51891 TIVgatUANYTa]

AsANENIENIMNeERR luNsuENUEzgULUUNSRAREYSaUNSE I
Tugunsallwruseds
The study of statistical method for partial discharge classification of

high voltage apparatus

WA.AT. UTATHT WAILLAY

UGN Y UUFUD

I@unuatuayuanuideantiuevdssanaitusglassanteudszana 2558
ARIZIAINTTUANENT

aarvumalulagwszasundninaununisanansyus



$18971UNTIatuaNyTal

NsANYIITN1INNERA lUNsuenuezsULUUMSIRAR a1 Sauteday
Tugunsallwilusegs
The study of statistical method for partial discharge classification of

high voltage apparatus

WA.AS. USLATET WAILLAY

UNYIWNIETLUFUDY

lasunuaduayuanuidsanitueudsznuituseldussirdeuussana 2558
ATIAINTIUANENS

dorUumalulagwszaaundndraaummisatanseds


Lib
Textbox

Lib
Textbox

Lib
Textbox


o =1 ad o a a a L3 !
Yolasanis nsfnIsmImsatialumsuenusggUuuumsiindarssundnlugunsallnihusge
uvasdu lassmsidosuussanuiduld ssdrleudssanu 2558

Uszirteuuszuna 2558 Snuliuilldfunsaduayu 50,000 um

¥

SEYLLIANNINIGTIVY 1 U Aaud 1 9.A. 2557 89 30 n.g. 2558

Wanihlasan1s weas.usiAsug Wauey audeimnssilwih auyiennssueans

amﬁ’umﬂ‘[uiaﬁmwammé’"u%’ﬂﬂmwmﬁammsﬂ'q

A39ulAseN15338 wewme duaues demuauszuulninislaiuaswans

UNAAED

= e ar ¥ o =1 =l < o a o L3 ] P
QWU']?]EJQ'UUﬂU']LﬁUBﬂTﬁﬂﬂi&?')ﬁﬂ?'ﬁﬂﬁﬂﬁﬂmlﬂﬂ?'iLLEJﬂLLEJ%E‘ULLUUﬂWiLﬂﬂ@ﬁ‘ﬂWiﬂUW\ﬂﬂ?U 1]

adulugunsailwihussgs Taevihnisdassguuuurasnsiiedarsaunsaan 5 Ussavildud Talsun

= L3

Aavnsanunssiugalueinia  Talsundansasuwseiusiluainie Talsudaysanuuseiugaly

v
) ar v

uduvtdiaudas Talsurdaansamuusssusludiunsoulas  uardawsanuinmsavesaluauiuy

v
o @ W ot ar -

Uniunfowdas uasvins Yadmnafiaensaundiudeiseaaumni WATEIU IEC 60270 Fayeyreuil
Iegnimnisievinudnvurmsaifsig 11 fauds uaglfidumudsdunmeddumasadizuuuy s
WWedanaud auideilAne Snsedt uas Usginglusunsu uonuez msifedamsaunsdiu Loy
Uszgnalilunalassdsuszamiiioy 3 uealéun Self-Organizing Map, Generalized Regression
Networks Ua Probabilistic Neural Network wuinluimaii@nuisis 3 luaaaunsnans uazusnues
FUuunsifinfarsaudiu minnsvasesldgndediussaninings TWsunsuiiantuaunsald

nildd azmanlumsieswidnvusguuuy  favisaunedau wazilnwdnonwgswoitaziily

Uszgnalddmiunsusnuezgluvudaniousdinlugunsalluiiussgesiely

Addny : dynudaniouidiu nsiaseinudnuuenaia mssuunmsiiedaniauisdiu lmealasee
Uszaiiiay
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ABSTRACT

This research work presents the study of a statistical method for partial discharge
classification occurring in high voltage equipment. Five partial discharge types, corona at high
voltage side in air, corona at low voltage side in air, corona at high voltage side in mineral oil,
corona at low voltage side in mineral oil, and surface discharge in mineral oil were simulated
and experimented according to IEC 60270. The eleven statistic parameters were extracted
from the partial discharge signals and used to be input parameters of the partial discharge
classification models. This research work studied, analyzed and invented the partial discharge
classification program employing three types of neural network models i.e. Self-Organizing
Map, Generalized Regression Networks, and Probabilistic Neural Network for partial discharge
classification. It was found that the invented models can classify partial discharge patterns
from experimental data with high efficiency. The developed partial discharge classification
program was easy to be used to classify partial discharge types and high potential to be

applied for partial discharge classification of high voltage apparatus.

Keywords: partial discharge signal, statistical feature anaysis, partial discharge classification, neural network

model
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AldTrerelunisingey visdndegunsaidlmimnfnsddnuunusiniitin dwaliatiosnim
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ihussgeiidrdiaudnduiiefameaauindinisia  PD dewiluldau wazesdesing
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Aeuininaudmald nsiin PD TugunsallWiussgs annsaiieduldlumaionsel Snwas
JUuuumsiia PO fivanavane diimsvageusinnudnuiazdosdnuuarienieymamdnue
maiiia PD wieldlunsszyindunmsifn PO sinladsasitluuitlgwildgndos msusnusrdnvay
sUuvumaiin PD Sudusodldiidrunnuasiivszaunsnigsistoginnudonnng luussanalne
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mu?%’a%’uﬁlﬁqﬁmuﬁ%ﬂWimﬂ'wmaaﬁﬁlﬁaa%maé’ﬂwngmt,wmsl.ﬁm PD fiAndulduazyihnsai

Wsunsupeuiimeituinandiguuuudenanifietislunsszydssinnvesnisiin PD

1.2 TagUszaeAvaIn1Ide

1) Anwmginssunisiia PD lugunsallwiusegs
2)  AnwinsruiuniTinuaznisnadounsiie PD Tugunsailviflussgenuuinsgiu IEC
3) Awmsgigadnwurgluuunaia PD lugunsalliiiusegs

4)  Uszauglusunsuieldlunsseyusziannisiiia PD lugunsailwihusgs
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1)

panLuuLazlsznavasgadaosmain PO TuaunsailWiussgs dwau 5 guuuu laun
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favsasuussiugduthdundoulas (Hv-0) Talsudamsaduussusluhiuniouas
(LV-0) uasfiaeniamuiimsavaialuauiutiiiuniiouas (SF-0)
yhmsvaassnguuuumsiin PD vaslnaafiadisdiunusnasgiu IEC60270
IrneiauanwaziurasgUuuumsiia PD luuraznsallaaiduisnisaia

Uszivglusunsualglunisusnuoznsiia PD

ao o =

1.4 A5andun15398

1)
2)
3)

AuaiaAdefindeminsasisiving eldiudeyadreddumsiidy
AnwimAtan13in PD muu1msgIu IEC60270 TALA3E1995NTVAADS
1A09FULUUALNUANTBILUUANSqUarNAaasTn PDULINNANSAGDA
asnlueansaifizeuiand guiuuesnisiin PD 9nnnmaaed
aunlusunsaiiasiznamisiimesmsatfavesdyayias PD
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AviseuNTIdeatuanysal
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1.5Uszlgwinaninazlasu

1)
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a € P ¢ aa o doyw
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2.1 mpufitigatos

famnsunadau (Partial  discharge, PDMwnefanisaarsamnslwiiilidenlesdetuatie
auysalsziedidniase [1, 2) Ssoraintuluauiufig auiumas vieawiuuds ideifa PD Tuawh
iReUsngsaimeildndnuinde uandosnseuaiadlinidsgoydaladidnasn

@ aa =1

< ' i i v
ﬂauLmm%nlwﬁ’]mummﬁga‘u;]nsmLﬂu wazANIaU [3, 4]

2.1.1U5smu9n154Aa PD
PD Tasmluutisamanwuzniialaidu 3 wwude lalsurdaunsa (Corona discharge) fawnsa

a a « Y =
@7 (Surface discharge) way Aasnsanielu (Internal partial discharge)Aan 1w 2.1

1) Talsundansafniuluauu it lishaueasivinudidnlasnasuwaivieveunilufng vie
Tuvaamaifainmiz.1 (n)

2) fawsanuin Wetuilaiauedsaaulih ganuuu vuuiuiivasladidnasn Fanwin 2.1
()

3) famsanmoidatululnsievtedwdantasuiiidnunmuladdnadndnmeludeouiy  us

- @ =
NIDAUIULKADY AN INN2.1 (A)
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j v L

s 3
<L " iy

(n) Talsundasnsa () AAUNISARUED (A) Pawnsanelu

= a
A 2.15Juuunsinaves PD
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& v
2.1.32995WUgIUN1530 PD
WAUANIATIDIN PD ALNIRSEIU IEC 60270 2995A90 MY 2.2U58na UM knaId 8L TInuge
G, Taavedeu G, Fufudszamuiien G uardufiuaudin Z, lngldvannsasiadunssuanad
< yoad a & do i o @ : i =
mDg iieTuniaamedeunaslnaiusenine - Cuaz Cyintg asaadu itilve i 2,812,
' v v @ a o = @ e o o 7
annsadalanseynsuiudunulszaruie ¢, WIBDYNIUNUIAAVAFBY C38UUINUYN wide-band
waz narrow-band (5] dyarauitialddetemadinind2.38e Usyafiusing g sumuauna duay

H

NIINTNATINNITIIRBSG, Puay naursmihludnnnLasias1Eiamainle 6]

zZ
— =]

(', = test object capacitance

ity (', = coupling capacitor

/—\ G = voltage source
i(1) = PD current pulses
i = displacement currents

U Ci 7 = voltage source connectors
q = transferred charge
q U/, = voltage at parallel-connected
I capacitors
I 7. = measuring impedance

ift)

-m

O %

= o
NN 2.2 21993N15915799APD

d as 1 a
AN 2.3 aapdnd fUNePD
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2.1.4M5UATIZRAMENYULALVDIT ey 10d PD

N139137970 PD ﬁm%%’ﬂxuamwu PRPDA (Phase Resolving Partial Discharge Analyzer)
uwdnawan1sin PD Tuguuvunisnseane 348 & - g - n die dADyLAYRITIU g AvuAUTHY
way niesuuasanisiin PD 4h AT UARIFURUUNITNTEAN ‘ummﬂmmﬁ'ﬂmuymwsﬁ’ H.(¢)
LAENSNTERILTILIUATINSIAG PD ﬂz?’wmu;;uLWa H,,(gé)ﬁdﬂﬂwﬁlzﬂ“é\‘]ﬂﬁlﬂﬂ’}'ﬁmi’wﬁﬂmﬁﬂ‘\:}mx

AU eaEn@ lelasldaun1sian1sen 2.1 [7, 8]

PR e

o i
serdassoe gt

%t 5 P o]

) H.(¢) uaz H(p)

AW 2.4 e e3ULUUYDIETy R PD

A5799 2.1 mmmumimaaﬁa

Skewness | Sk = M
- VU U—— TERETISIESTMEY VNG LN i i O- TP LT NPT Pl SRRm——
i ~ 4
Kurtosis Ky = m)_
e

DiscH‘éﬁrrg;é‘s“)‘/mmetry Q = (Q;/N )/(O /N)

R Z Xy, - Z Z y, fn
,fZ\ (Z\)/H]Zf—(Z\)/n]

mee = (Oxce

Cross correlation factor  cc

Modified cross-

correlation facter

S N T T s e

lnoiiq Ao vuauszaiaadis |, u fle Awdswesnsnssedsvadete |, FAe dadudinisiiaiands
& ' - + - - + - a
O MY AUVEIVUINIATIY, Q, Uay Q, AB NATINUBINITNT mwﬂszf‘g an(d) ),an(d) ), N'uag N Ao 31uuvas

mansEelsEy H(0) H, (), x, As wnUszalundazimaneugUaauLsIFuLIN | y, A vunlssalunsay
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2.1.5 N15ATIERAUTENAUNEN

MTIATIERFIUsENaURaN (Principal Component Analysis, PCA) fawadianisandiuiusi
wds lnsadwiudslmissduilsifudaduresiudsiu uaziudslminsiisasideaviatoyaves
fulsidy Suauiudslmiagliinudwuimunlsify [9,10,11] nsuwlasdeyadnemvasiulsiiy

IUL‘UWWBGﬁ?LLUiﬂLMﬁﬁQQWWﬁ 2.5 uavaun1sn 2.1

Data (X) Scores (T)
PC
H & — : PC,
Hy e PG Selected "
E PCA . pck:
H, pC, * scores

P~ o I P
NINA 2.5 ‘lmasl,miunmmmﬂuagaima"lmwﬂuﬂ PCA

T =X P

mxk mxn = nxk (2.1)

WinThe wasndvasiuuslmiduninuning score, XAa wednduasiauusiiy , pPrawmIngflilunisudasioya

=l " - o i = o e = o s - - o ar '
LEMINAINY loading, mAd R WAEUNA, N AD TUIUFILUSLAY, kAD TruumwUsTwl

2.1.6luealaseeUszamiiiay

lasaieuszanmidien (Neural Networks, NN) #e ssuunisdamiidsuiuunisinues
aupwywd lnslinsiionendehuteyaduwndrguitoUssnanavessyuy nadwinldannms
vhanuvasszuvAstayaieniwlneiviisysznanaianioniiiisey msvhawvedasae

Uszamivisuasuiudnwuensiieuneseninedisou (Neural, Node) uwazAMMUN (Weight)
A 9 [12, 13]

2.1.7luealassneUszamiisnnuusngy

AT 2.1 wasegUnuulasseUssamiisuuuse deiandne nssunardnumsvesingey
ﬁLLmﬂﬁiwaﬁuﬁana‘%guﬁm%‘umﬁﬁau§'ﬁﬁmmu,mﬂﬁmﬁunﬂiUU?Wﬁﬁ}L‘%BuiLLuu Supervised Learning
uniladu Unsupervised Learning wazdwmiunisuszynaldeuntianuuandiafuluiu - Pattern

Classification, Regression, Function Approximation,Interpolation, clustering tudu
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C‘ 1 = 1]
#1319 2.2'31JLLUUIﬂswwﬂszmwmauLL‘uvmaf}[12, 13]

at == s o €9 ¥
sUupy amfagnis SaNoIE HAHIY mds-gnald
ANBA=1 =Y 111501 Gund
Perceptron Smgle-Node. Supervised. Error- | Pattern
Feedforward Binary- correction Classification
Threshold
Adaline Single-Node. Supervised. Regression
Feedforward Linear Gradient Descent
Multilayer Multilayered Supervised. Funcrion
Perceptron Feedforward Nonlinear | Gradient Descent Approximation,
Sigmoid Pattem
_ Classification.
Control Svstems.
ete.
Remforcement | Multilayered Binary- Supervised reward- | Robot Control
Learning Threshold punizhment
Support Vector | Multilayered kemnel Supervised Classification,
Machines based’ Binary-threshold | Quadratic Regression
Opunuzation
Radial Basis Multilayered Distance | Supervised Interpolation,
Function based’ Linear Gradient Descent | Regression,
Classification
Hoptield Single Layer. Outer product Optinization
Network Feedback' Binary- correlation
threshold Linear
Boltzmann Two layered, feedback® | Stochastic Gradient | Optimization
Machine Binary threshold Descent
Bidirectional Two layered. feedback’ | Outer product Associative
Associative Binary threshold correlation Memory
Memory
Adaptive Two layered Binary. Unsupervised Clustering.
Resonance faster-than-linear competitive (lassafication
Theory
Vector Sigle layered, Supervised- Quantization,
Quantization teedback’ Faster than Unsupervised Clustering.
linear competitive Classification
Mexican hat Single Laver, None. Fixed Activity Clustering
net Feedback’ Linear weights
Threshold
Kohonen Self | Smgle Laver. Linear Unsupervised. Clustering,
Organizing Threshold Sott-Competitive Topological
Feature Map Mapping.
Classification
Pulsed Neuron | Simgle Multilaver. None Coincidence
models Pulsed IF Newron detection.
Temporal
Processing
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2.2 3UENLNYIVDY

Kreugeruaz Gulski [14] ladnwinsesaaia PD lussuuauau Tnsldssuy digital computer

= ! =] = ol 1 v v o
AnsnlaTsidnsliveies PD uasuenwginsauiluansnswes PD I8 Tul 1992 lémuans
= o o 1 o a -:{u @ v 5 df = =l
LEUINUAENIIUUNYTELMYEY PD 91nuvasiuiindisneiu Tasass fingerprint ia3euiiiey
wazdelunmsituunUsziam PD filindy hazroulmimunsFeuiiizuuuy PO Alsvswaninanis
= U Lol ) = L3 aa d S L4 < s [ =
finunnay lesldrmnsiliinesmeaianliinsesinneiomsata PO warduungULU uMsiin PD

Lol 438 contour score procedure wazld neural network wnelunisandrgyuuu PD

73U Tirvduniand uazeay [15] Wiiauelusunsaiasgy PD Seuiuazandrguuuures
nsiia PD lugunsallviihusegs Tnsmawmsadifisnneanuduiusees - g-n e ¢ Aeuaaves
U39, Aovuielszy nAediundinisia PD &1 Mdanetamsiata PO Faimauusiasie
vimue 11 SauadldiBunsndaarlddaul s 13 ¢ wazldlunalasssyssanifieusuiuey
windanesu Weshsuuuuresnisiia PO lugtUnsallwihusegald 3 Ussanie

lalswdiannsa, Aawsanioly uasiawsanuin

A3 wfiTun uazany [16-22] Idiiauaiinnsynsadivaneifuntaeluntssuun
nauPDABM s wunngulaeld Cluster Analysis, Quick Unbiased and Efficient Statistical Tree,
QUEST, msiinsesdadssnauman (Principal Component  Analysis, PCA) uagn1sduunngu
(Linear Discriminant  Analysis), Chi-squared Automatic Interaction Detector (CHAID),
Classification and Regression Tree, K-Means mava'}mmmu.uﬂnaum'imm PD lalnelddayane

ﬁﬂﬁlmﬂﬁ)’lﬂﬂauﬁﬂmaﬂmeLﬂ‘U‘UEN PD LLCﬂEJﬂMlﬂWGHU’IIU?ﬂHﬂWiLEEJUi%"Ii‘lJLLU‘Uf‘I'ﬁLﬂﬂ PD

Jns Uumevieswaveue [23) dduauemedanisddi Kolmogorov-Smimov One-Sample
Test uﬁmi'wﬁimmumnﬁm PD LLazmﬂmﬁﬂwmmawwwmiﬂLLUUﬂmﬁm PD tatiouduansinile
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Self-Organizing Map Performance for Partial
Discharge Classification
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Abstract

This rescarch work presents a statistical  partial
discharge (PD) classification model employing  Self
Organizing Map (SOM) technique. The developed model
classified PD paterns into 5 categories which were
corona at high voltage side m air, corona at low voltage
side in air. corona at high voltage side in mmeral oil,
corona at low voltage  side in mineral oil  and surface
discharge in mineral oil. PD signals were simulated and
measured by the conventional PD  measurement
technigue. Statistical parameters of the PD patterns were
analyzed. SOM model was constructed. Then, 60% of the
experimented data were used as a traming data and the
rest of 40% of the data were used as a testing data to
cvaluate the performance of SOM PD classification
model. 1t was found that the developed SOM modcl has

clearly clustered the test data correctly into five groups of

PD patterns.

Keywords: statistical classification. statistical parameter.
partial discharge pattern, self-organizing map

1. Introduction

Partial discharge (PD) 15 an important problem
existing normally in high voltage equipment. PD may
develop and lead to the failure of high voliage apparatus
cventually.  Therefore, performing the PD testing s
important to detect problems betore the failure of such
cquipment ocewrring [1-2].

The measured PD patterns from the experiment can
be used to classify the problems of the high voltage
equipment; however, it is quite difficult to analyze the
patterns especially by a nonexperienced  staff. This
research  work  simulated  five PD types  generally

occurring in high voltage equipment which comprised of

corona discharge at high veltage side in air (HV-A),
corona discharge at low voltage side in air (LV-A),
corona discharge at high voltage side in mineral oil (HV-
). corona discharge at low voltage side in mineral oil
(LV-0) and surface discharge in mineral oil (8F-O).
These simulated PD models were experimented and the
Self Organizing Map (SOM) technique was applied 1o
categorize the PD types.

2. Theory
2.1 PD measurement

Partial discharge test circuit 1s shown in Fig.l
according to IEC 60270 |3]. The discharge activity can be
micasured in pC or uV. The PD level in pC or pV and PD
patterns arc very important information to evaluate the
insulation characteristic of a high voltage component.
Then, some measures may be emploved when the
defective insulation is found.

j_
- (:: G
£ ce
s -~ :
" e cD m

Fig. L. PI) Measurement [3]

Where: U- ¢ high-voltage supply. Z @ filter, C, : test object,
Cy @ coupling capacitor,  Z,: nput impedance of measuring
system. CD 1 coupling device, CC @ connecting cable, and
M1 measuring instrument

2.2 Partial Discharge Quantity

Partial discharge quantity obtamed from PD signals
can be divided into three main groups, basic quantities,
derived PD quantities, and  phase  amplitude-related
derived quantities [4]. The original statistic variables used
in this classification model are  skewness, kurtosis,
asymmetry, correlation, and modified cross-
correlation factor following the & ¢ — n PD patterns.
Those independent variables are listed as follow. H,,(®)
is the mean pulse height distribution. H(®) is pulse
count distribution, O = (/N (Q /N') is the discharge
asymmetry of /(@) and H_(@) where Q', and (, are
the sums of pulse height distributions of H,,,,(fb') and
H ). CCis the cross correlation factor of H,,,,(@"M) and
H (D) mee = @Q.CC which is the modified cross-
correlation factor. In this work, @ is determined as 1.

CTOss
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Each of the factors of Hyn() and Hndy is also
separated into four variables in Sk for the skewness for
the positive voltage side. S for the skewness for the
negative voltage side. Ku' for the kurtosis for the positive
voltage side, and Ku for the kurtosis for the negative
voltage side.

2.3 Architecture of self-organizing map

SOM is a typical unsupervised neural network,
which maps the multidimensional space onto a two
dimensional space. preserving the original order [SL
Architecture of SOM is illustrated in Fig.2. For nput and
the SOM layer. the distance between the input vector p
and the weight vector w of all peurons in the grid is
computed with the dicr function which can be caleulated
as below [6]:

Z(Pu —w(0)° (h

k=1

A wining neuron is determined by the competitive
transfer  function. The weight vector of the winner
including the weight vectors ol its neighboring neurons is
adjusted in accordance with some kearning rate as:

w;(t + 1) = w;(t) + n(t)(p, — w;(t)) (2)

Where p is the input vector. w is the weight vector, and g
15 the learning rate. Then, the final output can be
interpreted. After enough number of iterations, cach mput
vector is mapped onto a certain neuron in the Kohonen
network in the way that the weight vector of the neuron is
closer to the input vector.

Tiput Self Orgamizing Map Laycer

Y h

at s gompetd; Ty

1 .
| Pk : 1, i mat
e L L S P

_J L J

Fig.2. Architecture of self-organizing map

3. Experimentation
3.1 PD Models

The PD models for simulating five differem PD
patterns which are HV-A, LV-A, HV-O, LV-O and SF-O
are ilustrated in Fig.3 (a) — (e) respectively. Fig.3 (a), (b).
(¢) and (d) show a needle with tip radius of 10pm and
plance electrode with diameter of 50mm in awr and mincral
oil to create corona at high voltage and low voltage side
respectively. Fig.d (e) illustrates the needle positioned on
the impregnated pressboard employing to simulate the
surface discharge.

HV Lgws | BV

A |
Air ; il ‘
(a) (b (c)
Ewvg 1| pedl
0il | oil :

Pressboard :

LV LV 1
(d) ()

Fig.3. Artificial partial discharge model

3.2 PD Measurement System

The experiments were performed in High Voltage
Laboratory. faculty of cngineering, King Mongkut's
Institute of Technology Ladkrabang, Thailand. A test
circuit dhagram and the test cireuit arrangement for PD
activily investigation was sct up according to 1EC 60270
as shown in Fig.d 5 respectively. The measurement
system  comprises  high-Voltage  supply.  coupling
capacitor, coupling device. test object. fiber optical cable
and PC with mtronix software.

- CAL
2
1
i
o

i1

Fig.4 Test circutt diagram for the experiment

Fig.5. Test circult set-up

Where HV: High-Voltage supply 75 kV, C,: Test vessel,
Cy: Coupling capacitor 1 nF. CD: Coupling device, FO:
Fiber optics cable, MPD600; Acquisition unit, MCU504:
Fiber optic controller
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At first, the PD model was set up m the test circuit.
Then. the background noise was measured. After that, the
ac voltage was applied to the PD model untl the
meeption voltage could be detected and then the test
voltage was increased at the 120% of the PD mecption
voltage in order to obviously observe the PD signals and
finally recording the PD pattern. The experiment was
performed with all PD models which generated 100
experiments in total.

3.3 Test Results

The examples of the PD patterns of type of PD
obtained from the conventional PI) measuring system are
10 respectively.

illustrated in Fig. 6

IVETAERERY!
RARER
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Fig.8. PD pattern for corona at HV side in mineral oil

? 4]
i S Tiowe sk
Fig.9. PD pattern for corona at LV side in mineral oil

Fig.10. PD pattern for surfuace in mineral oil

3.4 Feature extraction

To extract the charucteristic of the PD signals, the
statistical paramcters of the PD signals. skewness,
kurtosis. asymmetry. cross correlation. and maodified
cross-correlation  factor  were  calculated  from  the
developed program. Diagram of caleulated PD parameter

of SF-O is depicted in Fig.11. Examples of a data set of

the statistic parameters of each PD type are shown in
Table 1.
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Fig. 1. Example of 1,(P), 1,{®). Hig) and statistical
parameters of surface discharge in mineral oil
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Examples of statistic parameters of PD experiment
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4. Self-Organizing Map
4.1 Data Preparation

The self-organizing map was used in this research,
The original data from 11 variables were normalized to
set their average values and variance to be 0 and 1
respectively and then plotted the 1 variables against on
another to select the variables that distinguish the PD
pattern. 3 mdependent statistical variables, kurtosis of
Hyedby at positive eyele,  kurtosis of [,(@) at negative
cycle. kurtosis of /() at negative cycle. were selected
to be the input data of the designed SOM model. The 3D
plot of the sclecred independent statistical variables for
distinguishing the PD patterns as shown in Fig. 12.
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Fig 12, the selected statistic variables plotted against on
another
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4.2 Self-organizing map design

The SOM PD classification model was investigated
with 3 mput nodes as selected before. According to Yu
Han and Y.H. Song. the size of Kohonen network tended
to saturation of mapping error when the grid size was
more than seven times of the number of the input vector p
[7]. In this research work., the network size was
determined by 4p with 100x4p iterations.  The number of
nodes on the mapped 2D grid was 16 output nodes. The
dist function was applicd to compute the distance
between input vector and weight vector of all neurons in
the grid before they were input to competitive transfer
function node to find the wining neuron. the PD
classification model architectures mvestigated in this
rescarch are shown in Fig. 13, For training process, 60%
from experimented data was used as a training data for
SOM model, the rest data of 40% was employed for
testing the model. The venetian blinds technique was
used for setting the data for training and testing the
models. The trainmg and testing flowchart of SOM is
depicted in Fig. 14 with 1600 iterations. After the
completion of the training process, the SOM cun divide
PD patterns into 3 groups as shown m Fig. 15, Then, the
weight  values  were saved  in the  designed  PD
classification models.

2D output
16 neurons

kus [Hn] e—p-

ku- (Hn] v @

(b) SOM sample hits

ku- [Han] —p @ 1 Fig. 15, Results from SOM training process
Inputvéctorp - weight vector v Neuron s
4.3 Test results
The pertormance of the SOM for PD classification is
illustrated in Fig. 16

Fig.13. System structure of SOM

Select Training

. r—
aud Test Sets

| Sebup SOM Stucture

| Tontpal &
Neurons' Weight
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Change Waighl | S=ssss=ua
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r e { -c\'.‘c‘f..‘; 22 -_ i o
D Pattern Recogninon j Collect mar ) Fig. 16 Classification results of test data

Model

Fig. 14, Scll-organizing map training flow chan
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5. Conclusion

In this document. the statistic parameters  were
extracted the characteristic of the original PD signals
from the developed program. 3 independent statistical
variables, kurtosis of H,(d) at positive eyvele. kurtosis of
H. (D) at negative cyele, Kurtosis of H () at negative
eycle, were selected to be the input data of the designed
SOM model. The designed SOM model was used (o
classify PD patterns into five categories listed as corona
at high voltage side in air, corona at low voltage side in
air, corona at high voltage side in mineral oil, corona at
low voltage side in mineral oil and surfice discharge in
mineral oil. It was found that the developed SOM model
has clearly clustered the test data correctly into five
groups of PD patterns.
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Abstract — This document represents a partial discharge (PD)
classification by using Generalized Regression Networks (GRNN)
model. Two PD classification models, GRNNT with 11 input
variables and GRNN2  with 3 selected  derived  statistic
parameters, were investigated for classification of PD signals into
5 patterns, corona at high voltage side in air. corona at low
voltage side in air, corona at high voltage side in mineral oil,
corona at low voltage side in mineral oil and surface discharge in
mineral oil. The conventional PD measurcment was performed
for measuring PD signals of the artificial PD models. The
statistical parameters of the PD signals such as skewness,
Kurtosis, asymmetry. ¢ross correlation and so on were calculated
from the developed computer program. Then, 60% of the
experimented data was used as a training data for the developed
PD classification models. Another 40% cxperimented data was
used to evaluate the performance of the designed PD classification
models. It was found that the GRNN1 model can classify PD
patterns better than GRNN2 model. The accuracy for PD
classification of GRNN1 model was 100%, while the accuracy of
GRNN2 model was 97.5% of 40 testing data,

Keywords: partial discharge measurement, statistical classification,
statistical parameter. partial discharge pattemn, generalized regression
neural network

L INTRODUCTION

Partial discharge (PD) 15 one of a crucial problem of high
voltage equipment. PD occurring in the equipment  can
propagate and may causc the failure of high voltage apparatus
eventually. Therefore, to detect P especially at the partial
discharge inception voltage level can schedule an appropriate
maintenance program of such equipment o lengthen the life
time of the cquipment and also reduce the maintenance cost.
According to the mentioned reasons, PD testing is commonly
performed with a new and in serviced high voliage equipment,
Various techniques that can be applicd to determine the
presence of PD activity arc as follows [1]:
Elecirical technigue: PD charges from PD pulse currents can
be measured according to IEC60270.
Amtenna techmique: The clectromagnetic wave gencrated by
PD can be detected with an antenna.
Acoustic technigue: The pressure wave emitted from the PD
phenomena can be detected with an acoustic sensor,

978-1-4799-8805-1/15/531.00 ©2015 IEEE

Thermograph technique: The cmitted Hight from the PD
phenomena can be detected with a streak camera,

Chemical technique: By products from PD activity can be
detected by DGA method.

Il THEORY

Ao P measurement

The basic equivalent circuit for PD measurements based on
the detection of PD pulse current if1) circulating in the parallel-
comnected capacitors, €, (coupling capacitor) and €, (test
object capacitance). via measuring impedence Z, is shown in
Fig.1 [2]. The discharge activity can be measured in pC or pV.
The PD level in pC or pV and PD patterns are very important
information to evaluate the insulation characteristic of a high
voltage component. Then, some measures may be employed
when the defective insulation is found.

L

41
gu2 B
L NT

(a) (b)

Fig 1. Equivalent cireut for PI measurement

Where: € test object capacitance, (2 coupling capacitor, G: voltage
source. 1) PD pulse current, 1, . displacement  currents,
Z = voltage source connectors., ¢ © transferred charge, U, : voltage at
parallel-connected capacitors, Z,, : measuring impedance

B. Partial Discharge Quantity

Partial discharge quanuty obtained from PD signals can be
divided nto three main groups, basic quantities, derived PD
quantities, and phase amplitude-related derived quantities [3].
The original statistic variables used in a designed classification
model are skewness, kurtosis, asymmetry, cross correlation,
and modified cross-correlation factor following the @ — ¢ — n



PD patterns. Those independent variables are lisied as follow.
H,(®) is the mean pulse height distribution. () is pulse
count distribution, O = (/N )(Q /N ) which is the discharge
asymmetry of H,,(&") and H () where O, and O, are the
sums of discharges of /(b ) and H (@) distributions, CC is
the cross correlation  factor of /1 (@) and [0,
mee = @O.CC which 1s the modified cross-correlation factor.

In this work, @ is determined as . Fach of the factors of

Hgntd) and Hn(<P) 1s also divided into four variables as Sk .

Sk'. Ku'. and Ku'. Sk and Sk are designated the skewness of

the positive voltage side and the negative voltage  side
respeetively. Ku' and K indicate the kurtosis of positive
voltage side and negative voltage side respectively.

C. Architecture of Generalized regression newral networks
A generalized regression neural network (GRNN) s
mostly used for function approximation and for recognizing
different types of patterns. It has o radial basis layer and a
special lincar layer. The architecture of the GRNN 1s shown in
Fig.2. [4]

Input Radial Basis Layer Special Linear Layer
CNr : '] \
pxe WY
i o LAY .
» y Oxi 1 i
i dist \ " u! A at i W . oxl
§ _,5--—?“‘ gl it nprod T g
PR 4
R el () )
S M = J

el = radbus ([IW ) p [ D) at = purelin (n')

Fig. 2. Architecture of GRNN network

Where: R: no. of elements of input vector, (: no. of input/target pairs

The radial basis layer has as many neurons as input/target
vectors in [H'! which is set as the weighted matrix. Each
neuron's weighted mput is the distance between the input
vector (p) and training weight vectors. computed with the dist
function which can be calculated as ().

(%]
o AN i 2 |
DgVZ(HJI’—p3 (h

The bias b' is set 1o a column vector of U.8326/spread. The
different spread parameters were used in this rescarch to
compare the performance of the designed models. Fach
neuron's net input is the product of its weighted mput with its
bias, caleulated with netprod function. Each neuron’s output is
its net input passed through radbas function which can be
calculated as (2).

a' = radbasin')=¢' " ()
The special linear layer having neurons as inputitarget vectors,
LW s set to create a target vector. The uprod box (code
function of normprod) generates O clements in vector n°. Each
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element is the dot product of a row of LW*' and the input
vector a' which are normalized by the sum of the elements of
a'.then passed through purelin function 1o produce the output
y of GRNN model.

1. EXPERIMENTATION

A, PD Models

The PD models were simulated as follows: (a) corona at high
voltage side in air (HV-A) (b) corona at low voltage side in air
(1.V-A) (¢) corona at high voltage side i mineral oil (HV-0)
(d)y corona at low voltage side in mineral oil (LV-O) and
(¢) surface discharge in mineral oil (SF-O) as illustrated in
Fig.3 (a) - (e) respectively. The needle with tip radius of 10
pum and the plane electrode with diameter of 70 mm were used
as the clectrode of the PD models. The gap distance between
high voltage and grounded clectrode was set up for 25 mm.
Furthermore. the impregnated pressboard with dimension of
100100 mm and of 3.2 mun thick was utilized in case of
surface discharge investigation,

Ww_“"_dw.ii
Air i
Air Oil !
IRY LV |5 gv
(a) (b) (c)
HV 'HV":
o (o]1] /
Presshoard
v LY :
d) ()

Fig. 3. Artificial partial discharge models

B. PD Test circuit

The experiments were performed in accordance with 1EC
6O270[3] in the high voltage laboratory. faculty of engineering,

King Mongkut's Institute of Technology Ladkrabang,
Thailand. A test circunt diagram  and the test circuit

arrangement for PD activity investigation are shown in Fig.d —
S respectively. The test circuit for PID investigation comprised
high-voltage supply, coupling capacitor, coupling device. test
object, fiber optical cable and PC with mtronix software.
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r CD MPD600 Fig 8. PD pattern for corona discharge at HV side in mineral oil at 21.4 kV
g i test voltage
battery —

i

Fig. 4. Test carcuit diagram for the expenment

‘I‘lv 2ED iWm PR X & -
Fig. 9. PD pattern for corona discharge at LV side in mineral oil at 26.1 kV
test voltage

T

. B
Fig. 3. Test circuit set-up T — - e e ol
Where: HV: High-Voltage supply 75kV, €, Test vessel, Fige 10 1D pattern for surface discharge in mineral oil at 5.4 KV test voltage
Cy: Coupling capacitor InF. CD: Coupling device. FO: Fiber optics
cable, MPDG0O: Acquisition unit. MCUS04: Fiber optic controller - .
L. Feature extraction
C. Tost Procediie To extract the characteristics of the PD signals, the statistical

parameters of the PD signals, skewness, kurtosis, asymmetry,
. : cross correlation. and modified cross-correlation factor were
noise was measured. After that, the ac voltage was applied 0 1culated from the dey cloped computer program. Diagram of
the PD model until the inception voltage could be detected. chleulated PD parameter of surface discharge in mineral oil is
The test voltage was increased at the 120% of the PD inception gepicted in Fig.12. Examples of the data set of the statistic
voltage in order to obviously observe the PD signals. These  parameters of cach PD type are shown in table 1.

signals were recorded tinally. 20 experiments of each PD were
performed for each PD model. =

D. Test Resudts

The examples ol the PD patterns of cach PD type arc
llustrated in Fig. 6 - 10 respectively,

At first, the test circuit was set up. Then, the background

B
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&
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phass [de3es
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e
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& s sy
- Gtabistical pmameters

Fig. 11 Example of H (). H_iP). Hig) and statistical parameters of surface

Fig. 7. PI) pattern for corona discharge at LV side in air an 385 KV 1est voltage discharge in mineral oil
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TABLF |
Examples of the statistical parameters of PD signal
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IV, GENERALIZED REGRESSION NEURAL NETWORK

A Input/Out Data preparation

The original variables and selected variables were used to
design the neuron models (NN) in this rescarch. The 11
original variables extracted from feature extraction were
normalized to set their average values and varianee to be 0 and
1 respectively. Then these variables were used as input of
the designed GRNNT model. Furthermore, the atorementioned
11 variables were plotted against on another to select the
variubles that clearly distinguished between each type of the
simulated PD patterns. Three variables, kurtosis of /(&) at
positive cyele, kurtosis of [ (@) at negative cycle, and
kurtosis of /1,.(®) at negative cycele were selected to be used
as the input of the designed GRNN2 model for PD
classification. The 3D plot of the selected independent
statistical variables for distinguishing the PD patterns as shown
in Fig, 12.

) A
0o

AR

Fig. 12. the sclected statistic vanables plotted agamnst on another

The set of original input data. both all variable data and
selected vanable data. was composed of five types of PD
patterns, HV-A, LV-A, HV-0. LV-O and SF-O. cach type of
PD pattern contained 20 observations. The original data matrix
for classitication models were created as shown in (3). The
output target was coded for the target vector as shown in (4).

[HV-AL, .,
[LV-AlL,, |
X1=|[HV-O],, |
LV-O].,
[ISFOL, 1

[selected HV-A],, .
| [selected LV-A],, . ‘
| [selected HV-O],, . |
 [selected LV-O],

E“[sclcclex[ SF-0O]... w' )

(3)

Y=[12345] )

Where:
N1 s the entire varizble data matrix,

X2 is the selected variable data matrix.
Y s the target veetor | for HV-AL 2 for LV-A, 3 for HV-O. 4 for

[.V-O, and 5 for SF-0O.

B. Generalized regression newral network design

The Generalized regression neural network, or GRNN, was
utilized in this research. Two GRNN models, GRNNI and
GRNN2, were investigated. The first proposed GRNN
architecture (GRNN1T) used 11 derived statistical parameters as
the input nodes. The second proposed GRNN architecture
(GRNN2) utilized three selected statistical parameters as the
mput node as explained before. Both models had two layers,
the radial basis laver with 60 neuron's weight vector and the
special lincar layer with 60 neuron's weight vector with the
output node.  Moreover, the round () function was used to
make the integral number code outputs for the test sets,

c

To train and test the designed PD classification models. the
variable data matrix (X1. X2) was divided into two subsets.
The first subset was the truining set. which was used for
computing the distance in radial basis layer and normalized dot
product in special linear layer. The second subset was the test
set. The test set was not used during training, but it was used to
verify the performance of the designed models. The block
method was used to divide all the data with 60% into training
set and the rest of 40% for testing set. The designed model was
trained with different spread parameter. 0.2, 0.4, 0.6, 0.8, 1.0
and 1.2 in the radial basis layer.

Training and Testing Data Set Selection

V. PD CLASSIFICATION RESULTS

The traming and testing result is illustrated in Table 11 Tt
was found that the optimal spread parameter of GRNNI and
GRNN2 model were 08 and 0.4 respectively. The linear
regression between the network outputs and the corresponding
targets is represents in Fig.13 - 14 respectively. It is clearly
observed that the designed GRNNIT model provides better the
PD classification property than the designed GRNN2 model
especially when the spread parameter value are higher than
their optimal values.

TABLE 1
~The raning and testing results of GRNNT and GRNN2

I raining results
[ GRNN] GRNN2
%o Classification R-value 2o Classification R-value
100h (1] 100 0.999
100 10 [ e TooRT |
1o 1.0 67 ©.956
100 .99 33 0911
R 0994 2% 11,861
93 H.991 14 0813
T 7 Testing results
02 925 0873 97.5
0.4 975 0,940
06 [TU] #9949
0% 1w 05499
- '| 't - (1 g7
1.2 1o 0.993 2.5 0.827
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Fiz. 13, Lincar regression between the GRNNT network outputs and the
corresponding targets at the spread parameter of 0.8
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Fig 14, Linear regression between the GRNN2 network outputs and the
comresponding targets at the spread value of 0.4

The performance of the proposed PD classification models
is illustrated in Table 1L

TABLE 11
Confusion table for proposed models

GRNNT model with 00X spread parameter
Val'redwcted Giroup :
WA ] iva | aveo [ vo | s | e
HV-A X Tid)
—_— LV-A § 10
T ive 5 160
LV.0) K 100
SE-0 N 104)
Total 100 160 oM 104 100 o
GRNN2 model with 0.4 spread parameter
. T redicted Group Tota
HV-A [ Ivaa [ ivo [ avo | sF ]
HV-A ® 1oy
P 1ape LV.A ¥ 164}
HV-O) ] 16y
Lv.oy L Ty
SF-0 | 7 X743
Total 100 1in) §OH) 100 R7.3 915
VI, CONCLUSION

In this document. the statistic paramcters of the PD signals
were extracted by using the developed program. Two PD
classification models. GRNNT and GRNN2, were constructed
and investigated. All the original variables were used 1o be the
input data of the GRNNI while the three selected variables
were used as the input data of the GRNN2 model. Both
ficsigncd GRNN models were applied o classify PD patterns
into five categories listed as corona at high voltage side in air,
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corona at low voltage side in air, corona at high voltage side in
mineral o1l, corona at low voltage side in mineral oil and
surface discharge in mineral o1l It was found that the designed
GRNNI model have a better PD classification compared with
the designed GRNN2  model. The accuracy for PD
classification of GRNN1 modcel was 100% while the accuracy
of GRNN2 model was 97.5% of the 40 esting data.
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Abstract— The aim of this paper is to propose the probabilistic
neural network (PNN) model for classification partial discharge
(PD) patterns, which comprised of corona discharge at high
voltage side and at low voltage side in air. corona discharge at
high voltage side and at low voltage side in mineral oil and
surface discharge in mineral oil. Partial discharge signals were
investigated by conventional method according to 1IEC60270.
Independent parameters such as skewness, kurtosis, asymmetry,
and cross correlation of the ®-g-n PD patterns were analyzed.
The PNN PD classification model was constructed. Morcover, the
principal component analysis (PCA) was utilized to reduce the
input dimension of the developed PD classification model. After
that, 60% of the experimented data was used as a training data
for the PD classification models. Another 4% experimented data
was used for evaluation the performance of the designed PD
classification models. Effects of spread parameters and input
neuron numbers on the PD classification performance were
examined. It was found that the first four score variable was
appropriate to be used to construct the designed PNN model with
the optimal spread value of 1.2, The proposed PD classification
model can classify PD types with the accuracy of 100% of 40
tested data,

Keywords: partial discharge measurement, staustical classification,
statistical parameter. partial discharge pattern, probabilistic neural
neiwork

I INTRODUCTION

Partial discharge (PD) is a localized clectrical discharge
occuring in the msulation system without completely bridging
the clectrodes. PD oceurring in high voltage  apparatus
gradually deteriorates the imtegrity of the insulation system
which may lead to the fatlure of high voltage cquipment at the
end. The consequence may cause the imjury of people.
damaging of egipment. power shortage and so on. Hence, PD
testing is very important to indicate the incipient fault in high
voltage equipment before they fail [1]. Classification of PD
patterns is a highly-skill task needed to perform by an
expertise. Simple PD patierns generally could be classified by
an experienced staff. However. the combination or PI) patterns
may occur i pratice. This paper proposes the PD patterns
classification model employing probabilistic neural network
(PNN) technique. The PD signals were created from the PD
models  experimented by emploving the conventional PD

978-1-4799-8805-1/15/$31.00 ©2015 IEEE

measurcment according to 1EC60270 [2]. Five  types of PD
models, corona discharge at high voltage side in air (HV-A),
corona discharge at low voltage side in air (LV-A), corona
discharge at high voltage side in mineral oil (HV-0), corona
discharge ot low voltage side in mineral o1l (LV-O) and
surface discharge in mineral oil (SF-O). were simulated and
investigated.

I THEORY

A.

A basic partial discharge measuring cireuit is shown in Fig. 1.
An apparent charge (¢) and other PD quantities, such as the PD
inception (PDIV) and extinction voltage (PDEV), the pulse
repetition rate (m), the pulse repetition frequency (N), the phase
angle (). the average discharge current (/) were measured to
evaluate the quality of insulation of a high voltage component.

PD measurement

Fig. 1. PP measurement

Where: U -: high-voltage source, Z: low pass filter, C,: test object,
- coupling capacitor, 7, input impedance of measuring system,
CD: coupling device. CC: connecting cable. and MI: measuring
instrument

B. Partial Discharge Quantity

The PD quantity comprising of @, ¢. n and voltage V is
obtained from PD measurement. The PD statistic variables

composing  of  skewness.  kurtosis,  asymmetry,  cross
correlation,  and  modified  cross-correlation  factor  were

calculated from mean pulse height distribution, or H,,(®) and



pulse count distribution, or £, {¢) as cquations in table 1 [3].
Each of the H, (@) and H (D) is divided into four variables
which arc Sk'. Sk, Ku'. and Ki. Sk' and Sk represent the
skewness for the positive voltage side and the negative voltage

side respectively, whercas K and Kie” stand for the kurtosis of

the positive voltage side and  negative  voltage  side
respectively.
TABLE |
Statistical operators
Skewness S Ely Lt 4
o
Kurtosis Ku = L{f!;‘ill
poe
Discharge a . a
asymmelry ¢ lQ’.- VIO JN)
Cross correlation ’
factor nj
Modified cross-
carrelation tactor

Where:

g represents the mean discharge magnitude in a phase window.

g represents the mean of ¢.

a represents the standard deviation of ¢,

E represents the expectation operator

¢, and O stand for the sums of discharges of () and 71, (@)
distributions

N and N stand for the number of discharges of the (") and
H,,. () distributions.

X is designated for the mean discharge magnitude i a phase window
in the positive half of the voltage evele.

vis designated for the mean discharge magnitude in the congruent
phase window in the negative half of the voltage cycle

n represents the number of phase positions per half cyvele.

C. Principail Component Analvsis (PCA)

PCA a statistical  technique  which is  used
transformation a correlated variable set to a new variable set.
called principal components. Each principal component is a
lincar combination of the original variables which are
uncorrelated or orthogonal with cach otheras illustrated in (1)

is

[T, PR (h
Where: T is a new set of variables (score matrix), X is the onginal
data matrix. P is the principal component matrix (PC coordinates),
¢ 1s the number of observations, s 1s dimensionality of the PC space.
ris dimensionality of original space

The full set of principal components is as large as the original
set of variables. However, the sum of the variances of the first
few principal components (v components) commonly exceeds
80% of the total variance of the original data |4/,

for
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D.  Architecture of probabilistic neural network

A probabilistic neural network (PNN) was used for PD
classification problems in this research. It had a radial basis
layer and a competitive layer, The architecture of the PNN is
shown in Fig.2. [5]

Input Radial Basis Layer Competitive Layer
'Y N )|
o/ W
i | 2=y
d ds; _\;_:l 2
RISty n! dl » Kx
O A= e c
1=> b b Kt
T i J

ad = radbas (IW Mep bl a’ = compet (LW a")

Fig 2 Architecture of PNN network

Where R: number of elements in input vector, G: number of neurons

in the first laver, K- number of classes of input in the second layer

When an input is presented, the first layer calculates distances,
dist function as shown in (2), between the input vector (p) and
the training input vectors (/") and creates a vector whose
clement indicates how close the input is to a training set. These
clements are multiplicd, clement by clement, by the bias b' and
sent to the radbas transfer function as calculated in (3). The
hias b' is set to a column vector of 0.8326/spread.

Iy ]E(m:’t Py 2)
V&S
a' = radbas(n'y=¢""" 3

The sum of these contributions for cach class of inputs is done
in the second layer to generate its net output as a vector of
probabilities. Finally. a compete transfer function on the output
of the sccond layer selects the maximum of these probabilities,
and creates a 1 for that class and a 0 for the other classes.

1. EXPERIMENTATION

4. PD Models

The PD mwdels were constructed with various electrode
types are illustrated i Fig.3 to simulate PD patterns: HV-A,
LV-A, HV-O. LV-0O, and SF-O. respectively as shown in
Fig.d. A tangsten needle with tip radius of 10pm and a plate
clectrode with 70 mm. diameter were used to simulate corona
discharge in air and in mineral oil as well. The gap distance
between high voltage and grounded clectrode was 25 mm.
While the needle positioned on the impregnated pressboard
setting on the pround plane clectrode was employed (o
simulate the surface discharge.
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— . :
Topm e
{2) Tungsten needle (b) grounded electrode

(¢) Impregnated pressboard

Fig. 3. Electrodes tor PD modcl

fr L HGA T i“fﬁﬁﬂ.f HY-0
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HV LY
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| LV | LV

(d) (\‘5

Fig. 4 Artificial partial dhscharge models

B, PD experiment

To investigate the PD patterns of each PD model, the PD test
circuit was sct up as shown in Fig.5 according to 1EC 60270.
The background noise was firstly measured. Then, AC vollage
was applied to the PD model at the 120%; of the PD inception
voltage. The PD signal was measured and recorded. The
experiment was done with all PD models for 100 experiments
in total.

SR

Fig.5. Test crcunt dingram for the expenmem

Where

HV:

High-Voltage supply, €. PD

model.
Cy: Coupling capacitor, CD: Coupling device, FO: Fiber optic

1est

cable. MPD  600:
controller

Acquisiton umt, MCUSO4: Fiber optic

O Text Resuits
The examples ol the PD patterns of cach PD type obtained
from the conventional PI) measuring system are represented in
Fig. 6.

(b) LV-A

(c) HV-O

(d) LV-0

{¢) SF-O

Time Jad i

Fig. 6. Experimental resuhis of PD patterns

{a) Corona discharge at HV side in air at 358 kV test voltage

(b) Corona discharge al LV side in air at 3.72 kV test voltage

(¢) Corona discharge at HV side in mineral o1l at 21.2 kV test voltage
id) Corona discharge at LV side in mineral oif at 25.4 kV test voltage
(¢) Surface discharge in mineral oil at 5.6 kV test voltage

D Featre extraction

The phase-resolved H, (@) and 17,.(®) were analyzed from
the collected PD patiern data. Then. the PD characteristic of
cach PD type such as skewness, kurtosis, asymmetry, cross
correlation,  and  meodified  cross-correlation  factor  was
computed. The example of H,(@) and H,,(®) distribution of
corona discharge at HV side in mineral is depicted in Fig.7.
The example of statistic variables of cach PD type is shown in
Fig.8.

=g frearbaniven]

HV-O

) B
phiass fungrea|

Fig. 7 Exampie of H (¢ and # () distribution of corona discharge at
HV side in mineral
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Fig. 8. Statistical variables of PD experiment
Where: Skl . Skl Kul and Kul belong to the statistical variables

of () distribution. Sk27, Sk2°. Ku2 and Ku2 belong to statistical
variables of () distribution.

IV, PROBABILISTIC NEURAL NETWORK

PD signals from various PD types. as previously discussed,
can be classified by using the statistic variables extracted from
H Py and (@) distribution. To recognize the PD patterns.,
the probabilistic neural network, or PNN model, was used in
this rescarch. Besides, the original variables acquired from the
feature extraction process were transformed 1o a new set of
variables before input to the proposed PD classification model
as depicted i Fig.9.

Data
Ski* >
i PR PNN ¥
Kut: - Classification
"Ki'- B

Fig. 9. Principle Component Neural Network

A Feature transformation
The statistical variables were set 1w be the original matrix X
and transformed to a new score matrix T as depicted in (4).

[HV-Aly, | [[Seore HV-A),,.,,
HLV-Al,, | PCA [Score LV-Al,,,
| ) | ransformarion © (4)
X V-0, | {Seore HV-0J,,
, _
HLV-Ol,,,, | [Score LV-Ol,,
LSEOL, Lo ! core SFO], 0 1o

First. the original matrix X was normalized by eq. (5) to set
their average values and variance (o be 0 and 1 respectively.
Then. the original matrix X was transformed to new features,
or new score matrix, by using PCA technique which was
implemented by using MATLAB statistic toolbox function as
eq. (6).

L=(x-u) o (5)

Where g is the mean value and  is the standard deviation along each
column of X.

[PC. Latent. Explained] =PCACOV (XC) (6)

Where XC s the covanance mamx of the onginal matrix (X)),
PC s the principal component matrix. Latent is the cigen values of
XC. and Explained is the vector of vanance in cach PC 5]

The relationship of principal components and their cumulative
percentage variance explained are illustrated in Fig. 10. It can
be seen that the summation of the first 5 PCs contains about
92%% vartance explained of the original information. PC6 to
PCLI comain only the small percent of variance explained
compared to the first 5 PCs. Therefore, the first five PCs
should be implemented to create the initial PD classification
model. The PC matrix with 3 PCs is illustrated in table 11.

4 A
—t—Eigenvalues 8- Cumuiatye % Voriance i
2 = R B 100
i, e |
= R -]

@ 4 2 3 4 5 [ 7 L] 8 10 11
Principal Component

Fig. 10, Plot of principal components and cumulative % variance explained
versus eigenvalues.

TABLE NI
Principal component matrix

Prineipul Component (PCY

| ) 3 4 3
7 Skl - 490 28 - 205 A75 23D
= Ski- =239 N 165 -499 -579
BRI 403 -us? 252 24 ous
= Klu- 2324 676 L5870 -840 - 038
P SK2- - 503 432 032 18 389
Sk2- -072 -3%2 -33 -397 - (o
Ku2 -.351 <388 86 660 =278
Kul- - 4] 47 - 515 464 - {40
9 N 581 090 - 048 -.209
052 266 052 -.58% 537
Moy - (v 583 g0 -052 -215
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B. Probabilistic Neural Nevwork design

The PNN  classification model was  created by using
MATLAB ncural network toolbox function [5]. The
architecture of designed PNN model had the input nede, a
radial basis layer and a competitive laver. The numbers of
input node were designated as In. 2n. 3n. 4n and 3noin
conformity with the first five PCs respectively. The mentioned
PCs were applied to radial basis layer which was cemposed of
60 neuron's weight vector. The competitive laver had five
classes in which cach class composed of 12 neurons. Finally, a
compere transfer function produced a | tor the class that
composed maximum probability,

C. Training and Testing Data Set Selection

To train and test the designed model. the score matrix T was
first divided into two subsets. The former subset was the
training sct, which was used for computing the distance in
radial basis layer and probabilities in competitive layer. The
latter subset was the test set for testing the performance of the
developed PDY classification model. The block method was
used to divide the data with 60%0 as the training set and the rest
of 40% as the test set. The designed model was trained with
various input node numbers and different spread parameters,
0.2, 04, 0.6, 08, 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 in radial basis
layer.

V. PD CLASSIFICATION RESULTS

The test result is depicted in Table HE The PNN models with
different architecture were evaluated their performance with
the testing data sct. 1t was found that the accuracy of the PNN
model increased with the mercasing of the number of PCs.
Nevertheless, the accuracy of the model decreased  with
increasing of the spread parameter. Thus, the first four score
variables (4PCs) were suitable more than using 5 PCs for
construction of the PD classification model. Besides. the
designed PNN meodel should utilize the optimal spread value
of 1.2, The proposed PD classification model with 4 PCs input
was proved that it can classify PD types with the accuracy of
100% of 40 tested data as shown in table 1V,

TABLE 1
Tesung results of PNN models

spread “o Classification
parameter 1P T 2PCs IPCs 4PCs SPCs
0.2 625 | 0% s 140 1001
0.4 64) | ¥7.5 43 1t 11K
0.6 60 ] R0 95 1K} 11K
0.8 6l N0 a5 10 1My
| to eh X0 oy 1K 1
1.2 60 | w0 | en | e | w's
1.4 375 77.5 Uty s us
- i $7.5 75 Bt} 93 U
1.8 &3 k3 ) ) s us ]
20 35 75 a0 95 a2 A

FABLE IV
Conlusion table for the proposed PNN model

[ Target Class %
HV A LV-A HV-O 1V SF-O Classificanon

® HV-A 8 100

—L LV-A 8 100

z [ wo X 100
sl o § 100

= S0 B 100
u Classification ot 10 100 10 140 100

VI, CONCLUSION

In this document, the statistic parameters of the PD signals
were extracted. All the original vartables were transformed to
the new variables by PCA technique to be the input variables
for the PNN model. The designed PNN model were used to
classity PD patierns into five categories listed as corona at
high voltage side in air, corona at low voltage side in air,
corona at high voltage side in mineral oil. corona at low
voltage side in mineral oil and surface discharge in mineral oil,
It was found that the accuracy of the PNN model depended on
the number of PCs. Morcover, the accuracy of the PD
classification model is affected from the spread parameter.
According to this investigation. the first four score variables
(4PCs) were suitable to build up the designed PNN model with
optimal spread value of 1.2, The proposed PD classification
model can classify PD types with the accuracy of 100% of 40
tested data
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