 v d. 1 L] Oy ar Ll s 1 1 1 Ll
AEanaIANAYY uaziidsundsumoraimiinuazarluea a1t E Twudesna E
] =4 a "o =1 7 9 s e [
M NazTuaandnaimitou] lnogualealnuan (Decreased Factor) NTAUMIAY 0.1 LAY
o 4 ' 1Y [ " 1 U ar \:’: U d' ar
mmsdnaoude 1 uddim1 E Tmimnnaid Eiin dadum ax Tuawnisi 4.20 szgnalsy
lﬁmhé'mﬂmsﬁ'uuiTﬂUﬂ1stﬁauﬁoqmuﬁu (Increased Factor) NUANUNINDY 10 3UNITZNIA
= -4 ] =) - cf 3 " oas = o
E dmaaas msdnaeulaseviolszammifioniadugaas Smnaidalsenounsidoud
10

(Gradient Factor) (71 1" (w)-e #39 J7 (b)-¢) Hanteonnmdrigansimua 1y imu 17" wie

.e'g L =) Y a4 U 1 n:. L] Y ] 10
WORIOATINITLIUU] iJﬂ’l?J'lﬂﬂ’ﬂﬂ1q\‘lfzﬂ‘l’lﬂ'muﬂvl’J U le



76

1 1 y . o
ﬂ’Jmusaﬂmaﬁ:w'.naﬂg]nﬁﬁng‘um Gradient Descent N1 Levenberg-Marquardt Ao
v ¥ v
TungM3i5uu3ues Levenberg-Marquardt WuduwnianuagmindiIassiodszamitoui
=1 w (] é 1 1 : o ' s [ c; '
nandvamMluuaazseuvesmisinaou dmnrnimminuazar ludaszgniFunlaousi
' ¥ ¥
auNISN 4.20 FIUNYNITTHUTVOI Gradient  Descent U0 minuazar ludagn
s d‘ o a " 9 = = W cé ci " = :
Yfunlasudmsvaaazvoyasunnlunniouyeamsisou] FanuaazsoumsHnaauiung
< ¥ ¥ [ ¥ ' o '
M3130UFUDY Levenberg-Marquardt 1513a1 lunisduinuazlavuisanuiwinniingns
= . o =4 = o
LiUHiilEN Gradient Descent Lmamﬂsnmuﬂgnmmui‘um Levenberg-Marquardt NT11150
Psuir liidhnudnuazyesilymuazawsoudymidioswausevidosniingnisisoui

U9 Gradient Descent

@ <5
4.6.4 M390sz1DaVURYa (Normalization) yatoyarnaowu [26]
a A Y : . o ad A e Y A 1 a o AN Y
M3vAIZIloULaYa (Normalization) tilu3smaminnlsmuanuusiudveusianni 4

1Inlassnelszamidion nazaanar lumsisouivesInsaiolszamiion msiaszidion

=)

¥ "
Joyaiu wraeaiineunszuIuMsEouives lnsanelssamiiviesi ldnivesdoyall

QU

' - Ve o v oar é
AURAUMIAUAUO BazAN Y5 mmA Ui

o w o v vy Yy Ay H Yo LY ¥ 3 Y
MUTUNUIUGAVDYAMUIVINIDATUDDNNINUA DUADSYAVDYAIUIUILAZAIUD DN

QU

v
Usznoudle “n” gadoya (X1, X1,,....X1) aAniuvzamisodasziiivudoyayadoya’ls Tae

1FaunsNn 4.24 1A% 4.25 MUY

X1, i‘ﬂ Yl X1y = py
X1 ' Y1 X1, -
N ox1=| 725 g =2 wazdh ni=| 2= 2THL 4 20 (4.24)
: n v
’Y]n Y, Xln —Hx)
Taun Oy =
Z (X]I *ﬂ_w)/ffyl
Z X1y =uy oy
Y z=|“2|-n.L - (x1, ’,-“)/ Alie; =1mae i@ =0 (425
] 0‘” &
Zn (‘Ylu -'.qu)/ng

¥
nawndeyananua “n” vosgadiud niedueenldhimsiaszifoudeyadioauns
- o a " v
1 4.24 1oz 4.25 142 NAITITANNAAY (Scaling) H30UBLIYA (Bounding) Yoyalreglurisves
o o 1 o 4 A s a '
Handunszauarwlou Tauldaumsi 4.26 Ha 430 emlszansnmusaTasaviolszam

=1 o = v v S5
l'V]UN'HﬁQﬂiS']_I’J'LIﬂ']'jLiﬂuzﬂl'ﬂﬂﬂﬁiu
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A
= Za
Tauh Normalized Matrix [Z] =il =

Z

n

c 1Az d fiv ¥19U09N15 Scaling [c, d]

o q ¥
frualy

o)

mx A9 AIYITAYDI Normalized Matrix [Z] (4.26)

® MA1TAVDY Normalized Matrix [Z] (4.27)

b

mn

B o .
FIVLAWITONIAININ cw LAY dw IAINAUNTN 4.28 L1AZ 4.29

m:ﬂ (4.28)

mx—mn
dw=d—-cw-mx (4.29)
ANTUANDINNNMAIN Scaling = cw-Z, +dw EMTVi=1,2,....n (4.30)

A ' 1 (; 1 = . .
FINQIGAUAZAIRIGAVDIAREANITN U Normalized Matrix [Z] dzensouaasla
' . ¥
Tuaumsh 4.26 uaz 427 MudARy NMINFIVBIMTANAAINRD [, d] AUz IIITOM
" v ¥ 1
AN ow uaz aw 19 TaolFaunisi 4.28 uaz 4.29 mud vy MmivusazauFnnegnioluy

Normalized Matrix [Z] 9% Scaling @2aun13% 4.30

4.6.5 M3ludAszIleuYea (Unnormailzation) yatoyarnaew [26]

! 1 ¥ @ 1 [ as d' = Vv
Tusgninszuaumsinaeuanihminuaza ludazgnlsunldoulunnseunstoud

¥ v ' 3 v "
ar o 1 o At A

=) v ar " s ) 1 =2 =] =)
whuneive ldyavesanimin uazam ludagaionanga lusgnimsdnasunvziion

v v
ar

o a 4 ~ o Y o a d? ' a
nimin uazar lusanii1ia1 Sum-of-Square Error MiAavusInauemnnit iy uaz

v

il
9y v ar " = a1 o s
Yeyanueenvedlimuesnyes Insanslszmminoulindiinga

a o o [ =] a ' [ '
duuasnd (0] unueiannysimsinszidoudoyanazmnais TusremsGouiusaza
v

s v = 3 v d " - ' a
AniuanoMynvoslassninlszmmfouuaazanausaninieie ldsions limnaas

uaz lidaszitivudoya (Unnormalization) Tauldaumsh 4.31 uaz 4.32 awadiau
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O, [ew—dw]cw

0, [ew —dw/cw
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Phase A
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Secondary
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a3 2 ieRvisanvaada j #hildwueguuunumaniasinuyaaindesa  uaz b
w o o 1 0 v
anuduiusdadiu th g -
M, n

Y =2 =k (5.30)
M, n,

ANUAURUT T M AN (5.27) ez (5.30) W g -

1
MﬁI:MthH_kM|f (531)

d’i =Y -~ 9/ ::i '
o M|, QAWITMUNIBUYDYANNIIUM

¥
Tudruveininnuaunuiugiisaldmanvesdadau (Proportionality)  MIM1AINN

3
o

) ' S | o
Munmuvsvanntoun laaiavu 1aaat

R =lep R ="tR (5.32)

a
m n
Tau# n,,n, A9 IUIUTOVYDINAIA TUVAAIATDY a LT b MUAWY UOT 1, +n, =1,

] a v o Y ar a
dunsfiuaaInsAI99352 1319501 (Interturn fault) A13ITONR IAANYULIALINUNITN
wasnaiouRsalunsfinifavaaIaaA2995a9aU A1aUATINIIEADINENUADINAAIITT
] ar H 0’; a o =1 o :v
poniilu 3 vaaradesdauanlugiii 5.2 @) wiewiad luwasngun 6x6 1 8x8 dmiy

niouariia 2 vAaAdIaNNIIh 5.33 Lag 5.34

R0 0 0 0 0 0 0
O R, O 0 0 0 0 0
o 0 R O 0O 0 0 0
(k]- o 0 0 R, 0O 0 0 0 (5.33)
O 0 0 0 R 0 0 0
0O 0 0 0 0 R 0 0
0O 0 0 0 0 0 R O
0 0 0 0 0 0 0 R,




L M, M, M, M, M, M, M%"
M, L, M, M, M; M, M, M,
M, M, L M, M, M, M, M,
M,, My, M, L, My My My M,
M, M, M, M, L M, Mg M,
M, M, M, M, M, L M, M,
M, M, M, M, M

M. M, M. M, Mg M, Mg A,

L " ha b b2 3 & L J

ok

da
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(5.34)

SMEUNIS A UIAIAN T 0NIA N0 AZAIATMIHTETINTLHIVAAIAYOY a UDE b

@ w @ u’: o ] as ' dy
ﬂxﬁ’m"l%mmawwuwaw anNnN1aInNd 3 Hﬁﬂﬂ'l‘iiu’]“lf’mﬂiﬁhﬂ'lﬁﬂﬂhlﬂu

Consistency : L, +L, + L +2(M, + M, +M,)=1,

Mahz
Leakage: 0, =1—
LaLh
M2
O-(.l(.' = l - 2
L,L,
M.
th = 1 - 2
Lo,
2
T L, R, 2
Proportionality : —~=| —~| =k
b n,
2
L_a _| M| _ k'’
L. n,
FaTU

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

taslumssnnama e wsEnisaaIates a, b uag c furaalndug suiludos

womilu 2 nstAe
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i 4 a a o ] o a "
AIBIN 1 HBNNTHNUARIA j ANUBYUUUNUHMANIALIAUYANIALDY a, b AT ¢

(5.43)
(5.44)
M,=M,-M,-M, (5.45)
‘=I a, o
Tavh g, =—2,¢,=—2
1 O,
dci A a — " oY o ' d o as "
NN 2 LWDWITIVARIA 'ﬂ"lsJ"lﬂwuaguuuﬂumanmmﬂmmmﬂﬂﬂﬂ a,bllazc
M,
My =y, == (5.46)
1 e
k k
My =M, =T
by — e T (5.47)
L ke b
M,
M,=M,= — (5.48)
1+k"+—
k

v
Tudauvesnianudumuiuainsolsndnueadaaiu (Proportionality)  ¥111AIAIIY

b
=

¥ v dny v & Yo
ﬂTUﬂ‘]uﬂJﬂﬂﬂJﬂﬂ?ﬂUi‘)Uﬂ"lﬂﬂ'i'lqﬁuuvlﬂﬂ\'l

n n n.
R,=—“R,,R, =—"R,R =—R, (5.49)
L hy m
Tau# n,,n,,n fed1udrusevvosvandnluyaninbos a,  buaz c MUAIAD uAz

n,+n,+n_=n,
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¥
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o 9 o w o aa J [ a v e .
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v , o B . s o
the HV and LV windings) ua:mmmh:qa:mmmﬂmﬂuiaﬂuqaﬂumaﬂum (inter-winding

capacitances) Maviad 1 lun§asansiomlas BCTRAN [6] fag1l 5.3 [37]

hl

hg

Primary 115/23 kV Secondary
50 MVA

y o g ' w g
517 5.3 uamanuusneandeu)aamavaiionednnuilszy [37]

o d
5.2 szuvaraaniean
o o %) d
5.2.1 yuudraealumsiassdnanuviean
A a a 4 q’: =Y “ d a -g
ilosninluaniizninareadiiueziinisasunlasvesgduvvveaungmisanayy
v o A v a P ¥ a 2 o )
gnfume IWasadmiizrivead ldaseunqulunaisgluuiniga 3eiinmisaaneszu
F 2 w 4
Haestuaaaslugiin 5.4 [38]

EGAT | PEA
RE USRI

@IY 1@@“1“%”

Prlmary side Secondary side
current current LOAD

510 5.4 namaszuusiasaoadnwlumioulaving 5o MVA [38]
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Fadulanazuansnuazidoavosdauvloadde

6.1 msamnzrmemiulasndida
ﬁumaumﬁmﬂzﬁnﬂsﬁmi)::mﬁ'mumumﬂ:i::ufmashaﬁ"lﬁ'inﬂmmﬂsu ATP/EMTP luua
azaveandou/asIvdhiid v‘*ﬁqnﬂuﬁmumumﬁqnﬁmﬁm‘mﬁﬁ’wmmﬁmsq'u (Sampling
frequency) 200 kz wniimsulanidauyuifumisoTaoldaviaauisiia daubechiess
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x 10 Phase A Phase B Phase C Zero sequence
1 50 50 000
0 ———[\/\N 0 -‘-r‘\{\f\f\ 0y AN D —[\/\/\/
A 50 -50 000
_ 20 2 2 10
@ | L
3 0 i 0 0 0 t
20 2 E -10
- 20 5 5 10
o 0 | 0 0 0 b
8 [ [
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- 20 20 10 50
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it L
g 0 0 F 0 r 0 .
20 .20 10 50
100 20 20 50
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= 0 0 }» 0 F 0 —r—
“ 00 20 20 50
o 200 10 10 100
5 0 0 F 0 + 0 IL
? o 10 10 100
0 005 D1 0O D005 01 0O 005 01 0O 005 01
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a o ' 1 =t L o a
51 6.1 uaraswanmsu)asnvidaluudozimaveanszuananianstiloanvaaInda9ITaIAY
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3 | 20 10 50
- 100 20 20 50
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w
-100 .20 20 50
o 200 10 10 100
@ 0 0 F 0 F 0 IL
@ o 10 10 -100
O 005 01 0 005 01 0 005 01 0 005 O1
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" o 1 " =) o (Y]
51 6.2 uaaswamsulasaviaalundaziavesnszuananinsinoaduAaInaA93
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Iﬂlﬂulﬁﬂﬂﬂﬁﬁ 2.63E-04|2.24E-04]|2.99E-04|2.99E-04|2.24E-04|2.57E-04| 2.05E-04] 2. 19E-04

Phase A :
‘Hﬁﬂlﬂﬂ?‘lﬂﬂﬂ 16587 | 161.05 | 15556 | 14948 | 2.7050 | 1.7999 | 1.3676 | 0.8650

Iﬂ"ﬂ‘ulﬁﬂﬂﬁ)ﬁﬁ 2.87E-04|2.87E-04|2.87E-04|2.87E-04|2.72E-04|2.78E-04| 1.99E-04| 2.72E-04

Phase B d
vaunavoan| 3.82 3.70 3.56 341 | 02245 | 0.1514 | 0.1090 | 0.0635

ﬁﬂulﬁﬂ'ﬂﬂaﬁ 2.24E-04|2.24E-04(2.24E-04|2.24E-04|2.24E-04 |2 43E-04|2.43E-04|2.43E-04

Phase C p
ﬂﬁﬂlﬂﬂﬂﬂﬁﬂ 3.82 3.70 3.56 3.40 0.2308 | 0.1431 | 0.1121 | 0.0641

J a o]
Zero meumﬂﬂaam 9.03E-05]9.03E-05|8.96E-05]9.03E-05]|7.79E-05|8.32E-05] 7.64E-05|7.72E-05

seéquence ﬁﬁ’ilﬁﬂﬂi‘)ﬁﬁ 26.82 26.06 2523 2428 | 0.1583 | 0.1099 | 0.0818 | 0.0601

Phase A 1o ground al lgh voltage winding (Inception angle is 60 degree) Phase A to ground al low voltage winding (Inceplion angle 1s 60 degree)
™ 3 T \l \

I =
=
~N
n

&

g

v

Coeficients of high frequency components
&
Coefficients of high frequency components

o
n

. N L L o " . " L r3 .
0 0 b.1) 0 40 50 60 70 80 1) 100 0 0 2 0 40 0 60 70 80 Q0 100
% length of the high voltage winding % length of the low voltage winding

(M) HIIAUFA (V) HFIAUM
51 6.6 naasanvuzmsnavunlasdulszdntosntszneunnudgalumnan 1 ves
3 a a o A a s o " '
nszuaramunanifianoad (Phase A) tiloiianoaandwmianieg luvaaiaves

viowalag
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A o a a = o' ) o Yo ' (= -
dievimsn)dsundasyuismiadeas luntioudas Tasdmualvdumialoaniisnem
@ = ' A a a o =8 = a - '
Faaaalumsei 6.2 wud deyusmiaweaaiimsnlaoumlasludnyuzgnaau ]
(Sinusoidal wave) miduilszAnianudgei latinulaounlasmuyunisssmusagnaau
¢ 1A A A why ~ & ¥ o 1a "V w a oAan yva
lan] na1afe Wegnadu lxidesy Hosmiiniusunseiisagi 90 eem mdulszansn 14
v - @ N A J u..v "ooa = r! 1::; =t
amavunlasludnuuznosy Muadu sunsznamdulszansgagasyh 90 0 Lozl
¥ = A ¢ A ' A '8
Ay anasmumsnldoumnlaavesgnaiulaniiiioaoyy 90 oarn uanegnadu laniiae

Vil Yo

"o a Aad o A ¥ o o o
180 B3N ﬂ’lﬁnﬂ‘izﬁ‘ﬂﬁﬂqﬂ m:umﬁ]umﬂmmmﬂ"lﬂmmsnnmmﬂaﬂuﬂauusn

Ci = o a & - a a o
M 6.2 uaaamsiaouasvesdulszanslumnain 1w yuisunaneanvanla

AR IAUNYUAIY

ar a a St o ' a a o
duszans avpaana A o Aumiavaaln 10% o yuisunaeas

4 o o w 8
03A1)52NPUAMNY | Lsafuga (High Voltage winding) | 1159711 (Low Voltage winding)

VOINTEUANAAN 90 120 150 180 90 120 150 180

" a o
nounaNoan|2.43E-04|3.44E-04|3.61E-04|2.24E-04| 2. 78E-04 | 2. 52E-04 | 2.52E-04| 8.28E-05

Phase A p
Hf’l\uﬂﬂﬂﬂ'ﬂﬂ 220.76 | 165.14 54.69 0.0052 | 4.1417 | 3.5219 | 1.4598 | 0.0514

ﬁﬂulﬁﬂﬂﬂﬁﬁ’ 2.24E-04|4.36E-04|2.60E-04|2.63E-04|2.83E-043.37E-04|2.47E-04| 1. 01 E-04

Phase B 2
ﬂﬁﬁtﬂﬂﬂﬂ’dﬂ 5.07 3.80 1.25 |3.87E-05] 0.3531 | 0.2981 | 0.1231 | 0.0044

fiﬂuﬁﬂﬂﬂﬁﬁ 2.58E-04|3.09E-04|3.78E-04|2.87E-04|2.24E-04]2.61 E-04|3.72E-04 | 8.76E-05

Phase C p
'Hﬂ&!.ﬂﬂ‘h!'t‘lﬁﬂ 5.11 3.79 1.28 10.000171} 0.3565 | 0.3015 | 0.1225 | 0.0056

Zero dﬂuiﬁﬂﬂﬂﬁﬁ 7.37E-05|1.17E-04]9.19E-05]9.03E-05]3.21E-04|2.38E-0414.55E-04]9.56E-05

sequence ﬂﬁilﬁﬂﬂﬁ)ﬁﬁ( 35.68 26.73 8.82 0.0015 | 0.2373 | 0.2036 | 0.0858 | 0.0028

Phase A to ground fault a1 10% in length of the high voltage winding Phase A to ground faull at 10% in length of the low voltage winding

35

25

Coeflicients of high frequency components
Coefficients of high frequency companents

D5

s P L " L " L " " " " N
0 50 100 150 200 250 300 350 i) 50 100 150 200 290 300 350

Inception angle of fault Inception angle of fault
(M) U53AUTA () LTIAUM
4 ar = as a o i !
U7 6.7 namsdnuuznmslavunasdulszdniesadsznounnudgalumnan 1 ve9

' i a o 4 a a |
nszuanamalaniiavoad (Phase A) iioyuisuianoadn)dounas
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= d' d [ 1
6.1.2 wganssumsfasumlasvesleanvaninanisessznnasen
Y w A oA o a ' a o
Tunsnasandulszanin lannmsudasaidanuudunilslunsdiinaveanvaaia
[ [ u’: =Y [ - a w ¥ = P
danenssgnIseutiumuITaRs s wAuIny luade 6.1.1 TaslgUuuunsnaoumlas

Aauanaluglin 6.8

«10° Phase A Phase B Phase C « 10" Zero sequence Phase A Phase B Phase C Tero sequence
i <

L
L

oo
oo
-~

o o

o 8 8o 8 8L o
~ o

< ) 7 _7 4 -I
NN o I : L1
~ 20 40 20 - 4 04 04 02
O T O T AT O o IO 2 O - O
- S0 150 150 50D, = 5 3 3 2
A T NN e N
- 5000 400 A00 3000 - 20 10 10 2
T TR
w 29000, 40 40 w400 5 5 150
-1 % 100
/ OD (|JDS UIT;EiI I]LDS OIIQEJI }E EIIWGO 005 U|1 “ E;!U nos DIUI! IJ[EB JD[ ons [Ilfgl.ll lﬁi 0|1

Time (sec) Time (sec)

(M) UTIAUFA (1) 1338

4

71 6.8 uamsmsnlaoulasmdulszansmasaeslundozmaveanszuananig

ynswdoundasdunieasfifasennsvaalnton a uaz b nelundeulas i

s

Mdanamedunssdugauazuswud (Idvaasades a asi Wasulasdumisvaniatos

o v A a LZ=Sl = v A o ] ' a4 a oA
b) TaoimualiyuiSwiaveaaiiainei wudl Wediunusvaalaios b ninaveanl

=) Q(

v a4 " @ a AN v 1 q’: & F i A Y o
ANNUYU ﬂ’]ﬁilﬂizﬁ'ﬂﬁﬂ'3111ﬂfz\ﬂrlvlﬂ‘UENﬂﬁ:llﬁﬂﬂﬂ’]\ﬁq\’ﬁ'llllﬂﬁuﬂ'llwu‘uu 1“311“1’1'“

=S

o ¥ . e o ! A 4 a ¢ 4
anuFanumniy 3aldimsaldsunlasdumimoadiimla A Taoldyuisuiareadnai

60 pam AaAalums1an 6.3 uaz3ili 6.9
@ W o 1 o T st a ' '

Tumanduiurimslasuntlasdniiaeadniiaszninsvaalates a uag bniwlu

¥ " ] 1
wiou/ag Invhmdaanisdunssdugaiazd (Idvaaiates b avi nlasuu)asdumiia

[ o a = & 1 = 1 4 o [ [ a a

vaaAton a) Tasdmua Ifyuiswianeadlisningi wudn edumiavandatos a fifa
= a 13 " e a e an Y ' u!: P a [
Woaana iy Ardulszdnianuigenldvesnszuawamanamumaininai

i o ' o ! - | = d g
alfsuntlasmudmmiaeadyaaiades a uiuvy @uiasunlasndounlaniooin)

Aananalumsnan 6.4 uazgi 6.10
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: = as a = o ' "
ﬂTiN‘ﬁ 6.3 Llﬁﬂﬂﬂ’lﬁlﬂﬁU‘IJ.LLﬂﬂQﬂJBQﬁUﬂﬁzﬁﬂﬁiuﬁmﬁﬂ 1o ﬂ?llﬂﬂiﬂﬂﬁﬁﬂ]ﬂﬂ?ﬂﬂﬂﬂ b

A199)
0l i a oA A a o & '
duilszans nanoaaive A YUITIAANDAA 60 DIAN B AMNUIVARIA (a-b)
o d' o n [ r; “ 5
aqﬂﬂﬁzﬂauﬂqmagq 1159AUEA (High Voltage winding) | 1153AUAT (Low Voltage winding)
VDINTTUARAAN 10-20 | 10-40 | 10-60 | 10-80 | 10-20 | 10-40 | 10-60 | 10-80
If\'amﬁﬂﬂaaﬁ 2.63E-04|2.99E-04|3.15E-04|2.99E-04 | 2.24E-04|2.43E-04|2.32E-04 | 88E-04
Phase A .
viaunaweanl 17088 | 17593 | 17697 | 177.41 | 2975 | 3.029 | 3.0691 | 3.092
aounanoaal2.876-04]2.876-04|2.876-04|2.87E-04|2.87E-04|2.87E-04|2.87E-04 | 2.72E-04
Phase B -
vaunavoan| 3.95 4.10 4.14 414 | 02909 | 0.2956 | 03026 | 0.3026
Aouinanoanl2.246-04|2.24E-04|2.24E-04|2.24E-04| 2.24E-04 | 2.43E-04| 2.43E-04| 2. 43E-04
Phase C r
vaunanean| 3.95 4.09 4.12 413 | 02911 | 02933 | 02976 | 0.297
Zero  |nouinanoan]o.036-05]8.96E-05|8.96E-05|8.96E-05|8.96E-058.42E-05|9.35E-05|8.53E-05
sequence [ngunavoaal 2757 | 2831 | 2845 | 2853 | 0.1391 | 0.143 | 0.1435 | 0.1466
:p&;gum Phase A at high voltaga winding subcoil 3 10% Enc,,..ﬂn angle 1s B0 degree) Ir;(u‘r;um F‘h-.—:- Al ‘Iuw ml'agl wn:‘lmg subcod a 1'0* Unfephnn angle stEI:I degree)
179
a g 3
£ wm 3
g \76 z
g s £
E 173 E
° 7 h
M6 ™ X @ % @ 0 @ % T

% Isngth of the high voltage winding (subcoil b)

(M) UTIAUFA

% length of the low voltage winding (subcail b)

(V) HFIAUA

4 [ — [ a L4 4 =
57 6.9 uaasdnuazmswaouulasdulszdniosalsznouanuigalumnan 1 ves

[ .:g' = o .ﬂl = a‘c{ o ] " "
nszuaramaraninanead (Phase A) Hlomanoaan@unuIn1eg Tuuaalatay b

voauioml

m
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H - [ =Y q" = o " 4 [
M5197 6.4 taaamsasuntasvesdullszans luanain 1 o A umUanDaAYAAIAUBY a

A199
P e a I A a o o 1
duilszans napaanla A yuisuAaWean 60 83PN B AUHUIVAAIA (a-b)
o _ ™ LY t; - -
pam)szABUANNDGS 1159AUG (High Voltage winding) | 11359AUA (Low Voltage winding)
VOINITUANAAN 10-20 | 30-40 | 50-60 | 70-80 | 10-20 | 30-40 | 50-60 | 70-80
ﬂli’]uLﬁﬂ'ﬂﬂ'ﬂﬁ 2.63E-0412.63E-04]3.15E-04|2.99E-04|2.24E-04|2.52E-04] 2.32E-04|2.52E-04
Phase A g
vaunaveaal 17088 | 17088 | 170.88 | 17088 | 2.975 | 2.9747 | 2.9747 | 2.9748
ﬂlﬂulﬁﬂwaﬁﬁ 2 87E-0412.87E-04|2.87E-04 (2.8 7TE-04|2.87TE-04|2.87E-04| 2.8 7E-04| 2.8 7E-04
Phase B p
Hﬁﬂmﬂﬂﬂﬁﬁ 3905 395 3.95 395 0.2909 | 0.2909 | 0.2909 | 0.2909
ﬁﬂutﬁﬂﬂﬂﬁfv{ 2.24E-0412.24E-0412.24E-04|2.24E-04|2.24E-04|2.24E-04| 2.24E-04 2.24E-04
Phase C .
ﬂﬂ\‘llﬂﬂﬂﬂﬁ@] 3.95 395 395 3.95 0.2911 | 0.2911 0.2911 | 0.2911
Zero ﬁﬂulﬁﬂﬂﬂﬁﬁ‘ 9.03E-0519.03E-05|8.96E-05|8.96E-05|8.96E-05]9.30E-05]9.30E-05]9.30E-05
VY o
sequence Hﬁﬁlﬂﬂ“flﬂaﬂ 27.57 2157 20.57 27.57 0.1391 0.139 0.139 0.139
\m'l?r:uln Phase A at high voltage winding subcoil b 10% (inception angle is 60 degree) Ir;Tqum Phase A at low voltage winding subcod b 10% (Inception angle 1s B0 degree)
170 98 o
g 170% £ s
E 17094 E I04
;"I?ﬂ‘ﬂ ;"‘ amf
E{ 1709 ;’ 3
E‘woea 0/‘\’_0/0\%/0\0 E‘ 2%
2 170 86 -2 2%
;E 170 84 .‘—E 294
“ yoe2 S .m
M8 ® W 0 % 8 70 @ @ 0 Y% w0 = @ 0 @ X m

% length of the high voltage winding (subcoil a)

(M) HIIAUFA

% length of the low voltage winding (subcoil a)

(V) 15IAUM

]
=

a s “ o a & 4 =
U7 6.10 uansdnvaznsn/doumlasdulsz@ntosalszaounudgelumnail 1 ves

“u

1 “a a o 4 a o o 1 " 1
Aszuanamadafinavoas (Phase A) iamanoadnA1unuIn139 Tuvandnwes a

yoandoullas

v ' " ¥ '
wonaniiinsdsumlaayuiuiadead nan1edIUIT AU TINATUT IRV

o w o o ' = P 3 Y a = ot
witoudaa Iiidds Tasimualdidumiaveadininad wud ioyuisuiavoadiins

= [ 4 o "o a i i
wasuuaaludnuazgnanuland (Sinusoidal wave) Midwlssanianudgaitldvoanszua

roA = - A ¢ w P A
nagadimulaounlasmupmiensmysaganiu lmifaanslumaeh 6.5 uazglit 6.1

v
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-:; ci a a =k -=i a = o«
M3 6.5 naasnsldoundasvesdudszdntlumnan 1w yusunaeanuaaia

FEMINTOUNIYUA

s a o = o] ' a =
dulszans iAaneaRiie A 5¥M1139A9 10%-20% 2 yuisuRavoan

"
~

4 o « e . %
mﬂﬂﬁﬂﬂ”ﬂjmﬂqq 1159AUT3 (High Voltage winding) | 1153AUA1 (Low Voltage winding)

VDINITUANAAN 90 120 150 180 90 120 150 180

' a o
ﬂaulﬂﬂﬂ@am 2.43E-04|3.44E-04]3.61 E-04|2.24E-04|2.43E-04 | 2. 14E-04|2.43E-04|2.24E-04

Phase A p
‘r’iﬁﬁkﬂﬂ‘ﬂ@ﬁﬂ 22745 170.13 56.33 0.0052 | 45198 | 3.8185 1.561 0.0497

[FouiRavioasl2.24E-044.36E-04|2.60E-04|2.63E-04]2.24E-04|4.36E-04 | 2.60E-04 | 2.63E-04

Phase B .
vaunaveanal s5.21 3.94 130 lo.000033] 0.4381 | 0.3732 | 0.151 | 0.0049

Aoutnanoaal2.s8E-043.09E-0413.78E-04|2.87E-04 |2 58E-04|3.09E-04|3.78E-04]2.87E-04

Phase C >
Wﬁx‘llﬂﬂ?\lﬁ]ﬁﬂ 5.28 3.92 1.32  10.000223| 0.4452 | 0.3713 | 0.1574 | 0.0045

' a o]
Zero nownavean|7.376-05]1.17E-04|9.19E-05|9.03E-05 | 8.29E-05 9. 18E-05{9. 19E-05[9.03E-05

@ a o'
sequence vaunavean| 3674 2747 9.08 0.0018 | 0.2116 | 0.1795 | 0.0718 | 0.0025

Intedurn Phase A between 10%-20% in length of the high voltage winding Interturn Phase A between 10%-20% in length of the low voltage wanding
v T T 5

Cosefficients of high frequancy components
Coefficients of high frequency components
~
«*

0 m w0 w0 T %0 a0 0 0 W w0 a0 0 Wm0
Inception angle of fault Inception angle of fault
(M) HTIAUFI (V) H3IAUM
y o i o a a 4 o
1 6.11 uamsanymznsnldounaadulszdntosnsznounnuigelumnail 1vea

3 o a o A a a s e
nszuanasunaninanead (Phase A) oyusunavloaan)asuuiag

s d
6.1.3 M3ins00UNeanA (Fault detection)
[ q’: ar 3 u‘: o w v = ¥y =
lududunoumsasiniudeaditluduaeudngwsizezdoudonlddeoyalumnausni
as ] = a ' § [ ad
asnduread 1ath Tidusuwn Idiu Tnssdwlszamiiion ieavinanvuzvesroadudas
= ' — 1 o " oo L4 =
Yszianeziiguvumsnldoun)asvesnszuanameiiuandanu ualuaniizhiivoanzil
4 s 4 a4 4 /s
msulasundasvesssnszneuanudguisvunaznisznlasuulasmugduuuveseandh
a J ¥ 3 dy - Y o a =1 a
Hadiudo Arumqiieda ldihdulseaninisudasaiaalunnmnauinnsuims

a v AdAa 4 '
wasunasvesnsznawamanmnavu luuaazia
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n’: dv v L] n’: - a = a a J
Tusunouil 1autseonily 2 Tuaoude nsasresumslasuudasninavu nagns
' 1 o 9 ar s a J 9 :
umuaﬂixﬂ11eﬂﬂaﬂmﬂﬂlmma'mmmtﬂaaﬂuﬂoawmmmmuuanﬂumzﬂm Tavtunou
u’: 1 ; Y o = o s =1 =) [ = a2 P an ¥
‘naﬁmmuu"l@mm's';m'nz'ﬂ"luafmmanwumunzmﬂszﬁmmmnqw"lmmmmﬂm
v ¥ v
lidaveenszuaraaalunsasavesmioutlas vihids LasiipanInduasuRInuAlY
v v
SomnensE oo uYeanIaeg U1IATINTETIAWANUZ VBN IANY o1 lvidnle
¥
v W [ = = 1 u “ ) ar
u1n ﬂauu%’a"l%’aﬂumzmiaﬁmmmamsmus'mnumiaﬁuwmuaﬂymwmnm%u
=Y o - % A T o 9/ °
T5unsuADUNAADS IUUVUEINAAD if ... then ...else ... end Feazgem Iauisennnu
) Vo A 4 A a > e A2 o & v '
W la1duntavy ieazainlumieiuisduaounanualaninIsfmuadlinneg
dane il

L= anaveansulaanide

(L. = adulszaninnamsulaanidavesnszuanamara A w
¢+5pusec Tienna L

Bl = ardulszansnamsulaulidavesnszuanamara B o nad
t+5psec ﬁﬁlﬂa L.

(CoT.) = adulszaninnnsulaaidavesnszuanamuda ¢ anan
t+5isec ﬁmna L

(4D )" = sdnlszanigagannmanasavidavesnszuanamana A o
adaud 0 aude tfiena L

(B o) = fiﬁuﬂszf?wﬁquqﬂmnmﬁmenﬂ;ﬁmmns:uﬂwawimﬂﬁ B o
nadand 0w timna L

(CH o)’ = ﬁ1ﬁuﬂs:ﬁw§qaqﬂﬂ1nn1iuﬂamﬂ;ﬁmﬂumﬂssuﬁnaﬁnmﬂ C o
nadand 0wl tfimna L

) = sastvaeumsnlasmnlasvesdulszaninmslasvidaves
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B ) = aasnaeumsuldounlasvesdulszdninnmsulaanviaaves
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] ' 4 o a d
(A5 )" = masnasumsndsun/asvesdulszdninnmsulawanianves
' 1 " = o w a " P=)
nszuaramana A serinaunaeanaznaunanoan ¥zl
¥
ANINY 1 M3D 0 MUY
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" 1 " = o w a u’é =
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niavoInszuananInounaoan
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X4 o =Mgagavesdudszdninnmanaanvidavesesnszneviuna X
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&11.!611';\:% lRandunanoannszuananislumnansninasaiuoas
X diff
18 (X azumula A, B uaz ¢ mudid) e X4 =
me(pusr)
" Y a o 3 o @ o
23 o =Mgagavasdulszansnnmmlaanvhiaavesesnlszneudrnuguo
1 o [ = o ' 3
Tura % TsiRandunaveaanszuananialuminausni
A3IUHOAA 1A
" a a d d o o
AL =mgegavosdullszdnsninmslasimidavesesfilszneuddugud
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forL=1:5
for t = 0.000005 : 0.000005 : 0.1
diff di L
£{(ALY pouy)” =0 and (457 ,))" =0}

chk ( post)

then if {(Ad(l+5uv)) - 5 * (Adl a,x((}al)) }

then
(A3 posny)” =1
(Ainlir)" =0
else
(Aoioosy)” =0

(Achk(pn)) ik 1
end (u3oulvvsamisasrnvumaasuniloaa A)

end
. diff L aiff L
if { (Bc'hk(;m.\-:)) - O and (‘Bcf:k(prr.'))
. diff L diff L
then if {(B((IHSU.\') = 5 * (B z:zax([)at)) }
then
fﬂ
( chk( post) )
dr/]
( chk( pre) )
else

diff E oo
(B{'hfr(pml}) - 0
diff
(B n'u'((pn])
end (wfq’au"lwmmwmwumnﬂauuuﬂauﬂﬂ B)

end



lf { (C:‘ﬁf(pmr)) = 0 and (C(‘jif(pru))’. = 0 }

then if {(C‘tiffsm)l‘ 20 *(Cd.::qo_u )"}

then
vdiff
(C chk( poOst)
w’u’f I —
(( :hfc(prc}) - 0
else
( Jﬂ )
chk( post)

(Cﬂﬂwuylzl
end (GuiiouTvveamanirviumsnlasumlaava ©)
end
end (Qudou lvvesmsAouulaanan)

end (VU Jvveamsiasuulasaing)

diff diff .
Su (pmr) (Achk(pmr)) + (Bt.hk(pm!)) + (Cchk(pnu])
diff diff L (C I
Sum(pru) (Aahk{pre)) +(Bchk(pre)) +( hk(pra))
if {Sum(mm) = Sum(m)and Sum(m") >2}
then
Fault condition
else

Normal condition

end U lyypanisasvsumsuaounilag)
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diff

if [(5 < —" ™ <10000) and (A5] + Bgy +Cy 22)]

max( pre)

then if [(10 < Ph¥T <50)and (Ph*" <10)]

max min

then fault in transformer at low voltage side
else then fault in transmission lines at low voltage transformer side

A " Cd Y ar ;
end (%UN?)UNI'\I‘UENﬂ’ﬁMUQHUﬂNElﬂ‘;l'fl'lﬂﬂ'l'IJLﬁQﬂuﬂ'l)

diff

else if [(—=22 > 10000 )and (4“Y + B +C4 >2))
diff chk chk chk

max( pre)

then if [(5 < Ph®" < 7)and (0.05<PhiT <1)]

X min

then fault in transformer at high voltage side
else then fault in transmission lines at high voltage transformer side
A ' o Y Y
end (‘U‘UN‘EJ'L!vl‘Uﬂ'l'ill‘IN!.!.UﬂﬂfJﬁﬂﬂNﬂ']Ulli\‘Iﬂuq@)

end
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Difterental

Scae !

Scale 4 Scale 3 2

Scae 5

Scale 4 Scale 3 Scale 2 Scale 1 Differential

Scale 5
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Phasa A Phase B Phaso G Zuw bouum\co
200 S 50 GO e e st DO e
0 e N\Y’\f\f\ 0 WW\.‘/\ 0 ____+-W\
-200 : 50 20 -200 =
10000 sl FP— Dt LB
5000’ | 2 | 2 |
ol 0 0 0 -
40000 20 L — 10212
20000 I 10 l 10 5
0 0 0 0\
10000 100 100 4
5000 ¢ 50 l 50 2
0 0 0 0
1000 100 200 400
500 © 50 l 100 L 200 t
0 0 0 0
400 20 i 20 100 =
200 10 L 10 L 50 {
0 0 0 0
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1 0 0.05 0.1
Time Time Time Time
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x 10" Phase A Phase B Phase C Zero sequence
50 50 000
0 —[\/V\/ ] -w-‘-f\/\f\ Oy~ D —J\/\/\/
4 50 50 5000
_ 200 5 5 40
2 100 l l 20 |
&
0 0 0 0
o~ 200 40 20 40
3 10 20 10 l 20 \
3 |
0 0 0 0
- 500 200 100 1000
= 100 50 500
& \ l
0 0 0 0
. 4000 400 400 000
< 2000 200 l 200 D000
Q
= 0 0 0 L 0
o 20000 40 40 000
2 10000 20 L 20 l
w
0 0

0 0
0 0.05 01 0O 0.05 01 O 0.05 01 0O 0.05 0.1

Time (sec)
{ o ar 1 o =
i 6.14 nansmsuaanidavesdyyrunszuanadialuaniizvoadniolulyunsl

o Qr =y
WoanuanIAnA99503AY

« 10% Phase A Phase B Phase C x 10°% Zero sequence
0 50 1
0 % 0 -w-\-{\f\f\ 0 W 0 —l\/\/\f
-1 -50 -50 -
_ 200 5 5 40
= 100 l l 20 |
&
0 0 0 0
o 200 40 20 40
® 100 20 10 l 20 l
5 l
0 0 0 0
- 500 200 100 1000
f 100 l 50 l 500 l
@ 0 0 0 )
. 5000 400 400 000
- 200 l 200 000 l
o 0 0 0 L 0 ,
w 20000 40 40 000
= 10000 20 \ k 5000
5 |
0 0 0 0
0 005 01 O 005 01 O 005 01 0O 005 O1

Time (sec)
| o [ ' o =
517 6.15 uaaanisulasnidavesdyyrunszuanadialuaninzweadmolulasunsd
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Difterential Current

Result
Wavelet Phase A Phase B Phase C
Scale
Max | Max | A, | Ag, | Max| Max | By, | B, | Max | Max [ C, | Cgy | Sum | Sum
(pre) |(post)| (pre) |(post) | (pre) | (post) | (pre) | (post)| (pre) | (post) | (pre) | (post)| (pre) |(post)
| 0.0003| 5835 0 1 10.0003] 3.359 0 1 D.0002| 3.369 0 1 0 3 Fault
2 0.006 ROI11| O 1 0.0043118.233| 0 1 .0014]16.953] 0 1 0 3 Fault
3 0.0225/9293 0 I 0.0155|83.152| O 1 P.0097(82.374| 0O 1 0 3 Fault
4 0.0152] 580 0 1 0.0157|98.938| 0 1 .0027{100.198] 0 1 0 3 Fault
5 11.61 | 171 0 1 0.0455110.534| 0 1 pP.0471)11.1011 O | 0 3 Fault
‘d‘ Ll tﬁ' ﬁ‘ =) s A
M15199 6.7 uaasmasaeumslasuulauiennsandyaumnugii 6.14
Differential Current
Result
Wavelet Phase A Phase B Phase C
Scale
Max | Max [ A, | As, | Max| Max | B, | By, | Max | Max | C, Ce | Sum | Sum
(pre) |(post)| (pre) |(post) | (pre) | (post) | (pre) | (post)| (pre) [(post) | (pre) [(post) (pre) |(post)
1 0.0003]165.091 0 | 0.0004 3.82 0 1 0.0003]3.80 0 | 0 3 Fault
2 ).0019]99.99 0 | 0.0018 22.40 0 1 0.0014]14.80 0 1 0 3 Fault
3 0.0102386.61 0 | 0.0078] 99.86 0 1 0.0084]|95.05 0 | 0 3 Fault
4 .0235] 3714 0 | 0.0095( 254.76] 0 1 0.0052p03.26] 0O | 0 3 Fault
5 .8549{17651 0 1 0.2025 29.89 0 1 D0.2056]27.67 0 | 0 3 Fault
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M3191 6.8 nanadasavaeumsilasunlasiioinsondyuaugli 6.15

Differential Current
Result
Wavelet Phase A Phase B Phase C
Scale

Max | Max | A, | Acw Max | Max | B, | B, | Max Max | Cg, | Cop| Sum Sum

(pre) |(post)| (pre) |(post) | (pre)| (post) | (pre) [(post)| (pre) [(post) | (pre) |(post) (pre) (post)
1 0.0003|170.88] 0 1 [0.0003] 395 0 1 D.0002| 3.95 0 1 0 3 Fault
2 0.0019|103.15| 0 1 0.0021] 2266 | 0 1 p.o014|1496| 0 1 0 3 Fault
3 0.0111394.97| 0 1 10.0085100.58] 0 1 p.0102|95.78( 0O 1 0 3 Fault
4 0.0242] 3852 0 1 0.01091258.49( 0 I ).0037R206.95] 0 | 0 3 Fault
5 0.8865[18900| 0 1 [0.2059 30.61 0 1 D.2106|12828 | 0O 1 0 3 Fault

' ' ' L4 3 o s a :g
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Phase A Phase B Phase C Zero sequence Result
Max Max Max Max | Max Ph s | PP i
A B.. G Ratio Z Zone | Status
(post) (post) (post) (pre) | (post)
5835 3.2359(3.359 [0.0019 | 3.369/0.0019] 0.0001 | 1803.2{18032000| 3.2359 [0.0019 | External | No Trip

;:;. - a Y A - as =
113190 6.10 LLﬁﬂ%Nﬁﬂ’?ﬂﬂﬁ'Jlﬂ'ﬂxﬁﬂ'l'iﬁi’]i]ﬂﬂﬂﬂﬁﬂma“ﬂiﬂﬁm"l fy,mummugﬂn 6.14

Phase A Phase B Phase C Zero sequence Result
Max Max Max Max | Max Ph i | PP
com com C wm Ra{lo ZI'I'I:l Z()ne S‘allls
(post) (post) (post) (pre) | (post)
165.04 6.19 [3.82 |0.1432 | 3.80 |0.1425] 0.0001| 26.67 | 266700 | 6.19 [0.1425] Internal|  Trip
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Phase A Phase B Phase C Zero sequence Result
Max Max Max Max | Max Ph o | PR i
7 B . Com Ratio Z_ | Zone | Status
(post) {post) (post) (pre) | (post)

170.84 6.1984] 3.95 [0.1433 | 3.95 |0.1433| 0.0001| 27.57 | 275700 |6.1984 [0.1433 ] Internal Trip
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Pentium 4 A913157 2.4 GHz H1UIUA1431 512 MB Anaeulnseviolszaminouaa lauaaslu
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317 6.16 (mmwmmiﬂsamuﬂszﬁmmuummmm"lﬂmnﬁumm 6.1) Aniueanlsenou

a da ' - ) ' = ¥ o 3 ¥
yasianinadensGouiveslasawlszamiion Tsunsu MATLAB Tdihmsimuall

o a I " a o o
& vndu aslsznevunarilawy nquuesgluuudunmuaziendnn Suauvesdeya



120
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wanuulasmilaidunseduianua 12 asdl musaagl 183 Heddunszquitoglusugoun
3 a o 4 A N ] q’: o £ a o Y a a
1 wa 2 v ldiiaununuyianuesd (Tan-sigmoid) dauduoiannez I9Hendunszquaiiags

1#1 (Linear) Tsz@ninmanga

Input Layer 1st Hidden Layer 2nd Hidden Layer QOutput Layer

of paw = L (LW 7 {Lw2s £ (1w s p bt )4 62)+5°) (6.1)

¥
s

v ¥ e "
Taoh 1w fe moaniminfiFensznindudeyadunniusugoui 1
[ ¥ "

v ¥ v
Lw > fio mornhminndeussninarugoun 1 NUFUOUN 2

o

Lw * fio fidaniminfideussninadugout 2 fusueninm
b b’ o A luuealusugoudt 1 uas 2

b Ao mTuuealusruening

', 12 Ao HanFunszduriiaumuinusi@nuess (Tan-sigmoid)
{* fio andunszAuaiiaiFudu (Linear)

~ da [l
P=[P,,P,,...,P,] D ININDIOUNNYDIIATIVIY

gaanmomsinaeu Tasstholszamidonluinniinusie Anaouiie 1 1di01dnna
v
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6.2.1 MITTYMUHUIVADIATINANTAAIIDT (Fault location)
=y =) d qy Y o -~ as a 1 o ] A a
Tuinoninusativi ldhinsiendusdunnludwvesmsszydwmisvaalanna

Y o 1 ar a o 1
M3da1393 (Woad) Tavldargegavesdulse@nivinnisulavaviaalumnansnh
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ar 3/ ] d o w o [] o
assuload ldvesnszuanadaninma A, B, C nazosndszneudduguolugi 4 lauda
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nauRaWeasm iy dananalugili 6.17 iieanindans8unnig 4 i1 anuduiusiu
o ' { a ar o - ' w L4 3 S
sumtauaalaifanisaaisesdanaaaluaiied 6.1 ludiudulsioannaziianziinn

“ 1 " P A o W o o = i a a
wlasunlagegsznang 0. 8309 FIFUAUTIUITZUZNNHIDAWNUIVAIANINANS

danavsmolundauadlndhnias

Input Layer Hidden Layerl-2 Output Layer
i=1,2,3,4 j=12..n k=12...m
D/
1 ) | (170 376) Actual
E_‘: 1o output
a ) —
0 205 @ Y
[ — Snie
@®
a (3953 :
2 _—
& | Ys
n: e -
511 0a5 s
pd 3 34%) > Y
:
&
il -
. ”)0 005 0 — Y,
E B (27 5691) ‘/ff;/ 7 k=1 output for fault location
s “ ':;;f", - : winding to ground fault
= e
'ﬁ 0 § \ i { k=2 output for fault location interturn fault
0 005 ot - k = 8 logic output for fault types

UM 6.17 uansiunlsdunmdmivlassnelszamion

6.2.1.1 MIszYMUHHINIAUADIANINAMTAADTAIAY
Apufisriinsinaou Tasanodseamifsuyiiaunsardeundy Suaugadoya

Anaouiuinaugadeyansnaeudmiussydumiwaaiaiiiansdaisesasaunisdn

s S 9

5IAUGIRE§IUIU 216 YALDT 108 A MUY 93QNIATZIIOUYDYA (Normalization)[26]

u
3 i ' e o 1 1 e 24 a
TANANRAY (Mean) MR URUE tazANDoUVUNIATTIM (Variance) MINUNL Lazdinaas
. g:] o VY 1 1 o w Er " - o e [N
(Scaling) o 1 doyasglugrsvesileandunszdu neuimidnaouuaznadouny
¥ ' ¥
Tasaholszandion mimiu imssnnaiauiseusudunazitseugane lusugou
it 1 wanaasluaumsn 435 Tnssadunoufinaeuszilsznevludsimauinseuluudas
b ¥ ¥ Ed H i
Fugaii Tududunni 4 daseu lududoudn 1 uaz 2 1 4 uaz 3 daseu (Muwrmamaumsh
o @ o s = a o = & o s
4.35) muday uazludwerannil 1 dseu (=1 Asuaadlugii 6.17) Fsliauerannves
v w

Tassrwszamifiouagszning 0.1 53 0.9 Tasszlimduiusiudumisvanlaiiianis
¥

] v ¥

w Al Y " I=1 '

o = LY 1 o o a
Sanesasdumadiunssdugs dan ldnauuddredu luduvesilandunszquiegluy

" = 3 o da o . . i > o v o o kY
Foui 1 uaz 2 3z 19¥1ia UNUIIUNEAUDUA (Tan-sigmoid) daudurannzlsflendunszqu

= = 9 i
FUALFUAY (Linear)
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Fault location (Interturn fault)
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Fault location (Interturn fault)
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Fault location (Interturn fault)
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Fault location (Interturn fault)
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Fault Identification (Interturn fault)
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Fault location (Interturn fault)
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Fault location (Interturn fault)
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Fault Detection (Interturn fault)
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Fault location (Interturn fault)
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Fault location (Interturn fault)
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WINDING RESISTANCE
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SERIAL No:56039

TAP RESISTANCE (mOhms) AVERAGE AVERAGE
CHANGER AT 3040 °C RESISTANCE RESISTANCE
POSITION AT 30.40 °C|AaT 80.0 °C

H1-HO H2-HO H3-HO (mOhms/phase) {(mOhms/phase)
7L 266.737 367.703 367.082 367.174 435.924
6L IEREVT 360.319 359.736 359.811 427.182
SL I T35 353.725 353.1.110 353.191 419.323
4L 345.381 346.305 345.708 345.798 410.545
3L 338.072 338.878 338.294 338.415 401.780
2L 330.694 331.505 330.994 331.048 393.033
1L 323.366 324.138 323.540 323.681 384.288
N 315.933 316.711 316.217 316.287 375.509
1R 308.599 309.354 308.828 308.927 366.771
2R 300.309 301.530 300.623 300.821 357.146
3R 307.931 208.880 308.216 308.342 366.076
q8 315.294 316.259 315.733 315.762 374.885
5R 321.984 322.900 322.428 322.437 382.811
6R 329.429 330.254 329.850 329.844 391.605

7R 336.792 337.528 337.116 337.145 400.273

8R 344.078 344.870 344.403 344.450 408.945

9R 351.485 352.286 351.751 351.841 417.719

10R 358.784 359.547 359.079 359.137 426.382

X1 -X0 X2 -X0 X3 -X0
0 9.464 9.662 9.520 9.548 11.336
Page:
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‘l I. . TEST REPORT ' SERIAL NO. 56039
"I' I' VOLTAGE RATIO

TAP CHANGER VOLTAGE (kV) CALCULATED MEASURED RATIO
POSITION RATIO % ERROR
H1-HO % H2-Ho % H3-HO %
HV LV e 1 e ¥1-X0 |ERROR| X2-X0 |ERROR| X3-X0 |ERROR
7L = 127.075 23.0 5.525 5.531 0.11 5.530 0.09 5.532 0.13
6L - 125.350 23.0 5.450 5.453 0.06 5.453 0.06 5.455 0.09
5L = 123.625 23.0 5.375 5 5.385 0.19 5.384 0.17 5.386 0.20
4L - 121.900 23.0 5.300 5309 0.17 5308 0.15 5310 0.19
3L - 120.175  23.0 5.225 5232 013 5232 013 5233 015
2L - 118.450 23.0 5.150 5.156 0.12 5.155 0.10 5.158 0.16
1L - 116.725 23.0 5.075 5.080 0.10 5.079 0.08 5.081 0.12
N = 115.000 23.0 5.000 5.002 0.04 5.002 0.04 5.004 0.08
IR - 113.275  23.0 4.925 4926 002 4927 004 4927 004
2R - 111.550  23.0 4.850 4849 -002 4849 -002 4.850 000
3R - 109.825 23.0 4775 4.781 0.13 4.780 0.10 4.782 0.15
4R - 108.100  23.0 4.700 4704 009 4704 009 4705 011
SR - 106.375  23.0 4.625 4635 022 4635 022 4636 024
6R - 104.650  23.0 4.550 4559 020 4.559 020 4560 o022
7R s 102.925 23.0 4475 4,482 0.16 4.482 0.16 4.483 0.18
8R - 101.200 23.0 4.400 4.406 0.14 4.406 0.14 4.407 0.16
9R - 99.475 23.0 4.325 4.329 0.09 4.329 0.09 4.330 0.12
10R - 97.750 220 4.250 4253 007 4252 005 4254 009
Check of voltage vecter relationship - YNynO
Page:
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NO LOAD LOSSES & EXCITATION CURRENT

TEST REPORT

BEFORE IMPULSE TEST

234

SERIAL No:56039

RATED VOLTAGE 23.000 kV

RATED CAPACITY 50 MVA

TEST AT TAP POSITION N

TEMP. AT NO LOAD LOSS MEASU. 30.7

DIFFERENT BETWEEN TOP OIL AND BOTTOM OIL TEMP <5

VOLTAGE CLU'ERENT LOSSES (kW)
MEASURED - MEAS CORR. @| GUARA.
) MEAN RMS. 3] ARA- 20C @20C
.(kV) (kV) (%)
X1 (A) X2 (A) X3 (A) AVG.(A) 50 MVA
Ea Er p Pc
base -Fm

10 3.191 3.176 0.126 0.076 0.132 0.111 0.009 0.474 0.480

20 4.599 4.579 0.163 0.101 0.175 0.146 0.012 0.961 0.972

30 6.900 6.869 0.218 0.128 0.238 0.198 0.016 2.071 2.095

40 9.202 9.163 0.262 0.172 0.290 0.241 0.019 3.508 3.544

50 11.490 11.440 0.305 0.205 0.340 0.283 0.023 5..249 5.308

60 13.800 13.740 0.351 0.241 0.391 0.328 0.026 7.354 7.435

70 16.100 16.040 0.408 0279 0.447 0.378 0.030 9.888 9.997

80 18410 18.340 0.489 0.327 0.520 0.445 0.035 13.000 13.141

a0 20.690 20.620 0.620 0.409 0.629 0.553 0.044 16.760 16.937

100 23.000 22.970 1.031 0.733 1.002 0.922 0.073 22.180 22.364 24.000
110 25.320 25.730 5.400 4.554 5.271 5.075 0:404 34.930 34.609

Page:
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TEST REPORT SERIAL No:56039

"I.l' LOAD LOSSES AND IMPEDANCE

50 MVA
Temp. at resistance meas : 3040 C
Temp. at loss meas i 30.50 ¢
Referent temperature : 80.0 C
TAP RATED RATED MEASU. MEASC | CORR COPPER LOAD MPEDANCE (%)
CHANGER VOLTAGE CURRENT |CURRENT |LOSSES . LOSSES LOSSES |LOSSES MEASU.
POSITION (kV) @ lrated @ 305C |@80C |VOLTAGE %Z
WIN | WIN HV LV (A) (A) (kW) (kW) (kW) (kW) o kV) 50 MVA
1 2 BASED
7L 0 127.075 23.0 227.17 227.06 149.90 150.05 102.01 161.42 16.75 13.19
6L 0 125.350 23.0 230.30 230.36 149.80 149.71 102.41 161.47 16.40 13.08
5L 0 123.625 23.0 233:51 233.54 149.80 149.76 102.94 161.65 16.11 13.03
4L 0 121.900 23.0 236.81 236.73 149.40 149.50 103.34 161.45 1575 12.93
3L 0 120.175 23.0 240.21 240.30 149.30 149.20 103.75 161.51 15.43 12.84
2L 0 118.450 23.0 243.71 243.82 149.10 148.97 104.15 161.48 15.10 12.74
1L 0 116.725 23.0 247.31 247.22 148.50 148.61 104.56 116311 14.75 12.64
N 0 115.000 23.0 251.02 251.07 148.10 148.04 104.96 160.91 14.44 12.56
1R 0 113.275 23.0 251.02 251.10 143.60 143.51 103.56 156.64 13.91 12.46
2R 0 111.550 23.0 251.02 250.92 138.70 138.82 102.03 151.99 13.39 12.38
3R o] 109.825 23.0 251.02 251.11 138.40 138.31 103.45 152:22 12.95 12.34
4R 0 108.100 23.0 251.02 251.09 137.00 136.93 104.86 151.53 12.47 1227
5R 6] 106.375 23.0 251.02 250.96 135.50 135.57 106.08 150.68 12.05 12.25
6R 0] 104.650 23.0 251.02 251.03 134.30 134.29 107.98 15033 11.61 12:19
7R 0 102.925 23.0 251.02 25091 132.90 133.02 109.36 149.62 11.18 12.14
8R 0 101.200 23.0 251.02 251.14 132.10 131.98 110.75 149.43 10.78 12.10
9R 0 99.475 23.0 251.02 251.00 130.90 130.93 112.14 148.89 10.38 12.06
10R 0 97.750 23.0 251.02 251.08 130.00 129.94 112.99 148.43 10.00 12.03
Page:
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TEST REPORT SERIAL No:56039

ON-LOAD TAP-CHANGERS

A R
FAIDEP

TEST ON ON-LOAD TAP-CHANGERS

OPERATION TEST

The test perform with 100% of the rated auxiliary s0—=+ ~c¢ fexceplion of item b).
a) 8 complete operating cycles with transformer not energized ,
b) 1 complete operating cycles with the transformer not eneraized, with 85 % of the rate
auxiliary supply voltage ;

¢) 1 complete operating cycles with the transformer energized at rate voltage and frequency at

no-load |

d) 10 tap-change operation with * 2 steps on either side of the principal tapping with as

far as possible the rate current of the transformer, with one winding short-circuit.

Result : No sign of abnormal function

Page:
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TEST REPORT SERIAL No:56039

ZERO ZEQUENCE IMPEDANCE

REFERENCE POWER 50 MVA
CONNECTION TAP POS.| VOLTAGE |CURRENT WATT ‘I DMPEDANCE o
(kV) (amps) (kW) | iemes/ph) |
7L 3.696 200.0 379.0 55.440 991
H1H2H3-HO N 3.224 200.2 345.0 48312 6.09
(SHORT LV SIDE) 2R 3.116 200.2 337.0 46.693 6.07
TEMP 34.19 C. 10R 2.763 200.1 309.0 41.424 6.14
7L 5:.179 200.0 485.0 77.685 13.89
H1H2H3-HO N 4.399 200.0 432.0 65.985 8.31
(OPEN LV SIDE) 2R 4.200 199.9 418.0 63.032 8.19
TEMP 34.36 C. 10R 3.551 199.9 371.0 53.292 7.90
X1X2X3 - X0
(OPEN HV SIDE) N 1.993 200.3 221.0 29.850 4.42
TEMP 33.87 C.

Er = Rated phase—to—neutral voltage of excited winding

Ir = Rated current per phase of excited windings

E = Measured excitation voltage

| = Measured total input current flowing in the three parallel-connected phases

Zo (%) = 300*((E/En)*(Ir/1)

Page:
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TEST REPORT

APPLIED VOLTAGE TEST

SERIAL No:56039

Applied voltage test

Frequency : 50 Hz

Tested system Ground system U s kV Time / s

HV,N LV,N,TV 34 60

LV, N HV,N,TV 34 60

™v HV,N,LV,N 34 60

Result Withstood
. Page:
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“ I. I. TEST REPORT
" I' g ' INDUCED VOLTAGE TEST AND PD MEASUREMENT
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SERIAL No:56039

INDUCED VOLTAGE TEST ( PARTIAL DISCHARGE MEASUREMENT )

TEST METHOD : ERA METHOD (BAND 3 :40-400 kHz )

THREE-PHASE TEST AT 200 Hz, NEUTRAL HOXO GROUNDED. TEST IN POSITION 4L
ENHANCED VOLTAGE :ONHI1H2H3; 120 kV , ON X1X2X3] 22.64 KV

ONE HOUR VOLTAGE : ONHIH2H3; 105 kV . ON XI1X2X3] 19.80 kV

TESTED PHASE H1 H2 H3 REMARK
CAL. CHANEL GAIN pC GAIN pC GAIN pC Amplifier setting , Fine O
50 PC 40 50 40 50 40 48
100 PC 40 99 40 99 40 96
200 PC 40 187 40 187 40 181
MEASUREMENT pC pC . pC TIME DURATION
VOLTAGE ( kV )

0 16 38 19 BACKGROUND
34.31 36 a7 28 0 MIN.
34.31 27 41 26 5 MIN.
39:22 24 50 31 36 SEC.
34.31 30 44 35 0 MIN.
34.31 29 47 25 5 MIN.
34.31 36 47 30 10 MIN.
34.31 21 44 21 15 MIN.
34.31 19 40 21 20 MIN.
34.31 20 40 20 25 MIN.
34.31 18 39 20 30 MIN.
34.31 18 39 20 35 MIN.
34.31 18 39 20 40 MIN.
34.31 18 38 19 45 MIN.
34.31 20 39 22 50 MIN.
34.31 18 38 20 55 MIN.
34.31 18 38 20 60 MIN.

0 16 38 19 BACKGROUND

Page:
ABB - Asea Brown Boven 97/07/01
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NO LOAD LOSSES & EXCITATION CURRENT

TEST REPORT

SERIAL No:56039

AFTER IMPULSE TEST
RATED VOLTAGE 23.000 kV
RATED CAPACITY 50 MVA
TEST AT TAP POSITION N
TEMP. AT NO LOAD LOSS MEASU. 32.8 C
DIFFERENT BETWEEN TOP OIL AND BOTTOM OIL TEMP. <5 C

VOLTAGE CURRENT LOSSES (kW)
CORR. @
MEASURED MEAS GUARA.
MEAN RMS. GUARA.
(%) ) 20C | e@20cC
(kV) V) (%)
X1 (A) X2 (A) X3 (A) AVG.(A) 50 MVA
Ea Er P Pc
base -rm
10 2.380 2.354 0.083 0.053 0.091 0.076 0.006 0.229 0.233
20 4.599 4.574 0.137 0.089 0.153 0.126 0.010 0.828 0.839
30 6.908 6.876 0.185 0.123 0210 0.173 0.014 1.815 1.839
40 9.205 9.163 0.230 0.156 0.264 0.217 0.017 3.164 3.204
50 11.500 11.430 0277 0.192 0.318 0.262 0.021 4.869 4.938
60 13.790 13.720 0.329 0.229 0.374 0.311 0.025 7.012 7.102
70 16.100 16.030 0.390 0.269 0.436 0.365 0.029 9.581 9.701
80 18410 18.330 0.470 0.316 0.509 0.432 0.034 12.660 12.816
0 20.710 20.640 0.606 0.401 0.627 0.545 0.043 16.510 16.708
100 23.000 22.970 1.013 0.729 1.013 0.918 0.073 21.940 22.153 24.000
110 25.310 25.740 5.560 4.760 5.420 5.247 0.418 34.940 34.637
Page:
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TEST REPORT

SINGLE PHASE IMPEDANCE

249

SERIAL No:56039

SINGLE PHASE IMPEDANCE

1) MEASURE VOLTAGE BETWEEN HV TO HV . AND SHORT CIRCUIT LV ( PHASE BY PHASE )

TAP POS. CURRENT VOLTAGE
H1-HO H2-HO H3-HO H1-HO H2-HO H3-HO
( amps ) ( amps ) ( amps ) ( volts ) ( volts ) ( volts )
7L 2.999 3.001 2.999 125.1 124.4 126.9
6L 3.000 -3.000 3.001 120.9 120.2 122:6
5L 3.000 3.000 3.000 3173 116.4 118.8
4aL 3.001 3.001 2.999 113.0 112.5 114.6
3L 3.000 3.002 3.002 109.1 108.5 110.7
2L 3.002 2.999 3.000 105.2 104.6 106.7
1L 3.001 3.000 2.999 101.5 100.9 102.8
N 2.999 3.001 3.002 97.7 97.3 99.2
1R 3.002 3.000 3.002 94.3 93.8 95.6
2R 3.001 3.001 3.001 90.8 90.4 92.0
3R 3.001 2.999 2.999 87.8 87.4 89.6
4R 3.002 2.999 3.000 84.6 84.3 85.9
SR 3.002 3.001 2.999 81.9 81.6 83.1
6R 3.001 3.001 3.000 78..9 78.8 80.1
7R 3.002 3.000 3.001 76.0 75.8 77.2
8R 2.999 3.001 3.000 73.4 73.2 74.3
9R 3.002 2.999 3.000 70.6 70.5 71.?
10R 3.002 2.999 3.001 68.1 67.9 69.0
Page:
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TEST REPORT

MEASUREMENTS OF INSULATION RESISTANCE

250

SERIAL No:56039

TIME TEST CONNECTION AT 2.5 KV
HV/LV+TV+G LV/HV+TVSG | TVU/HV+LV+G | HV+LV/TV+G HV-TV/LV+G | LV+TV/HV4G HV+LV+TV+G
MEGA OHM MEGA OHM MEGA OHM MEGA OHM MEGA OHM MEGA OHM MEGA OHM
1 min 1750 1500 2500 2000 1200 1550 1900
2 min 2500 2500 4300 2700 1900 2500 2700
3 min 3200 3300 5700 3000 2500 3200 3000
4 min 40000 4000 6800 3300 2800 3900 3400
5 min 4600 4700 7800 3600 3200 4500 3700
6 min 5000 5100 8500 3900 3700 5000 4000
7 min 5400 5500 9000 4000 3900 5500 4200
8 min 5800 5800 10000 4100 4100 5800 4500
9 min 6000 6100 11000 4300 4400 60000 4700
10 min 6100 6500 12000 4500 4600 6500 4900
PI 3.49 4.33 4.80 2.25 383 4.19 2.58
TIME TEST CONNECTION AT 5 KV
HV/LV+TV+G LV/HVsTVsG | TV/HV+LV+G | HV+LV/TV+G HVsTV/LV+G | LV+TV/HV+G HV+LV+TV+6
MEGA OHM MEGA OHM MEGA OHM MEGA OHM MEGA OHM MEGA OHM MEGA OHM
1 min 1700 1950 2400 2200 1500 1800 2000
2 min 2400 2700 4300 2600 2000 2500 25000
3 min 2900 3200 5200 2800 2500 3000 2800
4 min 3300 3800 5600 3000 2700 3300 3000
5 min 3800 4100 5300 3200 2900 3800 3200
6 min 4100 4500 6900 3400 3100 4000 3500
7 min 4500 4900 7200 3600 3300 4200 3700
8 min 4700 5100 7500 3700 3500 4500 3900
9 min 5000 5200 8000 3800 3700 4700 4000
10 min 5000 5400 8100 3900 3800 4900 4000
Pl 2.94 277 3.38 1.77 2.53 2.72 2.00
TEMP. 30 c
HUMIDITY 64 %
Page:
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TEST REPORT SERIAL No:56039

MEASUREMENTS OF INSULATION RESISTANCE
OF CORE TO GROUND

AMBIENT TEMP. 30 €
HUMIDITY 62 %
INSULATION RESISTANCE OF CORE TO GROUND 400 MOHM. AT 2.5 KV 1 MINUTE

ABB - Asea Brown Bovern

97,07/02

date " Witness Test leader o

Page:
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TEST REPORT SERIAL No: 56039

INSULATION DISSIPATION FACTOR TEST

After Dielectric Test
DISSIPATION
TERMINALS CAPACITANCE FACTOR
(PF) (%) AT (%) AT
325°C 20°C
H/L+T+G 12491.62 0.318 0.240
L/H+T+G 21795.15 0.201 0.152
T/7H+L+G 23320.32 0.246 0.186
H+L/T+G 17424.32 0.213 0.160
H+T/L+G 35600.40 0.225 0.169
L+T/H+G 24810.07 0.246 0.186
H+L+T/G 20171.59 0.274 0.207
H : high voltage side
L : low voltage side
T : tertiary voltage side
G : transformer tank to ground
The dissipation factor test used 10 kV source.
Fp 20 °C. = Fp 32.5 °C./K
K=1.325
Page:
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‘ I. I. TEST REPORT SERIAL No:56039
" I' I. VACUUM AND PRESSURE TEST

VACUUM TEST ON TRANSFORMER TANK
THE TRANSFORMER TANK WAS CARRIED OUT LESS THAN 10 mmHg FOR 30 MINUTES.

THE DEFORMATION WAS CHECKED. THE RESULT WAS SATISFACTORY.

PRESSURE AND LEAKAGE TEST ON TRANSFORMER TANK
THE PRESSURE OF 1 kg/cm2 WAS SUPPLIED FOR 30 MINUTES. THE LEAKAGE WAS CHECKED.

THE RESULT WAS SATISFACTORY.

PRESSURE AND LEAKAGE TEST ON ASSEMBLED TRANSFORMER
THE PRESSURE OF 1 kgh:m2 AT THE TANK BOTTOM WAS SUPPLIED FOR 12 HOURS.

THE LEAKAGE WAS CHECKED. THE RESULT WAS SATISFACTORY.

Page:
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Discrete Wavelet Transform and Probabilistic
Neural Networks Algorithm for Identification of
Fault Locations on Transmission Systems
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Department of Electrical Engincering, Faculty of Engineering
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Abstract—This paper proposes a new algorithm for detecting
faults in an electric power transmission system. The Discrete
Wavelet Transform (DWT) and probabilistic neural network
(PNN) are used in order to detect the high frequency
components and to identify fault locations on the transmission
system. Simulations and the training process for the neural
network are performed using ATP/EMTP and MATLAB. It is
found that the proposed algorithm gives satisfactory resuits, and
will be very nseful in the development of a power system
protection scheme.

IndexTerms —ATP/EMTP,Discrete Wavelet Transform,Fault,
Probabilistic neural network

1. INTRODUCTION

Nowadays, electric energy systems have become more
complicated with a large number of transmission lines
connected as a grid due to the high demand of electric power.
To ensure the extreme level for the reliability of the systems,
the precision protection schemes have to be developed,
particularly in fault location and fault identification on the
transmission lines. The development in the algorithm for
detecting the faults on the transmission lines has been
progressed, and results in transient based techniques [1]. In
such methods, the fault detection and classification employ
high frequency components in the fault signals. In order that
the transient based protection can be accurately successful in
operation, the applications of wavelet transform and artificial
neural networks (ANNs) are used [2,3,4]. This is due to that
the wavelet transform is very effective in detecting transient
signals generated by the faults while artificial neural networks
are useful tools for solving and selecting a precision
algorithm for a protection unit.

In several research papers, the faunlt current signals are
decomposed in to various scales of the wavelet transforms,
and by considering the pattern of the spectra, the fault
diagnosis can be achieved. The location of the fault is
normally calculated using traveling wave approach while the
fault classification can be obtained from employing trial and
error method [4] or from the artificial intelligent decision
algorithms [3]. Normally, the algorithm uses neural networks
to indicate the proper decision. It should be interesting to
investigate an appropriate neural network for being included
in newly-developed protection systems.

0-7803-8610-8/04/$20.00 © 2004 IEEE

This paper is aimed to propose a combination of wavelet
transforms and necural networks to detect the faults on
transmission systems. The fault conditions are simulated
using ATP/EMTP [5]. Fault signals in cach case are extracted
to several scales on the wavelet transforms, and then are used
as an input for a training process on the neural networks(6,7].
The probabilistic neural network (PNN) is selected in the
algorithm since the PNN uses less training data and time
compared with back propagation neural networks (BP), which
is normally employed in previous research work. A new
technique to identify fault locations on the transmission lines
is discussed. In addition, results obtained based on data in
Thailand electrical transmission systems are presented.

I1. WAVELET TRANSFORMS AND PROBABILISTIC
NEURAL NETWORK

A. Wavelet transform

Wavelet transform is a mathematical technique used in
signal analysis. A wavelet is a small-localized wave of a
particular shape and finite duration that has an average value
of zero. 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. The advantage of the transform is that the band of
analysis can be fine adjusted so that high frequency
components and low frequency components can be detected
precisely. Results from the wavelet transform are shown on
both the time domain and the frequency domain. The wavelet
transform, which has a change in the analysis scaled by the
factor of two, is called discrete wavelet transform (DWT) as
in Equation 1 [1].

Dmm.n)=ﬁ=>;f(w[“‘”'] m

2'!

where,

w[" wi. i } = mother wavelet

2”

(In this paper, Daubechies 4 is selected as a mother wavelet).
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B. Probabilistic neural network (PNN)

Probabilistic neural network (PNN) was developed by
Donald Specht, to perform pattern classification using
QGaussian potential functions and Bayes decision theory [8].
PNN have been used successfully to solve a diverse group of
classification problems. Although the PNN has not yet been
fully evaluated compared with Back-propagation The PNN
approach offers major advantages such as rapid training,
added or deleted data from training set without lengthy
retaining etc. The PNN neural network consists of three layer
of neurons (Input, radial basis layer, competitive layer)
interconnected by weights as illustrated in Fig 1.

Competitive Layer

Fig 1. Probabilistic ncural network [2]

Training of a network involves two stages as follows [7]:

1. Input values are propagated to each neurons in the first
layer. The radial basis layer computes distances from the
input vector to weight vector, and produces output in radial
basis Iayer as in Equation 2.

q’(p): _IP"”:’MF]

9y

@

where,
p = input pattern vector
IW;, = center vector of radial basis layer
o = spread constant for radial basis layer (smoothing
parameter)
@ (p) = output of radial basis layer

2. Each neuron in the competitive layer receives all radial
basis layer outputs associated with a given class, and
produces as 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
in Equation 3 [2].

o/ paw =1 (LW;,* olp)) (€)
where,

LW;, = weight vector between radial basis layer and
competitive layer
/' = competitive activation function

III. SIMULATIONS

Artificial peural networks are an attempt to simulate the
human brain’s nonlinear and parallel processing capability for
applications. ANNs, therefore, have necessitated leamn
relationships between cause and effect of data into orderly
and informative pattemns. As a result, PNN requires fault
signal samples form simulations to training and test
processes. The ATP/EMTP [5] was used to simulated fault
signals, at a sampling rate 200 kHz. The fault locations were
chosen based on the Thailand transmission system as shown
in Fig 2. Fault patterns in the simulations were varied as
follows:

- Fault types were single line to ground (SLG), double
lines to ground (DLG), line to line (L-L) and three-phase
fault (3-P).

- Fault locations were from 10% to 90% (each step = 10%)
of the transmission line length measured from the bus
MM3.

- Inception angle on a voltage waveform 0°-330°
(step 30°), phase A was used as a reference.

= Fanlt resistance was equal to 10Q.

; 325 km, 500 &V i

R,=0.0024 p.u. ;R = 0.0308 p.u. LOAD
L X,=00345 p.u ;X =0.1328 p.u. 500 MVA
Y= 35100 pu. ;Y, = 1.9688 p.u. pL=08

Fig 2. The system used in simulation fault [9]

The fault signals generated using ATP/EMTP are interfaced
to the MATLAB in order to analyse the transient high
frequency components using wavelet toolbox [5]. The
example of fault signals obtained in each phase at the sending
end (MM3) of the transmission lines are illustrate in Figure 3.
The Clark’s transformation matrix is cmployed for calculating
the positive sequence and zero sequence of voltages and
currents.

»1g*

L M s L s s ' L
6[r not 002 003 004 005 DOB OO7 008 003 09
o Tima (ssc)
x 1

1 T T r

. . L TR SR
0 001 002 003 0OO4 DDs 006 0O7 006 008 01
Tima (sec)

Fig 3. Example of simulated fault signals for ABG fault
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Fault detection decision is processed using the positive
sequence voltage and current sigoals. The mother wavelet
daubechies4 (db4) is employed to decompose high frequency
components from the signals. Coefficients obtained using
DWT of signals, then, are squared so that the abrupt change
in the spectra can be clearly found, and it is clearly scen that
the coefficients of high frequency components, when fault
occurs, have a sudden change compared with those before an
occurrence of the faults as shown in Fig 4 and Table 1. It has
been proposed that if coefficients of any scales are change
around five times before an occurrence of the faults, there are
faults occurring on transmission lines [4].

210" Positve sequence voags x 10° Positive sagquence cument

.l:n |J\/\/1 E—-—-—n”,ﬁ/\/i
o L
="°T 1 = i

|

|
(I L4
"Ll |
]

0 L 0 l
0 01 _|' Wn”_,;:.b;c:m. 1

Tima (sec)

!
|
|
|

ge

ScaivS Scaled Scalsd Scale2 Scals)
=
_ET

Fig 4 Wavelet transform from scale 1 to 5 for the positive sequence of
voltage and current signals shown in Fig 3.

Tabls 1 Results for faalt d ion from signals shown in Fig 4

Wavelet Voltages Currents Results
scale | Max (pre) | Max (post) | Max (pre) | Max (post)
1 2.155E405 | 6.8050E+08 |  0.0461 6.2426 Fault
1.63TE+05 | 1.4258E+09 | 0.0101 264708 | Fault |
2.959E+05 [ 2.0768E+09| 0.1120 78.6149 | Fault
1.852E+05 | 2.5557TE+09| 0.7007 | 143.1983 | Fault
9.013B+05|2.8526B+09| 3.4694 | 389.55%0 | Fault |

Ar O S L )

IV. PNN ALGORITHMS AND RESULTS

From the simulated signals, the cocfficients of scale 1
obtained using the wavelet transforms are used for training
and test processes of the PNN. Input data sets are normalized
and divided into 720 sets for training and 360 sets for tests.
Before the training process, PNN structure consists of 8
neurons input and 1 neurons output while the number of
neurons in radial basis layer are 720 neurons (due to that
number of neurons is always equal to the number of training
sets). Input pattemns for the training process are obtained from
maximum values of DWT at % cycle of phase A, B, C and
zero sequence for post-fault voltage and current waveforms.

272

Obtain maximum value from
DWT  (phase A, B, Cand
zero sequence for voltage and
current) in first scale t 1/4
cycle

5

Normalization

for i = 0.0001

random initial weight
and biases

i=i+0.0001

Fig 6. Process of training

Fig 6 shows an algorithm used in the training process
for the PNN. During the training, PNN begins with the
random initial weight and increasing spread in radial basis

0.8326

which to bias value (b= from
layer cormresponds ias value ( . )
0.0001 until 0.1, it is increased step at 0.0001 to computes
minimm MAPE as shown in Equation 4. This procedure is
repeated until the maximum number of spread is reached or
MAPE equally 0 then stop training. Results are shown in
Tables 3.
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MAPE=!-' i O/PANM _O‘/PTARGZH * 100% (4)
n = o/ Prarcen

where,
n = number of test set
Table 3 Results and MAPE

Spread ml’ M;P“I; of Tt:.i:i;id) time
0.0001 0 44.184 126
0.0002 0 26.832 82
0.0003 0 21.071 82
0.0004 0 14.661 77
0.0005 0.017 8.245 89
0.0006 0.052 1.182 78
0.0007 0.052 1.182 62

| 0.0008 0.052 0.701 62
0.0009 0.08 026 63
0.001 0.08 0.26 64
0.0011 0.08 0.26 65
0.0012 0.08 0.26 64
00013 | 008 026 62
0.0014 0.08 026 65

[ ooo1s | 01 0.26 [3]
0.0016 0.1 0.13 62
0.0017 0.1 0.13 64
0.0018 0.1 0.13 64
0.0019 0.1 0.13 64
0.002 0.1 0.13 64

From Table 3, it is noticed that the best MAPE of test sets
is 0.13% at spread values from 0.0016 to 0.002. After
training, PNN is tested by weight and bias that able to
compute MAPE with minimum crror, and stored to computes
with only input values, not target output and calculated close
to the correct target output.

After the training process, the algorithm was employed in
order to locate fault positions on a transmission system. Case
studies were varied so that the algorithm capability can be
verified. The system under consideration has been shown in
Fig.2. The fault location is defined at the distance between
10 % and 90% of the transmission length measured from the

MM3 end. Casc studics were performed with various types of
fault at each location on the transmission lines. The total
number of the case studies was 360. The results obtained
from the algorithm proposed in this paper are shown in Table
4. It can be seen that the accuracy from the PNN algorithm is
highly satisfactory. This is an improvement of the fault
location which is detected using the traveling wave technique
developed by Markming et al [4]

Table 4 Accuracy of fault location from the proposed algorithm

Fanlt location Testcases | Accuracy
(Distance measured from the MM ead)
10% 40 100%
20% 40 100%
30% 40 100%
40% 4 100%
50% 40 100%
60% 40 100%
70% 40 97.5%
80% 40 97.5%
90% 40 100%

V. CONCLUSIONS

In this paper, a technique using discrete wavelet
transform combined with probabilistic neural networks in
order to identify faujt [ocations on a single circuit
transmission lines has been proposed. The discrete wavelet
transform has been employed to decompose high frequency
components from fault signals. Coefficients of positive
sequence voltage and current signals are calculated. The
maximum values from the first scale at % cycle of phase A,
B, C and zero sequence of post-fault voltage and current
signals obtained by the wavelet transforms have been used as
an input for the training process of a neural network in a
decision algorithm. Probabilistic neural network (PNN) has
been selected in the decision algorithm. Various case studies
have been studied including the variation of fault inception
angles and fault types. It has been shown that the PNN is able
to give satisfactory results with less training time compared
with other types of neural networks, such as back
propagation. The results have illustrated that the proposed
algorithm can identify the fault locations on transmission
systems with the accuracy higher than 97.5%. The further
work will be the investigation of the appropriate neural
network for using in the classification of fault types. In
addition, effects of other transmission line configurations, for
instance loop circuits or double circuits, will be taken into
account for the development of the practical protection
system.

273

273



8]

2]

3]

[4]

[51
U]

(8]
®

VI REFERENCES
R. Aggarwal, * Wavelet transforms in power
1 Geperal introduction to the wavelet

N. S. D. Brito, B. A. Souza and F, A. C Pires, “Daubechics

wavelets in Quality of Electrical Power,” Proc. IEEE

Intemational Conference on Harmonics and Quality of Power,

October 1998, pp. 511-515

L. L. Lai, E. Vaseckar, H. Subasinghe and N. Rajkumar,

“Wavelet Transform and Neural Networks for Fault Location

of a Teed -network,” IEEE Conference on Power System

Technology, December 2000, pp.807 - 811

P Makming, S. Bunjongjit, A.Knnakom, §. Jiriwibhakom and

M. Kando *Fault diagnosis in tranamission lines using wavelet
forms’ IEEE Tr ission and Distribution Conference,

Yokohama, Japan, October 2002, pp. 2246-2250

D. Van Dommelen, Alternative Transient Program Rule Book,

Leuven EMTP Center, Belgium, 1991.

M. Misiti, Y. Misiti, G. Oppenheim and J. M. Poggi, Wavelet

Toolbox User's Guide, The Math Work, Inc., June 2001.

H. Demuth and M. Beals, Neural Network Toolbox User's

Guide, The Math Work, Inc., March 2001,

S. Haykin “Nearal networks: A Comprehensive Foundation”,

Prentice-Hall 1999

“Switching and Transmission Line Diagram”, Electricity

Geaeration Authorisation Thailand (EGAT)

VII BIOGRAPHIES

Athpoll\rgaophlk.hl puhlhudw:hB.EumdMEngmelwhmd

.

4

ring from King Mongkut's Institate of
Tadmology Ladikrabang, Bangkok, Thailand in
2002 and 2004 respactively. He is currently a PhD.
undidl!e at the dr.pumenz of clectrical

i King jnt’s  Instimte  of
Techmlngyladh-lhm;.l-lumw:hmmn
on tha applications of wavelet transform and neural
networks in power system analysis.

Anantawat Kunakorn graduated with B.Eng (Hons) in electrical

Sulee Bunjonglit is

engmeering from King Mongiut's Institute of
Technology Ladkrabang, Bangkok, Thailand in
1992. He received his M.Sc in clectrical power
insering from UMIST, Manchester, UK and
PhD. in clectrical engineering and electronics from
Heriot-Watt University, Scotland, UK. He is
currently an assistant professor at the department of
electrical engineering, King Mongimt's Institute of
Technology Ladkrabang, Bangkok, Thailand. He is
1 member of [EEE and [EE. His research interest is
clectromagnetic transients in power systems.

274

274



275

Discrimination between External Short Circuits and
Internal Faults in Transformer Windings using
Discrete Wavelet Transforms

A. Ngaopitakkul and A. Kunakorn

Department of Electrical Engineering,
Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang,
Bangkok 10520, Thailand

Abstract— In this paper, a technique for separation between
internal faults in a two-winding three-phase transformer and
external short circuits is presented. The fault detection algorithm
is constructed on the basis of coefficient comparison from signals
decomposed from Discrete Wavelet Transform. Computer
simulations are performed using ATP/EMTP as well as
MATLAB/Simulink. Various cases and fault types are studied to
verify the validity of the algorithm. It is found that the proposed
method gives a satisfactory accuracy, and will be particularly
useful in a development of a modern differential relay for a
transformer protection scheme.

Keywords- internal faults; external short circuits; transformer
windings; Discrete Wavelet Transform

[.  INTRODUCTION

Power transformers are important devices in an
electrical energy system for supplying electricity. In order to
obtain a high reliability level from an operation of the power
transformer, a precise protection scheme is required.
Generally, the transformers can be protected by overcurrent
relays, pressure relays and differential relays depending on
purposes [1]. For differential protection, the differential
current, which is generated by a comparison between the
primary current and the secondary current detected via current
transformers, is required. The differential protection is aimed
at detecting internal faults in transformer windings. In a
normal operation or in a fault condition due to the external
short circuits, the differential current is relatively small, and
the differential relay should not function [1]. However, there
are some factors that can cause a needless operation of the
differential protection. To avoid the malfunction, the
discrimination between internal faults, magnetizing inrush
current and external short circuit current is required [1,2,3].
Several transformer models and decision algorithms have been
proposed and discussed for such a task [4,5,6]. Recently, with
the advance of signal processing technologies, the
development of Wavelet transforms which is a mathematical
tool in an analysis of transient signals has been introduced [7].
The applications of the Wavelet transforms in power system
technologies have been adopted including the studies of
transformer fault diagnosis [8,9,10].
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This paper presents an application of Wavelet transform
and a decision algorithm in order to detect the internal faults at
the windings of a two-winding transformer, and the external
short circuit current due to faults at transmission lines or
cables connected with the transformer. The transformer model
with the stray capacitances is used so that internal fault signals
with high frequency components can be calculated. The
simulations and analysis are performed using ATP/EMTP and
MATLAB. 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 transformer
are investigated. The comparison of the coefficients is
investigated and used in the construction of the decision
algorithm

II. WAVELET TRANSFORM

Wavelet transform is a mathematical technique used in
signal analysis. A wavelet is a small-localized wave of a
particular shape and finite duration that has an average value
of zero. 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. The advantage of the transform is that the band of
analysis can be fine adjusted so that high frequency
components and low frequency components can be detected
precisely. Results from the wavelet transform are shown on
both the time domain and the frequency domain. The wavelet
transform, which has a change in the analysis scaled by the
factor of two, is called discrete wavelet transform (DWT) as in

(1).

DWT(m,n)=

1 n-k2™
(k| 1
\/2_"'}'; (k)‘V|: 2" :| W

where,

w[%] = mother wavelet

(In this paper, Daubechies 4 is selected as a mother wavelet).
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[II. TRANSFORMER WINDING MODELS

For a two-winding three-phase transformer, Bastard et al
[4] proposed a modification of the BCTRAN, which is a well-
known subroutine for a transformer model on ATP/EMTP, for
studying internal faults of the transformer. Normally, the
BCTRAN uses a matrix of inductances with a size of 6x6 to
represent a transformer, but with the internal faults the matrix
is adjusted to be a size of 7x7 for winding to ground faults and
of 8x8 for interturn faults [4]. In the research work of Bastard
et al [4], the model was prove to be validate and accurate due
to a comparison with measurement results. Recently, the
application of transient based protection using high frequency
components for locating faults on transmission lines has been
proposed [11,12]. Islam and Ledwich [5] described the
characteristics of high frequency responses of a transformer
due to various faults. It has been shown that the fault types and
fault positions have an effect of the frequency responses of the
transformer [5]. As a result, in this paper the combination of
the transformer models proposed by Bastard et al [1] as shown
in Fig. 1, with the high frequency model including
capacitances of the transformer recommended by IEEE
working group [13] as shown in Fig. 2, are used for all case
studies. From Fig. 1, for the phase winding of the transformer
with internal faults, the winding is divided into two parts in
the case of winding to ground faults, and three parts in the
case of interturn faults. In addition, the capacitances shown in
Fig. 2 are as follows:

Cy = stray capacitance between the high voltage winding and
ground

C), = stray capacitance between the low voltage winding and
ground

C,, = stray capacitance between the high voltage winding and
the low voltage winding.

ey .
_/)) (P_ " .
: ) (_ Phasea | ) ( phaseA
2 i L ")«
< 2 —e=< 2
1 )L
LY J 5
D C Phasen J (_ PhaseB
J )

3 -\) ( 477 7737;43 {" 4
S ¢
1 R E

=< - Phase C - - Phase C
D C ) (
5 ) ( 6 5 (6
Primary Secondary Primary  Secondary

Figure. 1. The modification on ATP/EMTP model for a two-winding
transformer with internal faults
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Figure. 2. A two-winding transformer with the effects of stray capacitances

IV. CASE STUDIES

A 50 MVA, 115/23 two-winding three-phase transformer
was employed in simulations with all parameters and
configuration provided by a manufacturer [14]. The system
under investigations is a part of Thailand electricity
transmission system as depicted in Fig. 3. It can be seen that
the transformer as a step down transformer is connected
between two subtransmission sections. The primary and
secondary current waveforms, them, can be simulated using
ATP/EMTP, and these waveforms are brought into MATLAB
for further investigations.

1
ECGAT! PEA

RE MK
115723 kv <—!—»
oT 20 MVA T o

LOAD

MATLAB

MATLAB

Figure. 3. The system used in simulations studies

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 faults were
30° and 210°.

- Two types for internal faults at the transformer windings,
winding to ground faults and interturn faults, were
investigated.

- For the winding to ground faults, the fault positions were
designated on any phases of the transformer windings at the
length of 10%, 20%, 30%, 40%, 50%, 60%,70%,80% and
90%.

- For the interturn faults, the position of point a on the
transformer winding, as shown in Fig. 1, was varied at the
length of 10%, 20%, 30%, 40%, 50%, 60%,70% and 80%.

- Fault resistance was 5 €.

For simulations of external faults occurring at the
transmission lines at both sides of the transformer, case studies
were varied as follows:

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

0-7803-9208-6/05/$20.00 © 2005 IEEE



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

- The fault locations on the transmission lines were at the
length of 10%, 20%, 30%, 40%, 50%, 60%,70%,80% and
90%.

- Fault resistance was 5 €.

V. SIMULATION RESULTS AND DECISION ALGORITHM

Fault signals are simulated using ATP/EMTP with various
conditions stated in the previous section. The fault signals
obtained from the simulations, then, are imported to
MATLAB. 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 Wavelet
transform. The coefficients of the signals obtained from the
Wavelet transform are squared for a more explicit comparison.
Fig.4, Fig. 5, Fig.6 and Fig. 7 illustrate examples of extraction
using Wavelet transform for the differential currents and zero
sequence current from scalel to scale 5.
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Figure. 6. Wavelet transform of differential currents for an interturn fault in a
transformer winding ( a quarter cycle after fault inception)
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Figure. 7. Wavelet transform of differential currents for an external fault( a
quarter cycle after fault inception)

After applying the Wavelet transform to the differential
currents, the comparison of the coefficients from each scale is
considered so that the fault classifications and fault locations
can be analysed. In case of internal faults and external faults
Wavelet transform is applied to the quarter cycle of current
waveforms after the fault inception. With several trial and
error processes, the decision algorithm on the basis of
computer programming technique is constructed. The decision
algorithm is divided into two parts, phase detection and fault
type classifications, concluded as follows:

For detecting the phase with a fault condition,

if (x?:‘rn) 25X ma\((0~—>t))
then X4 =
else
0-7803-9208-6/05/$20.00 © 2005 IEEE



Xk =
end
where,
Xaiﬁl) = coefficient from Wavelet transform for the
differential current detected from phase X at the time of t+t1
anifx(o_,,) = coefficient from Wavelet transform for the

differential current detected from phase X at the time from t
=0tot=t
X4~ comparison indicator for a change in coefficient

from Wavelet transform( A‘cﬂck R - P C4T ), used for

separation between normal conditions and faults
tl = 5 usec (depending on the sampling time used in
ATP/EMTP)

For detecting types of faults,

730 . . .
if[(5 < o) <10000 ) and (A G +B&K +CaK 22)]
max(pre)
then  if [(10<Ph4T <50)and (PhET <10)]
then  if[(AST >(0.7*Ph&T)))
then phase A fault at low voltage side
else if [(BET > (0.7*PhdT)))
then phase B fault at low voltage side
else if [(CET > (0.7*Phan))]
then phase C fault at low voltage side
end
else then
fault at transmission lines connected to the low
voltage side of the transformer
end
ga . . .
else if [(-'zi‘;—m"’- >10000)and (A ST 4+ BET 4 4T > 7))
Z max(pre)
then if [(5<PhYT <7)and (0.05<Ph&T <1)]

then if [((A%T >(0.7*PhdT)))

then  phase A fault at high voltage side
elseif [(BET >(0.7*PhET))]
then phase B fault at high voltage side
elseif [(CET >(0.7*Phan)))
then phase C fault at high voltage side
end :
else then
fault at transmission lines connected to the high
voltage side of the transformer
end

diff
chk
“Normal condition”

elseif (A4T +BAT +C
then
end

<2')
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where,
diff
X max(post)
diff
max(post)

diff
xcom =

diff
eru(post) =
transform of differential current for phase X at the time of '
cycles after detecting faults
Zdiff

max(post
transform of zero sequence current at the time of 4 cycles

after detecting faults
Z &l

max(pre) —
transform of zero sequence current at the time of Y cycles
before the inception of faults

maximum value of coefficient from Wavelet

)=maximum value of coefficient from Wavelet

maximum value of coefficient from Wavelet

Phﬁfx = maximum value of comparison indicators
(AST gd CUT ) used in detecting the phase with fault
appearance
PhT -  minimum value of comparison indicators
{A?;E\,Bﬁf;,,c‘c’ff:,) used in detecting the phase with fault
appearance

From the differential current of all three phases and zero
sequence current, coefficients from each scale of Wavelet
transform are considered and employed in the decision
algorithm, and it is found that the coefficients from scale 1 are
sufficient to indicate the difference between the internal faults
of transformer windings and external short circuits as
summarised in Tables 1,2 and 3. For locating the phase with
fault appearance, the coefficient from scalel of Wavelet
transform for differential current and zero sequence current
waveforms is used in the decision algorithm. The results are
shown as Tables 4,5 and 6

TABLE 1 RESULTS FOR WINDING TO GROUND FAULTS

Differential Current
Phase A Phase B Phase C |Zero sequence]
Wavelet
Results|
Scale
Max | Max | Max | Max | Max | Max | Max | Max
(pre) | (post)| (pre) | (post)| (pre) |(post)| (pre) | (post)
1 loooos| s2.2 Jo.0003 1.18 [0.0002] 119 Jo.oc01| 85 | Fault
Fault
2 |0.006]| 31.8 [0.0043] 6.44 [0.0014] 6.36 |0.0001] 103
3 |0.0225| 1327 [0.0155] 31 15 |0.0097}30.94]0.0001 | 171 2 | Fault
4 lo.0152]1257.1]0.0157| 50.96 [0.0027]80.53]0.0006| 740.1 | F2ult
s o38s3]5913.1]0.0598| 897 J0.0592| 8 93 [0.4095|1675.9 Fault
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TABLE 7 SUMMARY OF RESULTS FROM ALL SIMULATIONS

Fault Winding to Interturn External Normal
types ground faults faults faults condition
HV LV HV LV
side side side side
Number of
study cases 54 54 216 216 360 6
Detection
accuracy 100% 100% | 100% | 100% 98.89% 100%

Differential Current
'Wavele Phase A Phase B Phase C  |Zero sequence
Scale Results
Max | Max | Max | Max | Max | Max | Max | Max
(pre) | (post) | (pre) | (post) | (pre) | (posy) | (pre) | (post)
1 0.0003] 56.40 (0.0003]1.2952 [0.0002| 1.3008 |[0.0001f 9.10 Fault
2 0.006 | 34.00 [0.0043] 6.563 J0.0014]6.4811 [0.0001] 10.50 Fault
3 10.0225| 138.20 §0.0155|31.4075[0.0097] 31.352 0.0001} 175.50 | Fault
4 0.0152]1360.40}0.0157|85.1272J0.0027|84.559910.0006 784.40| Fault
5 0.41746911.5010.0611 9.3568 [0.0604] 9.3264 [0.4324{1977.20] Fault
TABLE 3 RESULTS FOR EXTERNAL FAULTS
Differential Current
Wavelet
Phase A Phase B Phase C___ |Zero sequence|
Scale Results
Max | Max | Max | Max | Max | Max | Max | Max
(pre) | (post)| (pre) | (post) | (pre) | (post) | (pre) | (post)
1 [0.0003] 5835 [0.0003] 3.3588 [0.0002] 3.3689 ]0.0001{1803.2| Fault
2 0.006 [20111]0.0043]18.2325]0.0014| 16.9528 |0.0001}6096.5| Fault
3 0.0225| 9293 [0.0155/83.1524/0.0097| 82.3744 |0.0001|2593.7] Fault
4 |0.0152| 580 |0.0157|98.9381/0.0027/100.1975/0.0006| 296.9 | Fault
5 11.61 ] 171 |0.0455{10.5343[0.0471 11.1006 |4.9082| 86.1 | Fault
TABLE 4 RESULTS OF LOCATING PHASE FOR WINDING TO GROUND FAULTS
Differential Current Results
Wavelet l
A com | B com | € com PR x| Pt win |0.7*Ph
Scale 1 6.1506[0.139110.14 1 16.1506}0.1391| 430542 | side | A

TABLE 5 RESULTS OF LOCATING PHASE FOR INTERTURN FAULTS

z g Results
Wavelet Differential Current
A Bsaw | Coi . 7* PR e |position|phase
i Y
Scale 1 |6.1857/0.1422/0.1428 433 side

TABLE 6 RESULTS OF LOCATING PHASE FOR EXTERNAL FAULTS

i Results
Wavelet Differential Current
PR i |0.7*Ph e asltiorj phase
Scale | 2.26513 lines A

Results illustrated from Tables 1 to 6 are obtained from
one case of each type of faults. When all conditions as stated
in the section IV are applied, the total number of case studies
is 108 for winding to ground faults, 532 for interturn faults,
360 for external faults and 6 for normal condition. The
accuracy of the proposed decision algorithm for all case
studies is shown in Table 7.
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VI. CONCLUSIONS

Studies on the discrimination between external short
circuits and internal faults in transformer winding have been
investigated. The Wavelet transform has been employed to
extract high frequency components superimposed on fault
signals simulated using ATP/EMTP. The coefficients obtained
from the Wavelet transform are used in constructing a decision
algorithm. Various cases have been investigated so that the
algorithm can be implemented. It is found that the proposed
method can indicate the external short circuits and internal
faults with satisfactory accuracy. It has been shown that the
proposed technique uses data of the differential current with a
time of a quarter cycles under the analysis, which is less than
that employed in a conventional protection scheme.This will
be useful for a precise operation of differential relays in
transformer protective systems.
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Internal Fault Classification in Transformer Windings using Combination
of Discrete Wavelet Transforms and Back-propagation Neural Networks

Atthapol Ngaopitakkul and Anantawat Kunakorn*

Abstract: This paper presents an algorithm based on a combination of Discrete Wavelet
Transforms and neural networks for detection and classification of internal faults in a two-
winding three-phase transformer. Fault conditions of the transformer are simulated using
ATP/EMTP in order to obtain current signals. The training process for the neural network and
fault diagnosis decision are implemented using toolboxes on MATLAB/Simulink. Various cases
and fault types based on Thailand electricity transmission and distribution systems are studied
to verify the validity of the algorithm. It is found that the proposed method gives a satisfactory
accuracy, and will be particularly useful in a development of a modern differential relay for a

transformer protection scheme.

Keywords: Discrete wavelet transforms, internal faults, neural network, transformer windings.

1. INTRODUCTION

Protective devices are an important part for
detecting fault conditions in a power system. The
appropriate protection scheme must be selected to
ensure the safety of power apparatus and reliability of
the system. Generally, power transformers can be
protected by overcurrent relays, pressure relays and
differential relays depending on purposes [1]. For
differential protection, the differential current, which
is generated by a comparison between the primary
current and the secondary current detected via current
transformers, is required. The differential protection is
aimed at detecting internal faults in transformer
windings. In a normal operation or in a fault condition
due to the external short circuits, the differential
current is relatively small, and the differential relay
should not function [1,2]. However, there are some
factors that can cause a needless operation of the
differential protection such as effects from
magnetizing inrush current. To avoid the malfunction
of the differential relay, the discrimination between
internal faults, magnetizing inrush current and
external short circuit current is required [1-3]. Several
transformer models and decision algorithms have been
proposed and discussed for such a task [4-6]. Recently,
with the advance of signal processing technologies
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Atthapol Ngaopitakkul and Anantawat Kunakorn are with
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and artificial intelligent tools, the development of
more sophisticated protection systems as well as fault
diagnosis for the power transformer has been
progressed with the applications of wavelet transform
(WT) and artificial neural networks (ANNs) [7-10].

This paper presents an application of Wavelet
transform and a decision algorithm based on back
propagation neural networks in order to detect the
internal faults at the windings of a two-winding
transformer. The transformer model with the stray
capacitances is used so that internal fault signals with
high frequency components can be calculated. The
simulations, analysis and diagnosis are performed
using ATP/EMTP and MATLAB. 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
transformer 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.

2. WAVELET TRANSFORMS

Normally, the traditional method of signal analysis
is based on Fourier transforms. Fourier transform is a
process of multiplying a signal by a sinusoid in order
to determine frequency contents of a signal. The
output of the Fourier transform is sinusoids of
different frequencies. It is found that Fourier
transform is not appropriate to analyse faults in a
power system with transient based protection methods,
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because in such a system the desirable information
may be located in both the frequency domain and the
time domain. Due to the limits of Fourier transforms
in applications with transient signals, Wavelet
transforms has been proposed as an alternative tool in
signal analysis. A wavelet is a small-localized wave of
a particular shape and finite duration that has an
average value of zero. 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 [11,
12]. 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
term 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 [9]. The
wavelet transform, which has a change in the analysis
scaled by the factor of two, is called discrete wavelet
transform (DWT) as in (1).

DWT(m,n)=\/—%;-;f(k)w[f;kTﬂ}, (1)

m
where w[f—%}= mother wavelet (in this paper,
2
Daubechies 4 is selected as a mother wavelet.)

3. TRANSFORMER WINDING MODELS

For a computer model of a two-winding three-phase
transformer having primary and secondary windings
in each phase, BCTRAN is a well-known subroutine
on ATP/EMTP. To study internal faults of the
transformer, Bastard et al 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 [4]. In the research work of Bastard et al [4], the
model was proved to be validate and accurate due to a
comparison with measurement results. However, the
effects of high frequency components which may
occur during the faults are not included in such a
model. Islam and Ledwich [5] described the
characteristics of high frequency responses of a
transformer due to various faults. It has been shown
that the fault types and fault locations have an
influence on the frequency responses of the
transformer [5]. In addition, it has been proved that
transient based protections using high frequency
components in fault currents can be applicable in

locating and classifying faults on transmission lines
[13,14]. It is, therefore, useful to investigate the high
frequency components superimposed on the fault
current signals for a development of a transient based
protection for a transformer. As a result, in this paper
the combination of the transformer models proposed
by Bastard et al [4] as shown in Fig. 1, with the high
frequency model including capacitances of the
transformer recommended by IEEE working group
[15] as shown in Fig. 2, are used for simulations of
internal faults at the transformer windings.

From Fig. 1, for the phase winding of the
transformer with internal faults, the winding is
divided into two parts in the case of winding to
ground faults, and three parts in the case of interturn
faults.

The capacitances shown in Fig. 2 are as follows:

Cpg = stray capacitance between the high voltage
winding and ground

C), = stray capacitance between the low voltage
winding and ground

Cn = stray capacitance between the high voltage
winding and the low voltage winding.

a a
! b Phase A b Phase A
2 T 2

Phase B Phase B
3 4 3 4
Phase C Phase C
5 6 5 6
Primary Secondary Primary Secondary

Fig. 1. The modification on ATP/EMTP model for a
three-phase transformer with internal faults[4].

Ciq Cy

1

115/23 kV Secondary
50 MVA

Primary

Fig. 2. A two-winding transformer with the effects of
stray capacitances[15].
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4. CASE STUDIES AND FAULT DETECTION
ALGORITHMS

A 50 MVA, 115/23 kV two-winding three-phase
transformer was employed in simulations with all
parameters and configuration provided by a
manufacturer [16]. The scheme under investigations is
a part of Thailand electricity transmission and
distribution system as depicted in Fig. 3. It can be
seen that the transformer as a step down transformer is
connected between two subtransmission sections. The
primary and secondary current waveforms, then, can
be simulated using ATP/EMTP, and these waveforms
are imported into MATLAB/Simulink for a
construction of fault diagnosis process.

To implement the transformer model and cover all
regions of operating conditions training and testing
data were simulated with various changes in system
parameters as follows:

- The angles on phase A voltage waveform for the
instants of fault inception were 30° and 210°.

- Two types for internal faults at the transformer
windings (both primary and secondary) which are
winding to ground faults and interturn faults, were
investigated.

- For the winding to ground faults, the fault locations
were 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.

- For the interturn faults, the position of point a on the
transformer winding, as shown in Fig. 1, was 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. 1, was varied at
the length of 10%, 20%, 30%, 40%, 50%, 60%, 70%
and 80% measured from the line end of the windings.
- Fault resistance was 5 €.

With fault signals obtained from the simulations,
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 Wavelet transform. The
coefficients of the signals obtained from the Wavelet
transform are squared for a more explicit comparison.
Fig. 4 illustrates an example of an extraction using
Wavelet transform for the differential currents and
zero sequence current from scalel to scale 5 for a case
of phase A to ground fault at 40% in length of the high
voltage winding.

After applying the Wavelet transform to the
differential currents, the comparison of the
coefficients from each scale is considered so that the
fault classifications can be analysed. In case of
internal faults and external faults Wavelet transform is

EGAT | PEA
HSBKY ! —>
|cr SAMYA CT

| |

primary tide current fecondary tide cucrent

oL

Fig. 3. The system used in simulations studies.

Phase A Phasa B Phasa C Zarm sequance
10000 20 20
-1 20 20
~ 100 2 2 10
g &0 1 I 1 l 5
o l— 0 0 0
- & 10 10 20
I T I T < A
0 (] )] 0
m 200 @ aQ 200
a 100 | 20 l 20 l 100
0 0 0 0
< 2000 100 100 000
g 1000 I &0 l 0 l 00 ‘
0 0 0 0
» 10000 10 10
I N |
0 0 0 0
D 006 01 O D005 01 O D005 01 0O 005 Of
Time (sec)

Fig. 4. Wavelet transform of differential currents
(Turn to ground fault at 40% in length of the
high voltage winding).

applied to the quarter cycle of current waveforms after
the fault inception. With several trial and error
processes, the decision algorithm on the basis of
computer programming technique is constructed. The
most appropriate algorithm for the decision with all
results from the case studies of the system under the
investigations can be concluded as follows[17]:

For detecting the phase with a fault condition,
for td = 0.000005 : 0.000005 : 0.1

- di ifr
if X ('gm) 25 Xdrlnax(l)—-rtd))

then X g’g =1
else
diff _
Xchk -
end
end

where

tl = 5 psec (depending on the sampling time
used in ATP/EMTP),

X@r,, = coefficient from Wavelet transform for the
differential current detected from phase X
at the time of td+t1,

XE oy = coefficient from Wavelet transform for the
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differential current detected from phase X
at the time fromt =0 to t = td,

X% = comparison indicator for a change in
coefficient  from  Wavelet

" y i :
(A, By, ,CoPL ), used for separation

transform

between normal conditions and faults.

By performing many simulations, it has been found
that when applying the previously detailed algorithm
for detecting internal faults at the transformer winding,
the coefficient in scale 1 from DWT seems enough to
indicate the internal fault inception of the transformer.
As a result, it is unnecessary to use other coefficients
from higher scales in this algorithm, and the
coefficients in scale 1 from DWT are used in training
processes for the neural networks later.

5. NEURAL NETWORK DECISION
ALGORITHM AND SIMULATION RESULTS

Artificial neural networks are an attempt to
simulate the human brain’s non-linear and parallel
processing capabilities. Although there are many types
of neural networks, only a few of neuron-based
structures are being used commercially. One particular
structure, a back-propagation neural network, is the
most popular tool for applications such as pattern
recognition fault classification etc. A structure of a
back propagation neural network consists of three
layers which are an input layer, at least one hidden
layer and an output layer. Each layer is connected with
weights and bias. In this paper, a three-layer back
propagation neural network with one input layer, two
hidden layers and one output layer is employed as
shown in Fig. 5.

Hyperbolic tangent sigmoid functions are used as
an activation function in all hidden layers while linear
function is used as an activation function in output
layers. In addition, there are many adjustment weight
and bias in the neural network toolbox such as quasi-

Input Layer  1* Hidden Layer

n a'
|

Newton algorithm, Levenberg-Maquardt algorithm,
Resilient Backpropagation, Conjugate Gradient
algorithm etc. Each method has difference efficiency
and training time. A comparison of the various
training algorithms has been mentioned, and it is
shown that Levenberg-Marquardt algorithm has the
fastest convergence [18]. As a result, Levenberg-
Marquardt algorithm is selected as adjustment weight
and bias in this paper.A training process for the back
propagation neural network can be divided into three
parts as follows [18]:

1) The feedforward input pattern, which has a
propagation of data from the input layer to the hidden
layer and finally to the output layer for calculating
responses from input patterns illustrated in (2) and (3).

a? = 21w 1 it * p 48! J+62), @)
o/ pANN = fE'(*’Wl2 *a’ +.53), (3)
where
p = input vector of ANNs,
iw"' = weights between input and the first hidden
layer,

Iw?' = weights between the first and the second
hidden layers,
= weights between the second hidden layer and
output layers,
b', b*> = bias in the first and the second hidden layers
respectively,
b’ = bias in output layers,
f', £ = activation function(Hyperbolic tangent sigmoid
function : tanh),
f = activation function(Linear function).

3
Iw*?

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 to an adjustment of weights
and bias.

Output Layer

2" Hidden Layer

Fig. 5. Back propagation with two hidden layers [18].
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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 determination of
the back-propagation neural networks is computed in

4).

2lo/ n — ol
MAPE:l' Z|0 P ANNi — @/ PTARGET: | *100%, (4)
noia o/ prarceti

where n = number of test sets.

A training process was performed using neural
network toolboxes in MATLAB [18]. A structure of
the back propagation neural network consists of 4
neuron inputs and 8 neuron outputs. The inputs are the
maximum coefficients of the differential currents and
zero sequence current as mentioned in the previous
section. In this paper, there are 360 sets for training.
The output variables of the neural networks are
designated as either 0 or | with various types of faults
as shown in Table 1.

Before starting the training process, a number of
neurons in each hidden layer have to be fixed
according to various factors such as: number of input

Table 1. Output patterns from neural networks for
various fault types.

Classifications of Fault |A1{B1|C1|G1|A2(B2|C2|G2
Winding to(lg_;'gl;ﬂd phase Al 1o lol1lololo]o
Windingm(ifsl)md phase Al o 1o lofo]1]of0]1

lntcrtu(l'}t'll\I;i'aSCA 1lofjolo|ofofo]oO
Intertu(r&;))haseA olololol1]lolo]lo
Windingto(%r‘?/t)md phase Bl o | 1 1o 1]0]0o]o0
Windingto(%:'\c‘:u(;x"dphaseB ofojojojof1|o]l
Intertu(r;ll\;;;naseB o|1|{0f0|0Of0|0OfO
lntertu(r[r:\%haseB olojo|ojof1|0|0O
Windingto(ﬁ'(\);;nd phaseCl o f ol 1 111ololo]o
Windingto(ir\t;t;"d phaseCl o 1o10]0]0]o|1]1
'me”“(fljl‘g)h"sec olo|1]o]o]o]o]o
Intertu(r&?)hasec olololololol1]o

and output neurons, number of training cases and the
type of activation function in hidden layer etc. The
initial number of neurons for the first hidden layer can
be calculated as shown in (5).

2
z=5(r+q), (5)

where

z = Initial number of neurons in the first hidden layer,
r = Number of neurons input,

q = Number of neurons output.

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

z_st=z+z1, (6)

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

5 2<z<6

4 7<z<10
zl= 1

3 11£z<13

2 145z

During the training process, the weight and biases
were adjusted, and there were 20,000 iterations in
order to compute the best value of MAPE. The
number of neurons in both hidden layers was
increased before repeating the cycle of the training
process. The training procedure was stopped when
reaching the final number of neurons for the first
hidden layer or the MAPE of test sets was less than
0.5%. The training process can be summarized as a
flowchart shown in Fig. 6 while various results from
the training process can be shown in Table 2 with the
initial number of neurons for the first hidden layer
obtained from (5).

Table 2. Results from the training process (Performed
on a PC with Pentium IV 2.4GHz CPU, with

512 MB RAM).

Number of Time used in
neurons in the | MAPE of Test trainiin eoce 2
first hidden set (%) § proces
I (minute)

ayer
8 0.55556961 100.59
9 0.5555649 141.28
10 0.59023954 178.32
11 0.5678628 221.12
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Fig. 6. Flowchart for the training process.

The decision algorithm based on the neural network,
then, is tested with 180 case studies. The internal fault
conditions in the windings of the transformer are
simulated on ATP/EMTP. In order to explain the
verification of the neural network algorithm, the
simulation results shown in Fig. 4 are used as an
example. For this case, when applying the decision
algorithm for a prediction, the output obtained from
neural network is as shown in Table 3.

Table 3. Outputs from the neural network for the
simulation case shown in Fig. 4.

Al | Bl | Cl | Gl | A2 | B2 | C2 | G2
1 0 0 ! 0 0 0 0

Table 4. Accuracy of fault classification from the
proposed algorithm.

Types of faults 2;‘;“53;&2 Accuracy
e b ootageside | 18| 100%
e b oagesde | 18| 100%
at th:nl:?;u:rs)lgég side 72 98.61%
at th:anltg\r:u :Eitleglgside 72 100%

From Table 3, it can be seen that the index value at
Al is | and that at G1 is also 1 while others are 0.
This means that there is an internal fault occurring at
the high voltage side, and the internal fault is
classified as a winding to ground fault, which is
correlative to the condition of the transformer used in
simulations of Fig. 4.

In addition, 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 neural
network is illustrated in Table 4.

6. CONCLUSIONS

A technique using discrete wavelet transform in
combination with back propagation neural networks
in order to classify internal fault types of a three-phase
transformer has been proposed. The maximum values
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 wavelet transform
have been used as an input for the training process of
a neural network in a decision algorithm with a use of
the back propagation neural networks. Various case
studies have been studied including the variation of
fault inception angles, fault types and fault locations.
The results have illustrated that the proposed
algorithm is able to predict the internal faults at
windings of a transformer with an accuracy of higher
than 98%. This technique should be useful in the
differential protection scheme for the transformer. The
further work will be the improvement of the algorithm
so that fault locations on the windings of the
transformer can be identified.
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Detecting Winding to Ground Fault
Locations in Power Transformers Using
Back-propagation Neural Networks

A. Ngaopitakkul and A. Kunakorn

Abstract-- This paper presents an algorithm based
on a combination of Discrete Wavelet Transforms and
neural networks for detecting locations of winding to
ground faults in a two-winding three-phase
transformer. The fault conditions of the transformer are
simulated using ATP/EMTP in order to obtain fault
current signals used as an input for a training process of
a back-propagation neural network. The training
process and fault diagnosis decision algorithm are
implemented using toolboxes on MATLAB/Simulink.
Various cases studies based on Thailand electricity
transmission and distribution systems are performed to
verify the validity of the algorithm. It is found that the
proposed method gives a satisfactory accuracy, and will
be particularly useful in a fault diagnosis process for a
transformer manufacturer.

Index Terms— Internal faults, Transformer windings,
Discrete Wavelet Transforms.

1. INTRODUCTION

In a protection scheme for power transformers,
overcurrent relays or pressure relays or differential

relays are employed depending on purposes [1].
When faults occur at the power transformer, the
detection of fault is very necessary in order that the
protection devices can function precisely so that the
power transformer can be prevented from damage due
to such a fault. In case of internal faults, it is also
important to seek out fault locations in transformer
windings at the power transformer for accurate
maintenance processes. Conventional methods for the
fault diagnosis of the power transformers employed in
most electricity generating utilities, are Dissolved Gas
Analysis (DGA) method and winding impedance
measurements. During the course of recent years, the
development of the fault diagnosis for the power
transformers has been progressed with the applications
of signal processing techniques and artificial neural
networks. However, the research works have mainly
considered in the separation between magnetizing
inrush current and internal faults as well as fault

A. Ngaopitakkul and A. Kunakorn are with Department of
Electrical Engineering, Faculty of Engineering, King Mongkut’s
Institute of Technology Ladkrabang, Bangkok 10520, Thailand.
(e-mail: kkananta@kmitl.ac.th).

classifications[2-6]. It should be very useful if the fault
positions along transformer windings can be detected.

This paper presents an application of Wavelet
transform and a decision algorithm based on back
propagation neural networks in order to locate the
fault positions along the transformer windings due to
turn to ground faults of a two-winding transformer.
The transformer model with the stray capacitances is
used so that internal fault signals with high frequency
components can be obtained. The simulations, analysis
and diagnosis are performed using ATP/EMTP and
MATLAB/Simulink. 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. SIMULATIONS OF WINDING TO GROUND FAULTS IN
POWER TRANSFORMERS

A. Transformer Winding models

For a computer model of a two-winding three-
phase transformer having primary and secondary
windings in each phase, BCTRAN is a well-known
subroutine on ATP/EMTP. To study internal faults of
the transformer, Bastard et al [7] 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

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 [7] as
depicted in Fig. 1, with the high frequency model
including  capacitances  of  the  transformer
recommended by IEEE working group [8] are used for
simulations of internal faults at the transformer
windings as depicted in Fig. 2.
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Fig. 1. The modification on ATP/EMTP model for a three-phase
transformer with internal faults.
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Fig. 2. A two-winding transformer with the effects of stray
capacitances
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The capacitances shown in Fig. 2 are as follows:

Cyy = stray capacitance between the high voltage
winding and ground

Cj, = stray capacitance between the low voltage
winding and ground

Cy = stray capacitance between the high voltage

winding and the low voltage winding.

The process for simulating winding to ground faults
based on the BCTRAN routine of EMTP, can be
summarized as follows:

1" step: Compute matrices (Rjand (Ljof the power
transformer from manufacture test data [9] without
considering the winding to ground faults[7]

Ry - 0]
[R]=| : - 0
0 . R6_
Ly Ly Lig |
L] Ly Ly Lye @
Ly L2 -+ Lg |
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2" step: Modify Equations 1 and 2 to obtain the new

internal winding fault matrices M‘ and [L]. as
illustrated in Equations 3-4 [7].

(R, 0 0 0 0 0 0]
O R 0 0 0 0 0
0O 0 R 0 0 0 0
[RI'=|o o o R 0 0 0 3)
0 0 0 0 R 0 0
0 0 0 0 0 R 0
(0 0 0 0 0 0 R
(L, My Ma May Moy Mes M)
My, Ly My My My My My
“wzu l“/le' [’2 "1'{23 M24 A{ZS MI& (4)
(L] =[ M3y M3y My Ly My My My
My, My My Mg Ly My My
Ms, Mgy Ms; Mgy Msy Ls  Msg
| Mga Mgy Mgy Mg Mgy Mg Lg |

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.

B. Winding to Ground Fault Simulations

A 50 MVA, 115/23 kV two-winding three-phase
transformer was employed in simulations with all
parameters and configuration provided by a
manufacturer [9]. The scheme under investigations is a
part of Thailand electricity transmission and
distribution system as depicted in Fig. 3. 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 0°-330° (each step is
30°).

- 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 varied at the length of 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80% and 90% measured
from the line end of the windings.

- Fault resistance was 5 Q.
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Fig. 3. The system used in simulations studies.

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
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
Wavelet transform. The coefficients of the signals
obtained from the Wavelet transform are squared for a
more explicit comparison. Fig. 4. illustrates an
example of an extraction using Wavelet transform for
the differential currents and zero sequence current
from scalel to scale 5 for a case of phase A to ground
fault at 10% in length of the high voltage winding.

« 10° Phase A Phase B Phase C Zero sequence
1 ) 50
0 opy AN 0 D'—MN
-1 -50 50
- 5 15 a0
} = | l | =L
(73]
0 0 ] 0 0
o 40 2 0
3w ] z 10 l P I
0 0 0 0
P 150 150
] 100 100 500
3 o | = | l
0 0 0 0
< 5000 Im 10
2 0 20
3 1m 10
0 0 0 0
w 20000 0 ©
-
2 | = | |
0 0 0 0
b 006 01 0 005 01 D 005 01 0 005 01

Time (sec)
Fig. 4. Wavelet transform of differential currents
(Winding to ground fault at 10% in length of the high voltage
winding)

After applying the Wavelet transform to the
differential currents, the comparison of the coefficients
from each scale is considered. Wavelet transform is
applied to the quarter cycle of current waveforms after
the fault inception. With several trial and error
processes, the decision algorithm on the basis of
computer programming technique is constructed. By
performing many simulations [10], it has been found
that the coefficient in scale 1 from DWT seems
enough to indicate the internal fault inception of the
transformer. As a result, it is unnecessary to use other
coefficients from higher scales in this algorithm, and
the coefficients in scale 1 from DWT are used in
training processes for the neural networks later.
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[11. BACK PROPAGATION NEURAL NETWORKS

A structure of a back propagation neural network
consists of three layers which are an input layer, at
least one hidden layer and an output layer. Each layer
is fully connected with weights and bias. In this paper,
a three-layer back propagation neural network with
one input layer, two hidden layers and one output layer
is employed as shown in Fig.5. Tan-sigmoid is
activation function or transfer function for hidden
layer 1-2 and linear is used as activation function for
output layer.

Output Layer

2nd Hidden Layer
~

Input Layer 1st Hidden Layer

Fig 5. Back propagation with two hidden layers .

A training process for the back propagation neural
network can be divided into three parts as follows [11-
12]:

1 The feedforward input pattern, which has a
propagation of data from the input layer to each
neurons in the next upper layer until the output layer is
reached in order to calculated responses (output) of
neural networks as illustrated in Equations 5-6. This
process are collectively known as the forward pass
since information is flowing forward.

22 =f2(lw2'l ,fl(iwl,l,.p+bl)+bz) )

o/ p Ny =f3Qw3"2"'a2 +b3) (6)
where,

p = input vector of ANNs

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
output layers

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

b’ = bias in output layers

f', = activation function in the first and the second
hidden layers respectively

£ = activation function in the output layers

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 to an adjustment of weights and bias.



This process are collectively known as the backward
pass.

3 The adjustment of the weights and bias by
Levenberg-Marquardt (trainlm) [11-12]. This process
is aimed at trying to match between the calculated
outputs and the target outputs. The adjustment to the
weight and bias is based on error between output of
back-propagation neural network and target output and
modified by the derivative of the activation function.
Mean absolute percentage error (MAPE) as an index
for efficiency determination of the back-propagation
neural networks is computed as in Equation 7.

MAPE = L i'o ! P anNi —© ! PTARGET: l, 100% (7)
= ‘ o | prarGeT

where, n = number of test sets

IV. RESULTS

A training process was performed using neural
network toolboxes in MATLAB [12]. Before the
training process, a structure of the back propagation
neural network consists of 4 neuron inputs and 1
neuron outputs. The inputs pattern 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 mentioned in the previous
section. The output variables of the neural networks
are designated as values range 0.1 to 0.9 which
corresponding to length of the winding that fault
occurs,

Input data sets are normalized and divided into 216
sets for training and 108 sets for tests. During the
training process, the weight and biases were adjusted,
and there were 20,000 iterations in order to compute
the best value of MAPE. The number of neurons in
both hidden layers was increased before repeating the
cycle of the training process. The training procedure
was stopped when reaching the final number of
neurons for the first hidden layer or the MAPE of test
sets was less than 0.5%. The results from the training
process can be summarized in Table 1.
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TABLE 1. RESULTS FROM THE TRAINING PROCESS IN CASEOF

WINDING TO GROUND FAULT.
Number of | High Voltage Winding | Low Voltage Winding
o the fist | MAPEof |10 B5ed | 1 pe o [Tine used
hidden | Testset N traing | rogyser | training
layer | (%) f:ﬁf:) %) Eﬁﬁ:‘:}
2 7.92 207 493 23
3 1.14 34 437 232
- 0.87 4.01 391 334
5 0.77 437 3.05 4.18
6 0.7 536 2.87 524
7 0.73 7.19 297 6.23
8 0.7 8.37 177 74
9 0.74 11.09 31 10.33
10 0.76 13.31 3.07 12.46
11 0.64 16.51 291 16.46

After the training process, the algorithm was
employed in order to locate fault positions in the
winding transformer. Case studies were varied so that
the algorithm capability can be verified. Case studies
were performed with various types of fault at each
position in the transformer. The total number of the
case studies was 216. The comparison of the average
error from the results due to the algorithm proposed in
this paper is shown in Fig.6 as well as Table 2. From
Tables 3-6, it is shown that when the case studies are
tested with various fault inception angles and different
fault positions on both high voltage and low voltage
windings of the three-phase transformer, the accuracy
of fault locations from the prediction of the algorithm
is highly satisfactory.

Fauh Position (Low Voltage winding)
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Fig. 6. Comparison average error of fault position at various length of the winding among phase that failt occur.



TABLE 2. THE RESULTS FROM TEST PROCESS. (NUMBER OF CASE
STUDIES HAVE 108 CASE BOTH HIGH VOLTAGE WINDING AND

LOW VOLTAGE WINDING)
Maximum |[Minimum|| Average
error error error

High voltage winding] 0.0322 | 0.0001 | 0.0089

Low voltage winding| 0.0621 | 0.0001 | 0.0211

TABLE 3. RESULTS OF PHASE A TO GROUND FAULT AT HIGH
VOLTAGE WINDING WHEN VARIOUS INCEPTION ANGLE (FAULT
POSITION AT 10% OF LENGTH OF THE WINDING).

Fault |Inception R?i}l High voltage winding
Type sinille position
yp (%) Output | Error |
90 0.1 0.1125 | 0.0125
tg';iiﬁd 150 | 0.1 | 0.1243 | 0.0243
fault 240 0.1 0.1121 0.0121
300 0.1 0.1169 | 0.0169

TABLE 4. RESULTS OF PHASE A TO GROUND FAULT AT HIGH
VOLTAGE WINDING WHEN VARIOUS LENGTH OF THE WINDING
(INCEPTION ANGLE 15 240°).

Fault |Inception Real [ High voltage winding
Type angle position
(%) Output | | Error|
e |22 | 02 | 02005 ] 0.0005
hase A a0 | 04 | 04054 | 0.0054
gult 240 0.6 0.6042 | 0.0042
240 | 08 | 08025 | 0.0025

TABLE 5. RESULTS OF PHASE A TO GROUND FAULT ATLOW
VOLTAGE WINDING WHEN VARIOUS INCEPTION ANGLE (FAULT
POSITION AT 10% OF LENGTH OF THE WINDING).

Fault |Inception Real | Low voltage winding
el position
P (%) Output | Error |
60 0.1 0.0886 0.0114
tzhg‘:f AT120 | o1 | 0436 [ 0036
fault 210 0.1 0.1386 0.0386
330 0.1 0.0568 0.0432

TABLE 6. RESULTS OF PHASE A TO GROUND FAULT AT LOW
VOLTAGE WINDING WHEN VARIOUS LENGTH OF THE WINDING
(INCEPTION ANGLE 15210°).

Fault |Inception Real | Low voltage winding
Type aids position
(%) Output | Error |
210 0.2 0.1943 | 0.0057
tg h;ffu‘:d 210 | 04 | 04265 | 0.0265
fault 210 0.6 0.5871 0.0129
210 0.8 0.7968 0.0032

V. CONCLUSIONS
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In this paper, a technique using discrete wavelet
transform in combination with back propagation
neural networks in order to locate winding to
ground fault positions of a three-phase transformer
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 wavelet transform
have been used as an input for the training process
of a neural network in a decision algorithm with a
use of the back propagation neural networks. Many
case studies have been studied including the
variation of fault inception angles and fault
locations. The results have illustrated that the
proposed algorithm is able to identify locate
position of the internal faults of a transformer with
an average error of 2.11% as presented in Table 2.
This technique should be useful in checking and
repairing the transformer when winding to ground
faults occur. The further work will be the
improvement of the algorithm so that positions of
interturn fault along the windings of the transformer
can be identified.
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Transformer Differential Protection Schemes
with Internal Faults Detection Algorithms
Using Neural Networks

A. Ngaopitakkul and A. Kunakorn
Department of Electrical Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand

Abstract— The major function of protective devices is to
detect the occurrence of faults and to isolate the faulted
sections from the rest of the power system. The differential
protection is aimed at detecting internal faults in
transformer windings. This paper presents an algorithm
based on a combination of Discrete Wavelet Transforms
and neural networks for detection and classification of
internal faults in a two-winding three-phase transformer.
Fault conditions of the transformer are simulated using
ATP/EMTP in order to obtain current signals. The training
process for the neural network and fault diagnosis decision
are implemented using toolboxes on MATLAB/Simulink.
Various cases and fault types based on Thailand electricity
transmission and distribution systems are studied to verify
the validity of the algorithm. It is found that the proposed
method gives a satisfactory accuracy, and will be
particularly useful in a development of a modern
differential relay for a transformer protection scheme.

Index Terms— Discrete Wavelet Transforms, Internal
faults, Neural networks, Transformer windings,

I. INTRODUCTION

Occurrence of faults in a power system, can cause
damage to the electrical power equipment which leads to
an interruption of an electrical power system. In the fault
detecting process, a protective relay is an important
device for activating the operation of circuit breakers for
isolating the faulted components from the rest of the
power system. Differential relays are one of the common-
used protective devices for a power transformer. The
principle of the differential protection scheme for the
power transformer can be described with Fig.l. The
levels of currents on the primary and secondary sides of
the power transformer are reduced by current
transformers. The output of the current transformers is
compared. The operating coil of the differential relay is
connected to the secondary windings of the two current
transformers in such a way that the net current is equal to
the difference between the secondary currents obtained
from the current transformer located at the two sides of
the power transformer. The net current flowing through
the operating coil of differential relay should be zero for
normal operations and external faults. However, if there
is a fault occurring in the protection zone, the balance of
the outputs from the two current transformers is changed,
and this causes a current to flow in the relay’s operating
coil as shown in Fig.1[1,2].

Power translomws
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Fig.1. Basic differential protection scheme for (a) normal condition
and (b) internal fault conditions of a power transformer.

There are many factors that can lead to the malfunction
of the differential relays such as the saturation of the
current transformers or the large inrush current due to
switching on the power transformer. In order to prevent
false tripping in these cases, the precise discrimination
between internal faults, magnetizing inrush current and
external short circuit current is required. Several
transformer models and decision algorithms have been
proposed and discussed for such a task [2,3,4,5]. In case
of internal faults, it is also important to identify fault
locations in transformer windings at the power
transformer for accurate maintenance processes.
Conventional methods for the fault diagnosis of the
power transformers employed in most electricity
generating utilities, are Dissolved Gas Analysis (DGA)
method, Frequency Response Analysis (FRA) and
winding impedance measurements. With the application
of signal processing technologies and artificial intelligent
tools, some decision algorithms employed in the
transformer differential protection scheme, based on the
use of neural networks and Wavelet Transforms have



been developed as an alternative or improvement to the
existing protective relaying functions in order to detect
the internal faults at the transformer windings
[2,3,6,7,8,9]. This paper presents a novel differential
protection scheme for a power transformer with an
application of Wavelet transform and a decision
algorithm based on back propagation neural networks in
order to detect and classify the internal faults at the
windings of a two-winding transformer. The schematic
diagram is shown as Fig.2.
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Fig. 2. A schematic diagram of the proposed differential protection
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In the simulation studies, the transformer model with
the stray capacitances is used so that internal fault signals
with high frequency components can be calculated. The
simulations, analysis and diagnosis are performed using
ATP/EMTP and MATLAB. 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 transformer 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.

I1. SIMULATIONS OF INTERNAL FAULTS IN POWER
TRANSFORMERS

A 50 MVA, 115/23 kV two-winding three-phase
transformer as a step down transformer connected
between two subtransmission systems 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. 3.
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primary tide current (econdary side cucrent

LOAD

Fig. 3. The system used in simulations studies.
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For a computer model of a two-winding three-phase
transformer having primary and secondary windings in
each phase, BCTRAN is a well-known subroutine on
ATP/EMTP. To study internal faults of the transformer,
Bastard et al [4] proposed the modification of the
BCTRAN subroutine. However, the effects of high
frequency components which may occur during the faults
are not included in such a model. Studies of the internal
faults in at the transformer winding with the high
frequency model including capacitances of the
transformer have been performed [9]. In this paper such a
model of the transformer is used in all case studies.

| |LCu

M

oL
T

115/23 kV Secondary
50 MVA

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

T~
-

Primary

The capacitances shown in Fig. 4 are as follows:
Chg = stray capacitance between the high voltage winding
and ground
C,, = stray capacitance between the low voltage winding
and ground
Cy, = stray capacitance between the high voltage winding
and the low voltage winding.

A. Winding to Ground Fault Simulations

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 0°-330° (each step is 30°).
- For the winding to ground faults, the fault positions as
shown in Fig. 5, were 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.

I - Phase A
b g %
2

Phase B
3 4
Phase C
5 6
Primary Secondary

Fig. 5. The modification on ATP/EMTP model for a three-phase
transformer with winding to ground faults[4].
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Fig. 6. Primary and secondary currents for a case of phase A to ground
fault at 10% in length of the high voltage winding.

With fault signals obtained from the simulations
shown as an example in Fig.6, 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 Wavelet transform. The
coefficients of the signals obtained from the Wavelet
transform are squared for a more explicit comparison.
Fig. 7. illustrates an example of an extraction using
Wavelet transform for the differential currents and zero
sequence current from scalel to scale 5 for a case of
phase A to ground fault at 10% in length of the high
voltage winding.

Phase B Phase C

«10° Phase A Zero sequence

1 50 50

-1 ] -50
;m 5 5 40
§owl | R EEN

[1] o 0 0
r:m 40 20 40
Fow ) Je0 0y e[ s ]
@ o 0 0
m 500 150 150
% 100 100 00
3 o | = | l

1] 0 0 0
- S000 300 300
P =L |
2 100

0 0 1] 1]
w 20000 40 40
A IE NN I
@ 0 0 0

0 om o100 0% 010 005 010 0065 01
Time (sec)
Fig. 7. Wavelet transform of differential currents
(Winding to ground fault at 10% in length of the high voltage winding)

B. Interturn Fault Simulations

Simulations were performed with various changes as

follows:
- For the interturn faults, the position of point a on the
transformer winding, as shown in Fig. 8, was 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, was varied at
the length of 10%, 20%, 30%, 40%, 50%, 60%, 70% and
80% measured from the line end of the windings.
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Fig8. The modification on ATP/EMTP model for a three-phase
transformer with intertumn faults [4] .
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Fig. 9. Primary and secondary currents for a case of interturn phase A

fault between 10% and 20% in length of the high voltage winding.
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Fig. 9 shows the primary and secondary current
waveforms obtained when interturn phase A fault
occurred at high voltage winding Fig. 10. illustrates an
example of an extraction using Wavelet transform for the
differential currents and zero sequence current from
scalel to scale 5 for an interturn fault at phase A.
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Fig. 10. Wavelet transform of differential currents
(Interturn fault between 10% and 20% in length of the high voltage
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Wavelet transform is applied to the quarter cycle of
current waveforms after the fault inception. The current
signals have a coefficient in each scale obtained from the
Wavelet transform. With several trial and error processes,
it has been found that the coefficient in scale | from
DWT seems enough to indicate the internal fault
inception of the transformer [9]. As a result, it is
unnecessary to use other coefficients from higher scales
in this algorithm, and the coefficients in scale 1 from
DWT are used in training processes for the neural
networks later.

I1I. RESULTS

A training process was performed using neural
network toolboxes in MATLAB [11]. In this paper, there
are 1620, 648 and 216 sets for the training process in
purpose of classification of fault types, locating interturn
fault positions and detecting winding to ground fault
positions respectively. For the test process, there are 810,
324 and 108 sets for classification fault types, locating
interturn fault positions and detecting winding to ground
fault positions.

Before the training process, a structure of the back
propagation neural network 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 mentioned in the previous
section. 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, while the output variables
of the neural networks for training to detect fault
locations are designated as values with a range of 0.1 to
0.9 corresponding to the length of the winding that fault
occurs. Hyperbolic tangent sigmoid functions are used as
an activation function in all hidden layers while the linear
function is used as an activation function in output layers.

During the training process, the weight and biases
were adjusted, and there were 20,000 iterations in order
to compute the best value of MAPE. The number of
neurons in both hidden layers was increased before
repeating the cycle of the training process. The training
procedure was stopped when reaching the final number of
neurons for the first hidden layer or the MAPE of test sets
was less than 0.5%. The training process can be
summarized as a flowchart shown in Fig. 11 while the
results from the training process can be summarized in
Tables 1-3.

After the training process, the decision algorithm based
on the neural network, then, is tested with various types
of internal faults, different inception angles of fault 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 neural network is illustrated from Fig. 12 to Fig.14
and Tables 4-6.
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Fig. 11. Flowchart for the training process
(Using a PC with Pentium IV 2.4 GHz CPU and 512 MB RAM)

TABLE |. RESULTS FROM THE TRAINING PROCESS IN CASE OF

CLASSIFYING FAULT TYPES.

Number o_f neuron in| MAPE of u:iin?:gu;:gc?ss
the first hidden layer| Test set (%) (ininute)
2 16.67 61
3 16.84 124
4 16.68 188
5 12.69 269
6 12.12 358
7 11.85 471
8 4.99 594
9 3.39 769
10 1.46 953
11 1.04 1169




TABLE 2. RESULTS FROM THE TRAINING PROCESS IN CASE OF WINDING
TO GROUND FAULTS
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Fig. 13. Comparison an average accuracy of interturn faults at various
8 0.7 8.37 1.77 74 lengths of the winding (subcoil a as shown in Fig. 7) among the phase
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TABLE 3. RESULTS FROM THE TRAINING PROCESS IN CASE OF =% ::Bf"-'" shm' g m t:
_INTERTURN FAULTS o & w EE
Siisisont ngh.Vqltage Low.Volltage £
. Winding Winding F w
neurons in Ti . = 5 g
the first | MAPE |, M€ US€C | \ApE | | 1T€ US€ §
hidden | of Test ’“p:f;::;g of Test ‘“pf:c':;'s‘g 5 @
layer ° ; t (% : 2
: sEE06) (minute) ot () (minute) *
2 2.039 5.48 1.803 5.42 ¥
3 1.573 8.06 1.541 7.37 O ™ W = w0 & ® W
4 1.244 10.36 1.492 11.40 ; % length of the winding (sub::-l b) .
Fig. 14. Comparison an average accuracy of interturn faults at various
5 1.170 13.58 1.554 16.10 lengths of the winding (subcoil b as shown in Fig. 7) among the phase
6 1.115 17.27 1.541 | 2143 that faults occur
7 1.122 22.25 1.512 29.55
8 1.106 28.42 1.469 41.09 TABLE 4. THE RESULTS FROM TEST PROCESS FOR CLASSIFYING FAULT
TYPES
9 1.142 36.09 1.505 53.46
10 1.080 49.13 1.496 | 63.17 Types of faults Numbmf:zI of Accuracy
11 1.078 56.17 | 1.529 | 66.11 T — o GASe S
e inding to ground fau o
s d. s “, ' : — at the high voltage side B i
o} P v | Winding to ground fault 81 100%
Y at the low voltage side =
1204 -@- Phase B lo ground fauk LV [ Interturn fault 6
PheseClogand LY at the high voltage side - 95.06%
e B f‘ 3-8 9-3 Interturn fault
3 0
F o // at the low voltage side a2 2.38%
é- 60 f/' TABLE 5. THE RESULTS FROM TEST PROCESS FOR FAULT POSITIONS OF
z / WINDING TO GROUND FAULTS
w0 /
bl Winding to ground |Maximum [Minimum | Averag
b3) S S SR SR SR T fault error error error
0 10 2™ 3 40 5 & /0 80 9% 10 —
% langth of the winding (subcoil a) High voltage winding| 0.0322 0.0001 0.0089
Fig. 12. Comparison an average accuracy of winding to ground faults at Low voltage windigg 0.0621 0.0001 0.0211

various lengths of the winding (subcoil a as shown in Fig. 4) among the
phase that faults occur




TABLE 6. THE RESULTS FROM TEST PROCESS FOR FAULT POSITIONS OF
INTERTURN FAULTS

it St Maximum [Minimum I Averag
error error error

High voltage winding| 0.0524 | 0.0024 | 0.0258

Low voltage winding|  0.05 0.0001 | 0.0227

IV. CONCLUSIONS

A novel differential protective scheme for a power
transformer has been proposed. The technique employs
the discrete wavelet transform in combination with back
propagation neural networks in order to identify types of
faults, to locate the phase which faults occur and to detect
the fault positions along the transformer windings. 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 wavelet
transform have been used as an input for the training
process of a neural network in a decision algorithm with a
use of the back propagation neural networks. Many case
studies have been studied including the variation of fault
inception angles and fault locations. The results have
illustrated that the proposed algorithm gives a satisfactory
accuracy as presented in Tables 4-6.
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