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ARNON ISARAMONGKOLRAK : DESIGN OF ELECTROMAGNETIC
FIELD SHIELDING DEVICES RESULTING IN OPERATORS WORKING
UNDERNEATH A POWER TRANSMISSION LINE BY USING 3D-FEM

THESIS ADVISOR : ASST. PROF. PADEJ PAO-LA-OR, Ph.D., 248 PP.

SHIELDING/ELECTROMAGNETIC FIELD/3D FINITE ELEMENT METHOD

Monitoring, maintenance and repairing works of electric power transmission
systems are main functions of power engineers in their daily schedule. Provincial
Electric Authority of Thailand (PEA), state own organization in which regional power
transmission systems and rural electric power distribution systems are its major
services. For economic purposes, two or more circuits are normally hung on the same
towers. Typically, a circuit of higher voltage is on the top of the tower. A practice of
this configuration is a combination of a 115-kV power transmission line and a 22-kV
distribution feeder. Safety of operators working in this circumstance depends on
carefulness of all possible risks. Even when one circuit is disconnected from the
supply source, electromagnetic induction becomes a serious issue where two or more
circuits are located close enough to each other. In this thesis, three-dimensional finite
element analysis is exploited as a tool for visualizing electromagnetic field
distribution around a power transmission line. In addition, electromagnetic shielding
devices are investigated in order to reduce the electromagnetic induction on the nearby

circuit. Several configurations of a crane’s cabin roof angle are studied and reported.
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32 msmnaennivh@ e Biugu d@iing Tuousd, 2545)
ﬁum"lwﬁuﬂw,m"lumimﬁ@uﬁmmﬂiw"Mﬁ"lﬁﬁﬁwmﬂuwﬁﬁmq@ammuﬁ”m
Yydnwal E uazgnineenuuiuniieussfudeszezna (kv/im) Tnsfivinavesauiu lnlfh
inaananuaednd ldilisenitegadesyala q Arnnduauinldiazuldsdudy
useanTivesmedaldiseganazezmlsnnduduszozviisninaode Iiius aga
au il a 9ala 9 lueimazilsgneudisesnszneuvesauin i muuannu x
y naz z muddn msdmnaau ihiinszneeguinumeda s iqaldnaunagn
°lumif‘hmm”l%'ﬁafj”lajﬁﬂizi;"lvmﬂﬂ 1 wenandszyiiAaninaneda s eq fiudu
vSnaiinsandsnnudiumudeouin 4 wasdmaninesy (Permeability) Y9890
01MART (£ =8854x10"F/m) Ms2q (0) fiAasuansan 1dnndus wduliih ()

" o a Q( L I [ Y
sazaaulszansved Maxwell potential coefficient (P ) %%mﬂuaumﬂﬁ’mﬁ

lo]=1P1" V] .0
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Y
°luﬂ15ﬁ1mm“lﬁ'wmimmammﬂimqm (Image charge) é’f’wé’qﬁummmﬂizfg"lW‘ﬁmzﬂizﬂau

Y S = T a = = T a .
Aea UM UIIUINITY (Real part) tazad U UIUIVIUANNW (Imaginary part) 115D

Y
=

wewiuaums 1dag

(00, 1H0,,] 6.2)

anlszaiunaanae liiua a,b,c.....m eansanIdanaums
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Qra R)a sz BJW! ra
Qrb I)ba B7b ot Pbm ab
_le_ _Pma Pmb Pmm _I/rm_
_ — _ ]~ _
Qia aa ab am ia
Qib Bm B)b ot B)m V;b
_Qim n _Pma Pmb A an 1 L7 im |
Adamun lumasng P auwnsan ldan
1 4
P =— {L} (3.5)
2re | D, (a)
2 2 %
P — 1 l (xa_xb) +(ya+yb)
ab n 2 2 (36)
27[8 (xa_xb) +(ya_yb)
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Teit B, =B,

: , Vo nd
e D, (a) Ao iduruguinanauyavesaenuwla a(m) wiiy Dx 5

D #0559z 19U0Id18AI1 (m)
n v MUIUVDIT BN
1 -4 ]
d Ao durUgUINA YOI 8EDY (m)
4

y, v, foanugennivauvesaeliiuld o6 awddu (m)

A 1 1 o o
x, x, Ao szezennuuImedeesate lWiule ¢ bamday (m)
araun i@ fmavnnaieldd wda c wya xy laq (x,, ) Tunuauny

x uaz y iz ldanaums

_ Q0,190 -x,) (0. +/9.)(x, -x,)
xa 2 I 2 2 (37)
2ze[ (x,-x,) + (v, -9,) | 2me[ (x,-x,) + (3, +3,)]
_ ©0.1/9)0y-2.) (0. 1790y -3.)
va 2 2" B B (3.8)
ZES[(xa—xN) (v, -yy) ] 27[8[(xa-xN) +(v, + ) ]
E.=E_+E, +E_+.. (3.9)
E,=E,tE, tE +.. (3.10)
4 _7[ E.,
Taoh  E =\E , +E, . waz 0= ran™!| =i
‘ ' ' Ex,real
E .
Ey = Ejrcal + EJZ/imag U’ag gl) = tan-] { L J
' ' E
yreal

i age xy laq (x,,y, ) fo

E’ = Efcosz(a)t+(9)+chos2(a)t+g0) (3.11)
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! a g 4 dE2 % :JI
aau liihgegavzinaduiie ~ =0 Aun
t
EfsinZH +E’sin2¢
tan (2wt) = -—; > (3.12)
E cos20 + E cos2¢
4 T
19 wt1=wt+(m-1)5;m=]234
E = \/(Excos(a)t] +0))’ +(E cos(wt, +¢))’ (3.13)
_71| E cos (wt, +
E cos (wt, +0)

° l & ¥ aad Ao A 7
33 NIIMUIUTHNUNLHANAIYITWUZIU (WNnnY ﬂuamﬂ, 2545)
] < a ] @ o 1 o a
auivannaannszud i Inariudnivesaed i ius sgeilding
1 v ] <3 4 o [ o [
ANUUUIUUNENFUUIMAN (Magnetic flux density) Yuilouunualodyanyal B uazgnia
] J Wb A ] 3 & 4
20N IUNUIBUB IO ABAITINAS /2 Wiomaa (Tesla) avuuimaniunnaos
m
' R T A = S o
yoennuruiundnduimanndinevuanaz emanieuduin I dwsvvuaves
] I a A v A a 1
auruuiianinavnusslunisindeudlveslszyuiemasinaivesnszua il
mlaeundasainiuar ¥eagiamdsdudunszua Idfrvesaodalddmsege
v W 1 1 o ] <} { a 1
sazulsunAunuszezieonnaed Iiusage msdrunudumnuwimanifannaieda
a 1 < : v o dao
Tdnsegeldfarsurninanududuivuiivan (B Felianuduiusny

anszua liih () wazszezriannae i lldganinsan ()

HZL (3.15)
2nR
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agzua i Tnaluane izl szneudedininduduiuesa (Real part) nag

dau‘ﬁrﬂui‘hmu%uﬁmw(Imaginarypart)ﬁmgu I=1_,+1I. HATAINIINIYY
real “imag

] <] { a
auuwimaniinaninae e a.b.c,... o398 x y 1o 9 (x,,y, ) @nsolaan

H _ n Ireal(j) yj-yN+ g [imag(/') yj-yN

v J (3.16)
j=1 2= R, " j=I 2z R,
H _ n Ireal(/) xN -x/ +] g: Iimag(j) xN -xj (3 17)
" j51 2z R, j=I 2t R,
Ry =\l -x) 0y -2,) (3.18)
4 7 H.,
Taoh  H =H:  +H . war O =ranl | e
’ ‘ Hx,real
H .
— 2 2 o _ -1 ,ima,
H, = H 0t H e uay @ =tan [ Hy gJ
yreal
1 ] < A
AMETUVIUAANTIN VU A X Y 1A 9 (x,,p,) AD
H’ = Hcos’ (ot +0)+ H  cos’ (vt + ) (3.19)
1 ] < a d? A dH2
MAUNUUHANFIGAILNAVULND y =0
t
HfsinZG + H’sin2¢
tan (2wt) = -—; 5 (3.20)
Hcos20 + H cos2¢

1o a)t1=a)t+(m—])%;m=1234
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H,,, =\(H cos(t, +0)) +(H cos(ot, + p))’ (3.21)

(3.22)

B _J{Hycos (wtﬁ-go)}
angle=tan = | ————

H cos (wt, +0)
9 ] < ] [l < ~ v o Jdo
HAgANUUNFUNULNKAN (F) NUTUINULNKAN (B) ISUANUTNNUTIUNNTUNT B = uH
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U
]

an 4 3 $ qﬂjl q‘/ a Jdaa o
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3 1 3 :/1 4 o =~ = Y dyd
Jupoulvn q Nvua 6 Tuaou (Us1Tund wyesiln, 2542) Tasliseazideansil Ao

1 Aaa Al [ ] 1
1. wisdamungesl¥nuszuy (Discretization) HUIVo VAT 19VDITZ Y

Y v
S A ~

Ay o 4 I aa d 1 an 4 o
illuTi'I‘V]G]’t’]\‘]fﬂi’ﬂ1NﬁaW‘ﬁﬂﬂﬂLﬂu@ﬁLNuﬂﬂE}8 9 Tﬂmmazaamumzuwum Ae muﬁ@ﬂu

=e

=

Ui 3.1 Fuflugduaasnisutadamuivesglsreiflywinuy 258 Geuiv x) Taold

Q) et

a I'd { 1 Q aa 4

awuiglemmdsuaiugaae F9lsznovuliUdreTnua (Nodes) 8a1uUN (Elements) 1az
an P 1 4 I

YO ULUAVDID AN UNNBEN18TU (Interelement boundaries) taztordunuinislunisadi
o ) [ aa 4 %] [l 1 [y

Tdsunsumsannudmsumstloudoyavenn q dawun 9vesndled1eglitveilyn

A 9 an ' = :JI aa I'd [ 9 A
‘nﬂizﬂeumﬂaamuwgﬂﬁmmaﬂumﬁm 3 9aUN 4 11iua ﬂ\i!&ﬁﬂ\?ﬂflﬂzﬂ‘ﬂ 32
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U7 3.1 msmisgiswveilamesnifiudammst

511 3.2 gusvesilyminszneudae 3 8amun 4 Tnua

Y da' Y 9 o a A Y A aa 4
"llﬁ)ll"aL‘]Jﬂﬂﬂuﬁﬂ"iﬁﬂiﬂilmiuﬂ’E]iJW’JLGIfJi‘VW]?Nﬂﬁ 19 MUY UVUDIDALUUN

9 qu 1 Ao 1 @ 9 A Y 3 <
HAZHINBEYUDI InUA Wi oUNIAMNNAvD AR I1HUA ﬂ\HLﬁﬂ\‘lﬂﬂﬁlzﬂ‘ﬂ 3.2 Wi@uﬂiﬁéﬂlﬂu

A1319 1899015199 3.1 1Ay 3.2 udiay

A15799 3.1 AnyazToyAYDIDANUN

. ey T1ua
WAV AN
Tviup i Tviua j Tnua k
1 1 2 4
2 4 2 3
3 1 4 3

{ a < a
Wee - 11U i j 1z k Aonuneauved 1vuad i juaz k Tunananuiyuim
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{ [ 9 ) ]
M13719% 3.2 ANBALVDYAVOIA KU THUA

ninaay Tviua WAALAY x WAALAY
1 0 0
2 2/-/3 0
3 143 1
4 1/4/3 13

14

A J v aa . .
2. maﬂgﬂuuu611aﬁfhﬂwumiﬂizmmmaiuaamu‘w (Element interpolation
. 1 Aaa I A 9 Ao Y &£
function) ’E’JEJNiHﬂiﬂlE]ﬁLiJH‘WEﬂﬁ1ﬂ!ﬂﬁ8ﬂ%$ﬂi$ﬂ@‘ﬂﬂ’)ﬁl 3 IWH@‘VHJGI’J’HE]EJ i juag k¥
a < a o w [ { . : J J
Tuiamanuduninaug ey daaaalugiii 3.3 (Bickford, 1994) Fuilumsilszuiman

an ' a
maiuaamummumﬁ U (Linear representation)

msdsznanielu

U,

) VT IEY

4.

e g o)

~ a 9 aa 4 =
517 3.3 msdlsznamelurnugaauuusdwungilaunrasy

o 1 < o ] o A 1 i
funsvesTnua (x,y) n =i juaz kifluduiisesddn lunswa o, Tao

a v v o 1 aan 4 I a @ y
AUUAANHUSNITNICINYUDINAANT T mgmuﬂﬂ ] VUBAIUN ue(x,y) LTJ‘L!LL‘]J‘]JLGHQL%JH ﬂ\iﬁ
Ue(x,y)= o+ px+yy (3.23)

v [ 1 4 Y
Taoi o, B,y Wuaaei Fesamnsom ldnnTnuansaudad
ue(xi’yi) U = a+ﬂxi +Vy,-
Ue(x;,y;)=u; =a+px; +yy,

Up(X,, Y, )= u, = a+t Bx, +yy,
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o 1 1y v v & Y v " e { v
W a gy nlannmsudaunisneaiudiedu unuaindvasldluaunsi 3.23) wwld

v o ] aa J 3

anbaENsnIzBveINaman laglszauna o dumviala 9 vud AUty
ue(x,y)=u,N,tu,N +u N, (3.24)

= A oy o aa 4

FIN, n =i j ko Wansumsdszanameludsamun

_ ay +byxtcpy

N (3.25)
" 24,
Tagii a; =X Vi =Xy, b=y;-y G =X
a, =Xy, - XV bj:yk-yi C; =X =X
A =XV, -X, by=y.-y, G =X -,
A z A v aa s 2 k4 = Ia J o a Jd o dy
e Ae A9 WUNVDILADSDALUUN B 2AeW'lulﬂi]1ﬂﬂl‘1/]’f]53JLLuu@]ﬂJE]\‘]ﬁ'3J‘]JiZﬁVl‘ﬁ JU
Iox
24p=|1 x; y)|=x,0 -y )Tx0; -y )tx0,-y;) (3.26)
I x,

9 9

= ==\ Y A
mumuumm‘lﬂamm

a

1 o -4 (Y J v {
ANuud woInamasazIuegiuilsndumsszmamelunauua
(Y] 1 9 =1 9
furamasiuasesilyriunnieaiivaladie

aa 4 [
3. 4319aun15U990 81U UN (Element formulation) 1 doandesfuaunis
a @ 4 oy = 09/’ dyd 1 I :/l Ao o an Jaa 4 [ 1
weeysiusvesilym FduseuiiteoduiuiuneundAgueads I lundawun edrasu
~ ana 4 ~ ~ 9 I Y] ] ] ~ 1
nitiaumsvesdamunammaeni ldenuuiludedredweanslugli 3.3 sgeglugduny

2

~
JU

€

K, K, Kj||u /i
K, K, Ky||u,|=|/f (3.27)
K; K; K LU, Ji .
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A

5 1 ' a o @ ] J { v
sudeulavde'lan (K1, [wl, = [ 1. Tae [, Ao wnsngaa linsaii lvua uazda
9 9 [ Aa 4 v aa P aa v 1 o o Y
#oo e uaaldnsuinduwnindszaudamun Feaumsvesdamuiaingd suiludegn
Y d? Y Y o a [V 4 o :JI 9 aa ] ]
aivunlaeandosnuaumsFeyiusvesilyniiu g msainaumsvesdamundioy

Tugdnuvvesaumsi (3.27) eansaih1d ag

Y [
-35m131aoa39 (Direct approach) A5 a0 14 Idmwiznuilgwindile

4
1

Y 1 1 [y 1 an v d! 1 [ d‘
18410 9 grawu Jyniaie Tugansa 1 44 mniu Fa liausavduvers)asuuilag

o I ldnuilamlu 2 wie 3 TaTaona 118
42

an o .. Y o an A o &
-25MsuYdsAu (Variational approach) ¥aanN1TAIAYUDIITNITUAD Intlu

9

> 14 3

Y o A Y Jd o &£ A 1o Jo @ Y a
ADINIMIMIKToas1ilandu Fulieiimsmadigavesilanduiiuuad szilumalina
a @ 4 A A 9 [ ~ o w [ [ <3 ax
aumsFeeyiusuazitou lvveuaiaeandesnuilymndideaulaeg odrelsnamizms
o I A as.l‘ a { [ 1 o a Jaa S 1 ]
plsAwdudtmsauaunldnulugedu q vesmswaudd I lundamun Fedrulvg
I A A Y] 9 9 [YRR=1 1 A A o o3 9 S v o
wiluilgminmenunediulaseasie uazdaigaeeudnae suduasansilandunlsiu
~ Y [ Aa o 4 3 £ a Aa oA
NaeandosnuaumaFieyiusvosilyriiv q sailyvivaie q sialumalfiaaunise
o -1 1 1 J o Y { @ qﬂll
afvaumsoyiusvuan 14 ua higwnsomilssdumnlsdunasandosiuiula
as ' g} o Y . . as dy Jax
- NI NUINUNAYANAN (Method of weighted residuals) AT A S RE T R b
Jaa I a o 1o & d o
adeaums I luioawuivinaunsiseeoyius lagase Tae'hiduludesnsiuilandu
o { 5 o Jaa d o o
nlsdunaeandes Faawsai ld1$lunsadwaums I lunsawundmsuilym
o Y I a { A { J Y 1 @
Taen 9 11 uazgnialmiiluisndenngalumsdszgnaldnuilymais q uilagiiu
0 J aa sy ¥ @ I
4. ihaumsveuaazdamuni laulsznounu (Assembly) Huaunissau
qgj ~ [ v I an Al = 9
YBITLUVIINTUABUN 1 vinuianyazlswvesilymieeniludamundessalsznouaie

1 F4 £
n 1viua i]%ﬂﬂiﬁjLﬁﬂﬁz‘UUﬁﬁJﬂTi‘i’JﬁJ“ﬁ\iﬂ3$ﬂﬂﬂﬁﬂﬂﬁuﬂ1iﬂ@8§1u3uﬁ\‘]ﬁu nauMs lag

Y v dy
waad ladail
K, K, K; K, u, Ji
K, K, K, K,, U, S
K; Ky Ky oo K, Us _| /s (3.28)
_K"I K"2 K”3 v K’"’ sys(nxn) LY sys(nx1) _f" Asysnx1)
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' Y J { a J v
w3oen Tagde AT (K], [ul, = [£],, 1INaumsh (3.28) wn3nd (K], ssliguaniifves

sys

1 [

= [KT., vasiauaniiaveIn1sdunguiuyedn

Sys a

o3| a J U A
ANUYUUNT NFAULIAT NA1IND (K]

Sys

A [ - J a a s & A o ' [ 3|
“I/Ivl,lll,‘ﬂ'lﬂ'Uﬂ“LlEJ“U5!’)@411,1‘!'(]1/]!,!,‘(’1\13,!%"1]@\“%1/]5ﬂ“]f Gﬁﬂﬂ%ﬂaﬂﬂm%@giﬂMﬂuLﬂuuﬂU

vAa o U dy 1 Y a 4 ] [y
(Banded matrix) M1naaiauiiaaina1nil azneliinalse Temiearaunlumswaun Tusunsy

]
a AaA o ~

a 4 A &Y <3 9 Yo <3 o A
ApNNINBS Tagmwizod1egalumalfiansuiuaealssiuiulvuadlusuninie
1 Y a A A @ Y g A [ Y S 9
vznelifanamasiinesass Tagenunsaiau Inwamizan ldmminugud 131y
' o A Y o ' 09/'
nieaNuI N IFlumsiiiamniy

o ] 1 ana 4 [ |
fﬂﬁlﬂf’mﬂ?ﬁElf]EJEUfNLWI'ﬁZf]mﬂJu‘Vl1111J5$ﬂ’ﬁ)‘UﬂUL"lal}H‘l]uﬁiJﬂTiﬁ'JiJ(’U@\ﬁZ‘UU

1 F4
=S 4 =) 1 =}

[~ 9 4 @ [~ [ A o F%
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Tagh a,=x,(y,2;-y32,) *x,(¥,2, - ¥,2,) +x,(¥;2, - ¥,2;5)
a, :x4(y321 —y,zj)+x3(y,z4 —y421)+x,(y423 'y324)
a,=x,(y,2,-y,2,)+x,(¥,2,-y,2,)+x,(V,2, - ¥,2,)
a,=x;(¥,2,-y,2,)+x,(¥,25 - ¥52,) + x,(V32, - ¥,2Z5)

b=y,(z;-2,)+y,(z,-2,)+tr,(2,-2;)
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! 24,
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E(x,y,z) = ENN, + E,N, + E,N, + E,N, (4.28)
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dy =Xy = ,) +%(V, = y3) + %, (y3 = 1)
waz v AelSinasvewdazdamun wldnnamesimmdvesdunlss Angdail
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1 x »n z

11 x z
= R G (4.30)
6L x; ¥, 2z,

Xy Vo 24

Y aa d
4.3.3 NFAITNAUNMTUIDAINUN

[

3 dyd (R ng A o ~ as Jaa S L & 9
JupauilnoInduduaoundn wqmma‘ﬁ“lw”lumamum Fuilun1sesg

@

aa o % 4 Y ' o o
ﬁllfnﬁ51]i’NﬂaLllu%glﬁjﬁ@ﬂﬂf?{i’)\‘iﬂﬂﬁﬂﬂ?il%ﬂ@iéwu‘ﬁﬂlﬂﬂll‘EUUWTG]"N il ﬁWWS‘]J“ﬂiUuﬂ"IsU@Q
aa =1 an Jaa 14 9 [ a [ 4 4 1
U 2 WA mﬁmﬂm‘ﬁ"lv\lhlu‘n@amummaw@1ﬁumigmauwumaﬁlmm”lwag"’lu
M Y] A U A 9 [ 9 Aaa 14
qﬁj‘]JLL’]J‘]JVI’J]l‘]J aanaasluaunisn (4.1)ﬂ@u‘V]il3L"]J"IQ’ﬂ"Iﬁﬁ'i"l\iﬁﬂJﬂTisUi’)QﬂﬁLiluﬂ

ao'ly (Larry, 1984)

¢ o°¢
D, =2 +D, =5 -Gp+0=0
ot TP p+0=
~[w,rda, =0 4.31)

e

4 a Jaa J 4 a 9 (Y]
szgnaszdeuds T luvdauniomssuuaumasudu Iago1dens

o o

1 Y]

A [ § C%
Uszgndatn1sn0iminiAEANA19 (Weighting functions) #4aun1sf (4.31) Tuilagiiuns

%e

Ja J @ Y A & aas [ Y amxda P Jq9 9
Uszgnadrsmsarniminavanaseudsngnialmiudsnienngalumsiszgndle

4
ad A v

Y 1 Yy ] an A . =
ﬂ“]J']JﬂJUT‘iWHQ q tae 'Jﬁu8Qﬁ1ﬂ15ﬂ%1lluﬂ@@ﬂ1ﬂ]’lﬂ@ﬂ LU ITVDINUADTAU (Galerkin) 5
a P d? Qddy a 9 = = | Y a S o
WNTNENNATUIINITHUNALAIzUANNaNINAT e Inadse Tevdearaunnlumsiamn
a 7’ A [ 1 o o an
Tdsunsuneunamesiie Ignuilymivualng dwmsunsdiszuuilym 2 Tamsadeaums

an 7Y 1 3‘ @ 9 = [ Y] dytﬂ 1
VOIDANUNAIINTOINIIHUNABANANTHANNTAIH Ao Msunuawamas Taglszuim
~ [ Y a 1 % 4 1 a [ Y Y] 9
adluaunish 4.1 ﬂgulﬂﬂﬂﬁlﬂlﬂﬂﬂuvnﬂ‘ﬂﬂu& NINUAISUAUNTINY R UNUAIULTAIAIY

aunsn (4.32)

82¢ 82¢
R=D.22:pD %? Gg+ 432
* ox? Yoy’ s (4.32)

Taoh ¢ fe dawdsi linsua
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=& = 1 9 . 3 1A A a d? Y
HI R ITINIUAYANA (Residual) LTJUﬂ']NﬂWﬁTﬂVILﬂﬂ‘Uu%Wﬂﬂ’]ﬁﬁlsﬁwalﬂaﬂ

9 v
a K A 1 o0

Tagdszanada lilsnamasiuassvesilyn imuandn R Minalunsiiaidinga tiowa

9 Y
o 9

A A d? A oA ~ Av Aan 1 k)
maglaglszanaimnetusziinniownsannige wagluanuiseiinsmsorahminayaniig
Yq Ya sa . 24 an s
181935 veanuansAu (Preston, Reece, and Sangha, 1988; Kim, Kwon, and Park, 1999) 43751
Y
° U Jd @ o v . . .
awsanszii ldTaemsgauasandie R aaeflanduiiiniin (Weighting function : ) 1142

Aa A 3 Aaa 4 o A 9Yq ¥ 1 o S o A
BUNININAAOANI LA UVDIDANUN (Ae) ngﬂT‘I’TuﬂWﬁﬂhlﬂerWl"lﬂ‘]Jﬂuﬂ HUAD

~[w,RdA, =0, n=123 (4.33)
Aé’

o v AaAa 4 = ~ [] (= & 9 1 1 09.:‘
drifudawunglamaon gan hinswa1ll 3 90 Feldungadons
v
v £ 9

o v Ay o = = g
A Aaiudesdesms 3 aumslumsunigan lunswa duriedlugumsi (4.33) 1zdod
1 a $ o 1 % Ia
UM =1 2 3uazlasdndsieziden W, = N, Fuseni 10 Tuvl-nuassau (Bubnov-

Galerkin) A9 UilBUNY R A18aunsn (4.32) asluaumsn (4.33) 1218

2 2
9., %0 Gy 0)an, (4.34)

0=-J[NT (D
A “ox® Yoy

{ s a ¢ & S o aa s
Taof  [NT  fo nameswninguuiasvesilansumsiszanameludamun

A U dou AY = A v
!,11!6\1iﬂﬂ‘V\l\iﬂ“]ﬂ!‘VlG]ENﬂWﬁJﬁZiﬂm ¢(x,y) "luummmmuawmmgwma

[

J 1 aa J o z v Jdo { A
FEUINUABLDANUN AITUTUMTOUAUTOUAUN 2 mwaumsn (4.34) Veaunsounu laaie

Y
4 =1

AUMITOUNUTOUALN 1 A9l

2 &)y 22 L2
X ox ox ox Ox

(4.35)

e e e
x°  Ox ox ox Ox
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NNANMIN (4.34) 9218

T T a¢ T
j[N]D dAj DﬁydA+jN]G¢dA 1[N]QdAe .

(A) (B) © (D)

J o

dumou A luaumsi (4.36) 3 mmimmu”lﬂmﬂaumiauwu‘ﬁ UAN T

Tagofoaumsii (4.35) 12 1 @aums Inddaaumsi 4.37)

2
(v D, T an, -] Dti[[zv]f %jdAﬁ [0, AN 204
ox T Ox ox A ox Ox (4.37)

AE’ At’

9
~

dyﬁl a a U d' 4
wennniideannsalszanannd —.[ DXG—([N]T 6_¢jdA Taso ez (4.38) laeal
A, X X

OlinT 22 ia - [T 22
j ax([N] 8XJJAE l [NT —cosgdr (4.38)

unuAEuMIN (4.38) u (4.37) 39'1dmoen A 1l

—'[D[N] —¢dA _—jD [NT ¢cosedr j D, oANT %A (4.39)
ox Ox
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@ [ %

o 5 4 4 : U {
TushueaReaiumen B ieunudisaumseyiusouaunile: lddeaunisi (4.40)

0% 0 o SN o4
T _ T
_ Aj [NT D, ya’Ae = Aj Dya([N] 5]@@ + j D},ngAe (4.40)

annsadszinamad —ijai([N]T Z_¢jdAe Tagordoaunsii 4.41) 1&aadi
A, v Y

O vt 22 Lia - (inT 92
jay([N] ayjdAe l[[N] aysmé?a'l“ (4.41)

Aé’

unuAEuMIN (4.41) u (4.40) 39'1dmoen B 1y

—_[D[N] —¢dA —j D,[NT ¢sm9dr+jD ANy a¢dA (4.42)
oy ooy

UNUATUNTN (4.39) uag (4.42) luaumsn (4.36) 221d

o Gl ONT ¢ . aNT og
0= j[N] (D, = 0s0+D, 8ysm@)dﬁja) DT 5 8y)dA o,

+[ GINT g, - [ AINT d,



46

N 49 =[NHOO} unumluaumsi 4.43) a2 18

0= J‘[N] (D cos¢9+D a¢sin<9)dF
" oy

[ fo, T AN, AN a[N])dAeJ{CD@} @a)
ox ay Oy

{f G[N]T[N]dAe]{dﬂ")}— [OINT da,

wazamsadenlifegguiin T 18Ty
0={/“}+[KHO“}-{/} (4.45)

Taef  {I9}= j[N] (D, ¢COSH+D a¢sin6’)d1‘
"oy

2 oy oy A

{r3= jQ[N] da,

H v
Tagh [K9] awnsovagdlnilaemadudumsas lail

[D]= {l()) lg} (4.46)

g = J .
HazINRBIINIIAYUE (Gradient vector : gv)

o) [aN]
=1 50 1=| vy () =181{)

oy oy
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[N]

ox
[B]= M

oy

a7 | 20 A w

vin [B], [B] waz [D] awsadien [K] Tnildiu
[K“]= [[B]'[DIIBldA, + | GINT [NKA,

[K1=[KS1+[KY] (4.48)

o v Aax Jdaa 4 an a o dyd a d‘ J
mmmﬁ“lwhlumamummu 2 48 \1”I‘L!’Ji]Elulai’)ﬂﬂiﬂgﬂﬁ?ﬂlﬁﬁﬂﬂﬁ?ﬂ@ﬂ@@

9 1
Tumsiuau duium ¢ Tugdeumasuieannsosivua laiiu

¢(e) =[N, N/ Nk]{q)(e)} (4.49)

1

1
N =——(a.+bx+c
2A(, X+C,Y)

e

1
Nj:Z(aj+bjx+cjy) (4.50)

1
N, :I(ak +bx+c,y)

e

v ¢ a Yo o aa P g
LlagEﬂgllﬂnﬂlmajlﬂi!ﬂﬂu@ﬁ']ﬂjU@aLNUWHLﬂH

oN, ON, &N,

Ox ox Ox
= @ 451
o=l v v, aNk{ } (4.51)

oy oy Oy



UNUATUNITN (4.50) Tuaumsn 4.51) azld

116 b, b
{o}=—c| ) =[B{“}
2A, 1 ¢ ¢, ¢ { }
b b b
Bl=— |
2,16 ¢ G

mﬂfmmsﬁ (4.48) %zﬁqmmﬁu"lﬁﬁ
[K$'1= [ [BY[DI[BldA,
AE

iioa91n [B] way [D] fumnaiaz 18
[K$1=[BY'[DI[B]| dA,

[K;1=[BI'[DI[BIA,

unua [B] uaz [D] daeglugdaums [K9] Tnildilu

b ¢
|, “I'p, o[k b, b NE!
[K5'1=|b; < |, D, e ¢ el|\2a

b o ’

Db D,

X7 ycz bi b bk 1
[KY1=| Db, Dy, ’ —
X7 y-J ci C. Ck 4A
Db, D, ’ ‘
B 2 2
D.b7+ D¢ Dbb,+Dcc;, Dbb +Dcc,
[KY]1=| D,bb,+Dcc, Dbi+Dc;  Dbb +Dcc,
Dbb,+Dc; Dbb,+Dcc, Dbi+Dc;

bbb bb ¢ o
D ) D Uk D i tJ
[K,(;)]=—x bb, bj? b;b, + 2 ce;,

e 2 e
bb, bb, b GG GC;

48

(4.52)

(4.53)

(4.54)
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§ o I [ H 1 an 4
MNaumMsn 4.48) dmuald G Wuanan meluuaazdamuviazla

[K]= [ GINT [NJA,

=G[|N, [N, N, N,]da

N’ NN, NN,
=G[|N,N, N NN, {dA, (4.55)
“| NN, NN, N{

I qa513982152 0D (Factorial formula) lunmslszuansouitninaaen
4

Nufdaaumsi 4.56) Taei N, =L, N, =L, waz N, =L, 14

alblc!

(4.56)
(a+b+c+2)!

e

[nrrda, =
AE’

y A I~
NNANMSIT (4.55) ennsaninsauendly 2 n3dl Ae L =L, uwag L #L,

~ @ I a VoA = Y
Tunsdl L, = L, vzvesndredamsnasangaaed 1 vesglammasuszlda =2, b=c=0

k4
v o

Safunnaumsh 4.56) 1214
21010!
ijz.dAe :—l e
A (2+0+0+2)!
_ 4Ae B 2A,

4! 12
TunsainL, #L, 92998nA20819n150915219A00% 1 11ag 29093 1)

umaenaz 1@ ¢ = b =1, ¢ = 0 ANTUNNAUNIN (4.56) 92 19
111101
[ s, - 220y
It (1+1+0+2)!
B 2A, B A,
4! 12
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] '
1A

= A I Aa o 1 = o o 3 A Y
NYAABDU 9 Gumgﬂﬁmmat’mﬂwmmﬂuaﬂymzwummm ANIUUIINTUNITN (4.55) ﬁ]zulﬂ

2 1 1
12 12 12
1 2 1
K91=|= = =|GA
[Ks] 12 12 12 ¢
11 2
12 12 12
o 2 1 1
~[K¥1= 12@ 1 21 (4.57)
1 1 2

o [K9)=[KS]+[K9]

b bl_Z bibj bb, cl?2 ce, cc, A 2 1 1
[KD]==— bb, bf b b, +— ey cjz. ;o |+ 126 1 21 (4.58)
“|bb, bb, b? “lac e, c 11 2

e

AU 4.45) Smsumsman {9} uanaladail
{r93= [ OINT dA,
AE’

N[

{9 :QJ' N, A,
A, Nk

9 a o a A tﬂy A o A
1dgangsainlsznenlumstszanaumssuiinsnaasaiuiasaunisi (4.56)
lagil N, =L, N, =L, uag N, =L, uazdmiunsain 0 =0 wld
Ll

ry=0]| 1, an,
A, L3
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1
{r93= % 1 (4.59)
1

] Y
AU (4.45) Smsumsman {19} naasladai

{19y =-[INT (0, 056+ D, Lsing)ar
! Ox oy

i 1 aa 4 o s A % 4

Tasharvoutvavosuaazdawud I laiinisdszgnatoulunuuuesiuil (Neumann

0"3 o v :JI =3 Y
ﬂ'lﬂﬂ‘]J"ll’fJU!"Uﬁﬂl’f]\H'Jﬂlﬁ@ﬁﬂ\‘]uuﬂ\illﬂ

. o 0 \
condition) Taafruald —?:O e 77 Ao NNABIAY

on
{I}=0 (4.60)
Founuaumsa (4.59) 1az (4.60) Tuaumsi (4.45) 1 14aail
1
0= [K(e)]{CD‘e)}—% 1 (4.61)
1

] 4
wennsanilapnauy iy 2 BaTaemsunumdulse@nionaums

1 (4.8) aaluaumsn 4.61) 2218

0= [K(e)]{CD(e)} 4.62)
, b bb, bb, e ce, ¢ , . 2 1 1
Tl [KO)=—2|bb B b ||, @ e |- LIRS
AA i Y i | j 7 1
G 11 2

e 2
bb, bb, b, CG G,
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o % i a ] I aa 1
Glumuauﬁmﬂmﬁawmimwﬂﬂgmﬁmmmmamm‘u 2 4alaensunual

[ a = A A Y o a [} = [
dudsedanionaunisn (4.20) adludgun1sn (4.61) ﬂgulﬂﬂﬂﬁllﬂ"li‘ﬂ (4.62) IF¥ULAYINU

nnilszms

¢

Jaa 4 o

o v Aad an d o Ja J
amsmﬂw"lumaamummu 336 NE9A9Y52enAI5N150291U 1

Q

]
9y FY aa Ia 1 = v Aan o A 1 A <
IFHANANNAIYITNUADTAULFULAYINUNUVUUY 2 UAAITUNITN (4.31) uavztlasuunis

a a a (% qﬂll Y v ~
i’)°L!‘VILﬂi‘VIii’)‘].l‘].]'ilﬂ@i!,fﬂuﬂﬂuuﬁlgllﬂ@Nﬁllﬂ?ﬁ‘ﬂ (4.63)

~[w,Rdv=0 (4.63)

§ a I an @ {
Taodienasanilyvuilunuy 3 Tase AeanA1e R Aeunsn (4.64)

% % %
R=D +D +D -Go+ 4.64
X axz y ayz z 822 ¢ Q ( )

Ay A A a d‘ 9 d' 1 ) (% 3 d‘ 1 1
\‘ﬂuﬂﬂﬂulﬁﬂﬂﬂiﬂiﬂﬂiﬁﬁﬁHWﬁﬂﬂﬁ@iuﬂWiﬂWU’Jﬂ! muui;w”lnmmm
k4

L]
v

1 v a o =
9

=\ &£ Y 1 9y 9 A 1 1 [ 3
928 4 903 IdungaaeN d AuuIIde s 4 aunslumsudnigad lunsiua deiueain
v 9 v
aun13f (4.63) 9gdealin1n=1 2 3 4uazlaginavzidon W, =N auiudiounual R

Freaums (4.64) adluaumsn 4.63) az'ld

2 >+ D, ZZ—G¢+Q)dv (4.65)

et 08 o’ 0°¢
0= J;[N] (D~ +Dyay +D,

A d v d'ﬁ} (=} 1 A @ 4
iesnnilangundesnisiszunm ¢(x, y,z) lilianuaeiiiosvosoyius

9 v
Y v =

1 1 aa Jd o Jo @ !
TEHINUAASDAUNUN AIUUTUNTDYNUTOUAUN 2 AINENNTN (4.65) ﬂ'l‘)ﬂiflll'i/lu‘lﬁlﬁjﬂﬂ

v v [ 9
U = 3 = S 1 2 o

AUMTOYRUTOUADTN 1 AsuaaIdIeaumsh (4.35) uu aaiudala
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T 52 T 62 T 82 T T
0=~ JINI'D, S v [INT D, S5 v [NT D, 5 v [INY gt~ [INT

(4.66)

[ 17 Jo v & o
lunmsiagiimon A Buaz C dreaunisoyiusouduniiaeznsziins
RN uADHUY 2 8annilsens ieunuauney A Buay Cludunisi (4.66)

awld (Fagan, M. J., 1992)

o¢ O¢
[N (D cos 0+ D,—~cosd+ D, —cosf)dT
"] o = (4.67)

Nl 0¢ . OINT o¢ . INT o¢ I r
+[ (o, oD, > ay+DZTz az)dW[G[N] ddv _[Q[N] dv

10 ¢ = [N} umualuaumsi 4.67) 214

J'[N] (D, ¢cos¢9+D 6¢cos,eJrDZ%cos@)aﬂ“
< ox " oy oz

o[NT oIN] | 5[N]T o[N] o[N]" O[N] v lep©
(J.(D Ox b, oy Oy *+ D, 0z 0Oz M ]{CD } (4.68)

+ U G[N]T[N]dv}{cbw}—f O[NT dv
wazamsadenlifogluglita 1

0={/}+[KOKDI-{/“} (4.69)

Taoh {1} = j [NT (D, ¢cos€+D %coseu) %cose)dr

" oy oz
AN AN, j, AN AN, ANY ANy, Gy g
ox  Ox Yoy Oy F 0z oz g

[K“1=](D,



54

{/}=[OINT dv

H v
Tagh [K9] awnsovagdlnilasmaduidumsas lail

D. 0 0
[D]=| 0 D, 0 (4.70)
0 0 D
n,n,amﬂmaé'mi@auﬁ (Gradient vector : gv)
og| [aIN]]
ox ox
_ 09| _| AN gm0 = ()
r=1371=1% {0V} =[B]{@"}
o¢| | JIN]
0z | Oz |
_M_
ox
_|av]
(21|
a
L 0z
(5] - oINT" O[N] 8[N]} wm
Ox oy 0z
vin [B], [B] waz [D] awnsadieon [K€] Tnildiu
(K= [[BY [D][Bldv+ [ GINY [N}av
[K91=[K;1+[K] (4.72)

o [Y= Jaan 4 an a o dyd a ~ 9 ~
am‘imﬂv\l”luﬂaamummu 3ua QWHUﬁ]ﬂuLﬁﬁ)ﬂﬂiﬂz‘ﬂ‘ﬂiﬂﬁﬂuWﬁ%ﬂﬂfJ

Q

Y H
Tumsfm duium ¢ luginssaniieannsasmualdiiu



¢(6):[N1 Nz N3 N4]{CD(€)}

Taeh

1

N, :§(al+blx+cly+dlz)
1

N, =§(a2 +b,x+c,y+d,z)

1
N, :§(a3+b3x+c3y+d3z)

1
N, :g(a4 +b,x+c,y+d,z)

v 2 a do o aa s g
llagFt]gllﬂnﬂlﬁﬂﬁlﬂi!ﬂﬂuﬁﬁqﬂﬁuaalnu‘ﬂu&ﬂu

ON, ON, ON, ON,
ox  Ox ox ox
ON, ON, ON, ON, {q)(e)}
dy oy oy oy

ON, ON, ON, ON,
0z 0z Oz oz |

{gv}=

UNUAFUNIN (4.74) luaumsn 4.75) az1d

b, b, b, b,
1 (@) (@)
ot=7la @ o ol{®9)=[BKo"}

dl dl dl dl

b, b, b, b,

[B]—i L G, G G

(124
dl dl dl dl

%']ﬂﬁ'llﬂ']iﬁ 4.72) %ﬁ’qmmﬁu"lﬁ’ﬁ
[K$'1=[[B] [D][B]dv

55

(4.73)

(4.74)

(4.75)

(4.76)



iioa1n [B] waz [D] Sumaaioz 18
[k 1=[8) [D][B]fav

[K5"1=[B] [D][B]

unua [B] uaz [D] deeglugdaums [K] Tnildilu

b ¢ 4
D 0 O01|b b b b
()1 _ b, ¢, d, 1 1
[K)']= 0 D, O ¢ g olVl—=|—
b, c¢; d, 6V J\ 6V
0 O D.|d d, d, d,
b, ¢ d,
Db Dc Dd
x~1 y1 z71 bl b2 b3 b4
[K(e)]—i Db, Dy, D.d, . e o e
P 3er| Db, Dy, Dd, dl d2 d3 d“
Db, Dyc4 Dd, voTe T
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4.77)

)

Db +D,c’ +D,d} D.bb,+D,cc,+D.dd, Dbb,+Dcc;+D.dd, Dbb,+D,cc,+D.dd,

[K§1=5

1 |Dbb+Dc,e,+Ddyd,  Db;+Dc;+Dd;  Dbb,+Dcc,+D.dyd, Dbb,+Dcyc,+D.dyd,

36V | D,bb,+D,cic; + D.dyd,  Dbb,+D,cic,+D.dyd,  Dbi+Dci+Dd;  Dbp,+Dcyc,+D.dyd,
Db +D,cyc;+D.dydy, Dbb,+Dcyc, +D.dd, Dbpb,+Dc,c;+Ddd,  Db;+Dgci+D.d;

bbb, bb, bb, & ce, co o d} dd, dd, dd,
K9] :& bbb bb, bpb, +i GG G Gl o +& dyd, dy  dydy dyd,
P36V | bbb bb, B bb, | 36V|ce ce, & oce,| 36V|dd, dd, d? dd,

bb, bb, bb, b Ce CCy ey € dd, dd, dd, d’

NNANMIT (4.72) Srimuals 6 Humned meluudazdamuiiazla
[K1=[G[N] [N]av
Nl
(@) N,
[K91=G| v [N, N, N, N,]adv

3
N,

(4.78)
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N} NN, NN, N,N,
N,N, N} N,N, N,N, 0
N,N, NN, N N,N,
N,N, N,N, N,N, N;

K] :GJ. (4.79)

v

¥ a0 5159621 52no1 (Factorial formula) 14n15U521UMIBDUNINTNADA

U

Usnasasaumsi (4.80) ms1ziosnn N, =L, N,=L, N,=L, waz N, =L, az'la

1hlcld]!
apbrertgy=— "2 61 (4.80)
J.Ll 2 (a+b+c+d+3)!

v

~ 1 a o3| S 9 o = [
ANAUNITN (4.79) FUTOUUINTNAT UL 2 ﬂimﬂmﬂ(’lumummmﬂu

9 v ] 1
ALY 2 38 Aaiuanaumsi 4.79) edszgnd lFaumsh (4.80) ag 18

2 1 11
y Gr|ilr 2 1 1
K= — (4.81)
2001 1 2 1
1 11 2
n [KO]=[KP1+[KE] agldn
b} bb, bb, bp, & e, ac g,
[K©9] = D, | b by b bb, n D, |eg G o
36V | bbb, bb, b bbh,| 36V|cie, cc, & e, 480
b, bb, bb, bf Cyly GGy CyGy cf (4.82)
d dd, dd, dd, 2111
N D. |dyd, di d,d, dyd, N Grjl1 2 11
36V |dd, dd, d. dd,| 20|11 21
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TTYTANU y FEM 3 D (kV/m) FEM 2D
(m) z=5m z=10m z=15m (kV/m)
0 0.0000 0.0000 0.0000 0.0000
1 2.5673 2.5981 2.5673 2.5638
2 5.1291 5.1955 5.1435 4.9905
4 10.2664 10.4158 10.3008 9.9317
6 15.4376 15.685 15.4693 14.9223
8 20.6921 21.0385 20.6798 19.9160
10 26.2552 26.4997 26.0123 24.9490
12 32.2065 31.7039 31.4837 29.8608
14 46.9032 45.7935 45.6435 47.4585
16 51.7892 50.4389 50.8396 53.0038
18 52.2385 51.4122 51.7229 53.1572
20 48.2287 48.3686 47.903 48.0962
22 41.7693 42.9044 41.4429 39.2241
24 39.8723 41.0854 39.6825 37.4037
26 39.5058 40.3974 39.4276 37.3308
28 39.4231 40.0325 39.3242 37.3072
30 39.3872 39.8971 39.3176 37.2884
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TTYEANUI y FEM 3D (uT)
FEM 2D (uT)

(m) z=5m z=10m z=15m

0 0.0000 0.0000 0.0000 0.0000

1 0.6254 0.6397 0.6387 0.6473
2 1.2486 1.2802 1.2827 1.2646
4 2.5155 2.5811 2.5854 2.5428
6 3.8349 3.9235 3.9266 3.8948
8 5.2847 5.3518 5.373 5.4186
10 7.1069 7.0457 7.1698 7.5254
12 13.6328 13.202 13.235 9.3266
14 23.4373 21.7276 21.3991 23.799
16 16.2325 15.4041 15.7143 15.8138
18 12.9669 12.8351 13.2373 11.6091
20 11.209 11.2864 11.5584 11.1432
22 9.5804 9.9282 9.9331 8.0201
24 9.1922 9.5452 9.5098 7.5140
26 9.1215 9.4106 9.4121 7.4246
28 9.1173 9.3388 9.3578 7.3917
30 9.1131 9.313 9.3455 7.3788
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11
P = Pgs = 0.6959 x 10

11

1 4y6 1 4(12.00)

11
Peo = In = In =1.3589 %10

-12
27TE dq 277(8.854 x10 ) 0.025

- 2!

2 2
1 (xg -x7) +(yg ty7)

2 2
27TE | (xg-x7)" T (yg-vy7)

2!

2 2
1 (6.50 - 5.00)" + (12.00 + 22.40)
= o In 2 2
27T(8.854 %10 ) | (6.50-5.00)" + (12.00 - 22.40)
—_02133x10"

dleann P, =P 22ldh
ab =~ “ba "¥

11

1 4y 1 4(22.40)

11
Py = In = In = 2.0169 x 10

-12
27TE d, 277(8.854 x10 ) 0.0012
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awsagu lihamelunnmes v enunson ldaeil

Q1
Qn
Q3
Qg
Qs
2%
_Qr7

115kV
Vi = \/— cos(0) = 66.3953 kV
3
115kV
Vr2 = \/; cos(120) = -33.1976 kV
115kV
Vr3 = \/; cos(-120) = -33.1976 kV
22 kV
Vg = 7 cos(0) = 12.7017 kV
22kV
Vs = T cos(120) = -6.3509 kV
3
22 kV
Vi = —\/; cos(-120) = -6.3509 kV
okv
V7 = \/— cos(0) = 0 kV
3
_1.1195><1011 0A4770><1011 0.3392><1011 0.2649><1011
04770 10" 1.0041x 10" 04496 x10"" 03255 x10"!
0.3392 x 1011 0.4496 x lO11 1.0646 x 1011 0.4326 x lO11
02649 % 10" 03255%10'" 04326 <10'" 13589 10"
0.2666 x 1011 0.3295 x 1011 0.4500 x 1011 0.6959 x ]011
02674 <10 03316 x10"" 0450910 05714 %10
_0.4289><1011 0.3318><1011 0.2601><1011 0.2148><1011
_ 10 T
9.5392 x 10
-10
-5.7200 x 10
-10
-4.2062 x 10
-10
Qreal=| 2-2002 x 10

-5.4132

-6.0780

-11
-7.1532 x 10

-11
x 10

-12
x 10

1

Viz

Vi3

Viy =

1

Vis =

186

115kV

sin(0) = 0 kV

P

115kV

sin(120) = 57.50 kV

Vie

Vi

0.2666 x 1011

11
0.3295 x10

0.4500 x 1011

11
0.6959 x 10

1.3589 x 1011

11
0.6959 x 10

0.2143 x 101 !

P

115kV

sin(-120) = -57.50 kV

P

)
)
o
<

sin(0) = 0 kV

B

)
)
o~
<

sin(120) = 11.00 kV

&

)
)
~
<

|

sin(-120) = -11.00 kV

©

0kV
sin(0) = 0 kV
s
11 nir .
02674x10 0.4289x 10 66.3953
11 11
03316x10 °  0.3318x10 -33.1976
04599 x 10" 0.2601x 10" -33.1976
1 1
05714x10 0.2148 x 10 127017
0.6959 <101 02143 10" -6.3509
13589 x 10" 02133x10'! -6.3509
02133x10"1 20169 <10 o]
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— -1 -

Qi1 1.1195><10ll 0.4770><10ll 0.3392X1011 0.2649X1011 0.2666X1011 0.2674X1011 0.4289><10ll 0
Qi» 0.4770 x 1011 1.0941 x 10ll 0.4496><1011 0.3255 % 10ll 0.3295><1011 0.3316 10ll 0.3318 x 10ll 57.50
Qi3 0.3392 x 1011 0.4496 x 1011 1.0646 x 1011 0.4326 x 1011 0.4500 x 10ll 0.4599 x 1011 0.2601 x 1011 -57.50
Qg |= 0.2649><1011 O.3255X1011 0.4326><1011 1.3589><1011 0.6959><1011 0.5714><1011 O.2148X10ll 0
Qjs 0.2666 x 1011 0.3295 x lO11 0.4500 x 1011 0.6959 x 1011 1.3589 x 1011 0.6959 x lO11 0.2143 lO11 11.00
Qi O.2674><1011 0.3316 x 1011 0.4599><1011 0.5714 x 1011 0.6959 x 1011 1.3589 x 1011 0.2133 x 1011 -11.00
_Qi7_ _0.4289><1011 0A3318><1011 042601><1011 0A2148X1011 O.2143><1011 O.2133><1011 2.0169><1011_ L 0 |

-10

-1.4237 x 10
-10

9.3424 x 10
-10

-9.5776 x 10
-1

Qimag=| 2:9091x10
-10

23062 x 10

-11
-8.4129 x 10

-11
-1.8632 x 10

[ Yaou A9 o ' A [ ;’,' 1
ﬂ1Wuﬂ1WWﬂﬂ“l/lﬁ’é]\iﬂTiﬂ'lu’Jﬂlﬂ1@'1!11]11/\'“%1?]’0 (6.5, 19) ANUUFIVITONIAN
td‘ a d? ti' a Y] ) a A A Qs}l tﬂ'
ﬁum"lvxlﬂmmmu“lmmmm X MDA AINIUASTIIAUMUDATHEYNTS U U 30N

NI (x Ly, ) MAsaunsi (n.3)

_ (Qra + JQla)(XN -Xa) _ (Qra + JQ1a)(XN B Xa) (ﬂ 3)

X,a 2 2 2 2 :
278 | (xg -x3) + (- yN) | 2728 (xg -3 + va +yn)”
-10 . -10 -10 . -10

(953921071 - j1.4237x10710)(6.5-6.725) (9.5392x107"° - 1.4237x107'0)(6.5- 6.725)
xl 27Z'8|:(6.725-6.5)2 +(19-19)2] 27[8[(6.725-6.5)2 +(19+19)2J

= 762070 + j11.3737 kV/m

(5.7200%10™" + 193424 x10710)(6.5-6.725) (-5.7200%10"° + 193424 x10™'%)(6.5- 6.725)
X2 B

27[5[(6.725 -6.5)% +(16.5-19)° ] 27&9[(6.725 -6.5)% +(16.5+19)° ]

=0.3653-j0.5997 kV/m
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(-42062x10'0 - §9.5776x107'0)(15-6.725) (4.2062x10™'° - 9.5776x10™°)(15- 6.725)

X3 27[8[(6.725- 15)2 +(14-1)% ] 272'8[(6.725 152 + (14 + 1) ]

= 0.0663- j0.1511 kV/m

(22002x107'% + 12.9091x1071)(6.5-5.5) (2.2002x10"" +j2.9091x10” ' )(6.5-5.5)
x4 2706[ (5.5-6.5) +(12-19)" ] 2] (5.5-6.5) +(12+19)° |

= 0.0750 + j0.0099 kV/m

(54132x107 +j2.3062x1070)(6.5-6) (5413210 +j2.3062%10"'°)(6.5-6)
%3 278 [ (6-6.5) +(12-19)” | 276 [ (6-6.5) +(12-19)° |

= -0.0094 + j0.0399 kV/m

 (-6.0780%10 % - j8.4129x101)(6.5-6.5) (-6.0780x10~ - j8.4129%10"')(6.5-6.5)
X6 )

2TE [(6.5- 6.5)> +(12- 19)2] 2728[(6.5-6.5)2 +(12 +19)2]

=0.0000- j0.0000 kV/m

' 4 [
vazansamaauy Wi imeduluuiunu y iinannaededniuazeeau

A A 3 d'a Y o d'
MUBATHEMTEUY B JANNTM (x .,y ) 1adaaumsn (n.4)

E _ (Qra + jQia)(yN - ya) i (Qra + jQia )(YN - ya) (ﬂ 4)
5a :
Y 27[3[@;3 “xy) + (g -yN)z} 272'8[(xa “xy) + (v +yN)2]
95392x10710 - j1.4237x107°)(19-19) (9.5392x107'° - j1.4237x107%)19-19)
yl 27E [ (6.725-6.5)" +(19-19)” | 27E[ (6.725-6.5) +(19+19) |
~ 0.0000 + j0.0000 kV/m
(5.7200%10710 +19.3424x107'°)(19-16.5) (-5.7200x10' + j9.3424 %10 )(19-16.5)
y:2 27| (6.725-6.5) +(165-19)° | 27| (6.725-6.5F +(165+19)° |
= 40593+ 6.6299 kV/m
(-4.2062x10"0 - j9.5776 %10 )(19-14) (-4.2062x10"'" - j9.5776 %10 )(19- 14)
y:3 271E[ (6.725-6.5)% +(14-19)° | 27E[ (6.725-6.5)7 +(14+19)° |

=-1.4744 - {3.3572 kV/m

(22002x10"0 + 2.9091x1071)(19-12) (22002107 + 2.9091x10™ )(19-12)
y4 276 [ (5.5-6.5)7 +(12-19)° | 27E[ (5.5-65) +(12+19)” |
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=0.5249+ j0.0694 kV/m

(-5.4132x107" +j2.3062x1070)((19-12)) (-5.4132x107" +2.3062x10 ) ((19-12))
¥:3 277E[ (6-6.5)° +(12-19)° | 27E[ (6-6.5) +(12+19)” |

=-0.1312 4+ j0.5590 kV/m

(-6.0780x10"% - j8.4129x10 1)(19-12) (-6.0780x10"~ - j8.4129x10” 1 )(19-12)
y6 276[ (6.5-6.5) +(12-19)” | 27€] (65-6.5)° +(12+19)° |

=-0.0148-j0.2050 kV/m

2 09/’ Y

gaiuaz1dn
Ex = Ex,l + Ex,2 + Ex,3 + Ex,4 + Ex,5 + Ex,6
E, =-75.7079+ j10.9779 kV/m

y
Ey =-5.1548 + j3.6961 kV/m

By = Ey,l * Ey,2 * Ey,3 * Ey,4 * Ey,5 + Ey,6

= _ 2 2
Ingii Ex = \/Ex,real + Ex,imag

Ey= \/ (-75.7079)> +(10.9779)

Ex =76.4996 kV/m
E_.
. x,ima
0 =tan! _uimag
x,real

- 10.9779
0 = tan I 22
-75.7079
0=171.75°
_ g2 2
Ey N \/Ey,real * Ey,imag

E,= \/(-5.1548)2 +(3.6961)

2

Ey =6.3429 kV/m
E. .
Q= tan”!| 219
yreal

o= tan” 3.6961
-5.1548



N

2zl

awnsommau ihgegalinann or, Mhldlda1gega

Epax = \/(Excos(a)tl +6))2 +(Eycos(ot, +q)))2

@ =144.36°
£ 2.
2 5in20 + EySan(p
tan 2wt) = - 5 5
EYcos20 + Eycos2(p
1. 4 E)%sinZG + EJZ}sinZgo
wt =—tan - 3
2 Excos20 +Ey0052(o
S (76.4996)% sin(2(171.75)) + (6.3429)% sin(2(144.36))
2 (76.4996) cos(2(171.75)) + (6.3429)2 cos(2(144.36))
ot =8.41°

wt, =wt+(m-])%; m=1234

wt, =8.41° 98.41° 188.41° 278.41°

6.5,19) 18

Eppax = 76.8192 kV/m

Y
nazannsanyuvesau Tl 1da il

Eycos (wt, + ) }

angle = tan”
E.cos (wt, +0)

angle = 0.5972°

190



191

MIMUIUTUINUNITAN
o ] 3 Y deﬂy o 9 =< 9 Ao v o
MIMUIBTUVUUHRANAIITAUT U UABINT WDy aNnAve 3d 1 Tuss U
Y v v
samanszuan lvaluszuy Taseunsouansdwridantavesdniuaznszuan Tnaludni

Y o ~ o w
ulﬂﬂ\‘]ﬁ']ﬁ']\i“l/l N.3 Uag n.4 Auany

{ Ao ) 1 o 1 ] <
A1319% 0.3 Noavesdnhluszuunlddnamauuiman

Yoyanani x (m) y (m)
115kV iWld Al 6.50 19.00
115 kV il A2 6.95 19.00
115kV tWler Bl 6.50 16.50
115 kv 1@ B2 6.95 16.50
115kV e C1 6.50 14.00
115 kv ila €2 6.95 14.00

2kvida A 5.50 12.00

22kvia B 6.00 12.00

2kvidac 6.50 12.00

oAUt HY 5.00 22.40

d‘ 1 o QU
A3 190 n.4 nIzuavesaeaIas 1

Joyadanh YA (A) 1y (Deg)
115kV iWla A1 145.0 0
115kV Wl A2 145.0 0
115 kv 1@ Bl 145.0 120
115kV tvler B2 145.0 120
115 kv @ Cl1 145.0 -120
115kV tler €2 145.0 -120
22kv e A 110.0 0
22kvilda B 110.0 120

22 kv ula ¢ 110.0 -120

MeAUMaATHY 0 0
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v

o 1 [ < a 1 ] ] I~
lumsiruramauuuimansgnasaainszud Wihvesaedsludiunilu
Y

o a 1 A o a J 1 1 v o A1 o A
NUIVIT WAL AU U IUIUITUAN N I@]ﬂﬂ?ﬂigllﬁ]‘lw%'l"llE]\?ﬁ'lflﬁ\iglullﬁagﬁ']u'liJﬂ'lﬂﬂu

I, = [145]cos(0) = 145 A I, =[145]sin(0) = 0 A

I, = [145]cos(120) = -72.50 A I, = [145]sin(120) = 125.57 A

I3 = [145]cos(-120) = -72.50 A Ly = [145]sin(-120) = -125.57 A

I, = [110]cos(0) = 110 A I, = [110]sin(0) = 0 A

I.s = [110] cos(120) = -55.0 A Ls = [110]sin(120) = 95.26 A

I = [110]cos(-120) = -55.0 A Le = [110]sin(-120) = -95.26 A

[ = [0]cos(0) =0 A L7 = [0]sin(0) = 0 A
Smualdifaidosnsdiuiuaiguiuulivanie (6.5, 19) Futuams o

e

a

1 < { { A 1 o o a qu/
guimaninavu luuunnu x ﬁlﬂﬂﬁ]']ﬂﬁ”lﬂﬁ\i@nuumgﬁ"lﬂﬂulﬂﬁi’)?ﬁ’ﬂz'ﬂxﬁg‘ﬂﬂ RN

AN (x .y, ) Masaunsi (n.s)

I T 1. RTINS
n ‘real) YiTYN . n lima Yi-YnN
$ WZJ N s imag() 7

= 2 2 =1 2 2
J=1 < RjN Jj=1 <z RjN

H, = (n.5)

\ 2 2
Taeh RjN :\/(XN -xj) +(yN-yj)

oo (145)(19-19) Ny (0)(19-19)

Xl 27[[(6.5- 6.725)% +(19-19)% J 272'[(6.5-6.725)2 +(19-19)2 J
Hx,] =0A/m
H,- (-72.50)(16.5-19) . (125.57)(16.5-19)

B 272'[(6.5—6.725)2 +(19—16.5)2J 272'[(6.5—6.725)2 +(19—16.5)2}

H. ,=4.5784—j7.9300 A/m

>

(-72.50)(14-19) ¥ (-125.57)(14-19)

H =
272'[(6.5—6.725)2 +(19-14)2} 272'[(6.5—6.725)2 +(19-14)2}

x,3

Hx,3 = 2.3031+ j3.9891 A/Im
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H

_ (110.0)(12-19) y 0)(12-19)
x4 272'[(6.5-5.5)2 +(19-12)2J 272'[(6.5—5.5)2 +(19-12)2}
H, ,=-24510 Alm

_ (-55.0)(12-19) y (95.26)(12-19)
%3 272'[(6.5-6)2+(19—12)2J 272'[(6.5—6)2 +(19-12)2J

H

H 5 =12442-j2.1549 Am

(-55.0)(12-19) _ (-95.26)(12-19)
His = 2 27" 2 2

’ 27[[(6.5—6.5) +(19-12) J 272'[(6.5—6.5) (19-12) }
H, ; =1.2505+ 2.1659 Alm

4
=

1 ] < { a { a [ o a
tazgnsamMguINulranimavu luunny y iinannaiedsd@iitasaieau

A A 3’ RPN Y o ~
MUDATHEMITSUU U JANNITAUN (XN,yN) ]’lﬂﬂ\iﬁﬂﬂ”liﬂ (n.6)

1 O Xar =X . 1. D Xar-X .
n n
Hy _ ,Z] rezal(/) N2 j ny Z] 1m2ag(/) N2 J (1.6)
J Riy Rin

(145)(6.5-6.725) . (0)(6.5-6.725)

Hyi= 2 27" 2 2
YV 27Z'|:(6.5-6.725) +(19-19) :| 272'[(6.5-6.725) +(19-19) :|

Hy,] = -102.5665 A/m

(-72.50)(6.5-6.725) . (125.57)(6.5-6.725)
H +J

»2- 27[[(6.5-6.725)2 +(19-16.5)2} 27[[(6.5-6.725)2 +(19-16.5)2J

H ), , =0.4121- 0.7137 A/m

(-72.50)(6.5-6.725) . (-125.57)(6.5-6.725)
H +]

»3 272'[(6.5—6.725)2 +(19-14)2} 272'[(6.5—6.725)2 +(19-14)2J

Hy,j =0.1036 + j0.1795 A/m

(110.0)(6.5-5.5) ri (0)(6.5-5.5)

H =
4 272'[(6.5—5.5)2+(19—12)2} 272'[(6.5—5.5)2+(19—12)2}

H_ , =0.3501 A/m

v4
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(-55.0)(6.5-6) b (95.26)(6.5-6)

H, 5= j
¥ 272'[(6.5—6)2+(19—12)2} 272'[(6.5—6)2+(19—12)2}

H 5 =-0.0889+0.1539 A/m

_ (-55.0)(6.5-6.5) Ny (-95.26)(6.5-6.5)
6 272'[(6.5—6.5)2+(19—12)2} 272'[(6.5—6.5)2+(19—12)2}

H

X x,1 x,2 + Hx,3 + Hx,4 + HX,S + Hx,6

H, =6.9252-j3.9300 A/m
Hy ZHy THyp THy s T Hy g PHys THyg

Hy = -101.7896- j0.3803 A/m

Tagh sz\/H2 +H?

4

x,real ximag

H,= \/ (6.9252)° +(-3.9300)
Hy =7.9626 AIm
H_.
0= tan'l __Limdg
xreal

_7( -3.9300
0 =tan !
6.9252
0 =-29.57°
_ 2 2
Hy B \/Hy,real * Hy,imag

Hy= \/ (-101.7896)* +(-0.3803)°

Hy =101.7903 A/m
H .
Q= tan”! | 248
yreal

a1 [ 03803
p=tan | —
-101.7896

¢ =-179.79°
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H)chinZG + H)Z/sin2go

M tan Qot) =-—; 5
H.cos20 + Hyc0s2(p
1. 4 HﬁsinZ@ + H)Z,sin2go
wt = 5 tan — H2 3
xcos20+H ycos2¢)
; 1 ta 1 (7.9626)2 sin(2(-29.57)) + (101.7903)2 sin(2(-179.79))
a) = — -
2 (7.9626)° cos(2(-29.57)) + (101.7903)% cos(2(-179.79))
wt =-0.06°

ile thth+(m—])£;m21234
2

wt; =-0.06" 89.94° 179.94° 269.94°

[ 9 ] 3 A A A o I Y Aao
FNTOVANANVVNTUINUUHRANGIFANNAIIN Cz)l] VWI']Glﬁ"lﬂﬂ'quiqﬂVlWﬂﬂ

9
v A

(6.5, 19) l@dail

Hyox = \/(chos(a)t] +<9))2 +(H y,cos(wt; +¢))2

H g =102.2829 A/m

4
P

] 3 ~
Llagﬁ’lﬂJ'I'H'ﬂﬂ']i,‘lNmﬂQﬂUWNL%}NﬁHWNLLNLWﬁﬂ]lﬂﬂ\iu
H ,cos (wt; +9)
H y.cos (wt; +0)

angle = tan”! {
angle = 86.48°

4

' < Y ] <} o [
tagANMTNEINLIMAn (H) fuawuutman (B) awinnuduiusiuawaums B= uH
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AaEaNNITN (V.3)

1
A
{f(e)}:Q el1 (v.2)
3
1
h dA
{f(e)}: Qh,, el j (1.3)
3
¢
v P! v Y
Tash Q  feo mduszans Falunfiauualiiiauniiy 1
h A9 528xH19TTH 19 1UA m 1AL n
mn
d An Adeu lvveuvauuD U]
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Influence of an Overhead Ground Wire on
Electric Fields around the HV Power Transmission Line

A.ISARAMONGKOLRAK, T. KULWORAWANICHPONG, and P. PAO-LA-OR”
Power System Research Unit, School of Electrical Engineering
Institute of Engineering, Suranaree University of Technology
111 University Avenue, Muang District, Nakhon Ratchasima, 30000
THAILAND
C orresponding author: padej@sut.ac.th

Abstract: - This paper has proposed a mathematical model of electric fields caused by high voltage conductors
of electric power fransmission systems by using a set of second-order partial differential equations. This study
has considered the effect of the overhead ground wire on electric fields emufted around the high voltage
transmission line. Comparison among two test cases, with and without the overhead ground wire, has been
ilustrated. Computer-based simulation utilizing the two dimensional finite element method in the time
harmonic mode, mstructed in MATLAB programming environment with graphical representation for electric
field strength has been investigated. The simulation results show that the transmission system having the
overhead ground wire can remarkably reduced the intensity of the electric field strength.

Key-Words: - Overhead Ground Wire (OHGW), Electric Field Strength, Fimte Element Method (FEM),

Transmission Line, Computer Sumulation

1 Introduction

An overhead ground wire (OHGW) 1s one of key
components in electrical power transmission
systems. It 15 a small metal conductor run between
the tops of overhead power transmission towers. At
each tower, the OHGW 1s connected fo ground
through the tower metal frame It exlubits the
protection of high voltage conductors from lightning
strokes. Beside the lightning protection, the OHGW
also mfluences electric field distribution around the
power transmussion lines caused by the high voltage
conductors. Finite Element Method (FEM) 1s one of
the most popular numerical methods used for
computer simulation. The key advantage of the FEM
over other numerical methods In engineering
applications 1s the ability to handle nonlmear, time-
dependent and circular geometry  problems.
Therefore, this method 15 suitable for solving the
problem involving electric field effects around the
transmission line caused by circular cross-section of
high voltage conductors.

From literature, most research works involving
the OHGW mamly devote fo put emphasis on
reducing the effects of lightning strokes on overhead
transmission lines [1-3]. In this paper, the study on
the OHGW resulting in electric field distribution
around the transmission line 1s proposed. A 115-kV
power transmussion line of Provincial Electricity
Authority (PEA) 1n Nakhon Ratchasima province
hung over a 22-kV power distribution line on the
same tower 1s selected for test. The computer

ISBN: 1790-5117

sumulation based on the FEM in the time harmonic
mode with appropriate graphical representation of
electric fields is conducted.

2 Modeling of Electric Fields involving

Electric Power Transmission Lines

A mathematical model of electric fields (E) rachating
around a transmussion lme 1s usually expressed n
the wave equation (Helmholtz's equation) as Eq.(1)
[4-5] dertved from Faraday’s law.

6'25:0 6

2 CE
VE-cu—-su
or

..., where &£ 15 the dielectric pernuttivity of media.
1 and o are the magnetic permeability and the
conductivity of conductors, respectively.

This paper has considered the system governing
by using the fime harmonic mode and representing
the electric field in complex form, E=Ee'™ [6].
therefore,

E OE
—=JoE and —=-0'E
ct o

.., Where @ 1s the angular frequency.
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From Eq.(1), by substituting the complex electric OHG: R — 0,06 m
field, Eq.(1) can be transformed to an alternative T

form as follows.

V’E - joglE + o guE =0 I1ﬂV:R—U.I25m§
045 m—

When considering the problem of two dimensions ]| 2.5m
i Cartesian coordinate (x,y), hence é%

1.51m

Of1CE) e(1eE) (o 1| 25m
&[;fax]%y[_ﬂay] oo -eelE-00) B

Analytically, there is no simple exact solution of
the above equation. Therefore, i this paper the FEM é é
15 chosen to be a potential tool for finding l
approximate electric field solutions for the PDE
described in Eq.(2) [7]. ~l12m

3 System Description with the FEM i
3.1 Discretization

This paper conducts the simulation study by Fig 2 Detail of the test system
considering the 115-kV PEA’s fransmission system

in Nakhon Ratchasima province. This type of power £V
transmission systems 1s common in rural areas m

Thailand. The selected test system consists of 2- o2
bundle conductors configuring in vertical conductor
arrangement as shown m Fig. 1. Also, a 22-kV

power line in horizontal conductor arrangement is s
hung below the HV transmission line. Fig. 2 depicts
the detail of the test system.

e

2 ()

Fig 3 Test system with the OHGW

Fig.1 Case study in Nakhon Ratchasima province

The domam of study with the FEM can be
discretized by using linear triangular elements. Fig. o -
3 and 4 show grid representation of the test system W )
with and without the OHGW, respectively.

Fig 4 Test system without the OHGW

ISSN: 1790-5117 129 ISBN: 878-960-474-026-0




205

Proceedings of the 8th WSEAS International Conference on ELECTRIC POWER SYSTEMS, HIGH VOLTAGES, ELECTRIC MACHINES (POWER '08)

3.2 Finite Element Formulation
An equation governing each element 1s derrved from
the Maxwell’s equations directly by using Galerkm
approach, which is the particular weighted residual
method for which the weighting functions are the
same as the shape functions [8-9]. According to the
method, the electric field 15 expressed as follows.
E(x,y)=EN,+E,N, +E,N, (3)
. where N, , n =i, j .k 15 the element shape
function and the E,, n =1, j ,k 15 the approximation

of the electric field at each node (i, j k) of the
elements. which 1s

N +bx+c,y

n
2A,

..., where A_i1s the area of the triangular element
and,

a;=xy, =%y, b=y, -y, ¢=x-x
Ay =5V =%V b;‘ VeV GEXLTX
Gy =X,¥;, =X, b=y -y, ¢=x-x.

The method of the weighted residue with Galerkin
approach 1s then applied to the differential equation,
Eq.(2), where the mtegrations are performed over
the element domain Q.

- [Nn [-Jr'r-JJ - a}ZE}E d0=0
bt
. or in the compact matrix form
[M+K]{E}=0

M= [;Ji‘.(:)U_ - ﬂ)z 5:}‘{ }Vy:"\'rm dQ)

e}
‘ oy 211
0T — @ &)
_loo—a'sh, ||,
12
11 2
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.
/

(6N 6N &N, éN,
P LA A R AP

alox  éx &y &y |

bb, +ee; b:bj+c:cj bb, +e¢;c,
]}
=4A bjbj+cJ.cj bjbk+cjck
€ .

Sym bb, +c,c,

..., where v is the material reluctivity (v =1/ z).

For one element contamning 3 nodes, the
expression of the FEM approximation 1s a 3x3
matrix. With the account of all elements in the
system of n nodes, the system equation 1s sizable as
the nxp matrix.

3.3 Boundary Conditions and Simulation
Parameters

The boundary conditions applied here are that to set
zero electric fields at the ground level and the
OHGW. In addition, the boundary condition of
conductor surface n both 115-kV and 22-kV power
lines are assigned as given in [10-11]. This
simulation uses the system frequency of 50 Hz. Both
power lies are bared conductors of Aluminum
Conductor Steel Reinforced (ACSR), having the
conductrvity (o) = 0.8x10" S/m the relative
permeability (z,) = 300, the relative permuttivity
(&,) = 3.5. It notes that the free space permeability
(1) is 41107 H/m. and the free space permittivity
(£,)1s 8.854x10" Fim[12].

4 Results and Discussion
Simulation results obtamned by using MATLAB
programming can be graphically presented in the
contour of electric fields dispersed thoroughly the
cross-sectional area of study. Fig5 and Fig6
illustrate the result of electric field distribution for
test cases with and without the OHGW, respectively.
The illustratrve electric field contours show that
the amplitude of the electric field with the OHGW
tied at the top of the tower 1s lower than that of the
case without the OHGW. By investigating closer at
the height of 1.0-m above the ground (y = 1.0-m),
comparative results are put i Table 1. From those
results, the average electric field amplitude 1s
essenfially reduced by 15%, (4.0748-3.4754)/4.0748
~ 15%, resulting from placing the OHGW at the top
of the tower. Table 2 illustrates the average of
electric fields for both cases at some specific height
level above the ground for comparison.

ISBN: 975-960-474-026-0
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Fig.5 Contour of the electric field (kV/m)
with the OHGW

i frri]

Fig.6 Contour of the electric field (kV/m)
without the OHGW

5 Conclusion

This paper presents the study on the OHGW
resulting in electric field distribution around the
electric power fransmussion line. A 115-kV power
transnussion line of Provineial Electricity Authority
(PEA) 1n Nakhon Ratchasuna province hung over a
22-kV power distribution line on the same tower 15
selected for test. The computer simulation based on
the  FEM in the time harmonic mode with
appropriate graphical representation of electric fields
15 conducted. As a result, 1t can conclude that the
OHGW has the ability to reduce the electric field
mtensity caused by high voltage conductors. The
percentage reduction approximately varies from
15% - 50%, according on the height level above the
ground.

ISEN: 1790-5117
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Table 1 Comparison of electric field distribution at
y=1.0-m above the ground for both test cases

x With the OHGW | Without the OHGW
(m) (kV/m) (kV/m)
1 3.6443 4.2398
2 3.6848 42981
3 3.5858 41814
4 3.5356 41100
5 35210 4.0662
6 35144 4.0414
7 3.4993 4.0492
8 34721 4.0474
9 3.4400 4.0383
10 34140 40229
11 33819 3.9946
12 3.3482 3.9651
13 33304 39519
14 3.3593 3.9882
15 3.4590 4.1242
(Average 34754 4.0748

Table 2 Comparison of the electric field averages at
specific height above the ground for both cases

b With the OHGW | Without the OHGW
(m) (kV/m) (kVim)
1 34754 4.0748
4 13.5903 158359
8 27.1765 31.6780
13 45.3199 53.0955
17 51.9542 64.8553
20 38.2098 65.1495
26 29.3723 65.2769
29 29.3721 65.3529
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Finite Element Approach to Electric Field Distribution
Resulting from Phase-sequence Orientation of a Double-
Circuit High Voltage Transmission Line

A. ISARAMONGKOLRAK. T. KULWORAWANICHPONG, and P. PAO-LA-OR
Power System Research Unit, School of Electrical Engineering
Institute of Engineering. Suranaree University of Technology
111 University Avenue, Muang District, Nakhon Ratchasima, 30000
THAILAND
"Corresponding author: padej@sut.ac.th

Abstract; - This paper proposes a mathematical model of electric fields caused by high voltage conductors of
electric power transmission systems by using a set of second-order partial differential equations. This study
has considered the effect of conductor phase-sequence orientation on electric fields emitted around a double-
circuit, extra high-voltage, power transmission line. Six typical-used phase-sequence orientations in Thailand
for 500-kV double-circuit transmission lines are investigated. Computer-based simulation utilizing the two
dimensional finite element method in the time harmonic mode, instructed in MATLAB programming
environment with graphical representation for electric field strength has been evaluated. The simulation results
show that the phase-sequence orientation is one among key factors to influence the electric field distribution
around the transmission line.

Key-Words: - Phase-sequence, Electric Fields, Finite Element Method (FEM). Transmission Line, Computer
Simulation

1 Introduction In this paper, 500-kV, double-circuit, extra high-
For decades. due to the increasing of electrical voltage power transmission lines are studied with six
power demands in Thailand. Electricity Generating conductor phase-sequence orientation. Computer-
Authority of Thailand (EGAT) decides to enlarge based simulation utilizing the two dimensional finite
transmission capacity by installing 500-kV extra element method in the time harmonic mode,
high-voltage power transmission lines in both AC 111§trllcred n MATLAB programming envqonmenr
and DC. In the AC svstem. double-circuit with graphical representation for electric field

transmission lines consist of six conductors running ~ Strength has been evaluated.

in parallel. Orientation of the six conductors results
in electric field distribution that may cause some 2 Modeling of Electric Fields involving

serious harm to electronic equipment or living . . . .
Ui < Electric Power Transmission Lines

things. From literature, basic electromagnetic theory . . .
= B S A mathematical model of electric fields (E) radiating
[1] or image theory [2] are widely used for electric R =
around a transmission line is usually expressed in

field calculation in high voltage power transmission . , .
. i o . the wave equation (Helmholtz’s equation) as Eq.(1)
lines. Even the study by EPRI [3]. the basic ‘ R .

) . " , [4-5] derived from Faraday’s law.
electromagnetic theory was employed to analyze 7
electric field strength resulting from orientation of

conductor phase-sequences. So far. there is no report V2E - ou C_E e ¢’E -0 (1)
on electric field calculation in this scope by using ot oFt
Finite Element Method (FEM).

The FEM is one of the most popular numerical | where ¢ is the dielectric permittivity of media,
methods used for computer simulation. The key 4 and o are the magnetic permeability and the

advantage of the FEM over other numerical methods
in engineering applications is the ability to handle
nonlinear, time-dependent and circular geometry
problems. Therefore. this method is suitable for ) . o
solving the problem involving electric field effects  the electric field in complex form. E = Ee™ [6].
around the transmission line caused by circular  therefore,

cross-section of high voltage conductors.

conductivity of conductors, respectively.
This paper has considered the system governing
by using the time harmonic mode and representing

ISSN: 1790-5117 207 ISBN: 978-960-474-026-0
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.. where @ 1s the angular frequency.

From Eq.(1). by substituting the complex electric
field. Eq.(1) can be transformed to an alternative
form as follows.

VEE—jmquE + (J)ZE.‘;JE =0

When considering the problem of two dimensions
in Cartesian coordinate (x,v), hence

1 GE )

6(
-
Xl

[1“}5
i ex )

vl ouéy

’ (]()O’ " g)E 0(2)

Analytically. there is no simple exact solution of
the above equation. Therefore, in this paper the FEM
is chosen to be a potential tool for finding
approximate electric field solutions for the PDE
described in Eq.(2) [7].

3 System Description with the FEM
3.1 Discretization

This paper determines a four-bundled, double-
circuit, 500-kV power transmission line. Fig. 1
shows the power transmission line with the low-
reactance orientation type. Height of conductors
shown in the figure is the maximum sag position.
The lowest conductors are C and A’ at the height of
13.0 m above the ground level [8]. Each phase
conductor is 795 MCM (0.02772 m - diameter). The
overhead ground wire has 3/8 inch - diameter. Fig. 2
displays the domain of study discretizing by using
linear triangular elements.

940 .
—
VR Q
1 ; oG1 OHG2
1351
OHG1 - OHC2 Y oo R
L 73 A it a0
. 1124
oY || Ye i P
i ¥ 00 ‘00
\\ t DOB B 00
B 2./ \‘./B | 1364 ’l
=iy o 1o e—2r
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YN Ve g
1584
130
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Fig.1 500-kV double-circuit, four-bundled power
transmission line with low-reactance orientation
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Fig.2 Discretization of the system given in Fig. 1

3.2 Finite Element Formulation
An equation governing each element is derived from
the Maxwell’s equations directly by using Galerkin
approach, which is the particular weighted residual
method for which the weighting functions are the
same as the shape functions [9-10]. According to the
method, the electric field is expressed as follows.
E(x.y)=EN,+E N +E,N, (3)
. where N, , n =i, j ,k is the element shape
function and the £, , n =i, j ,k is the approximation
of the electric field at each node (7, j ,k) of the
elements, which is

bx+c, v
N - a,+b,x+c,y
24

e

. where A_is the area of the friangular element

and.

a; =XV —X%¥;. b=y, -y, ¢=x-x,
Ay =XV = X Vg - bj VeV XX
Ay =Xy, —Xy;, b, =y, —V;. =X, X,

The method of the weighted residue with Galerkin
approach is then applied to the differential equation,
Eq.(2). where the mntegrations are performed over
the element domain €.

;dD

—jNﬂUma— o'e|EdQ=0
2

f floE 5

'1cE]

m\;{oxf‘ oyl u dy
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. or in the compact matrix form 4 Results and Discussion
ST This paper employs MATLAB programming to
[M +K]{EJ:0 ) simulate electric field distribution for six phase-
sequence orientations. Electric field simulated for
M= U@U— wzg).[N N do each type can be depicted in Fig. 3 - 8.
0
. _'b 11 1] 20
_ (jmc—m'e]del L2 1 &0 & { W
12 f 4 1
112 "
- 140
120
(6N, &N, @N, éN,
K:V” Aﬂ7m+%47m\m’g 1
ol Ox  &x cy ¢y ) L
[bb, +cc, bb,+ec, bb, +ce, o
v
= x| bb.+cic; bb, +cc, :E
| Sym b.b, +c,c,
. . . e [}
..., Where v is the material reluctivity (v =1/ ). ‘ .
| i #) Fig.3 Electric field contour (kV/m) for type 1
For one element containing 3 nodes, the
‘ . _ % ‘ ‘ . . : :
expression of the FEM approximation is a 3x3 (1 ) Eo
matrix. With the account of all elements in the B e 1 .
system of » nodes. the system equation is sizable as - I ™
the nxn matrix. b
120
3.3 Boundary Conditions and Simulation im
Parameters -
In this paper, 500-kV, double-circuit, extra high- "
voltage power transmission lines are studied with six i
conductor phase-sequence orientation [3] as shown I
in Table 1. The boundary conditions applied here are
that to set zero electric fields at the ground level and ¥
the OHGW. In addition, the boundary condition of ‘ lectric field KV for ,
conductor surface in 500-kV power lines are Fig 4 Electric field contour (kV/m) for type 2
assigned as given in [3, &, 11]. This simulation uses
the system frequency of 50 Hz. The power lines are 5 ‘ TR ‘ - -
bared conductors of Aluminum Conductor Steel &0 N 1
Reinforced (ACSR). having the conductivity (&) = 4 = 1 ”
0.8x107 S/m, the relative permeability ( z,) = 300, 4 119
= ; 140
the relative permittivity (£,) = 3.5. It notes that the .
free space permeability ( £,) is 47x107 H/m, and I
the free space permittivity (&,) is 8.854x10™ F/m U
B0
[12].
40
Table 1 Six types of phase sequences &
typel | type2 | type3 | typed | typeS | type6 el
AATAB AATABIACAG Fig.5 Electric field contour (kV/m) for type 3
BB | BA |BC|BC|BB |BG
ccoljcco|jcB|cA|jcAa|CG
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due to unbalanced phase sequencing, especially type
. 6 with all the ground wires located on the right hand
L side.

When consider at some selected positions for

" more detail, symmetry in electric field distribution
" can be clearly explained. Fig. 9 and 10 show the
" electric field plot at the height of 0.1 m below the
100

lowest conductor position. Similarly, Fig. 11 and 12
W also describe the electric field plot at the height of
& 0.1 m above the highest conductor position. They
a0 confirm that type 1, 2, 3 and 3 are symmetric while
o type 4 and 6 are asymmetric as concluded by [3].

=al B0 70

Elactric Fleld (kW]

x{m]

L Fig.9 Electric fields of the symmetric orientation at
the height of 0.1 m below the lowest conductor
position

W [m)

200

180

160

140

120 §
=

100 o
e
i

30 g
g

(3} o

40

20

i [

Fig.8 Electric field contour (kV/m) for type 6

Fig.10 Electric fields of the asymmetric orientation
at the height of 0.1 m below the lowest conductor
position

From the simulated results, the orientation type
has the key effect on electric field distribution
around the power transmission line. By observing
the electric field strength at a specified height level
above the ground with 70-m horizontal span. type 1.
2, 3 and 5 are symmetric in electric field distribution
along the vertical axis. Type 4 and 6 are asymmetric
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Fig.11 Electric fields of the symmetric orientation at
the height of 0.1 m above the highest conductor
position

220

1) O R B b e

Elastric Fisld (<7
= o = 2 B B
5 8 8 58 8 &

=)
=

¥ (mi

Fig.12 Electric fields of the asymumetric orientation
at the height of 0.1 m above the highest conductor
position

5 Conclusion

This paper has studied electric field distribution
resulting from six typical conductor phase-sequence
orientations. 500-kV, double-circuit, four-bundled
power transmission lines of Electricity Generating
Authority of Thailand (EGAT) are investigated.
FEM developed by using MATLAB programming is
employed. As a result, phase-sequence orientation is
one of key factors to influence electric field
distribution in electric power transmission lines.
With the orientation of type I, 2. 3 and 35, the
electric field distribution is symmetric, while the left
two orientations (type 4 and 6) give asymmetric
field distribution.

ISSN: 1790-5117

211

Proceedings of the 8th WSEAS International Conference on ELECTRIC POWER SYSTEMS, HIGH VOLTAGES, ELECTRIC MACHINES (POWER '08)

References:

[1] Olsen, R.G., Deno, D., Baishiki, R.S., Abbot,
JR.. Conti, R., Frazier, M., Jaffa, K., Niles,
G.B.. Stewart, J.R., Wong, R., and Zavadil,
RM., Magnetic Fields from Electric Power
Lines Theory and Comparison to Measurements.
IEEE Transactions on Power Delivery, Vol.3,
No.4, 1988, pp. 2127-2136.

[2] Li, L., and Yougang, G.. Analysis of Magnetic
Field Environment near High Voltage
Transmission Lines, Proceedings of the
International Conferences on Communication
Technology, 1998, pp. $26-05-1 - 826-05-5.

[3] Electric Power Research Institute., Transmission-
Line Reference Book 3435 kV and Above, Fred
Weidner & Son Printers, Inc., USA, 1975.

[4] Chari, MV.K., and Salon, S.J.. Numerical
Methods in Electromagnetism, Academic Press,
USA., 2000.

[5] Weiner. M., Electromagnetic Analysis Using

Transmission Line Variables, World Scientific

Publishing, Singapore, 2001.

Christopoulos, C., The Transmission-Line
Modeling Method: TLM. TEEE Press, USA.
1995.

[7] Pao-la-or, P., Kulworawanichpong, T., Sujitjorn,
S., and Peaiyoung, S., Distributions of Flux and
Electromagnetic Force in Induction Motors: A
Finite Element Approach. WSEAS Transactions
on Systems, Vol.5, No.3, 2006, pp. 617-624.

[8] Pin-anong, P., The Electromagnetic Field Effects
Analysis which Interfere to Environment near the
Overhead Transmission Lines and Case Studv of
Effects Reduction, [M.Eng. thesis]. School of
Electrical Engineering, Department of Electrical
Engineering, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok. Thailand,
2002.

[9] Preston, T.W.. Reece. A.B.J., and Sangha, P.S.,
Induction Motor Analysis by Time-Stepping
Techniques. IEEE Transactions on Magnetics,
Vol.24, No.1, 1988, pp. 471-474.

[10] Kim, B.T., Kwon, B.I, and Park, S.C.,
Reduction of Electromagnetic Force Harmonics
in Asynchronous Traction Motor by Adapting
the Rotor Slot Number, IEEE Transactions on
Magnetics, Vol.35, No.5, 1999, pp. 3742-3744.

[11] Tyyuni, G.B., and Sebo, S.A. Study of
Transmission Line Magnetic Fields, Proceedings
of the Twenty-Second Annual Novth American,
IEEE Power Symposium, 1990, pp. 222-231.

[12] Hayt, IrW.H., and Buck, J.A., Engineering
Electromagnetics (7th edition), McGraw-Hill,
Singapore, 2006,

(6]

ISBN: 978-960-474-026-0




213

World Academy of Science, Engineering and Technology 53 2009

Analysis of Electromagnetic Field Effects Using
FEM for Transmission Lines Transposition

S. Tupsie, A. Isaramongkolrak, and P. Pao-la-or

Abstract—This paper presents the mathematical model of electric
field and magnetic field 1 transmussion system, which performs m
second-order partial differential equation. This research has
conducted analyzing the electromagnetic field radiating to
atmosphere around the transmission line, when there is the
franstussion line transposition in case of long distance distribution.
The six types of 500 KV transposed HV transmussion line with double
cireut will be considered. The computer simulation 1s applied finite
element method that 15 developed by MATLAB program. The
problem 15 considered to two dimensions, which 15 tune harmonic
system with the graphical performance of electric field and magnetic
field. The impact from simulation of six types long distance
distributing transposition will not effect changing of electric field and
magnetic field which surround the transmission line.

Keywords—Transposition, Electromagnetic Field, Finite Element
Method (FEM). Transmission Line, Computer Simulation

I. INTRODUCTION

OR decades, due to the increasing of electrical power

demands in Thailand, Electricity Generating Authority of
Thailand (EGAT) decides to enlarge transmission capacity by
installing 500-kV extra high-voltage power transmission lines
m both AC and DC. In the AC system, double-circuit
transmission lines consist of 6 conductors running in parallel.
Transposition in case of long distance distribution of the 6
conductors results in eleetric and magnetic field distribution
that may cause some serious harm to surround the transmission
line. From literature, basic electromagnetic theory [1] or image
theory [2] are widely used for electromagnetic field calculation
in high voltage power transmission lines. So far, there is no
report on electric and magnetic field caleulation in this scope
by using Finite Element Method (FEM).

The FEM is one of the most popular numerical methods
used for computer simulation. The key advantage of the FEM
over other numerical methods in engineering applications is
the ability to handle nonlinear, time-dependent and circular
geometry problems. Therefore, this method is suitable for
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solving the problem involving electric and magnetic field
effects around the transmission line caused by circular cross-
section of high voltage conductors.

In this paper, 500-kV, double-circuit, extra high-voltage
power transmission lines are studied with 6 conductors
transposition in case of long distance distribution in order to
troubleshoot the voltage drop unbalance problem. Computer-
based simulation utilizing the two dimensional finite element
method in the time harmonic mode, instructed in MATLAB
programming environment with graphical representation for
electric and magnetic field strength have been evaluated. In
general, electric field strength of the system depends on
operating voltage level applied to phase conductors. Due to the
voltage regulation of the transmission systems, the conductor
surface potential does not change to result in remarkable
difference of the electric field contours. In the same manner,
magnetic field strength of the system depends strongly on the
phase currents flowing through the phase conductors. As
mentioned where a normal steady-state operation is assumed.
the current does not suddenly change its value. Therefore, both
field distribution are quasi-static.

II. MODELING OF ELECTROMAGNETIC FIELDS INVOLVING
TRANSMISSION LINES
A mathematical model of electric fields (E) radiating around
a transmission line is usually expressed in the wave equation
(Helmholtz's equation) as in (1) [3], [4] derived from
Faraday’s law.

V*E- au (F - &l (ﬂE =0 (1
of or”

..., where & is the dielectric permittivity of media, f/ and &
are the magnetic permeability and the conductivity of
conductors, respectively.

A mathematical model of magnetic fields (B) for
transmission lines is performed in form of the magnetic field
intensity (H), which related to the equation, B = yH . This
model can be characterized by using the wave equation
(Helmholtz's equation) as in (2) [3], [4] derived from the
Ampere’s law.
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Due to the similarity between (1) and (2), formulation of the
FEM used for the magnetic field problems is mathematically
the same. One can point out this similarity by replacing the
electric field (E) with the magnetic field intensity (H).

This paper has considered the system governing by using
the time harmonic mode and representing the electric field in

Jait [

complex form, E = Ee’” [5], therefore,

¢E ‘E )
—=joE and —=-wFE
ot t*

()]

=]

....where @ is the angular frequency.

Refer to (1). by employing the complex form of the electric
fields and assuming that the system is execited with a single
frequency source, Equation (1) can be transformed to an
alternative form as follows.

V?E - joouE + o guE = 0

When considering the problem of two dimensions in
Cartesian coordinate (x,y). henee

3\ )
c laEJ+a 108 —(jwo’—wzé‘]EZD (3)

ox\ g éx ) vl udcy
Analytically, there is no simple exact solution of the above
equation. Therefore, in this paper the FEM is chosen to be a

potential tool for finding approximate electric field solutions
for the PDE described as in (3) [6].

III. SYSTEM DESCRIPTION WITH THE FEM

A. Discretization

This paper determines a four-bundled, double-circuit, 500-
kV power transmission line. Fig. 1 shows the power
transmission line with the low-reactance orientation type.
Height of conductors shown in the figure 1s the maximum sag
position. The lowest conductors are C and A’ at the height of
13.0 m above the ground level [7]. Each phase conductor is
795 MCM (0.02772 m - diameter). The overhead ground wire
has 3/8 inch - diameter. Fig. 2 displays the domain of study
diseretizing by using linear triangular elements.
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Fig. 1 500-kV double-circwt, four-bundled power transmission line
with low-reactance orientation

i} n mn an 40 a0 1) il

Fig. 2 Discretization of the system given in Fig. 1

B. Finite Element Formulation

An equation governing each element is derived from the
Maxwell’s equations directly by using Galerkin approach.
which is the particular weighted residual method for which the
weighting functions are the same as the shape functions [8].
[9]. According to the method, the electric field is expressed as
follows.

E(x.y)=EN,+EN,+EN, @

..., where N, n =1, j ,k is the element shape function and the
E,, n =1, j,kis the approximation of the electric field at each
node (7, j k) of the elements, which is

+bx+c,y
N = aﬂ ﬂr C}f-}
" 24,

... where A_is the area of the triangular element and,

da = 'ijk —."Ck:l."}- E] ba‘ = }’.}' _J'!k » rr‘ = xk _xj
a;,=XY,-%y,. b=y,-y. ¢, =x,-x,

a, =XV, =Xy, b, =V, -V,. 6 =X —x

k
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The method of the weighted residue with Galerkin approach /i, the relative permeability ( 4,) = 300, the relative
-

is then applied to the differential equation. refer to (3), where o
. . . permittivity (&) = 3.5. It notes that the free space
the integrations are performed over the element domain €2 r

permeability ( 4e,) is 4nx107 Hm, and the free space

permittivity (£ ) is 8.854x1 02 F/m [11].

0(1CE) O(1¢CE
LA e e B | )
o \oxlwax ) ovludy
A B B C c A A
: 2
*[N"[jwfm E]EdQ.ZO B » C >< B o >< c B
0 C C A A B B X c
. or in the compact matrix form ¢ c A A B B c
c B A c X 8
(M +K]{E}=0 (5) A X D G YN
Fig. 3 Transmussion lines transposition in case of long distance
M= J'(oa—fuja:)INn N, dQ distribution
Q
TABLEI
. R 211 SIX TYPES OF TRANSPOSITION
(_](QU—(LJ_EJ)AQ —
== 7 f1 2 1 typel type2 type3 typed types typeé
12 AC BC BA CA CB AP
112 B B AN cc B B AN cc

cC A C B A B AC B C B A

Notes for the table, letter A, B and C reserve for each phase

K] oN, oN, 2N, N,
a ox Ox dy Oy of the first conductor ecircuit, whereas A', B' and ' indicate
bb, +c,c, bIbJ +e, bb, +cc, those of the second circuit.
= ﬁ bb +cie, bb+cc, V. RESULTS AND DISCUSSION
¢ Svin bkbk +C,0, This paper employs MATLAB programming to simulate

electric field and magnetic field distribution for six types long
distance distributing transposition. Electric field simulated for
all six types that same results every type can be depicted in
Fig. 4. Also, simulation results of magnetic field distribution
for the six types of transposition can be shown in Fig. 5.

.... where V is the material reluctivity (v =1/ ).

For one element containing 3 nodes, the expression of the
FEM approximation is a 3x3 matrix. With the account of all
clements in the system of n nodes, the system equation 1s
sizable as the nxi matrix.

oco
IV. BOUNDARY CONDITIONS AND SIMULATION Al ; 2 20
PARAMETERS 4 i
In this paper, 500-kV, double-circuit, extra high-voltage o
power transmission lines are studied with 6 conductors i
transmission line transposition in case of long distance
distribution, indicating in Fig. 3. there are six types of i
transposition as indicated by Table I. The boundary conditions "
applied here are that both electric and magnetic fields at the 50
ground level and the OHGW are set as zero. In contrast, the 10
boundary conditions at the conductor surfaces are practically 20

different. They are strongly dependent upon the load current

. L T
for the magnetic case. However, in this paper, the boundary im)

conditions of both electric and magnetic fields of conductor

surfaces in 500-kV power lines are assigned as given in [7], Fig. 4 Electric field distribution (kV/m) for all type transposition

[10] under the maximum loading of 3.15 kA/phase [7]. This
simulation uses the system frequency of 50 Hz. The power
lines are bared conductors of Aluminum Conductor Steel
Renforced (ACSR). having the conductivity () = 0.8x10’
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Fig. 5 Magnetic field distribution (4T) for all type transposttion Fig 8 Magnetic field distribution at 1 m above the ground for all type

1100

When consider at some selected positions for more detail,
Fig. 6-7 show the electric ficld plot at the height of 1 m and 10 -
m above the ground for all six types that same results every
type, respectively. In addition, Fig. 8-9 show the magnetic -
field plot at the height of 1 m and 10 m above the ground for
all six types, respectively. oo

7o

Magnetic Fietd (1)

00

00

A0 i i i : . i
0
(]
Fig 9Magnetic field distribution at 10 m above the ground for all type

Electric Field (k)

From the simulation results, the six types of transmission
lines transposition in case of long distance distribution, it will

] not affect changing electric field and magnetic field which
. ; ; ; ; : ; surround the transmission line.

x ()

Fig. 6 Electric field distribution at 1 m above the ground for all type VI CONCLUSION

This paper has studied electric and magnetic field

distribution resulting from six types long distance distributing
transposition. 500-kV, double-cireuit, four-bundled power
transmission lines of Electricity Generating Authority of
Thailand (EGAT) were investigated. FEM developed by using
MATLAB programming was employed. As a result, the impact
from simulation of six types long distance distributing
transposition will not effect changing of electric field and
magnetic field which surround the transmission line.

Electric Field )
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Abstract. - This paper proposes a mathematical model of electric and magnetic fields caused by high voltage
conductors of electric power transmission systems by using a set of second-order partial differential equations.
This study has considered the effect of conductor phase-sequence orientation on electromagnetic fields emitted
around a double-circuit, extra high-voltage, power transmission line. Five typically-used phase-sequence
orientations in Thailand and one three-phase fault for 500-kV double-circuit transmission lines are examined.
Computer-based simulation utilizing the two dimensional finite element method in the time harmonic mode,
instructed in MATLAB programming environment with graphical representation for electric and magnetic
field strength have been evaluated. The simulation results showed that the phase-sequence orientation is one
among key factors to influence the electromagnetic field distribution around the transmission line.

Key-Words: - Phase-sequence, Electric Fields, Magnetic Fields, Finite Element Method (FEM), Transmission

Line, Computer Simulation

1 Introduction

For decades, due to the increasing of electrical
power demands in Thailand. Electricity Generating
Authority of Thailand (EGAT) decides to enlarge
transmission capacity by installing 500-kKV extra
high-voltage power transmission lines in both AC
and DC. In the AC system. double-circuit
transmission lines consist of six conductors running
in parallel. Orientation of the six conductors results
m electric and magnetic field distribution that may
cause some serious harm to electronic equipment or
living things. From literature, basic electromagnetic
theory [1] or image theory [2] are widely used for
electromagnetic field calculation in high voltage
power transmission lines. Even the study by EPRI
[3]. the basic electromagnetic theory was employed
to analyze electric field strength resulting from
orientation of conductor phase-sequences. So far,
there is no report on electric and magnetic field
calculation in this scope by using Finite Element
Method (FEM).

The FEM is one of the most popular numerical
methods used for computer simulation. The key
advantage of the FEM over other numerical methods
in engineering applications is the ability to handle
nonlinear, time-dependent and circular geometry
problems. Therefore, this method is suitable for
solving the problem involving electric and magnetic

ISSN: 1790-5060
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field effects around the transmission line caused by
circular cross-section of high voltage conductors.

In this paper, 500-kV, double-circuit, extra high-
voltage power transmission lines are studied with six
conductor phase-sequence orientation. Computer-
based simulation utilizing the two dimensional finite
element method in the time harmonic mode,
instructed in MATLAB programming environment
with graphical representation for electric and
magnetic field strength have been evaluated. In
general. electric field strength of the system depends
on operating voltage level applied to phase
conductors. Due to the voltage regulation of the
transmission  systems, the conductor surface
potential does not change to result in remarkable
difference of the electric field contours. In the same
manner, magnetic field strength of the system
depends strongly on the phase currents flowing
through the phase conductors. As mentioned where
a normal steady-state operation is assumed, the
current does not suddenly change its value.
Therefore, both field distribution are quasi-static.

2 Modeling of Electric and Magnetic
Fields involving Electric Power

Transmission Lines
A mathematical model of electric fields (E) radiating
around a transmission line is usually expressed in

Issue 10, Volume 3, October 2008
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the wave equation (Helmholtz’s equation) as Eq.(1)
[4-5] derived from Faraday’s law.

2
¢’E

ﬂfﬁ =

[«

0 (1)

) cE
VE- O';IC— — &l
ct

.... Where & is the dielectric permittivity of media,
4 and ¢ are the magnetic permeability and the
conductivity of conductors, respectively.

A mathematical model of magnetic fields (B) for
transmission lines is performed in form of the
magnetic field intensity (H). which related to the
equation, B = ¢/H . This model can be characterized
by using the wave equation (Helmholtz’s equation)
as Eq.(2) [4-5] derived from the Ampere’s law.

) GH &'H
VH-ou—-eu—75=0 2
of ot

Due to the similarity between Eq.(1) and Eq.(2),
formulation of the FEM used for the magnetic field
problems is mathematically the same. One can point
out this similarity by replacing the electric field (E)
with the magnetic field intensity (H).

This paper has considered the system governing
by using the time harmonic mode and representing
the electric field in complex form, E = Ee’™[6],
therefore,

3 &’E

2

t

)
=-0'FE

J@E and

-

jay}

.... where @ is the angular frequency.

From Eq.(1). by employing the complex form of the
electric fields and assuming that the system is
excited with a single frequency source, Eq.(1) can
be transformed to an alternative form as follows.

V2E - joouE + & suE =0

When considering the problem of two dimensions
in Cartesian coordinate (x,3/, hence

(1&5\ c(
—_— +_
oxl g ox ) oy

1 8E)

pév)

¢

- (‘j(,ocr— (f)lg)E =0(3)

Analytically. there is no simple exact solution of
the above equation. Therefore, in this paper the FEM
is chosen to be a potential tool for finding
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approximate electric field solutions for the PDE
described in Eq.(3) [7-9].

3 System Description with the FEM
3.1 Discretization

This paper determines a four-bundled, double-
circuit, 500-kV power transmission line. Fig. 1
shows the power transmission line with the low-
reactance orientation type. Height of conductors
shown in the figure is the maximum sag position.
The lowest conductors are C and A’ at the height of
13.0 m above the ground level [10]. Each phase
conductor is 795 MCM (0.02772 m - diameter). The
overhead ground wire has 3/8 inch - diameter. Fig. 2
displays the domain of study discretizing by using
linear triangular elements,

940 |
e
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Fig.1 500-kV double-circuit, four-bundled power
transmission line with low-reactance orientation
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HORE H ®H & & 8 &

50
& ()

Fig.2 Discretization of the system given in Fig. 1

3.2 Finite Element Formulation

An equation governing each element is derived from
the Maxwell’s equations directly by using Galerkin
approach, which 1s the particular weighted residual
method for which the weighting functions are the
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same as the shape functions [11-12]. According to
the method, the electric field is expressed as follows.
E(x.y)=EN,+EN +EN, (4
. where N, , n =i j ,k is the element shape
function and the E, , n =i, j ,k is the approximation

of the electric field at each node (i, j ,k) of the
elements, which is

_a, +bx+c,y
! 2A

e

. where A_is the area of the triangular element

and,

=Xy =Xy, b=y, -y, 6 =x—x;
a; =X V=X V. bd,. =V~ V. =X
a, =Xx;) j _x,-,‘; bi( =V, -y Cp = \‘j -

The method of the weighted residue with Galerkin
approach 1s then applied to the differential equation,
Eq.(3), where the integrations are performed over
the element domain Q.

0

| ol

1 E‘E"

7 f‘xl

1 oE
vl /: cy

- JN” (jeoo - (935)5 dQ=0
o]

~
Cl

%)

. or in the compact matrix form

[M+K]{E}=0 )
M= [j(acr -0’ a]f NN, dQ
Q
(os-oteh, > !
_\ec-o 5,39_1 21
12 {
[1 12
(&N, éN, ©&N, ¢l
K=v[| =25 on |dQ
Al Ox  x
[bb, +cc, brb} +ec;  bb+epc, 1
v
=l bbb, +c;ec; bb, +cic,
L Sm b.b, +c,c

. Where v is the material reluctivity (v =1/ ).
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For one element containing 3 nodes, the
expression of the FEM approximation is a 3x3
matrix. With the account of all elements in the
system of 1 nodes, the system equation is sizable as
the nxn matrix.

3.3 Boundary Conditions and Simulation
Parameters

In this paper, 500-kV, double-circuit, extra high-
voltage power transmission lines are studied with six
conductor phase-sequence orientation [3] as shown
in Table 1. The boundary conditions applied here are
that both electric and magnetic fields at the ground
level and the OHGW are set as zero. In contrast, the
boundary conditions at the conductor surfaces are
practically different. They are strongly dependent
upon the load current for the magnetic case.
However, in this paper, the boundary conditions of
both electric and magnetic fields of conductor
surfaces in 500-kV power lines are assigned as
given in [3. 10, 13] under the maximum loading of
3.15 kA/phase [10]. This simulation uses the system
frequency of 50 Hz. The power lines are bared
conductors of Aluminum Conductor  Steel
Reinforced (ACSR). having the conductivity (&) =
0.8x10" S/m, the relative permeability (4,) = 300,

the relative permittivity (&, ) = 3.5. It notes that the
free space permeability ( ,uo) is 47x107 H/m, and
the free space permittivity (&,) is 8.854x10™ F/m

[14].

Table 1 Six cases of phase sequence orientation

typel | type2 | type3 | typed | typeS | fault
AAAB |AA | AB | ACI|ACG
BB |BA |BC | BC |BB |BG
ccolcolecB cAalcalCc

Notes for the table, letter A, B and C reserve for
each phase of the first conductor circuit, whereas A',
B’ and C' indicate those of the second circuit. G
represents the ground potential (0 V).

4 Results and Discussion

This paper employs MATLAB programming to
simulate electric field distribution for five typical
phase-sequence orientations and one fault case.
Electric field simulated for each type can be
depicted in Fig. 3 — 8, respectively. Also, simulation
results of magnetic field distribution for the six
phase-sequence orientations can be shown in Fig. 9
— 14, respectively.
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Fig.3 Electric field contour (kV/m) for type

i« m)

Fig.4 Electric field contour (kV/m) for type 2

1)

Fig.5 Electric field contour (kV/m) for type 3
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Fig.6 Electric field contour (kV/m) for type 4
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Fig.7 Electric field contour (kV/m) for type 5
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Fig.8 Electric field contour (kV/m) for the fault case
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Fig.11 Magnetic field contour (uT) for type 3 Fig.14 Magnetic field contour (LT) for the fault case
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From the simulation results, the orientation type

has the key effect on electric and magnetic field .

distribution around the power transmission line. By a0l i
observing the electric field strength as shown in Fig. ! : ; :

3 — 8 at a specific height level above the ground with _ : 1
70-m horizontal span, type 1, 2. 3 and 5 are £ : : :

symmetric in electric field distribution along the i IR e S O A
vertical axis. Type 4 and the fault are asymumetric 5 |

w

due to unbalanced phase sequencing. especially type i ; :
6 with all the second circuit phases located on the 100 i / : 1
right hand side shorted to ground as the three-phase ‘ :

fault occurred. B0 s s B e
For the magnetic field cases as depicted in Fig. 9 - ; i ; ; 1 ;
-, - o 10 20 elil 40 1) B 70
— 14, except the fault case, all five typical phase i
orientations give symmetrically magnetic field ] o _ ‘
distribution. Even in type 4, the magnetic field is Fig.17 Electric field for type 3 at the hellglht of 0.1 m
also symumetric. It is because the magnetic flux lines below the lowest conductor position

are circular to enclose the conductor core, while the
electric flux lines distribute perpendicularly from the
conductor surfaces.

200 T - T T . -

@
=]

Electric Field (kv/m)

Elactric Fiald {kvem)

=
=

¥ (m)

. : ‘ Fig.18 Electric field for type 4 at the height of 0.1 m
g below the lowest conductor position

¥ im)

Fig.15 Electric field for type 1 at the height of 0.1 m

.. 200
below the lowest conductor position
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Fig.19 Electric field for type 5 at the height of 0.1 m
% (m) below the lowest conductor position

Fig.16 Electric field for type 2 at the height of 0.1 m
below the lowest conductor position
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Fig.20 Electric field for the fault case at the height
of 0.1 m below the lowest conductor position

Elactric Figld (kv/m)

o ; i ] ! 1 ;
=0
*(m)

Fig.21 Electric field for type 1 at the height of 0.1
above the highest conductor position
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Fig.22 Electric field for type 2 at the height of 0.1 m
above the highest conductor position
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Fig.23 Electric field for type 3 at the height of 0.1 m
above the highest conductor position
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Fig.24 Electric field for type 4 at the height of 0.1 m
above the highest conductor position
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Fig.25 Electric field for type 5 at the height of 0.1 m
above the highest conductor position
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Electric Field {km)

Fig.26 Electric field for the fault case at the height
of 0.1 m above the highest conductor position
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Fig.27 Magnetic field for type 1 at the height of
0.1 m below the lowest conductor position
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Fig.28 Magnetic field for type 2 at the height of
0.1 m below the lowest conductor position
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Fig.29 Magnetic field for type 3 at the height of
0.1 m below the lowest conductor position
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Fig.30 Magnetic field for type 4 at the height of
0.1 m below the lowest conductor position
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Fig.31 Magnetic field for type 5 at the height of
0.1 m below the lowest conductor position
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Fig.32 Magnetic field for the fault case at the height
of 0.1 m below the lowest conductor position
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Fig.33 Magnetic field for type 1 at the height of
0.1 m above the highest conductor position
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Fig.34 Magnetic field for type 2 at the height of
0.1 m above the highest conductor position
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Fig.35 Magnetic field for type 3 at the height of
(0.1 m above the highest conductor position
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Fig.36 Magnetic field for type 4 at the height of
0.1 m above the highest conductor position
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Fig.37 Magnetic field for type 5 at the height of
(0.1 m above the highest conductor position
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Magnetic Field {4T)

Fig.38 Magnetic field for the fault case at the height
of 0.1 m above the highest conductor position

When consider at some selected positions for
more detail, symmetry in electric field distribution
can be clearly explained. Fig. 15 — 20 show the
electric field plot at the height of 0.1 m below the
lowest conductor position for each type. Similarly,
Fig. 21 — 26 also describe the electric field plot at
the height of 0.1 m above the highest conductor
position for each type. They confirmed that type 1,
2, 3 and 5 are symmetric while type 4 and the fault
are asymmetric as concluded by [3]. In addition, Fig.
27 — 32 show the magnetic field plot at the height of
0.1 m below the lowest conductor position for each
type. Also, Fig. 33 — 38 also describe the magnetic
field plot at the height of 0.1 m above the highest
conductor position for each type.

5 Conclusion

This paper has studied electric and magnetic field
distribution resulting from five typical conductor
phase-sequence orientations and one three-phase
fault case. 3500-kV, double-circuit, four-bundled
power transmission lines of Electricity Generating
Authority of Thailand (EGAT) were investigated.
FEM developed by using MATLAB programming
was employed. As a result. phase-sequence
orientation was one of key factors to influence
electric and magnetic field distribution in electric
power transmission lines. With the orientation of
type 1, 2, 3 and 5, the electric field distribution was
symmetric. while the left two cases (type 4 and the
fault) gave asymmetric field distribution. For the
magnetic field case, the orientation of type 1-5 gave
the symmetrical magnetic field distribution, while
the orientation of the fault case generated the
asymmetric field distribution.
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Study of Influence of an Overhead Ground Wire on
Electric Fields around the HV Power Transmission Line
Using 2D and 3D Finite Element Method
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Abstract: - This paper has proposed a mathematical model of electric fields caused by high voltage conductors
of electric power transmission systems by using a set of second-order partial differential equations. This study
has considered the effect of the overhead ground wire on electric fields emitted around the high voltage
transmission line. Comparison among two test cases, with and without the overhead ground wire, has been
illustrated. Computer-based simulation utilizing the two-dimensional (2D) and three-dimensional (3D) finite
element method in the time harmonic mode, instructed in MATLAB programming environment with graphical
representation for electric field strength has been investigated. The simulation results show that the
transmission system having the overhead ground wire can remarkably reduced the intensity of the electric field

strength.

Key-Words: - Overhead Ground Wire (OHGW). Electric Field Strength, Finite Element Method (FEM),
Transmission Line, Computer Simulation

1 Introduction

An overhead ground wire (OHGW) is one of key
components in electrical power transmission
systems. It 1s a small metal conductor run between
the tops of overhead power transmission towers. At
each tower, the OHGW 1is connected to ground
through the tower metal frame. It exhibits the
protection of high voltage conductors from lightning
strokes. Beside the lightning protection, the OHGW
also influences electric field distribution around the
power transmission lines caused by the high voltage
conductors. Finite Element Method (FEM) is one of
the most popular numerical methods used for
computer simulation. The key advantage of the FEM
over other numerical methods in engineering
applications 1s the ability to handle nonlinear, time-
dependent and circular geometry problems.
Therefore, this method is suitable for solving the
problem involving electric field effects around the
transmission line caused by circular cross-section of
high voltage conductors. Especially. when the
transmission length is taken into account, the region
domain is three-dimensional.

From literature, most research works involving
the OHGW mainly devote to put emphasis on
reducing the effects of lightning strokes on overhead
transmission lines [1-3]. In this paper. the study on
the OHGW resulting in electric field distribution
around the transmission line is proposed. A 115-kV
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power transnussion line of Provincial Electricity
Authority (PEA) in Nakhon Ratchasima province
hung over a 22-kV power distribution line on the
same tower is selected for test. The computer
simulation based on the 2D and 3D-FEM in the time
harmonic mode with appropriate  graphical
representation of electric fields is conducted.

2 Modeling of Electric Fields involving

Electric Power Transmission Lines

A mathematical model of electric fields (E) radiating
around a transmussion line is usually expressed in
the wave equation (Helmholtz's equation) as Eq.(1)
[4-3] derived from Faraday’s law.

) °E O°E
\T‘EfG/{LTfe,uc =0 (1)
ér ct

.... Where & is the dielectric permittivity of media,
4 and o are the magnetic permeability and the
conductivity of conductors, respectively.

This paper has considered the system governing
by using the time harmonic mode and representing

the electric field in complex form, E = Ee’™[6].
therefore,
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cE o°E
CjoE md S5=-0'F
ot ot

.... where @ is the angular frequency.
From Eq.(1). by substituting the complex electric

field, Eq.(1) can be transformed to an alternative
form as follows.

V2E - jootE + o’ stE =0

When considering the problem of 2D in Cartesian
coordinate (x,3), hence

3[1£J+3[1£]_(jwa_mze),g —0 @

oxlpéx ) évipéy

Fig.1 Case study in Nakhon Ratchasima province

OHG: R= 0,06 m
In the similar manner, when considering the
problem of 3D in Cartesian coordinate (x,v,2), (2) Tam

can be rewritten as follows. ]
: AkV:R=0.IESm§

¢(1¢E é(1¢E & 1¢E i 3 (3)

Pl il PO il P il P - =0

Bx[_,u 6xJ+6y[,u 6y]+5z[,u Gz] []am wg)E 045 m—0 1T

]
Analytically. there is no simple exact solution of / 5}
1.2m

the above equation. Therefore, in this paper the FEM
is chosen to be a potential tool for finding

approximate electric field solutions for the PDE !
described in Eq.(2) and Eq.(3) [7-9]. | g

25fm

0.5m =

2m

0.5m 0.5m
3 System Description with the FEM
3.1 Discretization g\ é é
This paper conducts the simulation study by AN !
considering the 115-kV PEA’s transmission system
in Nakhon Ratchasima province. This type of power 22kViR=0.06m ., o
transimission systems is common in rural areas in i

Thailand. The selected test system consists of 2-
bundle conductors configuring in vertical conductor
arrangement as shown in Fig. 1. Also, a 22-kV G
power line in horizontal conductor arrangement is
hung below the HV transmission line. Fig. 2 depicts
the detail of the test system.

Fig.2 Detail of the test system

The domain of study with the 2D-FEM can be
discretized by using linear triangular elements. Fig.
3 and 4 show grid representation of the test system
with and without the OHGW, respectively. For Fig.
3, with the appearance of the OHGW. the region
domain consists of 1896 nodes and 3751 elements.
while in Fig. 4, where the OHGW is not included.
the system has the total number of 1391 nodes and
2745 elements. Fig. 5 is just a zoom-in version of
Fig. 4 to show how triangular meshes around the
conductors are generated.
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with the 3D-FEM can

the domain of study

grid around the conductors
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Fig.

Fig.6 3D test system with the OHGW
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tetrahedron elements.
the region domain

show grid representation of the test
systems is straight and

o)

is not included. the system
of 3551 nodes and 19271
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Fig.3 2D test system with the OHGW
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2D test system without the OHGW

how 3D
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Fig.4

30

Also,
be discretized by using linear

Fig. 6 and 7
system with and without the OHGW, respectively.

From these figures, a 20-m transmission-line portion

of which 115-
line tension sags are not assumed. For Fig. 6, with

the appearance of the OHGW,
consists of 3761 nodes and 21785 elements. while in

Fig. 7, where the OHGW i

has the total number
elements. Fig. 8

show
generated.

Fig.7 3D test system without the OHGW
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Fig.8 3D meshed of the conductors

3.2 Finite Element Formulation

An equation governing each element 1is derived from
the Maxwell’s equations directly by using Galerkin
approach, which is the particular weighted residual
method for which the weighting functions are the
same as the shape function. However, the shape
function used for 2D and 3D problems is different.

3.2.1 2D-FEM Formulation
The shape function for 2D-FEM used in this
research is the application of 3-node triangular
element (two-dimensional linear element) [10-11].
According to the method, the electric field is
expressed as follows.
E(x.y)=EN,+EN, +E.N, €Y
. where N, , n =i, j ,k is the element shape
function and the E, , » =i, j ,k is the approximation

of the electric field at each node (i, j ,k) of the
elements, which is

~a,+bx+cy

" 24,

.... where A_is the area of the triangular element
and.

a,=x;yp=xV;. b=y, -y, ¢ =x-x;

A; =XV =X V- bJ =Yy = V-

a; bk =Y; _-},j .

Cj- =X, — X

=XV, XY,

Cp =X, =X,

The method of the weighted residue with Galerkin
approach is then applied to the differential equation.
Eq.(2), where the integrations are performed over
the element domain Q.
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(a(18E) a(1eE\)
5] 2 2E |+ 2] L& ko
o \oxipox) cylucy])
—jN”UmG—mzs]EdQ:O
Q
, or in the compact matrix form
[M+KJ{E}=0 (5)
M= (j'wa—(agg]JN,,deQ
o]
) 211
_ [Jmo-l;) .s'l-ﬁg L 21
112
'¢éN, &N, &N, éN
K:VI[O JIC IH+C-\?'! m]dQ
ol &x  Ox dy &y
bbb, +cie; bb,+ce; bb+cc,
Vv
=Ia bb, +c;c, bb, +c;c,
‘ Sym b.b, +c,c,

..., where v is the material reluctivity (v =1/ 1.

For one eclement containing 3 nodes. the
expression of the FEM approximation is a 3x3
matrix. With the account of all elements in the
system of 7 nodes, the system equation is sizable as
the nxn matrix.

3.2.2 3D-FEM Formulation
The shape function for 3D-FEM used in this
research is the application of 4-node tetrahedron
element (three-dimensional linear element) [12-14].
According to the method, the electric field is
expressed as follows.

E(x.y.z)=EN, +E,N,+E,N,+E,N, (6
.... where N;, i = 1. 2. 3, 4 1s the element shape
function and the E, , i 1, 2, 3. 4 15 the

approximation of the electric field at each node (1.
2, 3, 4) of the elements, which is

1
N, =—(a,+bx+c¢y+dz)
6V '

. where ¥ is the volume of the tetrahedron
element, which is expressed as
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L x » z
V= 1 L x, ¥ 5
6[1 x3 v =z
L ox, v, z,
and

ay =5,(1,7 =335, + 55 (0,2, — 3,2, 5, (3:2, — 3, 5)
ay =x,(vz, — iz + 50z, — vz F a0z - vszy)
a, =x,(nz, —v,5) + 1, (v,z, - vz) Hx(vyz, - vz,)

a, =x;,(v,2 =0 Z,) + 5,02 — 9 2) F (057, — 3 5s)

b= yy(z3 —2) + y3(zy —2) T3y (2, — 23)
by = w2y —z3)+ 1i(z5 —2) +5(2y —21)

by=wy(z—z)+ (2 —z)+ 3z —2)
by =y3(z, — )+ 3z —23) +0y(23—2p)

o = xy(2y —23) + 45 (23 —2) + X5(24 — 1))
6 =Xy (23 —2) +x5(z — 2) +x,(2, — 23)
) tx(zy —z) F a0z - 5)
€, =X3(2 — ) +x,(25 — ) +x,(55 - 3p)

ey =x,(z4

dy=x4(¥3 =)+ x50 —y) + x50 —v3)

dy=x, (v —p) = x (s =)+ 30— 1)
ds =Xy (}‘2 — }‘1) + Xy (_1'1 - .1‘;) + -\-1(.1‘L - .1‘])
dy=x(yy =)+ x (- y)+ (v =)

The method of the weighted residue with Galerkin
approach is then applied to the differential equation.
Eq.(3), where the integrations are performed over
the element domain € .

0

Con F ot
d(10E)

el aE‘JJrii’lg"-“‘dQ

vl pox ) cvlucdy) czlués

\

- JN; (joo - (gze)EdQ =0

o]
. or in the compact matrix form

[M+KJ{E}=0

ISSN: 1790-5060

679

P. Pao-La-Or, A Isaramongkolrak,
T. Kulworawanichpong

M-=|joo- ro‘?s\_}f N,N,dQ
(e}

2111
_(:j(ocr—(a:g]V 1 211
- 20 1121
111 2
ol cxX  ox Y (5! CZ CZ

bb, +ce, +dd,

v |bby+ec,+dd,
36V | bbby +e0y+dd,
bb,+cic,+dd,

bb, +cc, +dd,
b,b, +¢,c, +d,d,
b,b, + c,e; +dyd;
b,b, +c,c, +d,d,

bbby +c,cy +d,d,
b,b, +¢c,c; +d,d,
b.b, +c,c; +d,d,
bb, +c;c, +dyd,

bbb, +cic,+dd,
b,b, +c,c, +d,d,
bb, +c,c,+dd,
bbb, +c,c,+d,d,

For one element containing 4 nodes, the
expression of the FEM approximation is a 4x4
matrix. With the account of all elements in the
system of 7 nodes, the system equation is sizable as
the nxn matrix.

3.3 Boundary Conditions and Simulation
Parameters

The boundary conditions applied here are that to set
zero electric fields at the ground level and the
OHGW. In addition. the boundary condition of
conductor surface in both 115-kV and 22-kV power
lines are assigned as given in [15-16]. This
simulation uses the system frequency of 50 Hz. Both
power lines are bared conductors of Aluminum
Conductor Steel Reinforced (ACSR), having the
conductivity (o) = 0.8x10" S/m, the relative
permeability () = 300. the relative permittivity
(&,) = 3.5. It notes that the free space permeability
(4,) is 4mx107 H/m, and the free space permittivity

(&,)1s 8.854x10™ F/m [17].

4 Results and Discussion

Simulation results obtained by using MATLAB
programming for which 2D and 3D-FEM can be
simulated, numerically. Especially, in 2D cases. the
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results can be graphically presented in the contour of
electric fields dispersed thoroughly the cross-
sectional area of study. Fig.9 and Fig.10 illustrate
the result of electric field distribution of 2D-FEM
for a test case of with and without the OHGW,
respectively.

an

# [

Fig.9 Contour of the electric field (kV/m)
with the OHGW

el
=)
40
=l
o
10
W ()
Fig.10 Contour of the electric field (kKV/m)
without the OHGW
For which 3D-FEM results. those can be

graphically presented in the filled polygon of electric
fields dispersed thoroughly the volume of study.
Fig.11 and Fig.12 illustrate the result of electric field
distribution of 3D-FEM for a test case of with and
without the OHGW, respectively. Fig.13 and Fig.14
reveal that electric field distribution around the
conductor surfaces for the case with the OHGW is
considerably reduced in their valued when compared
with those of the same position of the case without
the OHGW.

For the OHGW case, Fig.15 — 19 illustrate results
of electric field contours on the cross-sectional area
perpendicular to the z axis, where the cutaway
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positions are given at z = 0, 5. 10, 15 and 20 m.
respectively. For the case without the OHGW,
Fig.20 — 24 1llustrate results of electric field contours
as described for the case of the OHGW.

10

2 [

Fig.11 Electric field (kV/m) of the region domain
for the OHGW case

Fig.12 Electric field (kV/m) of the region domain
tor the case without the OHGW

Fig.13 Electric field (kV/m) around the conductor
space for the OHGW case
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Fig.14 Electric field (kV/m) around the conductor
space for the case without the OHGW

# [m)

Fig.15 Electric field contour (kV/m) at a cutaway
position of 0 m for the OHGW case

# i)

Fig.16 Electric field contour (kV/m) at a cutaway
position of 5 m for the OHGW case
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)

Fig.17 Electric field contour (kV/m) at a cutaway
position of 10 m for the OHGW case

¥ )

Fig.18 Electric field contour (kV/m) at a cutaway
position of 15 m for the OHGW case

¥ i)

£ [m]

Fig.19 Electric field contour (kV/m) at a cutaway
position of 20 m for the OHGW case
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EN ()]

Fig.20 Electric field contour (kV/m) at a cutaway
position of 0 m for the case without the OHGW

]

Fig.21 Electric field contour (kV/m) at a cutaway
position of 5 m for the case without the OHGW

i {rm)

Fig.22 Electric field contour (kV/m) at a cutaway
position of 10 m for the case without the OHGW
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)

Fig.23 Electric field contour (kV/m) at a cutaway
position of 15 m for the case without the OHGW

% (m)

Fig.24 Electric field contour (kV/m) at a cutaway
position of 20 m for the case without the OHGW

The illustrative electric field contours show that
the amplitude of the electric field with the OHGW
tied at the top of the tower is lower than that of the
case without the OHGW. By investigating closer at
the height of 1.0-m above the ground (¥ = 1.0-m),
results of which 2D and 3D-FEM cases are put in
Table 1. From those results, the average electric
field magnitude is significantly reduced by 10% for
both 2D and 3D calculations. For the 2D-FEM.,
(3.0777-2.7304)/3.0777 = 11.28% and. for the 3D-
FEM. (2.8487-2.4986)/2.8487 = 12.29%, resulting
from placing the OHGW at the top of the tower.
Table 2 illustrates the average of electric fields for
both cases at some specific height level above the
ground for comparison.
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Table 1 Comparison of electric field distribution
(kV/m) at y = 1.0-m above the ground

2D-FEM 3D-FEM

¥ (m) With | Without | With | Without
OHGW | OHGW | OHGW | OHGW

0 2.6159 | 2.9923 | 2.3523 | 2.6623

1 2.6508 | 3.0415 | 2.3624 | 2.7998

2 2.5596 | 29412 | 22432 | 2.7543

3 2.5427 | 2.8064 | 2.2543 | 2.6745

4 2.5661 | 2.8740 | 2.2448 | 2.6754

5 2.6066 | 2.8803 | 2.3843 | 2.6832

6 2.6459 | 29410 | 2.3849 | 2.6934

7 2.6726 | 29975 | 2.3926 | 2.7002

8 2.7002 | 3.0495 | 2.4736 | 2.7069

9 2.7419 | 3.0966 | 2.4932 | 2.8123
10 2.7804 | 3.1272 | 2.5511 | 29234
11 2.8125 | 3.1531 | 2.7024 | 2.9476
12 2.8519 | 3.1953 | 2.7235 | 2.9739
13 29195 | 3.2724 | 2.8012 | 3.0211
14 3.0249 | 3.4087 | 2.8201 | 3.2825
15 29951 | 3.3768 | 2.7932 | 3.2678
Average | 2.7304 | 3.0777 | 2.4986 | 2.8487

Table 2 Comparison of the electric field (kV/m)
averages at specific height above the ground

2D-FEM 3D-FEM

¥ (m) — = - :
With | Without | With | Without
OHGW | OHGW | OHGW | OHGW
1 2.7304 | 3.0777 | 2.4986 | 2.8487
5 13.2482 | 14.8437 | 12.5620 | 13.9875
10 26.5636 | 29.8113 | 24.7396 | 28.5248
15 51.7035 | 59.0658 | 52.8041 | 58.5954
20 489177 | 67.6321 | 46.7R14 | 68.2646
25 38.0124 | 67.8528 | 35.7599 | 69.2985
30 37.9455 | 67.8902 | 34.7877 | 69.3922

5 Conclusion

This paper presents the study on the OHGW
resulting in electric field distribution around the
electric power transmission line. A 115-kV power
transmission line of Provincial Electricity Authority
(PEA) in Nakhon Ratchasima province hung over a
22-KV power distribution line on the same tower is
selected for test. The computer simulation based on
the 2D and 3D-FEM in the time harmonic mode
with appropriate graphical representation of electric
fields is conducted. As a result, it can conclude that
the OHGW has the ability to reduce the electric field
infensity caused by high voltage conductors. The
percentage reduction approximately varies from
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10% - 50%, according on the height level above the
ground.
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Finite Element Analysis of Magnetic Field
Distribution for 500-kV Power Transmission
Systems

P. Pao-la-or, A. Tsaramongkolrak, and T. Kulworawanichpong

Abstract—This paper proposes a set of mathematical models
presenting magnetic fields caused by operations of an extra high
voltage (EHYV) transmission line under normal loading and
short-circuit conditions. The mathematical models are
expressed in second-order partial differential equations derived
by analyzing magnetic field distribution around a 500-kV
power transmission line. Finite element methods (FEM) for
solving wave equations have been exploited. The modification
for complex magnetic field analysis and time-harmonic
simulation are also utilized. The computer simulation based on
the use of the FEM has been developed in MATLAB
programming environment. The problem of study is
intentionally two-dimensional due to the property of long line
field distribution. To verify its use, i) single-circuit and ii)
double-circuit, 500-kV power transmission lines have been
employed for test. From all test cases, the calculation line of 1.0
m above the ground level is set to investigate the magnetic fields
acting on a human in comparative with ICNIRP standard.
Moreover, visnalization of magnetic fields caused by fault
currents flowing through EHV fransmission lines is included.

Index Terms—DMagnetic Field, Finite Element Method
(FEM), Transmission Line, Short-Circuit Faults, Computer
Simnulation

I. INTRODUCTION

500-kV extra high-voltage (EHV) transmission lines of
Electricity Generating Authority of Thailand (EGAT) have
been increasingly installed due to electrical demand growth
in Thailand. The first 500-kV power lines is a double-circuit
configuration linked between Maemoh Power Plant,
Lumpang province and Thatako Substation, Nakhon Sawan
province. Another 500-kV power link is a single-circuit
power transmission line connecting between Thatako
Substation and Nongchok Substation, Bangkok. The impact
of electric fields surrounding the transmission line depends
strongly on conductor surface potentials, while load currents
flowing through the transmission line result in magnetic field
distribution. For the 500 kV systems. high current density
transmission is the main purpose. It can cause electrical

P_ Pao-la-or 1s with the School of Electrical Engineening, Institute of
Engineering. Suranaree University of Technology. Nakhon Ratchasima,
THATLAND (corresponding author to provide phone: 0-4422-4400; fax
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hazards to people or their livestock nearby. Especially when
the power system was faulted, the short-circuit current is
much higher than the normal current loading. This paper
focuses on utilization of efficient computing techniques to
estimate the magnetic field distribution. Obtained estimate
solutions can lead to assessment of electrical hazards for
500-kV power transmission systems.

Finite Element Method (FEM) is one among popular
numerical methods that is able to handle problem complexity
in various forms. At present, the FEM has been widely
applied in most engineering fields. Even for problems of
magnetic field distribution. the FEM is able to estimate
solutions of Maxwell’s equations governing the 500-kV
power transmission systems. Potential and electric field
analysis resulting from high voltage conductor potentials of a
power transmission lines have been increasingly reported. In
contrast, most of magnetic field analyses in high voltage
power fransmission systems focus on magnetic shielding
problems [1]-[3]. There are some works studying effects of
magnetic fields on environment surrounding a power line
carrying high current. By literature, these research works are
conducted based on electromagnetic theory or image theory
[4]. [5]. With defining a line of calculation and assuming
very thin power lines, two-dimensional problems of magnetic
field analysis governed by empirical mathematical
expressions can be applied. However, these conventional
methods are unable to include effects of bundled conductors
that are typical for EHV power transmission systems. To
provide a potential tool of simulation, the FEM is flexible and
suitable to estimate magnetic field distribution. Although the
conventional methods are simpler than the use of the FEM,
they are limited for the system of simple geometry. In
practice, several metallic structures can be found underneath
the power fransmission line. e.g. steel tower trusts,
communication lines nearby, metallic fends or other lower
voltage transmission lines. Employing the FEM can includes
these effects by choosing material magnetic permeability for
each additional structure domain. With this feature, the FEM
is one of potential numerical simulation tools for analyzing
magnetic field problems of combined material regions.
Unfortunately, there is no report of exploiting the FEM for
magnetic field analysis of electric power transmission
systems. To utilize the advantages of the FEM for handling
the magnetic field problems, FEM model development and
problem formulation need to be defined in magnetic field
problems of EHV power transmission systems.

(Advance online publication: 1 February 2010)
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In this paper, magnetic field modelling of power
fransmission lines is briefed in Section II. Section III is to
illustrate the utilization of the FEM for the magnetic field
modelling described in Section II. Section IV gives
simulation results in both normal and faulted conditions, and
discussion. Test cases given in this paper is the 500-kV
transmission line that has been installed in Thailand. It is
currently the highest operating voltage level in this country.
The simulation conducted herein is based on the FEM
method given in Section III. All the programming
instructions are coded in MATLAB program environment.
Moreover, due to excessive magnetic fields that might be
harmful to people or livestock living nearby, careful
investigation of the magnetic phenomena is taken into
account. According to the standard of International
Commission of Non Ionizing Radiation Protection
(ICNIRP)., the satisfactory simulation results are also
complied with the ICNIRP standard.

II. MAGNETIC FIELD MODELING FOR A POWER
TRANSMISSION LINE

The mathematical model representing magnetic fields (B)
caused by a power transmission line carrying high current is
expressed in form of the magnetic field intensity (H) in which
B=H . Utilizing the wave equation (Helmholtz’s

equation) as in (1) [6]. [7]. magnetic field modeling that
follows the Ampere’s circuital law is defined.

o’H

—=0 (0

ot

¢H
VH -ou——su
ct

where & is the constant dielectric permittivity, # is the
magnetic permeability, and & is the conductivity.
This paper has considered the time-harmonic system by

representing H = He’™ [8]. therefore

a2
cH ¢'H
- = _]C’)H and 1 :*C')zH
ct ct

where @ is the angular frequency
Therefore, refer to (1) can be rewritten into the following
equation.

VEH*JIC’)O;HH‘F (UEE;LH =0

Considering the problem in two dimensional (x,3) plane,
then

0(lcH| ¢(1lcH
—| === —(joo-oe)JH=00)
ox\uéx ) evluéy

As can be seen. fo obtain an exact solution of (2) is

difficult. In this paper, the FEM has been employed to find an
approximate solution [9].

(Advance online publication: 1 February 2010)

III. FEMFOR THE POWER TRANSMISSION LINE

A. Discretization

This research is to focus on a power transmission system of
Electric Generating Authority of Thailand (EGAT).
especially single- and double-circuit, 500-kV power
transmission line. Both circuits are 4-bundled conductors as
illustrated  diagrammatically by Fig. 1 and Fig. 2,
respectively. The height of the lowest conductors at midspan
(maximum sag allowance) for both circuit types is 13.00 m
above the ground level [10]. Phase conductors used are 795
MCM (diameter = 0.02772 m) while overhead ground wires
(OHG) are 3/8 inch (diameter = 0.009114 m).
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Fig. 1 Single circuit 500 k'V transmission system
with dimension (m)
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Fig. 2 Double circuit 500 k'V transmission system
with dimension (m)
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The working region for modelling magnetic fields using
FEM is defined by Fig. 3 and Fig. 4, which are decretized by
using linear triangular elements.
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Fig. 3 Discretization of a single circuit transmission system
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Fig. 4 Discretization of a double circuit transmission system

B. Finite Element Formulation
An equation governing each element is derived from the
Maxwell’s equations directly by using Galerkin approach.
which is the particular weighted residual method for which
the weighting functions are the same as the shape functions
[11]. [12]. According to the method. the electric field is
expressed as
H(x.y)=HN,+H N, +HN, 3)
where N,,, n =1, j ,k is the element shape function and the H,

, =1, j,kis the approximation of the magnetic field intensity
at each node (7, j k) of the elements, which is

bx+c, v
N, _a,+bx+ey
2A

e

where A is the area of the triangular element and,

A =XV =NV, b=y, —vi. ¢ =x—x;
a; =X ¥, =X, V. by=vi-v.. ¢, =x-x

a, = xz.v_; _x_;.vi » bk =¥ _y; s Cp = xj —-X;.

The method of the weighted residual with Galerkin
approach is then applied to the differential equation, refer to
(2), where the integrations are performed over the element

domain Q.

- - Arr Y
[ [2[Le) 212
n oxlwx ) oviudy

/

- ,[N" (}'ma—mgg)HdQ: 0

]

,or in the compact matrix form

[M+k]{H]=0 )
M:(j'wo—(uQE)INnN,"dQ
Q
211
_ (ja)alguze)Ae 121
112
I :lj oN, oN, , eN, oN, ]ﬂ,Q
Ma\ ox  Ox dy oy
bb, +ce; bb;+ce;, bb +cpe
= 2 bb,+cic; bb +cic, bb tee,
\bb,+ce, bb+ec, Dbib+ec

For one element containing 3 nodes, the expression of the
FEM approximation is a 3x3 matrix. With the account of all
elements in the system of n nodes, the system equation is
sizable as an n>n matrix.

C. Boundary Conditions and Simulation Parameters

The boundary conditions applied here are zero magnetic
fields at the ground and the OHG. For the boundary
conditions at outer perimeters of 12-single circuit power lines
and 24-double circuit power lines has applied with the
research of [10]. [13], which boundary conditions of
magnetic field depends on the load current. Both single and
double circuits are considered by the maximum load current
of 3.15 kA per phase [10] and assumed to be a balanced load
condition. For faulted conditions [14]. the single
line-to-ground faults is assumed that phase 4 is shorted to
ground so that I, = 4.95.2-90° p.u., Iy = I = 0. The double
line-to-ground faults between phase B and C caused the fault
currents of I, =0, Iy = 3.36.£151.77° p.u., I = 3.36.£28.23°
p.u. For the line-to-line faults of phase Band C, I; =0, [ =-I¢
= 3.342-180° p.u. The last fault case is the balanced
three-phase faults in which I, = 3.23.2-90° pu., Iz =
3.232-210° p.u., Ip = 3.23 230° p.u. The conductors used for
test are Aluminum Conductor Steel Reinforced (ACSR)
having the following properties: conductivity () = 0.8x1 o
S/m, the relative permeability ( £4,) = 300, and the relative

permittivity (£,) = 3.5. It notes that the permittivity of free
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space (€;) = 8.854x10°? F/m and the permeability of free
space ({dy) = 47107 Him [15].

IV. RESULT AND DISCUSSION

A. Normal Loading

The FEM-based simulation conducted in this paper is
coded with MATLAB programming for calculation of
magnetic field dispersion. To utilize a graphical feature of
MATLAB, the contour of magnetic field distribution through
the cross-sectional area of the working domain for the single-
and double-circuit transmission systems are presented in Fig.
5 and Fig. 6, respectively.

¥ im)

single-circuit case
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0 0 2 £l 40 il 50 70
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Fig. 6 Magnetic field distribution (uT) for the
double-circuit case

The illustration of magnetic field contour for both single-
and double-circuit systems is given by a working area of the
70455 m’ rectangle as shown in Fig. 3 and Fig. 4.
respectively. The magnetic field distributions simulated are
determined by balanced camrying currents in the phase
conductors. Magnetic field distribution of the double-circuit
case is higher than that of the single-circuit case. To describe
possible effects of magnetic field strength on human or other
living things underneath the power line, the line of

calculation. 1.0 m above the ground (v = 1 m) is defined. The
comparative result of magnetic field for both single- and
double-circuit cases is shown in Fig. 7. It notices that each
graph has two peaks near the center position.

Table I showed the result of comparison in magnetic field
distribution through distance x when consider single and
double circuit transmission line that is over from the ground
level 1 m that people pass by. An average of magnetic field
through distance x of single and double circuit when consider
the height of transmission line at midspan and consider at
maximum load current are 65.88 4T and 74.18 uT,
respectively, which is less than magnetic field level that
hazard to human. It is regulated by International Commission
of Non Ionizing Radiation Protection [16], which the level of
magnefic field safe to human for general public up to 24
hours/day must not greater than 100 4T and for occupation
whole working day must not over 500 #T. Fig. 8 - Fig .18 are
graphs representing the magnetic fields of both single and
double circuit cases at a position of 5, 10, 15, 20, 25, 30, 35,
40, 45, 50 and 55 m above ground level, respectively. Table
II showed comparative results among average magnetic field
for all the cases. It is considered that at the same height, the
double circuit distributes more intensive magnetic field than
the single circuit does due to twice of the conductor number.
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Fig. 7 Magnetic field (T) at high 1 m
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Fig. 8§ Magnetic field (T) at high 5 m
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Fig. 18 Magnetic field (T) at high 55 m

B. Fault Conditions

The contour of magnetic field distribution through the
cross-sectional area of the working domain for the
single-circuit fransmission systems for four faulted
conditions  (single  line-to-ground  faults,  double
line-to-ground faults, line-to-line faults and balanced
three-phase faults) are presented in Fig. 19 - Fig. 22,
respectively. The double-circuit transmission systems for the
four faulted cases are presented in Fig. 23 - Fig. 26.
respectively.

x ()

Fig. 19 Magnetic field distribution (uT) for the
single-circuit case of the single line-to-ground faults

Table I
Comparing of magnetic field dispersion at high 1 m
£ Single |Double ¥ Single [Double
(m) (WT) | (WT) (m) (D) | (WD)
1 37.11 | 52.54 36 97.17 | 97.41
2 38.67 | 54.57 37 98.28 | 98.04
3 38.74 | 54.84 38 08.87 | 98.36
4 38.34 | 54.42 39 98.28 | 98.10
5 38.18 | 54.00 40 96.38 | 97.20
6 38.60 | 53.96 41 03.77 | 95.79
7 39.56 | 54.34 42 91.59 | 94.35
8 40.72 | 54.98 43 90.74 | 93.35
9 41.74 | 55.69 44 90.40 | 92.39
10 42.77 | 56.52 45 §9.49 | 91.02
11 44.06 | 57.59 46 87.40 | 89.13
12 45.76 | 58.94 47 84.04 | 86.75
13 47.95 | 60.60 48 79.83 | 84.04
14 50.60 | 62.52 49 75.54 | 81.33
15 53.46 | 64.49 50 71.87 | 78.94
16 56.25 | 66.34 51 68.64 | 76.71
17 59.04 | 68.23 52 65.57 | 74.44
18 61.92 | 70.33 53 62.54 | 72.07
19 64.88 | 72.69 54 59.54 | 69.63
20 67.91 | 75.33 55 56.58 | 67.17
21 71.14 | 78.25 56 53.59 | 64.72
22 74.83 | 81.59 57 50.54 | 62.29
23 79.13 | 85.38 58 47.72 | 60.11
24 83.39 | 89.00 59 | 4541 | 58.36
25 86.83 | 91.85 60 | 43.66 | 57.04
26 89.02 | 93.68 61 42.39 | 56.10
27 90.05 | 94.54 62 41.44 | 55.37
28 90.52 | 94.75 63 40.51 | 54.64
29 91.50 | 94.99 64 39.40 | 53.81
30 93.94 | 95.91 65 38.46 | 53.18
31 96.97 | 97.02 66 38.03 | 53.07
32 0043 | 97.78 67 38.18 | 53.51
33 100.33 | 98.00 68 38.57 | 54.12
34 00.47 | 97.74 69 38.54 | 54.11
35 07.81 | 97.24 70 37.03 | 52.37
Average| 65.88 | 74.18
Table II
Comparing of average of magnetic field at each height
¥ Single | Double ¥ Single Double
(m) (uT) | (uT) (m) (T | (uT)
1 66 74 30 596 | 1288
5 327 371 35 596 | 1299
10 652 740 40 596 | 1182
15 810 | 1016 45 596 | 1061
20 719 | 1157 50 596 978
25 627 | 1269 55 596 977
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Fig. 26 Magnetic field distribution (uT) for the
double-circuit case of the balanced three-phase faults

From Fig. 19 - Fig. 26, magnetic field contour of the
faulted cases for both single- and double-circuit systems are
presented. Table III — VI show the average of magnetic fields
for both single- and double-circuit systems at each height
when the single line-to-ground faults, double line-to-ground
faults, line-to-line faults and balanced three-phase faults are
occurred, respectively. As can be seen. the magnetic field
intensity caused by the faulted cases is remarkably higher
than that of the normal conditions. However. due to the
reliable operation of protective devices in electric power
systems this could not harm human or other living things
underneath the EHV power lines.

Table IIT
Average of magnetic field at each height of the single
line-to-ground faults

v Single |Double v Single [Double
(in) T | (uT) (in} (uT) | (D)
1 119 142 30 1091 | 2086
5 501 715 35 1091 | 2463
10 1177 | 1424 40 1091 | 2241
15 1462 | 1801 45 1091 | 2001
20 1307 | 1699 50 1091 | 1835
25 1145 | 1691 55 1091 | 1834
Table TV

Average of magnetic field at each height of the double
line-to-ground faults

¥ Single |Double V Single [Double
(ﬁl) T | (uT) (in} (uT) | (D)

1 147 160 30 1334 | 3036

5 727 799 35 1333 | 2828

10 1450 | 1593 40 1334 | 2575

15 1802 | 2289 45 1334 | 2319

20 1603 | 2842 50 1334 | 2141

25 1402 | 3233 55 1335 | 2139

Table V
Average of magnetic field at each height of the line-to-line
faults
¥ Single | Double ¥ Single |Double
(m) (WT) | (uT) (m) (uT) | (WT)
1 145 158 30 1319 | 3010
5 719 790 35 1318 | 2801
10 1434 | 1574 40 1319 | 2550
15 1782 | 2265 45 1319 | 2296
20 1584 | 2816 50 1319 | 2120
25 1386 | 3206 55 1319 | 2118
Table VI

Average of magnetic field at each height of the balanced
three-phase faults

¥ Single | Double ¥ Single |Double
(m) wT) | (uT) (m) (wT) | (uT)

1 213 240 30 1949 | 4159
5 1060 | 1199 35 1948 | 4196
10 2113 | 2390 40 1949 | 3819
15 2626 | 3282 45 1949 | 3428
20 2339 | 3736 50 1949 | 3158
25 2047 | 4098 55 1950 | 3155

V. CONCLUSION

This paper has studied the magnetic field distribution
surrounding EHV fransmission line in both normal loadings
and faulted conditions in which the single line-to-ground
faults, double line-to-ground faults, line-to-line faults and
balanced three-phase faults were situated. Single- and
double-circuit, 500-kKV tfransmission lines of Electricity
Generating Authority of Thailand (EGAT). which is recently
the highest voltage level in Thailand, are investigated. The
computer simulation is performed by using finite element
methods instructed in MATLAB programming codes. The
results of the normal loading case revealed that the magnetic
fields from both single- and double-circuit, 500-kV
transmission lines at a level of 1 m above the ground that are
assumed to be the level of human working, do not excess the
maximum allowance when compiled with the ICNIRP
standard. Additionally, the results also showed that the
magnetic intensity of the double circuit cases is normally
stronger than those of the single circuits.
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