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ABSTRACT

This research presents mathematical modeling and simulation of the electric field
occurring within high-voltage power systems to study the effects of the electric field on the
electrical insulation. In addition, this work also studied the electric field distribution within
the various electrical insulators. The electric power transmission system used for test is a
typical 230-kV transmission line. The simulation methods conducted in this research were
the finite difference methods (FDM) and the finite element methods (FEM), in 2D. For
insulator studies, glass suspension insulator, solid core suspension insulator, line-post
insulator, post insulator, and pin-post insulator were employed for test. Furthermore, this
research also considered the thermal infrared images of the electrical insulation. The test
measurements with thermal imaging cameras with infrared radiation was investigated. The
main breaker president of the Research Buildings, Suranaree University of Technology was

used as a test example.
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2. EDM formulation M3aseaun1suszanamuuisduiiounuaunsiseyiusyoy
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Tusd Wiveaesudaniaguamaeuiiewmisunisuidymieig FOM

240V 240V 240V
6cm
3cm &
% 1x1 cm? grid pan 1x2 cm?grid %
SUT 2.4 freehataymdnglnii 1
5cm
120V 120V 120 v
3cm e

J7 1x1cm? grid/J7 0.5x0.5 cm? grid/J7

Ul 2.5 shatnalymendlaiih 2

FDM formulation nsyurumsiignesnwuuiitelduszanaaunisifiseuiusdes
MeauMATE fady nsUssanareuiusazgniunly lund ssiiauegnsnadiaina

(central difference formulae) lun15UseanaAIBYRUSITUAU 1 kazdudu 2 fall



f +AX)- f - AX
£ )= vy f ()~ Z)AX(XO ) 22)

(%)= vy f (%)= f(XOMX)-z(fAE:;%)”(XO'AX) (2.3)

dwsudgm 2 8@ aglain annwesdndfidumide q ssilunasiudadues

NALMDIANINAILNUITOUTN

A
o fij*+1)
j+1
f(i-1,)) f(i.f) f(i+1.))
j ® L L
j-1 ¢ fij-1)
i-1 i i+1

JUN 2.6 NaTIUTRAUTDLINABTANGNUMLITOUTNS

ot (ijy= L+LD-1-L)

2AX
L
Vo (11)= f(”l’i)-z‘(fA(Xi;gHf(i-l,j)
vyt (i.])= f(i,j+1)-2(fA(yi;g)+f(i,j_l)

fiasanaunis Laplace: V=0
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VAE =V f(i,J)+vyy f(i,))=0
f(i+1,§)-2 (i )+ F(i-1§) , F(ij+1)-2 )+ F(0j-1)

(ax)? (ay)’
Jaguaunisazle
f(i+L,§)-2f (i, )+ £ (-13) , F(0i+1)-2f (i, )+ F(i.i-1) _
(ax)? (ay)?

ty £ (i j+1)+nef (i-1,])-2(r+ry ) £ (i )+ f (i+1,)+r, f(i,j-1)=0
Tnei

S S
()" (ay)?

Solution Method nsxuaunsidumsuidamiesyuuaunisidady osand
wUsvestlymiluannzasdunudldilu 2 Ussuwnn fe dudsaousiilinsiuan wazdudsi
maU%aq{kywﬁﬁﬂQﬂﬁwwumﬁﬁwéamiﬂuﬁﬂuéﬁdwﬁﬁwuﬁfwlﬁhﬁ% aunsiidiuluale 9 8199y
wUseanlawsil

Cha fr +Cyp fo +--+ 0y Ty = 0

2oifir X o f =0k
iel’ jeA

m
Xoifi=o- 2 ¢gfj= _Zlakicé,- =Dy
i=

iel’ JeA
e
[ wnusaveannaesing a sumddundildnsiue
A uwnumavesinmesing a sumisluaiinsiuen Undldudlunfiveuresdeym
TJufe
a1 ap atm |01 ] [ b1
a?l agz - aom ¢; _ ?2 . [Alls1=[b] (2.4)
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2.3.2 sudauddlnludeaiun
fasSnarnsduneindnnsiindrendetuuasdiieninisanndniiauin uitedes
89 FOM  agitgymliidadunazsusslamuidudou fagui 2.7 nsld FEM agaeli
Jaymanamvualy Tnefiduneuiivay 3 Tuneuwuiientu FOM fail
1. Discretization mit,l,mﬁuﬁﬁuaqﬁzgmaamﬁu iU (node) uagn3n (grid)

2. EEM formulation M3asneaunisuseanaAuudaLduLiiounuaunisiaoyiuseog

3. Solution method nsuAann1sveslaym delaunnisuiaunsidedy

Linear triangular element Bilinear rectangular element

JUN 2.7 sUTevesBauudyaguildlaeinludmsu FEM

Discreization ﬂizUiUﬂ’]iﬁlﬁﬂLLﬂﬂﬁuﬁﬂJadﬁﬁyﬁﬂLﬂu%uﬁiué’e]ﬂ (element) 7
Uszneuiuangauen (vertices) waziduion (edges) dmiu FEM wuuaosdid dosld linear
triangle Way bilinear rectangle Lﬁaﬂszmmimuusumﬂaumw ﬁm%’umiﬁﬂwﬂu%ﬂuﬁj W
ﬁ’nauaLQWWz%udaugiJmum?iamvhafu

Avusagudugesla 9 degun 2.8

fi a (x,y)

fe(x,y)=a+bx+cy

(X, Yk)
fx

5U# 2.8 n1sfienuaunBngesuanumaey

Azlan
1 X| yi || @ al [1 % v
1 Xk Yk JL.C c] [1 % W) [fk

Lmumamﬂivawaﬂauaaumiﬂizmmﬂ'ﬂ zlaPudUNUSAIT
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K
f(xy)= hZ_ah(x,y) f (2.6)
=i

1ne? 1380 oL 11 element shape function

aFi{(Xij'Xij)ﬂ“(Yj-Yk)X+(Xj'Xk)Y}
{Xky. X Yic )+ (Vi - Vi ) x+ (% - %)y
21{ lej jyl (yi'Yj)X"'(Xi'Xj)Y}

A:%{(Xj'Xi)(Yk'yi)'(Xk'Xi)(Yj‘Yi)}

FEM formulation nszununtsiigneenuuuanifieldussunuaunindseyiussos
Fwaunsdadu WesmnmsuidymiedSandnsdaiildmanouuanie duiiewian
sUuvuMIUszanuAddldiiugiuresszifeuiBnisuusiu (varation methods) 1#ud 38
weighted residual 1 Collocation method, Subdomain method, Galerkin’s method
waz Least squares method agslsiny nsas1vaunsauisminanlulgmmaieyszan
p1arfinnnugasinuagdudou luduil agldnmsuddgmdendnniswdsudndsgn
(principle of minimum potential energy) Sl

E=-vV =-ba, -cay (2.7)

= % [J [ =~ ¢ o L & ¥ Y & oA
bUBDIIN ﬂﬂEJK‘IW‘W']LUUW&N’]‘UE‘ULL“U‘U‘WINGNﬁﬂﬂ?iﬂﬂﬂ%ﬁﬂﬂ"li‘l«mﬂ%ﬂﬂ‘lﬂ@ UUAD

We:%jg|E|2dS:%jg|vV|2dS (2.8)
dermualinmesing £ unudngliihgside
Kk
vi=3 thah (2.9)
. h=i
DUGG!
1 k k
—j vf|? ds=— % > & fy| [Van-Vaqds | f,
h=ig=i

Ci Gj Ci || fi . ] 10
=5elfi i f|Cii Cy Ci | fi|=elfel [Cellfe] ™=
Cvi Cx Cu | fx
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Tnei
SV
Cjj ::A{(yk v+ (X% )2}
Cix =41A{(y. y5) +(%-xg )2}
i = (v~ Y )O3k~ 90) (x5 %) (% %0)} = C
Cik :41A{(yi Y533 )+ (-1 ) (x5 % )} = Cig
= {3k =) (3531 + (4% (333 )} = Cig

" 15UsEneuTFUEIUTIIMUAIMeiY (assembling of all elements)

© @ ®

Element 3

Element 1

Element 2

@ ®

U7l 2.9 fegaszuu FEM

NnUvessruLinvualsznauldseiiudiuges 3 Ju winsuanansoainaussng

duUseans [C.] vum 3X3

[
a I

dwsuTudiui 1 (element 1) Usznaumagnaan ik 1 1,42
dmsutudud 2 (element 2) Usznaumeqaeen ijk 1y 24,5

dwsutudiud 3 (element 3) Usznoumegagen ijk 1y 2,53

1
Ci1 Ciy Cp @

[Cletement 1= Ca1 Casa  Cyp
Cxu Cu Cp



1agn
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- (2
Cypy Cy Cys @
[C]elementz = C42 C44 C45

[Cletement 3=|Cs2 Cs5 Css

[Clys=|Ca1 Cs2 Csz Cas Css

1 2
Cos= C§4) +C£4)

Ca=cir e et

Solution Method n3gUIUNTUHUAITUATYMIAIETEUUANNITITNEY 1HD99INA7

wlsveslaymluannzasiuusladu 2 Ussinn Ao dudsannuzlinsiuan wagdaudsi

YourasdymdagnimuafmsensuAavINdiavnle Aaiy aunsAmiuTEUUI9aERUS

aanlasadl

Cyy fy +Cyp fp +---+ Gy f =0
2oifi+ X gf;=0

iel’ jeA

m
Xoifi=-2 ¢5f; = 2 aks =D
iel’ JeA i=1

L o

I wuwevasnnmesdng a surialuanlinsiuan

A wnuwavesanwesdng a suvdsluafinsiua loun luavevveslam
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qp a1 - Ay || o1 by ]
a a -a b
SR I el B 7 D R
_aml dm2 - 8mm J _‘I’m i _bm _

2.4 MmsnsaaneanmaNuluauludisnmauiou
1wl A.A. 1800 Falden LWOITLYA UNANTIAIANTURINERTESINGY LAYININITNAADS
msludeduadlagldusdu (prism) Auuaseniing FeUsTuazunsnszanesidveaiasaring

sonuluannasuandiificdunadisgun 2.11

JUT 2.11 MInaaeavesiaides (geseya

wasswaladinasludiwosunddudiwnisiidudsiiwaivinnistuiinaramnniily

9 Y

INUUATOUAMLILIBNNEsluTmesInauvuannd tnesuaindlituauieduniuasdaune

1 a QI dg( 1 ! ‘ﬂl ‘QJ ¥ d‘ a 4 o 1 ‘NI
NUINRBUNHUNNYUBY WNABLUB wananilannassnaeumesluiimesiudsiunisilng

'
a

gantunduas luguimueuiu uwazaamgiduiintuseiios Ay lwdammdsnuilng
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v aa

panlUNALAT WAL UTAD S9FDUNTUIA (infrared) wag LaasewadslanastANudUN LS

Y

TN NN IUAZ AN IAGY

2.4.1 @runasunauuimaningia

[ 1

ANINAADINADNISNABBILUTBULYANINAAUIIAIUYDININUAYVDIALUNAS Y

v

] = Y o o I v a & ¢ o ~ 3 3
LLlIL‘ViﬁﬂlWﬁ’] FIUTLNBUNIY FIFLNUN SIFLDNY aamfllﬂal,am LLﬂﬂﬁ/lllWl‘&ﬂﬂJENmu Wd

[
[ Y

dunlsse lulasian uae AduIng SadNmuaiin1ssIniuey 2 Auaudh dagui 2.12

q

Highest energy Lowest energy
Wavelengih (nm) — g
0% 10° 100 iy 10¢ 1o 1t 1012
| l l l ] l ] 1 | | | | | l |
i i i i
Gamma | 1 Ul [ | .
ray | Heray ! yiclet g Infrared : Microwave ! Radio frequency
I : |
1 . . : I
[ I I I i ! I | [ | I | [
10% Lot 108 lo* 10" 0¥ 10# [ 10¢
—f—— Frequency (571)
400 500 600 700 T50 nm

Vizsible region

gﬂﬁ 2.12 The electromagnetic spectrum

ngUT 212 umsuansanasunsiudnlnih aamnueniaduaiiSednng q fei
assReiuLazldanunsateadiu Tnefinnueadu (wavelensgth) 131370 0.1 nm &4
10 nm wazAudd 107 s adkuaude 10" s wasiisnanunsaneadiy (visible light) #9724
AuETIAAY (Wavelength) @ 400 — 750 mm Taeuasdiing asna didu 1Ter wides uan

uad Feaiuld ¥19v0e55@8unsusn (nfrared) azegdnnuasduadludisfinusweniu lng

av o <

fAue1IAAE 750 — 150000 nm Seadunsusansawasdunssadudsnluaiunsouaaiiu

[ A

1§ FananaaesaUnasuwdivanivilviiliismsiuindsaddunsusneg Sngieunnuidauy

9 9

lanuazuegveguantaniazinsuised@dunsusneenin dnazeglusuvesainuiau faty
= a gl 9 1% va = a v o =
FansAnwuwesNaunsanTaduauseulaglidunsuse waziinsAnAuiauinalulad
nesudunsusnlglunisieIedieTngungll ndesatenuseu wazaunsaiduly

Jaqiu
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2.4.2 NYHUATNANNITVRININABITITIUNTLIA
suwuun1saelounuieu (mode of Heat Transfer) dog 3 WUy fie N15UIAIY
39U (conduction) NsWIAIINTEU (convection) kagN1TWNSIEAILTOU (radiation) Fsil
° I & 0§ v Yy o ] S~ a X
- msihaneieu Wumshilvianufeulinisagleululneniséduda Feasiiniu
senineTaniiureuds Agui 2.13
A

E

JUN 2.13 dnwaiznisiianuseu

v I3 o § v v ' = P Ry
- mswianadeu Wumsvhlienudeumeleulaenisgnnily Feazdidinanan

Anufeusanluasiinduiuinauaz Janau fagui 2.14

LE— 2

JUN 2.14 dnwaugn1snAuTeu

- msweisedanudeu Wunsvhlieudoumeleulaeiiinainingiinisunsd

ganun lngdeiiuneaninme SedEdunsusn feguit 2.15
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E

JUN 2.15 dnwaugnsuEadnuseu

Usngnisadniswisedasidulumungnisuisadvesndsn (Planck’s Radiation Law:

maxima of radiation) FuinaNNIANYINITUNTIEVRTNGAT (blackbody) Feaunissialuil

C: 1 2 1
M(A) == W m™ um 2.12
) A° exp(Cz//lT)—l( pm) 2.12)

ol
A= anugandu um
Ci = 27hC’ = 3.7428 x 107 W cm?
C, = =14387 cmK
T = absolute temperature, K
C = mnu5auas (velodity of light) = 3 x 10 cm s
h = Plank’s constant = 6.626 x 10 W s
k = Boltzmann’s constant = 1.3807 x 102 W s K™

9N3UN 2.16 wanadulisnisuisidvesingdn Wuduldanuduiusvesileidu

]
=

ANENIRGUiUgamMall dunafiduninadeuseiynaweusaznswhiuidunsslunisnden

9 Y

WUU log-log



1,E+06 ~

1,E404 ’/f]

1,E403 4 6000°C |t

1,E+02 4

| R
1,E+01 / il H000+C ~ NN
|

1,E+00
1,E-0 , e
1,602 '
1,E-03 1 / | Visible _0*C |

|

I
] // /f b-
1,E-05 | / . E
1,E-06 | :

01 1 Wivelengthipm)

i

~

specific spectral emittance (Wfcrm®pmyj

g‘dﬁ 2.16 Blackbody radiation curves

naIRUnaua I NmaU LA DURUAILEIARWS Baf AU UNAI U IENNI S

foluil
E=hyv=—>= (2.13)

Tned

V= frequency, HZ

Ao Laud (Wein) Taswmun displacement’s law Tagldn1slad@nduuunain A
nsmlugun 2.17 sglaanuduiusasaunisi 2.14

WEIN'S LAW

Temperature (K) = 2,898,000
divided by Max. Wavelength Emission (nm)

T-2898X10°

m

mn
un
o
=
o
=
| =
o

] 1500 2000

<—Temp. {K)

As Black Body heats, Max. Wavelength Emission shortens
& Energy Radiafed increases at all Wavelengths.

'g‘dﬁ 2.17 Wein displacement’s law

1 500
WWavelengTh (nm) ——
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AmaxT = A1@adl = 2897 um K (2.14)

K%

lnedAguniuasNSUHTIFFIgaNIURIL UL 9 fadl

Surface temperature maximum of radiation
Frozen food -18 °C 11.4 um
Skin 32 °C 9.5 um
Boiling water 100 °C 7.8 um
Iron, red heat 600 °C 3.3 um
Iron, while heat 1200°C 2.0 um
Surface of sun 6000°C 0.6 um

Aefiudosndssumnuiousenunazdauusiunugaumgiiss Stefan-Boltzmann’s
Law feaun1sid
Q = oxexT? (2.15)
Towil
Q = w&upudoudienslou
o = Stefan-Boltzmann Constant = 5.67 x 10 W/(m?. K*)
£ = ANUANNTIVRTINGLUNITUHTIED LT SARBNUT (emissivity)

T = Amgungil (absolute temperature)

INNguazngag o ldnanuia vibadinisfnfukasUssivginseedoinaiu

Jou l¥iuludagdu wenanliinisdeimunnalulagdunsisaiieudu 9 1o 119

= (% a !

nsunngd w3en15mg Wusu wsfimesuesnisunssdvesingsdanig q ladnsmegeu

q

(%
=]

wazagUlilunuauiRvesaansiietnluldussTemily dail

Emissivity & ArwansnvesiglunsuiaEs s LsAenIniuRn
Absorption o ANdaEnsalunsaanauTIEdulssneen
Transmissivity T NAIUYDITIAIUNTUIALUN TN QR

Reflectivity p NANTENUIINSIFDUNTLIA

wva o ! IS QU [V Y o v A o A
F’JmﬁﬂJ‘UWﬂ\‘]ﬂa’]']"\]ﬁllﬂ’)WllﬁllW‘L!ﬁﬂUGHllﬁllﬂq5‘1/1'311J“UEN?]'13LLNiQﬁ@\‘lﬁﬂJﬂ’ﬁ‘W 2.16

e+ T+ P =1 (2.16)
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2.5 nananenInduns1sa (IR camera)

<

naessnenmdunsusalunsesinvlianidaldinauseugungiiveaingsneg g

ly aa

IngdnguiounnTuasdn1suHsIddunssn vanannaesaenmdedinesaindu q ald
a I3 Ly [ =l I3 d' ) a a [ dy
AUNINIALUUAINTIIUNTLUUFDUN U8B UARNIL
2.5.1 ¥liaUugaanizan (spot measuring system)
Tdns9ingaumgiiluganudenis Tngldinsiadu sensor iieadtieaiitu n1s

LLﬁﬂQNﬁﬁ]%@@ﬂN'ﬂUgULLUUSUQQ(;IJ’JLa‘ULLUUa?]WE]a ﬁﬂg‘dﬁ 2.18

a

JU7 2.18 gUTudunswsaingaumall

Y

2.5.2 siandesa1anImdunssa (Thermal imaging Systems)

Tnsvingamgivielifesnsingamgdals fvaneuuudsd

- Thermal imaging Systems: Scanner HanwazAagAuLUY spot measuring
system msldaudonlflunismuaupuannusandniasiaziinsaduiies 1§ fgud

2.19

g‘dﬁ 2.19 Thermal imaging Systems: Scanner
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- Thermal imaging Systems: FPA for industrial use Tglun1sangniningiiietiiun
Ans1ginaiiigItesivgamall viesuadsuluun1syinuInaInualy Wy 11150
d1en1madeulnila YSupruaudalaednludfuazsuuuudu 9 nsldaulienlaluemy

L= a o [ (9 ! a v <
geamnssunseulnili Insasiidinsadunaredundeiosiu asuamasanundunin

WiouAUAIUNYNNNINVRIAINTIATU TdAfU software LiBd1ERABNITIATIFIRALYI

78470 F3UT 2.20

JUN 2.20 NABIENEMNAUNTUIALUUAA <)

- Thermal imaging Systems: for Military/Surveillance Tenenmndeulm Tagld

AoaMsAtgamigil nsldudnldlunushvanulaendouazaumanms degun 2.21

g‘tﬁi 2.21 ndesd sy Military / Surveillance



23

2.6 #3U
& = av o a Y a ¢ oa v = ax
uniinanifenuddenineitesdu 1) nstesgvauuudmaniniilegldsseuis
HasinedULles wazseiuseudsbiludiofiuud wag 2) N153AIEYAINTEUIINAINANY
UNTNIA LR11FIEAINTOUNUNE NN TAUIAITUNITNTIAADUNDTATIE AT

AL ER9RaNTISUNNTDI999UIU T9azlavnausnanisAneluuny 3 falu



uni 3

N1331899NALAZNITNAGU

3.1 na13n
maleszrauusivantiiwazaamgivesauiudniunisiiunisiuialagld
suifouiBnaieduidoar s douisivludiedumd e uinnisnszaesvesauulih
Tuilpauru nsfinwasinsinseginianszaedvesaulnivosasdsidslidi 3
Wi waznsnsznesavesauslilluioauaugniae (nsulaton) wonand Idifsniunis
Angiamaisaufeuliieniaaeuanudenanimvesaurulnindiendeadignm

AUNITA

3.2 msdnaesauuiniuazdndlnnivasaneds
finrsanszuuidnafeInuansluzud 3.1 7fga 1 waz 1 1WJudni wazdi

aslounindglnin vV anudrsu

y-axis
b

~
~

/
Earth surface ,/ X-axis

/

Sy
JUT 3.1 syuuangiiunaied

Pnaunsuinead  nsdiusednduindnddnihadndlui a 9a Pxy) 1o 9

aunsauanslanuEunIsh 3.1

2+h+2
xln X“+(h+y)

= 3.1
P g '—x2+(h-y)2 (3.1)

Vv

Adnglndriniadunielusiinagle
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A 2h
V. .= Inf —
int 2%80 ( r j (3.2)

NAUNTS 3.1 Uag 3.2 @UTASENNITAMUFUNUTTEIING V5 ez Vs land

vee Y X2 +(h+y)>?
P= 3.3
2] ¢ ey 9

AUNITN 3.3

1n E=-VV awnsamanauuliidnainaunisi 3.3 lngazfnanisaunnueean

auulni et lUlgmrusteaulvavauliiusiuianedddy FOM 39z lansaunisi 3.4

2 2

Vp
OX

IE|= Np
oy

e 1 As Sedeuluaeds (m)

+ (3.4)

h A9 szegreseningsunluaed@enuiufy (m)
Vit A8 andingludnniglusizi (v)
A fD ANUVIWUIUUTE QT

A ! A
g, F AranMeaun1abniivesing

nsslvessyuuliihmasauma nisnseanedwesauuliihduegsuuuun1sdning
1 Tuitagdianen1sdninedat 3 gUluy fedl

®  LUUNL NNSIAINAIUIULULITERU

1 2 3
(®] (®] o
b
b
O O O
1 s 2 s 3

JUN 3.2 Msdanesauiluiulseiy

ngUimualiel by=b,=bs=b
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dusuluniseuramnatauuluiiazedeaunisy 3.5 3.6 wag 3.7 Tuniseiuia

ANAIAY
X+S 3 X+S
(x+8)* + (0, +y)*  (x+S)*+(b,~y)*
6go v X X
a'd +(0.5+ jO. 866)[ }
x 3y -ny;) +b,—y)* X +(b,+y)’
. X—=3S X—=3S
+(0.5- j0.866 -
05 ){(x—sf Sy (- S) + (bt y)Z}
(3.5)
b, +y _ b -y
(x+8)*+ (b +y)*  (x+S)°+(b,~y)’
6(p U1 b,—y b, +y
—(0.5+ jO. 866)[
o 3, -my) +(b,—y)" X+ (b +Y)’
. b, -y b, +y
—(0.5-j0.866 4 - 4
“¥ ){(x—sh(bg—y)z (x—8)2+(b3+y)2}
(3.6)
oo\ (op)
E= \/(—ﬂ + (—4”] (3.7)
OX oy
NANINAZDY
1. Jzuvatsds 69 kV H-frame tower
. 1 1 - 9n3UT 3.3 Amuali
% N }é 51 S=33m
3.3m 3.3m
b1:b2=b3=12m
dmsunisAuinazAuIluszAuANgs 1.7
A o NsUAsuLUasen b ane 4 Jeanansn
7 Z wamanansAuInlefagun 3.4

SU# 3.3 lenlalfiagusn H luszuu 69 kv
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Analytical solution B9ky
SDD T T T T T T T

450

400

3a0

300

250

200

150

Electric field strength (v/rm)

100

a0

B0 70 80
Distance alang x-axis (m)

JUN 3.4 nanisAnuaauuiniinlussuvaneds 69 kv aldn1sdneintilukuisedu

2. Syuvdwds 115 kV H-frame tower

I

NUN 3.5 Azl

\ |
A b
: 2 4
< 4.2m > 4.2m s S = 42 m
b1:b2:b3:13m
3 5
3
dmfunisanaazawialuseiuany a9
1.7 wns s naildsundatan b w9 39
v
Z Z ANUTOLAAINANTTAUIIARIIUN 3.6

JUN 3.5 tanlulvgusia H Tussuu 115 kv



28

Analytical solution 1158ky
BI:II:I T T T T T T T

700

&OO

e )]
= =
O ]

L
=
O

Electric field strength (/)

0 10 20 30 40 50 B0 70 80
Distance along x-axis (m)

JUN 3.6 wamsanaaunliilussuvaneds 115 kv ildnisdnanedainlubuisedu

3. SYUUAdAs 230 kV

N3N 3.7 la

0 M % S=75m
‘ b1:b2=b3=17m
%m

7.5m

wg'y

A s
M
we'e

» <—>

A
A

wyz

dmfunisanaazAuwialuseiuany a8

1.7 wes o nsilasundadAn b w199 @9

w/T

anunsauanslansgun 3.8

v \4

% %

U7 3.7 tenlaifinluszuu 230 kv
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Analytical solution 230ky
14DD T T T T T T T

1200 1

1000 | =

a00 - A

600 - e
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LuUd 1: Uszanaanlaeldaunisaaluil

2
n, = |n1/1+4512 (3.8)

gnfuualit np, Yseananduiladndu Y =Ind X azanuisasanamvasileandulasa

5U# 3.10

T =ln{zqrt(x))

gﬂﬁ 3.10 wan1susEIaAIienTu Y = Inv/X
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Analytical solution 115k
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Analytical solution 1158ky
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ABSTRACT

This paper presents the use of artificial neural networks
(ANN) to estimate electric fields around an overhead
power transmission line. Although, there exist mamy
efficient numernical methods, e.g. finite difference method
(FDM). finite element method (FEM), boundary element
method (BEM), ete, to estimate electric field distnbution
caused by live conductors, it typically consumes
substantial execution time when high accuracy of
obtained solutions 15 required or especially when time-
varying field 1s mvolved. Therefore, to estimate the
electric field strength using ANN employing feedforword
network with backpropagation leaming can be an
alternative. To evaluate its use, overhead 22-kV single-
phase power line of 100 m? test area and 230-kV thres-
phase power lines of 400 m” test area were simulated. The
results obtained from the ANN are compared with those
obtained by the amalytical method, the FDM and the
FEM.

KEY WOEDS

electmic field strength. fimte difference method (FDM).
finite element method (FEM). artificial meural network
(ANN). boundary conditions, estimation

1. Introduction

The computation of electric fields is complex and
difficult to find an exact solution [1]. Several numerical
techniques have been increasingly employved to solve such
problems since availability of high performance
computers. Among these, fimite difference method
(FDM), finite element method (FEM) and boundary
element method (BEM) are very popular [2]. Although
they are simple and useful to estimate electromagmetic
fields, 1t typically consumes substantial execution time
when high accuracy of obtained selutions is required or
especially when time-varying field is involved. Utilizing
some efficient intelligent methods such as artificial neural
networks (ANN) 15 able to estimate an electnic field via an
appropriate neural model. This technique is very useful

when some environmental factors (e.g. temperature,
moisture, etc) are taken imfo account [3]. The neural
model 15 very flexible. When its welghting parameters are
successfully trained cormresponding fo appropriate imput
variables, electric field estimation of any input values can
e made rapidly.

The prediction of electric field intensity is wvery
impertant in many aspects nowadays. Due to difficulty
and time consuming of electric field measurement
mumerical calculation can be applied to evaluate electric
field distmbution. In addition, since serous effects on
health risk caused by electric field strength have been
reported [4], recommendation and gwdelines of electric-
field-related tasks such as an overhead power
transmussion line are released to prevent a careless
activity that mught be performed close to the restneted
area around the live conductor.

In this paper. exploitation of newral modeling to
estimate electric field strength at any pomt around an
overhead transmission line is demonstrated. The popular
feedforward network with backpropagation leaming is
used. First of all, Section 2 presents an analytical solution
of electric fields around an overhead power line system of
single-phase and 3-phase conductors. Also, bmef
explanation of FDM and FEM to estimate electric field
solutions is included. The neural model of electric field
estimation is described in Section 3. Section 4 and 3 show
mumerical results and conclusions respectively.

2. Electric Field Calculation of a Single -
conductor System

Fig. 1 shows a single conductor system in 2D. Points 1
and 17 in the figure represent the live conductor with
potential V1 and its image potential, respectively.

To compute the electric field strength at a point P(xy)
can be performed in many different ways. Some require
tedious and substantial mathematical expression. Whereas
some employ a simple formula, but obtained solutions are
less accuracy.



In this paper. an analytical solution derived from
Maxwell” equations, the FDM and the FEM are

summarized.
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&

Fig. 1. A single conductor system

21 Analytical method

From Maxwell's equations electric field strength at a

specified point P(x,y) can be expressed [3] as follows

' kY,

In| X th4+}'4+h4 TN
wr

iy

E(xy)=

Where ris a conductor radins
his a distance between the conductor and
the earth surface undemeath
V115 a conductor potential
Beside the analytical approach, numerical solufions can
be altematively obtamned by using the FDM and the FEM.

2.2 Finite Difference and Finite Element

Methods
Solutions of partial differential equations such as Laplace
or Poison equations can be obtained mmerically by using
the FDM and the FEM. These two methods divide a
domain into many small discrete elements to formulate a
set of algebraic difference equations characterizing
electic flux of the domain With given boundary
conditions on the selution region, an approximate solution
is simply obtained by solving such algebraic equations. In
2D problems, rectangular gnd and linear tmangular
elements as shown m Fig. 2 are the most commonly used
domain discretization [6] for the FDM and the FEM
respectively.

1 1 1 1 3

2N
4 ] % 4 ,2;! @i
5
] ¥ T @I @I

a) rectanguls gnd bl nmgule clement
Fig 2. Domain discretization of the FDM and FEM

After all node equations or all element equations are
successfully derived, they must be assembled altogether
to represent the umified characteristic of the entire
domain. The enfire system is expressed in matrix form as
[CI[V] = [F]. where [C] is a coefficient matrix, [V] is a
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vector of unknowns and [F] is a vector of external forces.
Its solutions cam be obtamed with many efficient
techmiques of handling a set of linear equations, e.g.
Gaussian elimination, matrix factorization, conjugate
gradient method, etc.

Although the FDM 1s straightforward and simple, 1t is
not widely used when a non-uniform domain shape and
heterogeneous conditions are invelved. The FEM 1s more
acceptable to deal with nonlinear problems. However it
can be computationally expensive for large problems.
Furthermore, to include effects of conductor size,
ustruchwed and non-uniform gnd mmst be wused
mevitably. Hence, the overall execution time is very

expensive.

3. Electric Field Model using Artificial
Neural Networks
The ANN is well-known and widely used in several
research areas [7]. The ANN typically consists of a set of
processing elements called neurons that interact by
sending signals to one another along weighted
comnnections. The commection weights, which can be
determined adaptively, specify the precise knowledge
representation. Usually it is not possible to specify the
comnection weights beforehand, because knowledge is
distibuted owver the network. Therefore, a leaming
procedure is necessary in which the strengths of the
connections are modified to achieve the desired form of
activation fimction

In electromagnetic problems, a small number of
publications have been found. The implementation of
ANN model for electric field problems requires electric
field database of a 2D field domain. This paper focuses on
the estimation of the electric field strength. Hence a single
output structure of the ANN is presented as shown in Fig.
3

All  weighting parameters are obtamed by
backpropagation traming in order fo mumimize mean
square emor or so-called loss function. Fig. 4 shows
training structure of a simple feedforward network. The
training problem can then be formulated as the following
optimization problem.
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Some efficient classical optimization techmques such as
steepest descent methods, Newton and quasi-Newton
methods, ete, are applied to find a set of optimal
weighting parameters [].

Fig 4 Trainmg strochme of a simple feedforwand network

In this paper, when a solution region is defined, electric
field strength depends on a position of measured points,
boundary conditions, conducter radius, environmental
conditions, etc. All physical factors can be taken into
account as many as possible, as shown m Fig. 5.
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Fig. 5. Relation among physical factors via neural model

4. Numerical Results

100 m* area near an overhead power transmission line as
shown in Fig. 6 15 situated as the test system. The voltage
distnibution standard level of Thailand (22 V. 50 Hz) 15
applied as the surface conductor potential. For
benchmarking, calculation lines of 2-m, 4-m, 6-m above
the earth surface and the earth surface level are defined.
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Fig &. Test domsin of an overhead power ransmizsion Line

For comparison, the solution domain for the FDM and
the FEM can be discretized as shown in Fig. 7.

The neural model used in this paper consists of twe
layers with 300 nodes and 1 node respectively. The
transfer function of the first layer is the log sigmoid
transfer function, while the linear transfer function is
applied to the second layer. The fraining process
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corresponds to electnc field strength as a function of
Cartesian coordinates (xy). conductor radius and
boundary conditions. The framing of the neural network 1s
carried out through 108 traming points, 36 training for
each radius (35 70 and 130 mm® AAC: All Aluminium
Conductor) as shown in Fig. 8.
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Fig. 7. Solution domain of the FDM and the FEM
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After the training, electric field strength at test positions
along the calculation lines can be achieved and
graphically presented in Figs 9,10 and 11.

As a result, the neural network meodel mives good
performances for the electnic field strength estimation.
With the training algorithm, this model can account
effects of some key environmental factors such as
conductor size, temperature, moisture and hunudity, dirt
or fog condition, etc. This leads the neural network
approach to overcome other efficient numerical methods
like the FDM and the FEM in this aspect.
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Fig. 9. Electric Seld strength canged by 35 mm?* ACC
conductor size
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The second test is a 400 m? cross-area around an
overhead power transmission line as shown m Fig 13,
The voltage distribution standard level of Thailand (230
kV, 50 Hz) 1s assumed as the surface conductor potential
For benchmarking, calculation lines of 15-m above the
earth surface and the earth surface level are defined.

In the same manner, the electric field distribution of
this test cam be characterized by the FEM, FDM and
ANN. They can be depicted as shown in Fig. 14. Alse,
comparative results among them are illustrated
graphically in Fig. 15.
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From the calculation, the level from 15-m above the
ground to the conductor is critical due to the excessive
electnic field strength (greater than the maxinmm
allowance of 5 kV/m that human body can stand)
according to the international radiation protection
association (IRPA) [9].

5. Conclusion

Estimation of electric field strength can be performed by
using the neural network model. In this paper, overhead
22.kV and 230-kV power transmission lines are used for
test as solution domains. The first test, the 22-kV system,
consists of 121 nodes. The training of neural network 1s
based on training data, which comrespond to the electric
field strength at given points. This system is simple and
the analytical solution 1s available for comparison. With
108 traiming data, optimal weighting parameters are
obtained by minimizing the mean square error. The test of
the network is challenged with 36 test points along four
calculation lines above the earth surface. The second test,
the 230-kV power transmission line, comsists of 441
nodes. The traiming of neural network 1s based on training
data, which correspond to the electric field strength at
given points. With 200 training data, optimal weighting
parameters are obtained by minimizing the mean square
error. The test of the network is challenged with 121 test
pomnts along four calculation lines above the earth surface.
The mumerical results present good agreement with that
obtammed by the analytical method, while the FDM and the



FEM do not. It is very important to be in evidence that the
neural model gives good results in electric field
estmation. This mught imply that the neural network
approach can be further used to predict electric field
distnbution around an overhead power transmission line
under an unexpected weather condition. e.g. rainy. foggy.
dirty, or other extreme conditions.
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