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ARIYASAK JITTHAMMASARN : DISTRIBUTION TRANSFORMER
CORE DESIGN TO REDUCE CORE LOSS BY USING 3-D FINITE
ELEMENT METHOD. THESIS ADVISOR : ASST. PROF.

PADEJ PAO-LA-OR, Ph.D., 117 PP.

DISTRIBUTION TRANSFORMER/MAGNETIC FIELD/CORE LOSS/CORE

DESIGN/3-D FINITE ELEMENT METHOD

Distribution transformer is an important device in electrical power system by
acting to increase or decrease the voltage for suiting the application. One factor to
relate the efficiency of the transformer is a loss. Therefore, this thesis is to
study and calculate core loss of transformer. And design core to reduce core loss that
cause by magnetic field. The mathematical model of magnetic fields caused by high
voltage conductors of distribution transformer by using a set of second-order partial
differential equations. The modification for complex magnetic field analysis and time-
harmonic simulation are also utilized. Computer-based simulation utilizing the three-
dimensional finite element method (3-D FEM) is exploited as a tool for visualizing
magnetic fields distribution volume a distribution transformer. Finite Element Method
(FEM) is one among popular numerical methods that is able to handle problem
complexity in various forms. Even for problems of magnetic field distribution, the
FEM is able to estimate solutions of Maxwell’s equations governing the power
transmission systems. The computer simulation based on the use of the FEM has been

developed in MATLAB programming environment.
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(Y

o I v a o a a o ES o
m”hJnJmmaqé}Naﬂum'ﬁmmmmna muucluuwuﬁ]q"lﬂuuﬁuaﬂqygmﬂmmm

Y
fuuITel dalsznoulide 4 wiadenan lTaun (1) auuuaman (2) wileualaalalih

(3) mawmammwawmuﬂm"11/\11/h wag (4) 5% 21 5eu3E I luiBa s udnanuy 2 58
nae 34a Tﬂﬂ%ﬂanmm‘wwmumﬂuﬂiﬂwumagﬂﬂanmmmamiﬁuuu

a v g}z dy A Y j’ = o Y 2 z%’
NI Netme Idiemununse FuLas sl LB

' <3
3.2 aHINtuLYian
H o (Y < ]
321 WHUGWEHTUEINMRIMEn (WA 1Az D, 2549)
= ] = ] 2 a o Y
ﬂTﬂJ’EJﬂﬂﬂ‘ﬂ%l]1’0!’081\1??1!\‘1@81\‘11@‘11@\1’6’{351/\1ﬁ\iclu‘ﬁiill‘]ﬂ@l @1%ﬂi$ﬂ1hlﬂiﬂﬁl
= 1A ll = 2 Yo o a J A g
ﬂTﬁ‘U’EJﬂﬂ\iﬂllﬂﬂllﬁlwEN’EJEJNLﬂfl’)“]f\‘lg%ﬂﬂuclulﬂiﬂl@ﬂﬂaiiﬂmL“I)'Qﬁlﬂaﬁ NIVDTNVUDNINUUINA
a o R Yo o a a 14 tﬂy o o =
LLﬁZ“VI‘FT“VH\‘iﬂ'J‘]Jﬂﬂ'LJG]N‘i%ﬂﬂuGlUUWN"U’EN‘IJ'iiﬂmL“]NL’JﬂWIfJi Wugmammﬂumiﬁﬂm

U

TR A g = s A 9 g a ? v A
ﬁu13JLL3JLWaﬂ%$Lillﬁl.l%?ﬂﬂﬂ‘hlj;]ellf]ﬂnﬂm@i Iﬂﬂ%%&iﬂﬁuﬂ’)ﬂv‘l%ﬂmﬁﬂl@ﬁL’Jﬂl@]’t]‘i ANU

a

Ml A dunnweilan luszuiu xyz wWeunnmes A aelul3al

U

Faaasogluglvesinaninuseninam$fdeu (Cartesian coordinate) 1a ludnyme

A:Axi+ij+AZk 3.1

A - < ] Il AL a
o 1, J uag k unnmosnianiig “VI“]SVIJL]Gll!“Vlﬁ“VlN‘U’JﬂGU@\‘lLLu’]LLﬂH X, ¥y

o w < J a o a
wag z Muaay Tagl Ay, Ay tag A, Whuaiulseneuiinaninves A Tuil3gi
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4 o
nld A uaz B Aonnaes udr A-B Aemisgunuuuvuasn (dot product)

=} dy J a 4 a
[FYNNMIAMUVUUIN MIRUBIANAT (Scalar product) He Iag

A-B =|A|B|cosd = A,B, + A B, + A,B, (3.2)

4 ' J [
1o 0 ApyuTEnINNNRes AU Buaz 0< A< x

U A v =} dyl
d7u AxB Aonsgununuunased (cross product) Fenn1sgauuniii

a 14 a
MsgauFaInmes (vector product) e lay

AxB =|A|B|sing(+n) (3.3)
4 A g s o o 4
Lﬁ’t] n uﬁﬂhﬁlﬁjlﬂulﬂﬂm@iﬁQﬂWﬂﬂ‘U!’Jﬂm@ﬁ Auaz B Iﬂﬁllﬂ%@\‘]ﬁlﬂﬂ + 1“]95}
o a J 9 14 <3 a 3
MU UANANWUDINAULNINIADIUUUATDH Tﬂﬁli‘l“’)ﬂm@‘i A ﬁyummmumwmtﬂuyu 0
9 J o Y 3 v 9 3 o Y A R o
M UINReT B “llgﬂW‘ﬁ‘HﬂslT‘i n ¥luyan '“11mwmmummmwmimﬂuau NIVYANANNIT
Y o ¥y A Ay X o ° Yy v
VDIANG Tﬂammuﬁﬂgimﬂaaumm"lﬂclmumﬁqwmwuﬂiﬁ n 1w HASNINAYANG

A o o PR 2 A Yo A o
@@ﬂ‘ﬂWﬂlu@?ﬁq‘ﬂgﬂ'lﬁuﬂﬁlW!ﬂuaﬂ G]wa”lﬂﬂuﬂ;]mmmmm

AxB=(A,B, - A,B, )i +(A,B, — AB,)j+(AB, — A B, )k (3.4)
viooulugilvesdmoesiuuud laaail
i ] kK
AxB=|A, A, A, (3.5)
B, B, B,

A aa o a 4 a P I zﬂy

ma‘mmaﬁmmmwa@,ﬂmNﬁmaﬁuazwa@,mtmwﬂmmmmuwugm
X 9 9 Y 2 o a = " " a v 7o @ 7o
UDINULAN il"lﬂuuﬁ]\‘]ﬂ”lluuﬂ”liﬂﬂ‘]slTENﬂ15W"Iﬂ"ll“]f\iﬂiéW‘H‘ﬁﬂlﬂﬂﬁQﬂ‘]fUﬁLﬂa”Iillagﬂx‘]ﬂ‘]fu

Jd da o La o & 1 1 [ dy
NINGIDT (FIUITIA WUAYANAIVY, 2545) %Q%%ﬂﬂ”ﬂ@]@"‘,ﬂﬂﬂu
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Y
01

—9

w filuadduanans 3 dauals f(xy,z) 1da AnFeeynusveslandu f

3

v A

= 9
ﬁTJJ”ISﬂLGIJEJullﬂﬂQu

df :idx+ﬂdy+idz (3.6)
OX 0z

oy

I A 1

Y
HaZNMIMUUAAIAUTUMIDYNUTNGoNIuAa (del : V) Al

veidij okl (.7)
ox oy 0z

¥ A

(% ) o 1 Jd @ x ' 4 -
Wwiler V nszshaeantu f a2l Vi &eSeniunsifeud (gradient)

J v [}
voanansu f lagazianuviuieluanvas

vf :ﬂi+ﬂj+2—fk (3.8)
z

ox oy

I3 4 2 g @ 1
nazdimualid A fennmeiuds V-A duilumsganuuuuaen 1izoni

lanesud (divergence) ves A Heulag

OA
V-A= Ay el O (3.9)
oXx oy oz

U 2 g [ 1 ad a
a1 VxA suilumsquniuuuuased azisoniuaia (curl) vod A fienulag

oA 0A
VxA= APy i+ Ay _ oA, i+ v _ O k (3.10)
oy oz oz oX ox oy
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A = = A Y o dy
maufuauﬁlugﬂmmﬂmaimmwﬂﬂ JU

VxA= (3.11)

<>\%)|Q)h
F o~

i
g
OX
AX

2 s as d ~ v dou W & ] o a
"lﬁm’aimucmmzm‘imﬂummw‘wu‘ﬁauﬂmim L‘ﬂﬁ']iﬂ'iflqlclﬂ,ﬂﬁﬂﬂulm']ﬁ

g A I ¥ v Jdo o 2 A ' = - 2 = Y v dy
doensaune 19 lnoynusouauaes Fiseniianlandeu (laplacian:V?) Fuaaq ldasil

vi=" 2 4 (3.12)

2 02A 2
vep -2 éxi+ zyj+6 Azzk (3.13)
OX oy 0z

o

[ o s o o T o A o ]
L’f]ﬂaﬂ‘lslméll’E'J\H'Jﬂ!,@]@3“7]ﬁ19iy@@ﬂ13@1luuﬂ15@1§ u‘ﬁ uﬂ‘llﬁ@\‘]fl@§2

v 7 o Y A o Aa
PNANHUAWTAIAIWTUNITN (3.14) 1Lag (3.15) ANUAD

V- (VxA)=0 (3.14)

Vx(VxA)=V(V-A)-V3A (3.15)

' v '
A A v o =

MIudasszuunnaninnaaInIngInuuaznu (William, 1989) 11nWna
I a v - . - @ {
an lillusinansanszuen (cylindrical coordinate) asuaasalegld 3.1 awrsouaasla

Tao $11% A Wlunnmesla q melulSall Fawaaseglugdvesiidanin fe
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A=Aa,+Aay +Aa, (3.16)

4 3 s % 1 3
110 ay, ayuaz a1l urnmesviiavuae Taoll A, Ay uaz A, 11y

dauilszneviinamindeszdesgnilaonlileglugidiulszneuninansnszuon Tagtld

I A X ] Ao
A L‘]Jul,?]ﬂmﬂﬂﬂ il ma“luﬂ‘%gu G?QLL?WN@Qiﬂgﬂﬂ]@ﬂ?‘lﬂﬂ‘ﬂiﬂﬂizﬂ@ﬂ ﬁﬂ
A=A, +tAzay +AQ; (3.17)

4 3 s & 1 S
150 ap, apuaz a1l unmeslaniie laoll A, Ajuaz A 11y

AUUTLNOUNAANTINTZUDN

p COS @ 0 S

___1___*_\_{;/

/
|
=

310 3.1 anudmiusszrieiinamnuazinansInszen
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A < 1 A Y
N3N 3.1 92U & 98 P(x,y,z) 30 P(p,42) alén
X=pCOS¢ , y=psing , z=z2

3 1w 1 (J o = v
swruNdwls x, y, z oglumenvesdunls p, ¢, z uazluhueufeinuag

¢
p =4 2+y2 , ¢:tan’11 , 2=1
X

= < 1w ] @
Faaznunawls p, ¢, z odlumeonvesduls x, y, z

{ a v % I a o : @ Y
Tumsnlasuninszounnaniia hhiudninanil sz ldnanmsgunuves

4 ~ A v <3 A o 9 1 ~ [
nwesuuuaen madeuinanin liidlufinansenszuenizdesma A,, A, eglumen

9
Yo A

W03 Ay, Ay Taefl A, = A, Baudalanail

A,=A-a,= (AXaX +Ajay + Azaz)~ap =A@y -a, +Ajay -a,

A, = A cos g+ A, sing (3.18)

Ay =A-a, =(AxaX +Ajay + Azaz)-a¢ = Ay -ay +Ajay -3y

Ay =—Aysing + A, cos ¢ (3.19)
drunsutasnniinaninliluiinansenaw (spherical coordinate)
fauaadogili 3.2 aunsouaasidlas 117 A dlunnmeila 4 seluifSal Faaaseglu

a o A
gﬂﬂlﬁ]ﬂWﬂﬂﬂ‘NﬂﬁN f19

A=Aa, +Ajay+ Ayay (3.20)
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g 3 s & 1 <
e ar , Ae LAY Ay Wunameinianiie Tagh Ar, Ap tlae Ay 1

arulszneunnansInay

AT~
/N N
/LN N
/) \
/N N
/ 9 AP \
/ i \ \\
/ \
/ § r \‘ \
,’ /<. """"" ‘.}" Y
/// | 7/
e e NP
/* o
| ble
| e
¥
X

5107 3.2 AnudURUTTZHAINNNANINUAZ AN INAY

1103109 3.2 92U a1 9a P(x,y,2) Wie P(r,6,¢9) a2ldn
X=rsindcos¢g , y=rsindsing , z=rcosé

wiiuduls x, y, z oglumenvesdunls r, 6, g uazluhuesdsinuaz ldn

2

r= +y% 422

_ z _
. O=cos™t Cp=tantd
X

\¢x2+y2 +22

Faaziiundwls r, 6 ¢oglumonveaduls x, v, z
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{ a v < a v J { ]
msfasunnanin llidluinansenan azdeamal Ay, Ag, A, foglumen

[ 4
W0d Ay, Ay, A, Fauaaslanail

A =A-a, =(Aa,+Aa, +Aa,)a
=A@y -ar +Aay-a, +Aa; -a;

Ar = Agsingcos ¢ + A, sindsin g + A, coso (3.21)

Ag = A-ag = (Aay +Aay +Aa, )-a,
=A@y -ag +Ajay -ag + Aa; -8

Ay = A cosdcos ¢ + A, cosdsin g + A, sind (3.22)

As =A-a, =(Aa,+Aa, +Aa,)a
=A@y -ay +Ajay-ay +Aa; -3

Ay =—Agsing + A, cos ¢ (3.23)

322 avunividnuazsndimannmesiinan
A = wa s o & Y Y 1 ==
densunguuazguantaveannmeiniuiuuds aeldsz 1dnaiiis
A A Yy o g v Ja s g a 3 v L g
nouRMNesInUFUINIBIANIaZANFIINMBTIIMAN (maNWa WA, 2538) F9A09
o 14
918NN VDITZUVNINADSIINT1AY
. = I { a [l
Uszq'lWih (electric charge) AvlSumvesnnuiluldihnadaogluads

4

wuq Fwsalgauiussznanasey liheeiFonaws lWdi (electric force) wazdiman

]
= =)

{ a y 1 ] 3 -
Ysgaldihiinisindeoundle vzinaussiiSendiusauiinan (magnetic force)
Y ~ (91}/ Y 1 < ~ 1 o a ~ [ = 9|
aromannaussIdfnazussudmanunasdnidatfernuaedszy Wi

[ o ' =2 Y o 9/3’/ d" 1 J = v A A 1
nIsIAsIunNguUeInsavldvalinedosusetioglunquidoanuiiSeondius

] I -

wutvan Taila (electromagnetic force) 1 n 9 ﬂixi;“li;ﬁamﬂxﬁﬂamm’fm
auru 1 (electric field intensity) 5 ee019:5en31a@u1n 1 H (electric field : E)

1A =< A 3 v o W Y & o 1 &£y 2
pgTuanis nudrminuInlszgriaesnusanseiiaedszguilaarsns sl
= 1 [ @ 4 [l < - - A = 1
nig aruaNuvuInduyeIlanguutvan (magnetic flux density) 589190589011
] I - - < v o w o {
aurnuyvian (magnetic field : B) %zgﬂummﬂﬂﬁ’aamwmazmmwwﬂamﬂﬂ%ﬁ

A A = v g X A g @ @ &
v UN GINﬁu'llll!NLWﬁﬂut@\‘]ﬂLUUTIf]ﬁ'luéU@\‘]ﬂallﬂﬁluﬂ’l'iNHLUJaﬁWﬁﬁﬂ’luﬂWﬂgﬂ!LUUﬁuﬁ
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1 A PR Lg ) o a s a dy 14 A o A
llgguuvou q Teeldhiluiugudmsvesmolsingmsaininaduluvemes nseauiia
v 1 9 Y
T vagudoutlas Feamsdumlaamdinuimaiuluginsalivaiil szdszneudaong

2 .
Wug Uy 4 ng (Chapman, 1998) o

A ) @ o a ) v d
) weonszua lvaluduaredninznaauuulmandousouidualaiiy
A 1 S A = a ] ~ o d%‘
2) dieauuimaninmslasunilasmunatszinansadumiieniivuly
A A 9 Y ) &‘ J 9
waan Minannmsnuveudualnani (Wugulsngmsaiviiouaq)
A Y ) A [] 1 I~ a
3) Wenszud lvaluwduadadnihnieedluguiuuimanizmansanina
2 X P P
Yu (Wugulangmssinomos)
A 9 (Z o A A [} < a [ A o t%’
4) o ualna1i o UM IUTUINLIINANITINANTIA UM 811Uy
¥ o 4 o A
(Wugmisingmssiasearuiia lui)

é 1 I~ 49! LY [ (% F%
G]N‘l]%iJ'lilHl@\iﬁU'liJlliJLWﬁﬂﬂ%ﬂluﬂQﬂU’Jﬁ@@’JﬂﬁN ﬁ'lll'liflllﬁﬂ\?llﬂiﬂﬂ
B=uH (3.24)

A A = 9 [} < . oy s 1 W
e x Aeanueudu lavewniman (magnetic permeability) Tauninuy
~ A = ) AW 7 A
Loty 108N 11 ﬂﬂﬂ’;”liJ%”l’]J%iJllﬂelli’JﬂanQﬂﬂm UAUNINY 47110 H/M tag g ADANBIY
o o 4 . aps 3 (-] [ o 1
Fu'ldduwns (relative permeability) Taoazyusgnuiaaaanals dau H Aon 1wy

[} < - . . - = A 1
aumultvan (magnetic field intensity) uazanmsARYIANTNUAYDI B WuN

VB=0 (3.25)

Y

= ] 2 A ¢ , o 2
Fyaun1sN (3.25) Unonguoan1d (Gauss’s law) Tugdeywusvea
v < o o o o { '
auiman Tasdnuilldszneunumslfendnualluaunsi 3.14) wwaglldimmnla
4 4 Y s 9 Il s s & A A o acd 9y Y I
neslauges B imnuguinal deulisninmeivilsiilionseinaiaud ldnaiiu
¢ 7q oo ad Y 1w P "o da s v .
nNwes B nnwaslannsgiuAsauduniny B aziFenndndidannmesuiman (magnetic

vector potential: A) a4l

B =VxA (3.26)
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9
[ Y

A Y o ] < =< A o 4
ANUUINUDADINTATUIUMIFUINLLYAN B Fﬂ\?laﬂﬂjﬂﬂﬂ']ﬁllﬂﬂ']ujmﬁ']ﬁﬂﬂ
a s 1 g ' = o Y1 ' I °
IFIINNDILULYIAN A NOU clf\iﬁ']ll'liﬂﬂ']u:]mllﬂ\i']ﬂﬂj'] Iﬂﬂﬁu']llulll‘ﬁaﬂ B #wsoaniuia

vy Ad o da s 1 g v g
]’lﬂﬂ'JfaniLﬂ5ﬂﬁﬂf]lf]5\u')ﬂmﬁlﬁlllllﬁﬂﬂ A Uy

Y [

33 wideuadlwih
= A o 9

uginsainlfuldsuszduusaduligaiuniomasaudesms meluilsznoudae

A 2 . . . 2 = . .
UVANIA 2 YAND ﬂlﬂﬂ’mﬂﬁugu (primary winding) I8¢ YADIANAYNN (secondary winding)
A

v v Y
uadmSundioudasfas (power transformer) YUIAlHYUIAIDITVADIANA NN UAD

a a a

a a . . . x < '
VARINANYHN (tertiary winding) %Qﬁ‘uu’]ﬂlﬁﬂﬂ'J’l"Uﬂﬁ'Jﬂ‘]Jﬁllﬂll!Lﬁgﬂlﬂaﬂﬂnﬁﬂﬂﬂ

U £

v A Ao 1 a a A < 9
Llﬁlei\1ﬂu“l’lLL‘IJﬁ\'1’E)’E)ﬂllW%ZiJﬂW@’lﬂ'J’l“Uﬂa'Jﬂﬂﬁﬂﬂvll gﬂﬂ 33 1umsuaasndondas

T 3 wla

7107 3.3 yudoutlaq i 3 wla

U

331  wiiavesndenmlaslvlih
1 I a 1 a ' v
wioudasIdihgnuuiseenilusiianis lana1e7s wu nismuIassadig
Y a a A A ' o AqQ Y o
1Aun wiiaunu (core type) azrialaonsou (shell type) WiouLamaINa1n lFihmuIu
o 1o so' @ v o w {1
uagaszuienuiou laun ma SF, nazidunmiendas gamoutsaimmas Ivihnne

pon 1 1dun wilaudas Wi nvinauinnai 2500 kva yu'ldiFen1 noudadIiiiimas
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Y
4 1

(power transformer) H99zogamaniiidos 1vih daundondasliihnTvuaaaua 2500 kva

ANz onvTouladsimiing (distribution transformer)

2 szuv 1dun

dmFuufontlasimieilFauia luvesms dhauginiauisesnitlu

) szuu 1 ole 3 ae 31901 4 vuafe 10 kKVA, 20 kVA, 30 kVA uag
50 kVA
2) szuu3ma4 e Tvareuunalaun 30 kVA, 50 kVA, 100 kVA,
160 kVA, 250 KVA, 315 kVA, 400 kVA, 500 kVA, 1000 kVA, 1250 kVA,
1500 KVA 118g 2500 KVA
msdwunvisiondasmuvinamasluihnlsanuiiaail
< = I Y Aq Yo A 1 1 o
D vmaanaude 1 VA Hundenlasnlgrumaiseudesznindyanalu
ad a 4
NudaANTeINg
2) wua 1-1000 VA Shundferalasnldsuanudnuaieals Iuinelurhu
<3
YUIALAN
3) WA 1 kVA -1 MVA Sluniou)asnlgnuausimine luihlu s
d1inau nvineady
) vnalvaaaua 1 Mva vl dunfeudasildruanuszuy Iiihmd
Tuaonil Inihdes msnaauaze lulih
dw 4 [ o a o Y v tg
wanontnseuasdianinsadunsiamuiIuseuveIvaaIn IAaail
) udeudasusundou iy (sep-up) vaaranAsgiezlisiuiusou
wnnNvaaIalgugl
2) nieutlasusundonlWiliag (step-down) vaaranasgiivzlisiuiusen
Y 1 a
tosnnuaainlgugi
3) wieudasniiuntuen (tap) M1l Tvuravesnsaaaon 114
HanesEaAl

a

4) nteulasdlddmiunenieas liheonainiu (isolating) vaadanAegil

1w

A o T W [ a A A A 9|
%3“%1“3”3@1”%1ﬂUﬂﬂm@a3@ﬂﬂuguﬁﬁﬂuuﬁuﬂa@quw1wnﬂu

¥ v
MFADIANTU
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332 muilszneuvesndanlaslnih

Y A

nioudasutieonaiunisldaruvesszuuldilinideld 2uvuuaoe

IS) v

nioudadldiytia 1 la vazvioudasdIniwiia 3 Mauaazsiial Iassadad1an

o

sznoude

) a Y

1) waaIadinlgugil (primary winding) vwvhnsuusandonTvldh
2) UAAIANAYYI (secondary winding) smiAneusunaou Wi
' 3 o Y A & a Vg Y
3)  BHULAUIMAN (core) MMt umuauamuivanias 14
% <
YAAIANUITOULNULKAN
I . o Y A Q ' o
4) el (terminal) siihnilugeneaielinuvaain
5)  uruihe (name plate) Tvthnvenvazdealsedivilonas
i P o Y A Y Yo
6) 9UnInlszUIBAIINTOU (coolant) TIHINIEUIBANNTOUIHNLIARIA
1 u SOI % g’/ % ?)l [+%) 1
U 917, Waaw, Wiiu wIelenaneanuaziniuseszueanuion
I
Tudu
A v @ Y o Y A
7)  1A33 (frame) H30AI09UDIH LAY (tank) TIHINNVITYUADIA LNU
< Y a ¥ v Yo v 1
IMANTINNINIAAAITZUDT LA NLToulinunlomasvualvgy
a < % . o Y A =
8) @InFazglniainluny (switch controller) ¥ INAIVANAIS 1A

=\

vuaveausunaou i uaziigunsaiflosdulWihaiiaa e q saueg

v
7Y

v

A 9 o 9 < o A 90’
aanldhuaarandoutlaslaenaliiinnnaenswaundouiitenuiu
~ o < A 1 Y ¥ P T oA
Huvuanazanyuzalradunsinaunionuuiuegnuuavesniiondas adadulvgozll

' Y 1 Yy <
anuasalumsnenszua ldunnnalraduan
9 1w )] o A A A A & A v o Y
wioudasvuialvainldaradnuuudindeniemununaioatir 141
a dsj v o A Y o 3 g’./ Aa
muauvenszud Iy aeanhnldnuvaarauuunumannivaalnlgugitavaaie
nasnie1atiunduen (tap) teutsviausaadou Ivih Aundondasvuialvaeg ldns

y a d o A

nlasuunldreaiagon 11aia)
<
UNULKIAN (core)

' g Aq Yo 9 A o 3 < ' oA Y}
LLN‘HL‘Hﬁﬂ‘VIGlfIf‘VlTViﬂJ’E)!L‘]Jﬂ\1%811ﬁﬂ’]elm%lfﬂLllfl’iﬂﬂlmuﬂ%‘]ﬂﬁﬁllmuliﬂﬂ“ﬁ@u

2 < ] L Ay o ' <
senevvuitluunuvanyoarivsuilag %Qﬂﬂlﬂﬂuﬁﬁiﬂgﬂu‘ﬂ‘]ﬂ%’u unuranituy Core

]
=1

@ 3 a o
Hagiyuy Shell ﬂmamuﬂumaﬂmmwﬁ’auﬂm“lvmwuﬂ 1 lauay 3 wla "I,@g]}ﬂ\ﬁ‘ﬂ‘ﬂ 3.4uaY

QU

3.5 ua1Al
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Secondary winding

£l
- e -

H’“"w i
\ Primary windinz | / : 1&

< <
) UNUanLUY Core ) UAUNANLLUY Shell

{ < A
519 3.4 unumanveanioudas lwihwiia 1 wla

Rl

H i

y ]

[ ]

] | 1 l i !

i i

A ' ‘B C '
I ]

I ]

| L I 1 ] : L I 1
] ]
L
< <
) unUanuul Core V) UnUK ALY Shell

514 3.5 unumanvesnsoudaslufhyiia 3 e

YAAIA (coil or winding)
wioulasiivnain 2 ga AvYAAIAUTIFA (primary coil) HAZYAAIALTIA

(secondary coil) ¥aaIANTIgIvz SULs Iy Iihussgennaelounazmiienihnuvaalanss

v
=1

o a [ 9 9/ [ Y3 = 1 9 A
mmmwmu"l%lﬂmaﬂuwm‘nmuﬂaa ’JE‘TﬂTIGl"]ﬂ']JHVIﬂﬂllﬂﬂiﬂﬂ@uﬁuﬂu’)uﬂigﬂTH‘ﬁiﬁ]
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K] = . (3.35)
[ ]83 @9, h 1
@9 hy i

A A

9 9 4
Ly Nﬁiﬂﬂlﬁ"’llﬂ1ﬂﬂ“l/l\1“lfl1\‘lllﬂ’J“L!’E]ullﬁzllﬂﬂﬂ\‘lﬂ1ﬂﬂﬁhﬂ§$ﬁﬂ‘ﬁnﬂ 2N
a o a a s 9 g‘u o W a Q'{ [ 1 dy 1 a 4
WNINUBNNNoIaalluaLan NnUuIdulseansaig 9 ot laasluunsngszuy
1 1 o a £ = 1 A g A a a J A
39 [K],,, 190 mMdulse@nd o, eegluuaiuoui 4 u00aed 2 vesdadmudgosh 1 9z 11

] A ¥ A a o <3| £)
ﬂi1ﬂgﬂg1ﬂllajuﬂu1/l 4 11DIPN 2 ellﬂ\‘]l,ll‘ﬂﬁﬂc]ﬁgufﬂﬁjmﬂﬂllﬁﬂ\ﬂua‘mﬂTi Wuau

(1) ) @) (4)

(1) ai + gl bl hl Cl + il
[K]sys = (2) aZ bZ +dl e1 CZ + fl (336)
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A13°99 3.3 dnyuzdoyaveIDARNUA

RTRRTGRT ey Tviua
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1(x4,¥1,21)

5 = 3
mydszinanialunuud gy

: 3(xX3,¥3.25)
2(%4,¥2,22) 31¥ 323

{ a a a 4 {
19 3.17 msdlszanameluigaduuusadmwudgins

Ue(X,, Yy 2y YRBE +yy HAz
Ua(Xo, Yo 2 9= =ty +hz ,
Up(Xs, Y3 Zs Jthmtyy Hlz 5
Up(Xy,Ys Z 9=ty 4z,

o 1 Ay v v g A v 9 1 @
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Ue(X,y,z)=u;N, +u,N, +u;N,+u,N, (3.38)
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a1=X4(y223 - y322)+x3(y422 - yzz4)+x2(y324 - y423)
a,= X4(y321 - y123)+ Xs(y124 - y421)+ Xl(y423 - y324)
a3:X4(y122 - y221)+X2(y421 - y124)+X1(y224 - y422)

&, =X, (Y22 - ¥12) + X, (V125 - ¥320) + X, (Y32, - ¥, 25)

b, =Y, (Z3-2,) +¥5(Z, - 2,) +Y,(Z, - Z5)
b, =Y, (2, -23) +y,(Z3-2,) + ¥,(2, - 2,)
b, =Y,(2,-2,)+Y,(2,-2,) +Y,(Z, - 2,)
b,=y,(2,-2,)+Y,(2,-23) +Y,(Z3- 2,)

C1:X4(22 - 23)+X2(23 _24)+X3(Z4 '22)

C,=X,(z,-2,)+%,(z,-2,)+x/(z,-2,)
C,=X,(z,-2,)+x,(z,-2,)+x,(z,-2,)

C, =X, (2, -2))+%,(2, - 23) + %, (23 - Z,)

A, =X, (Y- Yo) + X (Yo = V) + X, (Y, - Ys)
d, =%, (Y, - ¥3) + X (V5 - V) + %Y, - ¥,)
Ay =X, (Y, - Y) + X, (Y, - V) + X, (Y, - Y,)
d, =X (Yo - Vo) + XYy - Ya) +%,(Ys - Vy)
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MAIUVYTENUVOITUNTITIOUNWUTIDY (Partial Differential Equation : PDE) A% 113

q

[l I Aa d 9 I An AN Yo a 1 ]
TFUINHNVAD HAZTUNITYUN QY Wuau LLa3L‘]J‘L!’J‘E‘VI11@]5‘“?’1UTNHEJN’E)EJ"NLLWiWﬁ"IEJGLH

Y 4 3 { a L4 { o 1 (A o
Tagiiu iesnnidludsiawnsa iz naund Insead wdudou niegisenianyus Ina

F
Yy A 19

a a A tg a A @ o
uullm i’)ﬂ‘VN‘]JiSﬁTl‘ﬁﬂ"l‘WLLagﬂ"li‘]_]'igll'lﬁNﬁ‘VIE;NEUuﬂlﬂﬂﬂ@ﬂW]m@iiuﬂﬁ]@‘]J‘L!ﬁ"lﬂJ"liﬂii’Ni‘]J

a o

o Y ~ an Ja Y 2o o A
mimamwamﬂizmﬂ‘un”lvd”lumaamm”lﬂ HUDNITNUIIFTINITOVIADINATESUUNUAINY

a a 4

1 @ @ x a o dy < y o
llﬁﬂﬁ']\?ﬂuﬂ']\iﬁl'lu’lﬁﬂul@ﬁf G?QGLUQ'IU'J%EI’J‘VIEJ'IUWH‘EUﬁﬂ UDULITAN YAaIN uazumuwﬁj’a
o & dyd Y o o a 4 v <3 9
uiag muuiuuwmﬂwmmummuinammmmﬁmﬁmmmﬁmmmmaﬂﬂlmwnauﬂm

o ' ) o v A A /o a sy 4 9 Y A

MUY uaz511umaumimamwamﬂ‘igmamﬂmuwaaame Wiﬂuﬂﬂﬂi%Qﬂﬁ1%§$LUﬂU
an ia a d'g’, Aan Aaa A Y o 1 ] 3 A (%
aﬁllwllumaaamuﬁmgmu 2 Usiag 3 llG]LWf]slclf{lufﬂiﬂ'lu'JT;I!WTﬂWﬁu’liJLLiJLWaﬂﬂﬂ‘i%i]’lﬂ@')

lundoulasimieas 'l

° J v < Y o v
4.2 amm)mmmamﬁﬂﬂmmmmaumuumanmm‘nuauﬂmmﬁma
A @ o o Y a 1 3 9 Y S A
mmJﬂiz:uﬁ"lwaiumﬂmmwmﬂmﬂﬂﬁmmmmanaamamﬁua’muu UagIlu®
] 3 A = a [ A 0o X A a o
ammmmaﬂmmivﬂasluwﬂmmm’aa”ﬁmmmmumummmu‘lumﬂaﬂa’mmﬂﬂmﬂmiwu
Y o o R v < da! IR @
VBUTUAINAIN FIUTUBVBIFUINLNKAN (B) i]%éllu’é]QﬂU’Jﬂ'ﬂﬂ’)ﬂﬁNﬁ']iJ']ﬁﬂLLﬁﬂﬂhlmﬂEl

q

B=uH (4.1



42

A A =2 £y ' < . . SO ' v
o u Ao mmmu%u"lmlmumwaﬂ (magnetic permeability) ¥AUNINU Holl,
TaoN  u, Ao ANWEILFH IdvesgyaIma Taumny 4z x107 H/m
A =2 Yo o o . . dg! v o @
M, A9 Anua vy laduring (relative permeability) Tﬂ&%xﬂluﬂﬂ’(]ﬁ@ﬁ’aﬂmﬂ

1 <
H A9 ANUSuauIuuiivvan (magnetic field intensity)
o 1 I o Aa { o v JIda
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B=VxA 4.2)

4 { 1 1 ] <} Y { o
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UNUAUNIN (4.2) adluaunmsn 4.3) azld

VxE=-VxA (4.4)
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¢ Aq Yo = 4 aq ¥
uazmﬂﬂmmu’auuﬂi (Ampere's law) ngnuaunudsamunar iweanudlvininy

[] [ . . J I S A 1 v
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ANURUMUUVDINTZUAIU (eddy current density) lagh
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(4.6)

A A o 9 . L. v o
U9 o ﬂ@ﬁﬂ1W‘uﬂWW1 (electrical conductivity) HAZIINAITUANWUTUDINNUNIT

i @308
0
J. =—0c—A 4.7
e ot (4.7)

Maumsi 4.1), (42) uaz (4.7) unuasluaumsi @.5) 1214
V x lV><A +0'£A=J0 (4.8)
y7, ot

A 1 @ [ C4
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4 o v d 4
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a ] S o =
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VZA—,uagA:—yJO (4.9)
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(J0.2508 m

£0.2204 m

} secondary winding

F 1.2300 m

0.8500 m

| ©0.2724m
Z0.3088 m

0.2262 m
primary winding

Y
) AUUU
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0.1824 m 0.2180 m

g5 g =
Lo | U] =
L | =y L]
r— L] R
[ ] — =t

0.9832 m

1.2300 m

) 9
U) AUNUN
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1.4650 m

0.8500 m
|
i gl =
LF ] ol E
% B
— =l
| |
!].I]l_EE_'] m

JUn 419

v
=

N

[

Y

N

Yy 9
f) AUIN

9 ° ' o
ﬂllagmu1ﬂm@\1wuﬂ!lﬂaQ%TWHTﬂLLUUVI')l’lﬂ

ay 9y 9 o w = <
11llﬂLL!uﬂﬁaﬂﬂWﬁQﬂMQ@LﬁﬂiﬂLLﬂﬂMﬂﬂ
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P
AUUU

v aamudvonionaauuni lunsgad'l

a Aa

519 4.2 M5

U

A

Tuunuman Tuuuy 2

=

MIAANMAINUT LT

o

AN N

VALY AT kAT AT AT AT AT ATATA VY
AN AN AN

2 ol T

RN AR R AR AR R
L TAPAT OV R Y2
DD
DR AAAAAAAAAT TS

SR

]

R A AN
biii“bd.’d,.v‘l.“ﬂh!ﬁ!!ﬁ.!FA!!Fﬂd_l!Pﬁi. T
0 AN AV ANV VAV AVAVAVAT A VAVAV AV
s AAASSANN AR,

RAANAAAANNNT
A NAT L
[ 0 P P

[ e e AN
R 2 2 2 AV 2

U o

Y 9
ALUU

aamusvomoasuuuna lungad

a Aa

519 4.3 M3

Rl

A

= <
Tuspuman Ty 2

MIAAMAINUYITY

o

u 9
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d o a a d
4.3.2 W&nwumiﬂizmmmﬂﬁluaaamum

a a L o Y A Ay v ' Al Y o Y <
fl”ﬂﬂ”lii’)'ﬂﬂl!lli]ﬂaa!ﬂu@]iu‘ﬁjeﬂﬂﬂ 43.1 Vlllﬂﬂan]l’sﬂ’ejuﬁumﬂﬁmu

aa A

Y 1 Aaa a a S A U ~ ! @
ﬂl@LL@ﬂ@TQﬂl@\iﬂiyﬁTiu 24auay 3ua ﬂ@iﬂu‘u‘ummaaamu@%ugﬂsnmgmmmu

u

a a 4 =

A ' o 2o A 9 Jd o
Tﬂagmm‘ummaaamu@mmwnﬂuuuqumiza@ﬂelslfﬁm%umiﬂszmmmﬂ“lu

Aa A L v Y dyd 1 v Y [ g’z g’/ dyd o a d v
aaUA UKV NNANUUANAINNUAIY AU TUTUABULTIINITHEN NS UININFUNIS

A

a a o I an an < o A
ﬂizn1mn181uaaamuﬁaamﬂmmu 2 UsIaE 3 Ua Glﬁ’muﬁﬂﬂizmumimmmmiu
A 9 J v Aa A I Y 1 Aa A s A 9

ﬂﬁ!,ﬁf]ﬂcl,‘]f‘lf‘\r\‘lﬂ%uﬂ1iﬂi3h1mﬂ181u@ﬁmllu@l‘ﬂgﬂ@]f]\i@ﬂllq‘i'ﬂiNGllf]Q@ﬁﬁmuﬁﬂlﬁ@ﬂﬁl%
Jd v a _a d aa
4.3.2.1 Wanwmsﬂszmmmﬂ“lueaamummu 2 A
2 ! = ¢ o
JuaouiiunisidengduvvvesiensunisUszuiunielu
Aa a 14 . . . 4 aqg Yo
DaalUUA (element interpolation function) Tﬂmﬁeaumiwaﬂym:msﬂszmﬂmmwamafmu
4

a

a I a Y d'dy 1 = 1 3 & 4
saawuatuuudadu Tuitisznandalymauunimandeog 18
A(x,y)=AN; + AN, + AN, (4.15)
{ d v a a 4
Taoi N, n = IjkaoMangumsiszmaumeludaduua uas

A v J 1 o Jda 14 1 < 1 a a =]
A, n=1ij kﬂawaawmjmmﬁﬂmmnﬂmmummaﬂ“lmmaﬂwuﬂ ijkusioaaluua 91

Aaa A 4 = 1 9
ﬂﬁﬂ!ﬂﬁaLlluﬂgﬂﬁ?ﬂlﬁﬁﬂhﬁ?ﬂﬂﬂ@@%%qﬂ

N =2 tDXHCY o =ik (4.16)
24,
Tagn a=XY—XY;.» b=y -V. C=x-X
a; =X Yi — XYy b, =Y~V Ci =X —X,
A =XY; =XV by=VYi—Y;. G =X—=X

v
[

= g A 1 Aa a = 9 =\ A 4 @ a £ dy
e Ae A9 WUNUDILAATDADUUA G]N‘Vi"I"I,ﬂi]Wﬂﬂlﬂﬂiﬂlluu@ﬂli’)\‘lﬁﬂﬂigﬁﬂ‘ﬁ JU



51

L 1 X Y,
Ae=51 X; Y (4.17)
1 X Y

an

Jd v d
4.3.2.2 Wanrumsilszanamealudaamuanuy 3 §a

[
A A A

I Aaa 4 a @
nsalANsIsT ULy 3 UA Iﬂﬂlllﬂﬁllll@]iﬁhﬂ‘]&lﬂ!%ﬂ”li

a a J 3 a Y Y
ﬂﬁzmmlmwamaEmu’e)aamumﬂmmmmmu%"lﬂ

A(x,y,z) = AN, + AN, + AN, + AN, (4.18)

{ Jd o a a 4
Taoi N, n = 1234 aoMensumsiszanunieludadmua uag
A v d 1 o da 4 1 < 1 a a 14
A, n=1234aonaansvosmdndFannmosuumanluuaas Tvua 12 3 4 vo30aaued

: a a 14 { { 1
Falunstidadmuazinssamhaganons 1a

a

n

1 &
N =W(an+bnx+cny+dnz) Won =1234 (4.19)

Tagii & :X4(y223 - yszz) + X3(y422 T Y2Z4) + Xz(ysz4 - y423)
A =X, (Y32, = Y125) + X5 (V124 = Yo 2y) + X (Y425 = Y52,)
=X, (Y12, = ¥o20) + X% (Y4Zy = ¥12,) + X (V524 = YaZ,)
8 :XB(yZZl - ylzz) + XZ(ylZS o ySZl) + Xl(ySZZ - yzzz)

by =Y,(Z3 = 2,) + ¥5(2, = 2,) + ¥,(2, = Z,)
by =Y, (2 = Z5) + Y1 (2, = 2,) + ¥5(2, = Z,)
by=Y,(2, - 2))+Y,(2, - 2,) + ¥, (2, - Z,)
by =Y5(2, = 2,) + ¥,(Z, = 23) + ¥,(Z, - Z,)

C=X,(Z, = 23) + X, (2, — 2,) + X;(Z, — 2,)
C,=X, (23— 7))+ %(2, - 2,) + X (2, — Z;)
Ca=X,(Z, —2,) + % (2, = 2,) + X,(2, — Z,)
C,=%(Z, = 7))+ %,(2, —23) + X (2, - Z,)
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Ay =X, (V5= Yo) + XY, = Ya) + X, (Y4 = Ys)
dy =X, (Y= Ya) + X (Y5 — Vo) + X (Y, — Y1)
dy =X, (Y, = ¥o) + X (Y, = Ya) + %(Y, = ¥,)
d, =X (Yy = ¥o) + X (Y, = Ya) + % (Y5 — Vi)

A [ Aa Aa 4 F) =) A o [ a d v dy
uag v Ao 5u1msvosunazoaaua ﬁWhlﬂ%WﬂﬂmeﬁilLLuuWUﬂ\iﬁlJﬂﬁgﬁﬂ‘ﬁﬂ\?u

L X Y1 7

1 X z
V=2 Yo % (4.20)

61 X3 y3 Z3

X4 y4 24

a a d
433  MsaeauMIoaaNUA
4.33.1 aUMIoaNUAMVY 2 A

2 I = T Aq o 4 ax /o A 7R
duapuiineiuruaeundayigaveds I lunsadmud Fuilu
o ]

a a v a o J ) @
ﬂ']iﬁ'%j'lﬁﬁ'ilﬂ'li"ll’é]\‘]@ﬁﬁllluG]thsijﬁﬂ@ﬂéj’fNﬂ“]JﬁlIﬂ']‘il‘]f\?f]lélwuﬁ"llﬂ\?ﬂﬂjﬁ'wnﬂ 9 ﬁ'lﬂiﬂﬂfgﬁ']

)

' <] an a v Jd @ { A 1
FUINLURANUDITEUY 2 WA ﬁﬁuﬂmmagwuﬁaaﬂ ﬂ\illﬁ@ﬂﬁl’)ﬂﬁﬂﬂ'ﬁﬁ (4.13) NUAAINDU
Y dy [ dy
UUIU AU

o0(106A) o (106A) .
| = |+ = === |- jowA+], =0
ox\ u ox ) oy\ u oy

14 a Ia A s A a
Uszgnasziiouds 1 lundadwudivomszuuaunmsFudu Tag
o san 1 ¥ o v . . @ g
9178n15152gnAITN 150291 M NIABANAI (weighted residuals) Tula91iun15152gnd

R TR 3 { o < { A { /q Yo
Fasmrhmineeandwiedluishgnialdiduisnteungalumsiszgnalanulym

1 Qddyw ) Y 1 as A . = a oA
AN ) UASITU Qﬁ”liJ”Iiﬂﬁanﬂi’J’fJﬂ”l‘]_]Ulﬂf’Jﬂ IFU ITUDINUADTAU (Galerkin) FAUNNTNHEN

Y

a 49! ax A a 9 = = 1 Y a 4 [} @
MavuINITHYnALaIElaNuaunIas e lvnadse leyearaninluniswau

a s A v ] a a J '
Tsunsuneuiuaeiie ldnudymivinalvg msadnaun1svoIdadmmuAaen13099

Y
v A A 1

E4 d‘ 1
Mmineyanf1ainann1saatl Ae msunumnamas laglszuaaluaunisn 4.13) agly

1 a 1 1T @ 4 1 1 1w [ {
noldinaaumnugud mnuavzliaumny R utnuadaInIeaunIsn (4.21)
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_o(1oA), a(10A) @)
OX\ uox ) oyl uoy

= ~ ] Y . I 1 A A A da@} 9
H3 R ITINIUAYANA (residual) L']J‘Llﬂ”ll?lﬂwa”Iﬂ‘ﬂ!ﬂﬂ"l]uﬁ]”lﬂﬂTii%WﬁLﬂaﬂ

é 1 1 1 9 dl a ds! = o d' A’
Tﬂaﬂsxmmm"luiwamammumwmﬂﬂgm WHANAN R MUNAVYUAITUAININGA INDHEA

Y b4
aAv AaA o

H Y v H
maglaolszanaiinatiurzlinufesnsanniga taz luanideliismssruihminauanig

e

1819435 veanuansau (Preston, Reece, and Sangha, 1988; Kim, Kwon, and Park, 1999) c?ﬁ%u

° J v %’ Y] . . .
ansonszildTasn1sgauaranaie R a2oWanduiiniin (weighting function : ) 1147

a A g}./ a A 4 o ~ Y 1w S U A
aumﬂimaaﬂwﬂﬂmummaaamu@] (Q) uazmwuﬂwaw”léﬂmmﬂuquﬂ UMD
[W,RdQ=0, n=ijk (4.22)

s
1 (%

o v Aa Aa 4 d' d' 1 =t é 9 U
dmsvsaawudgdaiumiaon gan luns oAl 3 90 F9ldunyaaeng
v &=y Y Ay 3 = = 9
A AAUTIARIMS 3 aums Tumsuanigad lunswa durinedaluaumsi 4.22) 1z
1 a % 1 @ J a
Uarn=Iljkuazlavinatsivziaon W =N Fu5en31 dulu-n1taesau

(Bubnov-Galerkin) a1iuiiiounu R @areaumsn 4.21) adluaumsn 4.22) azld

INn ailaAjJri/[l%]—J cwA+J, |dQ=0 (4.23)
5 OXty x0 ) y0 j 0

Q —

N, O[L1oAN, 0110A in. jN (jowA)IQ
oXfy x0 ) yo y6

+j ,)dQ =0
Q

(4.24)

a a a =} o ~ ) o 4 < I 4
NATUINITOUNNTANAS WIUUDIAUNITN (4.24) FMTUNLTNBUTUNIY
pyWusouduaelFItmIduiinsaiiazdau (integrate by parts) Taoazldnguiunveumd

(Gauss’s theorem) mugﬂ;m‘uﬁm



[u(v-v)dQ = [u(v-n)dr - [(Vu-V)dQ

. ~ A ¢ 4 y ¢ {
&9 T Ao vouavedadmwud Q tienfSeumeudunaiusnueiauniin 4.24) 1214

u=N,

v.v=O[10A] 0[10A
ox\uox ) oy\uoy

V=—|+ij
ox oy
y_LoA; 10A
uox  u oy

9
U

A A s = 1 ~ @ a a J
HAZIHB391IN N ADNINGIDITHUINUIYNSNRINNUUDVUAVDIDAUNUA T

9
v @

n=nyi+nyj AU

U(V.n)an(iﬁnﬁ;%nyJ
H OX © oy

54

(4.25)
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Ny 10A Ny 1 2A
OX uox oy uoy

Vu-V =

v & A A L. = = Y I
ANUUNNFUNITN (42D e N=i,/, k ﬂﬂﬁ1u1iﬂlmauqﬂlﬂu

INn[la_AnJrlaA jdr I(@N 10A N, 16Ade_
r

uox * uoy Ox uox Oy uoy

[N, (jooA)Q+[N,J,d2=0
Q Q

(4.26)

a ¢ Yy oy oA = & O
NAITHUINIULT AN NATUEIINDUDIFUNITN (4.26) FUUWIUNNIIVINY
a a J { wva a
Yo ULvRvUDIDaatNUe I ﬂﬁﬂﬂlﬁuﬂﬁﬂ%iﬂ1fJﬂ'l“W‘ﬁf]ﬂﬁﬂWﬂ!ﬂi%LLﬁﬂﬁ@ﬂﬂl@Uuﬂﬂﬂlﬂﬁ
a a s % 2 a a s % @ ] A 1a Li’ A=K

DAALUUAUU ] DU BAALNUAUU 9 91%'31\3GI'J’E')gfﬂﬂﬁlu‘ﬁ3@ﬂgﬂﬂﬂlﬂﬂuﬂﬂﬂlﬂﬂwuﬂﬂﬂ91
= av dy 1 o dAa 4 1 < A a S 1o 4 . [
31U UMANITINAWDTLNIHAN A NUITIUVDUNAUNINUFUY (Salkic,2005) LEAIAN
A v ¥ A = A o = A =
AUNITN (4.27) AIUUAUNITN (4.18) 19aAI11MaoAIduNITN (4.28) ALIUDININANNITN
¥ = Ja a o ' a -4

(4.28) UNIHUA 3 AUNT Liwmmmwauaumﬂw"l,uﬂaaamuﬁslﬁ’agslugﬂmmﬂm

v 9
1daaaun1sh (4.29) fail

A(x,y)=0 , (x,y)el (4.27)

I(aN 1aA oN, 1 0A

dQ+ | N AYdQ = | N, J,dQ 4.28
e B T ]j(w)j (4.28)

Q

10A [oN] 10A .
+ dQ+ [N [, (jocA)Q
uﬁxusxlx 0 y[ﬁﬂLy 0 J g[[ ks

[IN],, 3500

(4.29)

= =2 Y Yo v da s 1 d
HaZNNANNITN (4.15) ilﬂulﬂaﬂyﬂlgﬂnliﬂigfﬂnlﬂﬂl@\iﬁﬂﬂlsﬁﬂnﬂmﬂillﬂlﬁﬂﬂ A

Taodszanaluuadadmuailu
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A(x,y)=[N ]1><3 [A]3><l

wazaunms ' luioadwuasenateunily

6X/Lt 3x1 * 1><3-J 723x 1x3 (|'30)
[

ja)a[N] JQ[A], j[N L J,d0

Qe D&

G = ‘a A o o [ [ Aa A oA 9 Y v dy
wimﬂmuﬁumi"lﬂvluwaaamu@m‘wimmazaaamu@‘wﬂizﬂ@um&l 3 ﬁllfniulﬂ NU
[M + K]3x3 {A}3><l = {F}?:xl (431)

wnsng [M] sxa

10 [M _[ gi (4.32)

lO

w

Y
ﬁ]”lﬂﬁiJﬂ"li‘V] (4.16) ‘1/1\1ﬂGIf‘L!ﬂ”IiﬂiwiJ”lmﬂ”lfJGLULLﬁﬂQll JU

a, +b,x+c,y
2A,

N, = n=i,jk (4.33)

= ! o 9 A 1 A o & A =2 3
ANNFUNIIN (4.33) llagTiWﬂﬂTﬁﬂ]WUTﬂTQ]lwwAI o UMANIN AUUFTUNITN (4.32) wnaalu

[M],, = joo[ NN dxdy — n,m=i,jk (4.34)



57

Y a

v Y
AUNIIN B3 uaruisodiuruldlasldaasiFadrdsznow

£

1] ]
S o =

. a a z d‘
(factorlalformula)11!ﬂ15ﬂ5$3J"IillﬂWi’E]u‘V]Lﬂi‘V]@]ai’]ﬂwu‘ﬂﬂ\iﬁllﬂ"li‘ﬂ (4.35)1@87}

Ni=L N, =L, uaz N, =L, a4

alblc!
PLdA, =———"2A 4.35
A-[Ll 04, (a+b+c+2)! ° (4.35)

{ a I
NNANNIN (4.35) dwnsoinsauenilu 2 nsdl Ao L,=L,uas L, =L,

Tunsal L, = L, azv0endaeganmsnasanganed i vesglamaowzlda =2, b =c =0

9 1
v o =

AYUUINTNNITN (4.35) ﬁ]%hl??]}

21010!
(240+0+2)!

©!

f s,

A

4N, 2A

€ e

4! 12

Tunsan L, =L, 9zv08nd10819n13W15a19Ad0N iuas juedgll

= 9 [ ?zl/ ~ 9
Muiasuazld a = b =1, ¢ = 0 aTUNNANMIN (4.35) 32 14

111t0!

LdA, =————
LLda, A+1+0+2)! °©

>

e

' ]
A o a

~ 1 ~ SN Y [ dy 1 ) [ 3’,
NYAABOU m@ﬂgﬂﬁ”lll!ﬁaflllﬂ"lﬂiﬂﬂ”IiWfl]”lﬁﬂl”l‘luaﬂklmgul"]fuﬂu AIUU

A =2y a < o Y A = o 2
NNAUNITN (4.34) ﬁ]\ihlﬂlll‘ﬂiﬂclf [M]3x3 AL ANAIYTUNITN (4.36) BIVSAUNAHUIUUN
X

a 4 a1 [ 1 a a 4
309 [M]axs 32UMIUBENDFUIT1NVRIDAANUA



A 2
Jo A,
[M ]3><3 = 12 1

RN e
N R e

wnang [K] ax

o o= (4] 2] (5], 205 e

Jd o v {
wazanWeanrsuNsUszananeluasaunisin (4.33) %Quli‘%}

N
Ny _ by 1oy Np _ Cn n=i,j,Kk
ox 24, oy 2A,

1% v ~ A 9
HNUANVANNUTUDITUNITN (4.38) asluaumsn (4.37) %gllﬂ

[ ]3><3 __J-( m Cn JdXdy n,m= i, j, k

2A, 2A, 2A 2A
=———(b,b, +c,C. )| dxdy
4luA2e(n m n m)j
1

Zm(bnbm +CnCm)n, m= i,j, k

bb;+cc;  bb;+cc;  bb +cc,
[K],.= ﬁ bb.+c,c; bb,+c,c; bb +cic
“|bb +cc bb,+cc; bb +cc,

bb, +cc  bb;+cc; bb +cc,

=m bjb, +c,c; b;b +c;c,

°l Sym b.b, +c.c,
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(4.36)

(4.37)

(4.38)

(4.39)

(4.40)
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Tnannnwes: {F}sa

v {Flyg = “N]3x1~] 0dQ (4.41)
o
30
{Flaa = Jo [ Npdxdy n=i,jk (4.42)

v
=

Y
aumsh 4.42) tawsamuin ldlasldgasdedilsznonlunmsszuamsduimnsa

' ]
A o I

anoANUNAIaNNIIN (4.35) Taeh N, =L, N, =L, ag N, =1, FI9ZVOYNAIDYIINT

a A . A = Y v & d' Y
NITTUIYARDN 1 "Uﬂ\igllﬁﬂllllﬁaﬂmﬂqllﬂ a=1,b=c=0MUUNNAUNIIN (4.35) ﬁ]gllﬂ

110'0!

A, =——
ILi © (@+0+0+2)! °

AE

_2Ay A

3 3

9
v v

& A 1 . = 3 Yo ] = o dy ~ =2 9
FINYAAD | LA k ﬂl@ﬂgﬂﬁ”lllﬁ’iaEJllﬂllﬂaﬂHm%L“]fuLﬂfl'Jﬂuu QUUNTUNIIN (4.42) iNllﬂ

4 1Y e
Traannwosuaasldaail

1 (4.43)
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4.33.2 auM3IdaaNUANUY 3 1A
o a k) ag Ja a 14 aa o
AMIAUNIUNTA2075 1 Tundadiuuduuy 3 18 aznsziins lu
o 1 ~ [ % Aa & 1 @ [ @ ~ d v
AHAULIFUIASINUAVLUY 2 UA FI92UANAIINUBEIITARUANINTFUNITUTzu1an1e 1y

9
E’Jaﬁmuﬁiﬂﬂﬁ\iﬁi‘lﬁnﬂﬁuﬂ"ﬁ

syusdesvesymiau umimanuuy 3 1@ danaaiaae
aumsii (4.14) uaasnounihiisail
10A 10A 10A) .
O[LOA) O(LOA) O(1OA) 0y wan
ox\puox ) oyl\uoy) oz\ u oz

o v Aag Ia a 4 aa o Jam 1 %,‘ v
ﬁmsmﬂﬂ‘luwaaamummu33m 1n9lszenalsn150291 M

q

v

Y 9 an da 1 = v o Aaa o = 1 A I
IWHANANAIYITNUADIAUS UASINUNULUUY 2 UAAITUN1TN (4.22) uaazilaswilunis

a a o Y A
f’JLl‘V]!ﬂiﬂii’)ﬂﬂ%ﬂ"miu‘ﬂu@ﬂl!ﬁﬂ\‘]ﬂ?ﬂﬁﬂﬂ”ﬁ‘ﬂ (4.45)

JW,Rdv =0, n-1.23.4 (4.45)
Vv

y a I an @ {
Tagiilonnsantdyvuiluuuy 3 Taeg Idnuaniig R Asaun1si (4.46)

O(10A) O0(10A) O0(10A) .
=—| —— |[+—| —— |+ —| —— |- JowA +], (4.46)
ox\uox) oy\uoy) oz\ u oz

M 9 ' 9
= 1 (% %

o v a A o A Y Y1 A = Y ! ' = =
mmuaaamu@gﬂmmﬁm AN LUINY 4 i]ﬂclﬂhlmlﬂi]ﬂﬂ@ﬂﬂﬁ NJUUHA
=

Y Y A 19 1 @ ~ 9 a1
fABdN1T 4 ﬁNﬂWﬁiuﬂWﬁllﬂﬁ1ﬂﬂﬂVlﬁJ§ﬂ1 Wunued luaunsn (4.45)wwaoaumn=1,2,3,4

v i 1
uaz TagdndAvzion W, = N aaiuiiounual R aroaums (4.46) asluaunsi 4.45) az 1@

INn ofLoA +i 1oA +2 L1oA — jooA+J, |dV =0 (4.47)
OXly x0 ) yof yo ) zopn z0

\Y
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[N, [a 16AJ+£}Lla—A]+%[16ADdV [N, (jowA)v
v YO y0 ) 20 j 20

+'[ Jo)adV =

\

(4.48)

a a a =} o ~ ) o 4 < J 4
NATUINITOUNNTANAL NIUVDIANUNITN (4.48) M5 UNIULI NI UNIY
% J v Y] 9gas a a =1 v . 9 =
YN UTOUAUADIIFITAIToUMNIaNazaIu (integrate by parts) Tasaz lenguun
J y A [ A aa o ¥ A
YDAUNE (Gauss stheorem) WMUBUNUAUNITN (4.25) 1HLLU1J 2 4R AUUNAUNITN (4.48)

A = = Y I
e n=1,2,3,4 3ansareuldiy

J-N laA n, 1%ny+1ﬁA ir
v u ox u oy u oz

ON, 10A ON, 10A ON, 10A
—I —— ——+ —— v
Oxu X0 Wp W Du D

[N, (jooA)V + [N, J,dv =0
\%

Vv

(4.49)
v

a ¢ Yy ¥ A = = sadd 9 o
WITANIUUIANNATUFI8UBYDITUNITN (4.49) FuTUWINMAEITRIN

a a o 1 v dAa 4 ' <3 { a ' 1 v 4 @
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Electric Field Distribution Resulting from Different Phase Arrangements of

a Delta Configuration Power Transmission Line

Padej Pao-la-or*, Ariyasak Jitth

n, and Kitit i kol

Scheol of Electrical Engineering, Institute of Engineering, Suranaree University of Technology

Makhonratchasima 30000 Thailand

Abstract

This paper proposes a mathematical model of eleclric fields caused by high voltage conduclors of electric

power lransmission syslems by using a sel of second-order parlial differential eguations. This study has

considered lhe eflfect of conduclor phase arrangement on electric fields emilted around a della configuration

double-circuit high voltage transmission line. Six typical-used phase arrangements for 345-kV delta configuration

double-circuit transmission lines are ir

. 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 strenglh has been evaluated. The simulation resulls show thal the phase

arrangement is one among key factors to influence the electric field distibution around the transmission line.

Keywords: Phase Arangements, Delta Configuration, Electric Fields, Finite Element Method (FEM),

Transmission Line

1. Introduction

Different phase arrangements of a della
configuration resulls in electric field distribution that
may cause some serious ham  to  electronic
eguipment or living things. From literature, basic
electromagnetic theory (Olsen ef al, 1988) or image
theory (Li and Yougang, 1998) are widely used for
electric field calculation in  high voltage power
transmission lines. Even the study by Electric Power
Research Institute (1975), the basic electromagnetic
theory was employed lo analyze electric field strength
resulting  from  orientation  of  conductor  phase
arrangements. So far, there is no report on electric
field calculation in this scope by using Finite Element
Method (FEM).

The FEM is one of the most popular numerical
methods used for compuler simulation. The key
advantage of the FEM over other numerical methods
in engineering applications is the ability to handle

nonlinear, time-dependent and ciroular  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,

In this paper, 3454V, delta configuration double-
circuil, high-vollage power lransmission lines are
sludied  with six  different  phase arrangements.
Computer-basec  simulation  utilizing  the  two
dimensional finile element method in the time
harmonic mode, instructed in MATLAB programming
environmenl with graphical representation for eleclric

field strength has been evaluated.

2. Modeling of Electric Fields involving Electric
Power Transmission Lines

A mathematical model of electic fields (E)
radialing around a fransmission line is usually
expressed  in the wave egualion (Helmhollz's
equation) as Eq.(1) (Char and Salon, 2000, Weiner,

2001) derived from Faraday's law.
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E-—ou—-— = (1)
V°E - op o Sﬂa 7=0 1x1.27cny H‘i,lx].zvcm
T OHGE OHG2
9.45m
9.14m
..., where ¢ is the dielectric permittivity of media, 1 e .
A a
and ¢ are the magnetic permeability and the 9.14m 3x3.25cm45.72cm
conductivity of conductors, respectively. ‘Lt : c spacing
This paper has considered the system governing 12.19m T2
by using the time harmonic mode and representing —

the electric field in complex form, E = Fe™
(Christopoulos, 1995), therefore,

2
a—E:ja)E and D—f::ﬂ’ulE
ot ar

..., 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.
V'E - jocul + o’ suf = 0

When considering the problem of two

dimensions in Cartesian coordinate (x,y), hence

o188\ a(1eéE .
1aE) 010 (. e)E—0@
f'«“r[# BX] 5:1-{# 5)’] oo -’

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)
(Pao-la-or et al., 2008).

3. System Description with the FEM

3.1 Discretization

This paper determines a three-bundled, delta
configuration double-circuit, 345-kV power
transmission line. Figure 1 shows the power
transmission line with the superbundle arrangement
type by Electric Power Research Institute (1975).
Figure 2 displays the domain of study discretizing by

using linear triangular elements.

Figure 1. 345-kV delta configuration double-circuit

power transmission line with superbundle arrangement

¥ (m)
g

TN
=

0 &5 10 15 20 25 30 35 40 45 50
X fm)

Figure 2. Discretization of the system given in

Figure 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 (Preston et al., 1988;
Kim et al., 1999). According to the method, the electric

field is expressed as follows.
E(x,yp)=EN,+EN, +EN, ®3)

..., 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
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N a, +'J’,,-r‘ €y (4) For one element containing 3 nodes, the
L ’?1'\
=e

» where A is the area of the tiangular element
and,
@ =X Y =Xy b=V~ GEXR X,
@GEXRY, XY b=y, e=x-x

a =Xy, Xy, b =y-y,. o=%-x.

The method of the weighled residue wilth
Galerkin approach is then applied to the differential
equation, Eq.(2), where the integrations are performed

over the element domain (1.

wax) wvludy)) )
|‘N" {jwa’— ru‘:g_]b'd'l— 0

a

, or in the compact matrix form
[ar+ kl{E}=0 (6)
., where

M= fja:o’— .'r}"{',']'jN“.-\"__fﬂl

Q

P 11
_(err ::.1 r:_l’\‘ 12
12 1 1 2

e v
P _L“ anN, N, : N, av o)

punl\ ox  ox dy ay )

\ bb, vee, bb tec, bb, tee,
= . bb, +ee, bb +ee, bb +ee

|b.by + o0, by +eop biby 4oy

expression of the FEM approximation is a 3xX3 mafrix,
With the account of all elements in the system of n
nodes, the system eguation is sizable as the nXn
matrix.

3.3 Boundary Conditions and Simulation
Parameters

In this paper, 345-kV, della configuration double-
circuit, high-voltage power transmission lines are
studied with six types of phase-sequence orientation
(Electric Power Research Institute, 1975) as shown in
Table 1. The boundary condilions applied here are
that to set zero electric fields at the ground level and
the OHGW. In addiion, the boundary condition of
conductor surface in 345-kV power lines are assigned
as given by lyyuni and Sebo (1990) and Pin-anong
(2002). This simulation uses the system frequency of
50 Hz. The power lines are bared conduclors of
Aluminum Conduclor Steel Reinforced (AGSR), having
the conductivity (o) = 0.8x10° Sim, the relative
permeability (¢ ) = 300, the relative permittivity (5, )
=35 It notes that the free space permeability {#"] is

ATx10" Him, and the free space permittivity (g, ) is

8.854X10 " Fim (Hayt and Buck, 2006).

Table 1. Six lypes of phase arrangements

A A A A A
CBBC |cBBA CBCPE
Lo 1 eel teop d
A C A B A G
C BA'B |C BA'C CBGG

4. Results and Discussion

This paper employs MATLAB programming lo
simulate electric fielg distribution for six phase-
sequence orentalions, Eleclic field simulated for each

type can be cepicted in Figures 3 to 8.
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Figure 3. Electric field contour (/m) for type 1

Hmy j

Figure 4, Electric field conlour (kim) for lype 2
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Figure 5. Elaclric field contour (Kim) for type 3
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Figure 8. Elaciric field contour (kKV/m) for type 4
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Figure 8. Electric field contour (k\im) for lype &
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From the simulated results, the crientation type
has the key effect on eleciric field distribution around
the power transmission line. By observing the electric
field strength st a specified height level above the
ground with 50-m horizontal span, type 1, 2, 3and 5
are symmefric in eleclric field distribution along the
vertical axis. Type 4 and 6 are asymmelric due to
unbalanced phase arrangement, especially type & with
all the ground wires located on the right hand side,

When consider at some selected positions for
more detail, symmetry in electric field distribution can
be clearly explained. Figure 9 and Figure 10 show the
electric field plot at the height of 1 m sbove the
highest conductor position. They confirm that ype 1,
2, 3 and § are symmetric while type 4 and © are
asymmelric as concluded by Eleclric Power Research
Institute (1975).

—— Typet
= Tree2
e Typed
et |

i H

E I ]

x
Him)

Figure 9. Electric fields of the symmetric

M.ﬂ
o

Arrangement

Figure 10. Electric fiskls of the asymmetric
arangerment

5. Conclusion

This paper has studied eledric field distribution
resulting from six typical phase arangements. 345-kV,
delta configuration double-cirauit, three-bundled power
transmission lines are mvestigated. FEM developed by
using MATLAB programming is employed. As a result,
phase amangement is one of key factors fo influence
electric field distribution in electric power transmission
lines. With the arangement of type 1, 2, 3 and 5, the
electric field distribution is symmelric, while the left
two arangements (lype 4 and 6) give asymmaetric field

distribution.
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Abstract

Monitoring and maintenance of distribution transformers are main functions of power engineers in their daily
schedule. This paper proposes a set of mathematical model of magnetic fields caused by high voltage conductors of distribution
transformer by using a set of second-order partial differential equations. The modification for complex magnetic field analysis
and time-harmonic simulation are also utilized. Computer-based simulation utilizing the three-dimensional finite element
method (3-D FEM) is exploited as a tool for visualizing magnetic fields distribution volume a distribution transformer. 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 govemning the power transmission systems. The computer simulation based

on the use of the FEM has been developed in MATLAB programming environment.

Keywords: Distribution Transformer, Magnetic Field, 3-D Finite Element Method, Computer Simulation
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