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DISTRIBUTION TRANSFORMER/TEMPERATURE/TRANSFORMER OF LIFE/

LOAD UNBALANCE/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. At the present,
the competition in industry section is high and the electricity demand greatly increase
too, which lead to the load unbalance transformer problem causing to have the
magnetic field and temperature rising. The effect of higher temperature will be related
with the lifetime of insulation transformer. Therefore, the research of this thesis is to
study and calculate the magnetic field and temperature of distribution transformer in
the condition of load unbalance by using 3-D finite element method that is ownly
developed. The magnetic field and temperature will be in the form of partial
differential equation and bring the temperature value to calculate the lifetime of
insulation transformer by using the theory of insulation deterioration. The computer
simulation based on the use of the finite element method has been delevoped in

MATLAB programming environment.
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nld A dunnmeslag Tuszuin xyz a@ounnees A aeluillsgil a9

uaasaglugivesiinaninusefinaniMidou (cartesian coordinate) 18 ludnymey

A:Axi+ij+AZk (3.1)

A PR I = [l AL a
o 1, J uas k 1Hunnnesriavuig 1/]%1']J11Wlﬁ1/l1\11]3ﬂﬂ1@\3LL‘L!’JLLﬂLl X,y

o w < 1 Aa o a
wag z muaiay lagl Ay, Ay nag A; dludiuilszneviinaninves A Tuilsgi

4 @
ld A uaz B fonnmes uda A-B fAemsgunuuuuaen (dot product)
Y
4

=) = a a
FanmsgauuUN MIgauFeanaii (scalar product) e lag
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A-B =|A|B|cosd = A B, + A,B, +A,B, (32)

4 1 14 (Y
1o @ Aoyusznanges Ay Buaz 0< 6<n

U A [ = dyl
a1 AxB Aensgunuuuuased (cross product) Fenmsgaiuniia ms

aauFannaes (vector product) feuTag
AxB =|A|B|sing(+n) (3.3)

4 a < o > o s 4 D)

Lﬁ@ n uamiﬁ’ﬂummmammﬂﬂm’mmai Auay B Iﬂﬂlﬂ%@\iﬂﬂ?ﬂ + GlG]f

o A @ Y] 7 < a & )
ﬂﬂ’iu@ﬂﬁﬂ'l\“lﬂl@\‘lﬂﬁﬂmlﬂﬂLﬁ@iLL‘U‘Uﬂiﬂﬁ I@ﬂﬂ%?ﬂl@]@i A WHH@TN!WNUWWﬂHﬂHHN g1
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o o

v o y A4 4 ¢ y Y
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q

nnileiagazimualiniuay c?'mﬁﬂu"lﬁ'ﬁumﬁammﬁum
AxB=(A,B, - A,By )i +(A,B, ~AB,)i+(AB, — AB, )k (3.4)

v

A A = Ia 9 dy
Wi’ﬂlﬂ]ﬂuiugﬂﬂlﬂﬁﬂm@immuﬁﬂﬂ JU

=~

AxB= 3.5)

>
o >
<
mN)>

N

vs}
P

A A o Aa 4 Aa o = I g
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X 9 9 ¥ 2 o a = = " A o @ Y ¢ 'y
({193AULAY AUUIIAUUUMTANYIDINIMIANFIDYUTVBINIAFUAAAITuazs TR

J o I a [ d’aw = 1 1 [ dy
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I J o 4 @ 1T A Y4 J v
7 f Wulansuainars 3 dws fixy,z) uds AnyIoyWUTvoIWanTy f

= Y v dy
aunIneu laaail
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df :idx+idy+ﬂdz (3.6)
OX oy oz

'
v IAA 1 [

Y
HaznAMIMuUAdIAIIUMIoYUTNEenIuaa (del : V) Asil

V:ig+j£+kE (3.7
ox oy oz

Y ]
v = o

o 1 Jd v < 1 o -
Windiel V nszvhaetendu f a2l VEduSoniunsideud  (gradient)

Jd v [
voaWansu f Tagazianuviuie luanyas

Vf:ﬂi+ij+gk (3.8)
oXx oy~ oz

Y o s 9 Y g o '
uazmmwuﬂﬁ’ A ﬁanﬂmamm V-A GTNuJumﬁamﬂmmumm i]%f%ﬁlﬂ’ﬂ

lanesaud (divergence) voq A e Tag

_ aAX + 6Ay n aAz

V-A (3.9)
ox oy, oz
a7 VxA c‘fimﬂummmﬁmmumaﬁ wissndudsa (curl) ves A fienulae
OA OA
vxa=| P Py i+(aAX—aAZ]j+ v _ Ay (3.10)
y o o ox x oy

[

G = =) A Y dy
mamﬂuﬁlugﬂﬂmmm@immum@ JU
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VxA= (3.11)

F o~

I J
9 9
ox oy
A, A

s o ad g ~ o o o & Y] o A
"lﬂm]mm«mm”msmﬂmwmauwuﬁ@uﬂuwm mmmmi%mammumi

o 2
ﬁaﬂﬂiﬂgwaiw"lﬂa WussuRDAeY Faonanlandou (laplacian:V?) Fauanaaldwail

vi=—2_+°Z (3.12)

Y 4 P ~
1% A fonnwes azlaanlauseuuos A ao

2 02A 2
vep =2 AZ‘X i+—-j+ 0 '2 k (3.13)
OX oy /4

o o [

) w I a J o
Lf]ﬂﬁﬂ‘lelmell@\?nﬂl@@ E‘T'l YADNITAUUUNITDYNUTDUAUT D

t=d)!

@)
[l

)

(2

Lﬂﬂﬁﬂ'klﬂ!ﬂﬂllﬁﬂ\iﬂ’)ﬂﬁllﬂﬁ% (3.14) 118 (3.15) & Aaline

V-(VxA)=0 (3.14)

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

msmlasszuniidaitisananndafuas iy (William, 1989) 31AWnARIN
Tfluiinanseanszuen (cylindrical coordinate) ﬁ’mﬁmmagﬂﬁ 3.1 awnsonaadla lag

1l A dlunneeslan meluiligil Fwwaaseglugivesiinanin fe

A=Aa,+Aay +Aa, (3.16)
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o a, ayay a, Hunameinilaviae Tael A, , Ay, way A, 1flu
dauilszneunnanindazdesgnilden lieglugildiuilszneuinansanszuen Taesd11d A
funmeeslan meluifFagll Fawwaasegluzivesiinanssnszuen fe

A=A, +Azay +AQ; (3.17)

: ] s & 1 =
e a, , ay uaz a, Wunnweinilamidy lasl A, , Ay uaz A, 1iu

AUUTLNBUNAANTINTZUDN

pmy

__¢/

1 3. Fanudmiugsenieinannuaginansinszuen
= & v A Y
90317 3.1 32U @ 90 P(X,y,2) 130 P(p,4,2) wlan
X=pCoS¢p , y=psing , z=z

3 ' o 1 ( o = v
wuNas XY,z @giulﬂ@uﬂl@ﬂﬁﬁlllﬂi jol ¢, z naz lumueuReInuee

p=+yx>+y? | g=tan!

x |<

= 4 1o 1 @
%Qﬁ]ngHfJT@]lelﬂi yo ¢, Z ﬂgiulﬂﬂum@\jﬁjllﬂi XY,z
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Tunsuldsunnszunidanilsldidudniidanils s ldndnmanuiuves

4 A a o I a o Y 1 A 1
nmesuuuaen msnasuinanin liluinansanszuenizdesmia A,, A, fieglumen

4
v A

W03 Ac, Ay Tag A, = A, Fauaaslaasil

A, =A-a, = (AxaX +Ajay + Azaz)-ap = A@ay -a, +Ajay -a,
(3.18)

A, = A cos g+ A, sing

Ay =A-aq :(Axax +Ajay + Azaz)-a¢ = Ay -ap +Ajay -3y
(3.19)

Ay =—Agsing + A, cos ¢

daumsutasainiinanin ldidluiinansanan (spherical coordinate) @4

uaaede3U 3.2 awnsouaasldlag Sl A dunnmeilan nelufigil Faaaceglugll

VOINAANTINAN AD
(3.20)

A=Aa, +Ajag+ Asa4
4 3 X 1 A I3
o ar | ag AL 8¢ dunnmesvilanioe Tasd Ar, Ap uay A¢L1Ju

aulszneunnansINay

A v o 1 a o A o
:.]“]J‘VI 3.2 ANUAUNAUTTIEUINNNARINULASNNANTINAY



110317 3.2 92iud a1 98 P(x,y,2) ¥3e P(r,6,4) 12 1dn
X=rsingdcos¢g , y=rsindsing , z=rcosé
wiiudgls x, y, z eglumenvesdunls r, 6, guazlushuesdsanuag Idh

z

\¢x2+y2+22

2

r= +y?+2°

, §=cost , ¢=tan*

> |<

: < 1w l o
Faziunawls r, 4 goglumenvesdnls x, y, -

16

{ a o I a o 9 1 4 1
mslasuiinanin llidluiinansanan azdeaman A;, Ag, A, fieglumou

[ 9
W03 A, Ay, A, Baudaalaaail

A =A-a, = (AxaX +Ajay + Azaz)-ar
=A@y a, +Ajay -ar +Aa;-ar

Ar = Acsingcos ¢ + A, sindsin ¢ + A, cos

Ay =A-ay =(Aa, + AjayH Aa, ) a,
=A@y -ag +Ajay -ag + Aa; -3y

Ay = Accosdcos ¢ + A, cosdsin g + A, sind

Ay =A-a, =(Aa,+Aa, +Aa,)a
=A@y -ay +Ajay -3y +Aa; -3
Ay =—Agsing + A, cos ¢

(3.21)

(3.22)

(3.23)
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A = wa s o0 & 9 1 Y =
Wensunguuazauduiavewanaesniuiluudl aeldez 1dnarida
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3 v

A A 9 [ [l < v JdAa 4 [l a < g
NOBRNASIVOINVTUINUNIHANUAZANIFUININOTUNIMAN (DAVNA 1IN, 2538) FIA04
o oAUV ITE VNN NI

. = I { a 1

Uszq'lWih (electric charge) Aol mmuesnnuilulwihnadaegluaais
3/ : a o v J 1 -
e Faslfduiusserinesgy IdiheziSenwsalwih (electric force) nagdminilszy

Y A Ay a A A 1 ] < - 9 A% 9
IWdhimsmdeunaie wwinaussiBeniusamivian (magnetic force)demannansaluih
[l 3 A 1 o a A v A 9 () ' = Yo Y 4

pazusuimaniurasiuia@einuaedszy luihmsdaduunnguveanssdeldvaliniaes

e ] 1 @ { 1 ] <3 .
usetteglunquieanuiiFenaiusaudinan 14l (electromagnetic force) nn< sz q
Tuaarsezlianuduauru il (electric field intensity) v5e019:5on 31wy T #i

. . ] % {3 v o w % o 1 .
(electric field : E) agifSunamils Miiludamnuldiszgnileesnusainsgsinelszynilanie

a & 1 ] o 4 ] <3 . . A
usaSuavis garuanuvuinduvesansuiivan (magnetic flux density) H50019

1 [l I - - 3| v o W o
Fennauwuiman (magnetic field : B) sziilusaminuldesnusensgiunmzilsey Tuih
A A A = ] < dy A g % o &
Mndoud Feeumuimanitosndusningmyena lnlumsiundaswdsnunngluuunils
5
I

k4

Wuguey 4 ngy (Chapman, 1998) Ao

A Y I Lg ) o a PPN dzl 4 A o A
E‘IJLL‘]J‘]J@L!G] Tﬂﬂ%tﬂuwugmmﬁiuaﬁmﬂﬂﬁﬂgmimmﬂﬂﬂluﬂlumma'ﬁ IATBINTUUA

= ed).

Y = @ @ A a ‘3 4 U dy k4
1 wazvinouilag ‘ﬂ)’\‘]fniN‘L!LL'IJZNWﬁﬂﬂ?ﬂﬂlﬂﬂﬂlﬂi“@ﬂﬂiﬂ!tﬁﬁ?ﬂ %8ﬂi$ﬂ@°ﬂ@'§ﬂﬂ§]

A v oa g a gy Y ¥
1)maﬂ’iz!,mhlﬁaslu!,ﬁua’mmmﬂzmﬂE*Tuml,mmaﬂaﬂmamaua’muu
A l I A A a o A o d?
2) LuaaumuumamJmitﬂaﬂuuﬂawnllnawzmmlﬂﬂumumuwuiu

A o Y o o dy Jd 9
VARKIA NNANNITNUUDIUAUAINAIUN (Wugwuﬂ51ﬂ9ﬂ1imﬁuall,ﬂaﬂ)

A

% o d' ] ] 3 A
3) maﬂizuﬁ‘lwaGl,mt?fuamm’mm’nqag“luauwmmmaﬂi}zmmﬁwwﬂa
EY | P P
YU (wugmﬂimgmimmmai)
A 9 % o A A ] < a % ~ o é’
4) 1WUDLFUAIAAIUUAADUNHIUT UINMUHANVSIAALITIAUH UIIUIVU
4 o 4 o A
(Wugmisngmssiaseauiia luiih)

q

= ] < ds! "o @ o Y
G]Nﬁﬂ1mm@ﬁﬁu1ﬂllﬂlﬁaﬂﬂ$‘ﬂu’fJQﬂ‘U'Jﬁﬂﬁ'Jﬂa'N ﬁ1ﬂ1iﬂllﬁﬂ\3‘1ﬂ1ﬂﬂ
B=uH (3.24)

A A =2 9y ' < . g A ' v
e x AeANuwIuFY ldveutmian (magnetic permeability) Tauninu

~ A = 9 a1 1w -7 =
Lot VAN 11 ﬂammmucﬁﬂmmqﬂgﬂymﬁ UAUMNY 47tx10° H/M uag 4 AoANLIUY
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[ @ 4 - _— 3 [ o o 1
Fuladunns (relative permeability) Tasvziusgnuiaadanais aau H Aoaa1udy

] I . . A . =~ wa 1
auuuvan (magnetic field intensity) taganMsANEIRUTNUAVDI B WU
VB=0 (3.25)

! ! 4 2 o Vg
Faeun13h (3.25) HAengueand (Gauss’s law) Tugleywusvosauinuiman Tasdn
o @ [ { 4 1 J J [
ilihlsgneunumsfendnual luaumsn (3.14) sgagdl ldimn lanesnugues B Ay
S Y A s R A A o ad v ¥ < o 7q °
quondy gentivsnnmesnilsiiensziuasauda lawaiflunnmes B nnweslaninszin

ad 1T @ 1 o da 4 1 < - - v -
@saudumny B azifenndndiFannmesiuiman (magnetic vector potential: A) fail

B =VxA (3.26)

g’/ A Y o

[ 1 <3 = A o 4
Auiled oI IMuIMmIELBLeivian B 3uaseTasms lufiuaanidng
a 4 1 < ' = o Vi J ] <] o
Fannmasulvan A neu Faansadiuna ladieni Tasagunniman B aunsosiuia
vy Ad o da s 1 o
1ddremsiAsadndimannmesudian A 111w
Y Y
33 videmladlvlih
I o { o [ 2 o
Wuginsainlfidasuszaunssauligeiiunsodmeaudosms neluilsznoudle
YARIA 2 YAN0 YARINUFUAT (primary winding) HagUNaIANAYYY (secondary winding) 1
H ' Y
dmSundontlasfi1de (power transformer) ~ YuIA IngjuedI9 19l vAaIAN A WAL UAD

a a X [ J a a a
VAAIAAAYHNY (tertiary winding) GTN?JGUH1@!@ﬂﬂ’)'lsllﬂa’)ﬂﬂj}ﬂ@jﬂlla$ﬂlﬂaﬂﬂnﬁﬂﬂﬂ Lag

U

a

o A Ao ' a { <3|
usaauinaseenunaziisdiniuaalanasgl 31U 3.3 Wumauaaanteu)adIvlih 3 e
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3107 3.3 gundtoutlaaluldh 3 e

U

33.1  viaveaviveuladlvih
wioutlaslihgauiseeniluriianien Idna1o3s 1w utsauIaseada
1&un ¥iiaunu (core type) Hazwsiaasnsay (shell type) HIuLAIWAINA1N 1R UIY
uazdmszaneanuiou Tdun ma SF6 tazriniuniioulas ganoutsamsidsIiihise
I 9
aon ' ldun nifeuiladlihfvinauanii 2500 kva vullFend1 ndeuad ldihdigs
1 H v
(power transformer) ¥39gogauanitioos Wil arunifoudasIvihnfivuiaaue 2500 kva
aavzFenImitenaasvine (distribution transformer)
dmsundeutasimiheilFauildvesms ihdugiinauiseendu 2
52U Jdun
1) szvvuTsa 3 ae H1990 4 18R 10 kKVA, 20 kKVA, 30 kVA tay
50 kVA
2) szuv3wla 4 ane Dratevunaldun 30 kVA, 50 kVA, 100 kVA,
160 kVA, 250 kVA, 315 kVA, 400 kVA, 500 kVA, 1000 kVA, 1250 kVA,
1500 kVA 118% 2500 KVA
msawunnsiaudasmuvinamadlnihnlyauiiai
< = I 9 A 9 o A 1 1 o
) vwaanaude 1 VA dundondashldnumaieuaessrnadanialu
ad a J
NuUDAANIBNg
2) wa 1-1000 VA Sundeutasnldsuaudiuaioealds Ininieluy
<3
YUIALEN
3) a1 kVA -1 MVA Hundeutlasnlgiuausimuine Wi luls sy

v
Y] A o [

AN NN Y



4)

o w

b 4 v
wnaluaiaua 1 MVA Auhl Slundontasildiuauszun i

Tueaail Iiheges mawaauazae i

wenvnHnsiondasdiannsadwunsiamuiiIuseuvesvaaIn lAnil

D

2)

3)

4)

Y A Y A a a A o
whondlasusundou IWiluiny (stepup)  vaaranAglIzliTIMIUTO
wnnNvaaInlgugi

wiouawusundeuluihas (sep-down) ARz iiTIUIUTOU

a

Yoonivaalallgunll

u

woudasndunduen (tap) vl Nvuravesusuaaeu diq 14
nawIzaAY

wonlasi lgdmsunena9es Iiheenainiudsolating) vaalanAegil

A o 1 (% (9 a A = d’ 9 1 (%
%mm'suﬁaummuﬂ‘umﬂamﬂgmgum@msqma@u"Mernﬂu

9

NITDIAUY

332  muilszneuvesnidenaginih

wﬁ’auﬂmwu'qﬂaﬂmfums“lsffamﬁumizuu‘lﬂﬂwﬁﬁﬂﬁ’ 2 LL’U“LIﬁ@ Wﬁjﬁlllﬂﬁﬁ

TWfhwiia 1 wle wagwfou)aa lWihyiia 3 nlauday vilail Inssadndralszneudae

1)
2)

3)

4)

5)

6)

7)

8.)

) A ¥ . . o Y Ao : kY
YA IA 1511191 (primary winding) yhvhisunsanaeu Wi

a a

YADIANABRNH (secondary winding) vivihineusunaou v

Y

] < o Y A g a 1 < Y
UNULNULIKRAN (core) 1/n°ﬂu1mﬂuvmmuﬁmmmmaﬂuaﬂw

o I
YAAIANUITDULNUTAN
Z . o DR 1 1
aoae 1 (terminal) vivifiiluaaeae linuuaaie
g o Y A a o o ]
uWuihe (name plate) MriNVonwazRoalsz A Ivloulas
o Y ° Y A ¥ Y o
9Un30152118AMUTOU (coolant) HINTLIBANNTOUTHNVYARIN
1 u 90’ % g}/ (% 90’ % 1
U 81018, Waaw, 11U nIeldnaneautaziiuIsTzUIeANS o
I
Fludu
T34 (frame) 130A209909MLo1 A4 (tank) vmiuTTIUARIA LN
< ? a 2 ] Yo v 1
IMANTINNINIAAAITZUVTZINANNTou Tnnunoudasvunalvg

a o 7 o { {
ﬁ?@]"lﬂlagﬂﬂﬂimﬂﬁﬂﬂﬂ (switch controller) Vnﬁﬁj"l‘ﬁﬂﬁ‘ﬂﬂﬂﬂ"lﬂﬂaﬂu

ynaveusunaon i naziigunsaitlesiulwihaiians q swegaae
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v
[ =

9 o 9 @ o A ¥ =
'Jﬁﬂﬂﬂl‘lfﬂ'lellﬂa'lﬂﬁuﬂllﬂa\ﬂﬂfJVI'Jth1/]13J1‘ﬂ'lﬂﬁ"lfJ“VlfJ\‘]L!ﬂ\Hﬂﬁ@‘UﬂTfJ"lﬂHTL!?J

q

o I A da! " v Y 9 1 ~
Yuranazanyuzaladunsinavrsonuuiuegiuvuavesndoulas aradulvgedl
[ 1 <
anuasnlumsnenszua ldunnadaduan
9 Y 9 @ = = A A g A o o Yy
wiloudasvuialugiinldalradnuuudndsuiomuiunaiod1i 195

a 2 v o A @ < 2 a
%TQLﬂuﬂlﬂﬂﬂﬁgllﬁqwj\l'lﬂﬁu ﬁ1EJGI'J‘L!'Iﬁclﬂgf)‘wuellﬂaﬁﬂﬂullﬂu&“ﬁﬂﬂﬂﬂmﬂﬂ?ﬂﬂiuﬂuﬂllaﬂlﬂaﬁﬂ

a =

nasnleiiuniuen (ap) entsvuiausunaou i Aundeutlasyualnajagldnis

U

4 a d o LV
nlasuunldreaingon Tula)
<
UNULYian (core)
' 3 AqQ Yo v A o 2 < ' A 9
uruann 1givienlasazianyaztuvanuduuiavatsuruiG gadou

2 3 < v & Ay o ' <
senovruiluuniumanyesvivonilag mnmﬂﬂuwmﬂgﬂuumw UAUIianiuu Core U

=

HUY Shell  sauaaaunumanuesnioudad st 1 meauay 3 ma laaasUn 3.4 uaz 3.5

U

ANAAY

Secondary winding

Eecondary winding =
L)

LY A

-~

A3
o
8
!
_ b
N

r

#

g
3
A
B

< <
) uNUManLUY Core ) UPULHANLLUY Shell

{ < a
11 3.4 unumanvesndontladlufhaiia 1 wla
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H :
]
1 — — 1 11
I [
I ]
A : B C '
I (]
| T 1 H 1
% -
<3 <3
) UAUANLUY Core ) UAUIHANLLUY Shell

g1 3.5 unumanvesdeulasluihwiia 3 e

YAAIA (coil or winding)
Wsoudalivaain 2 4R AoUYARIALTIGI (primary coil) HAZUYAAIALTIAT
. (% o Y Y dl o w
(secondary coil) mﬂamusquzs‘Uu,smu'l‘vxlwmsqu1ﬂmﬂﬂauuazmummﬂmﬂmmm
o A [ Y 9 [ Aq ¥ J = 1 Y A
ﬂuﬂﬂlﬁ\‘lﬂu]lwwh@@ﬂiﬂ%']ﬂ‘l’illf]uﬂaﬂ ’Jﬁﬂ“l/lslclﬂﬂLl°I/l@\‘ILWN3ﬂﬂ@u1ﬁjﬂﬂu’3uﬂi$ﬂ1ﬂ‘ﬁ§@
A Aq v Y Y o A A Ay y < '

AADUTITRUIU ﬁ’JﬂVIi%NVIQﬁHW@ﬂﬂaﬂJ!LﬂZﬁMﬁEJMW“LJN']?’HJVI\‘]HJHLLNuUN‘]

AUIU (Insulator)

Ay o 19 ¥ o =2 o Y] o 3 = =
Lwaﬂmﬂu“hﬂmmamamwmQﬂu"l@ DITNUUAAIAVUULUDULTIAN IIAITY

[

H g 1 9 < ' a a a
NITATHDIUHIITIRUIU AUTSUINFUUVDIUAAIALASAULLYNTSHITNUAAIA ﬂﬂllﬂll unaenu

"o %I @ o o I v d
arolumfeutlasvialvaiinldnszarvornhonuiuiuseuaednineuiuiluvaalnag
< R ogqgu¥iditadd P Yo Ay
PULAWNAN Uon1nd 69 lminduyiandluniautazszuneaNnuseulinuvnaInonae
S o v A Y AA
WnTungenilas Tnihnae

v
o =2

- Sunuau i Tasilesdunszualiinse Taaanaaniie lUdiaaniia

Q a

Y 1 1 g’) Y2 "o
duiieunuemed diundeuaseznuussau ldgenimaremi feliuegiugunmyes

o 9 o & 9 J v

y 9’ 1T o
ifundfeudaciu aniudusquaniaddutiniu nazaunsanelndnuldTae ludaases
A ] A3 o g = A o '
- unszveanudeu TasnuniuiluysanardeauisnnaouaIuIoem
9 9y J Y Y o Y < 9
anuiouluneimeasen niteutladlda  shlnvaadauazunuwmanveaneulasszine
9 Y o q Y Ao Y ' 9 Y o q ¥ 1y v a
anwsould shildnuuiiuiuuaaranuaennuiougela wazsldauiulufousanulyl

oA ¥ ¥ v X
G])"JEJEJ@@']EJﬂ'l31%Q1umﬂﬂﬁuﬂl!ﬂa\1€lﬁu1uﬂlu
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333 2esanyavesndontadluih (wna nesaensw, 2549)

(3

I § o [
2vsauyavesndoutadluihiiluishiidydnualuumuaiudsgnouves
[ Y
nieaudadlih welddedenisiiosaazmsmiuiaaiaieg lundentas Tuiliaiy

Aauaasdiegili 3.6

e
1 k
!
I 1
R ,”\ ) }\ vV W R Y T
O > T \ \ 1 273 ; 3 = O ]
4 1 \ { \ 4
. b ‘I | t ; ¢ E
E’ . + <._',qu> Y ‘t’: d’2 *‘ 1 t 2 2 Load
\oq. !
L W o o+ S i | T
b \ I \ / \ / i\ | G O
A t \\ v \ _,/ \ A _’/
l t
/ ! i \
Primary Ve e - = Bl e aee o )
leakage flux / Secondary
v B leakage flux
/
Mutual flux

51041 3.6 29a3uvoulas Wi

U

4 v [l 3 d ! a a a .
WeWandiviansy lwanuaaialgugiuaznaegl (O, @, Tuzii 3.6)

w

4' (% a = a1 = = 4 d‘ o
Lﬂﬁﬂu@’)ﬂi‘ﬂ’lﬁﬁ@ﬂ‘ﬂﬂﬂgﬂﬂﬂ!ﬁﬁﬂﬂlﬂ)’ulﬂﬂ?ﬂﬂ TUDAUAUFUDIVAAIALYT HYIIUN (XL)
= =} 1A ~ 4 dyd‘ a a Aav A Y [l
SFAUTUTINIAAUNITHUDALAUCY u@ﬂmﬂumﬂamﬂguqmmznmqu AUANUATUNIUDEY

o & kY [ ZIJ ~ Y Y 1 KX a [ 1 J A
MUIUNINAY ﬂ\1Ll‘L!611ﬂ!3'VI1’?ll’OLL”IJZ’IQUIV\IWT%WﬂIWaﬂ%QLﬂﬂLLiQQUWﬂﬂi?JiJ 2 @74 A9

[
= a a

Y a
- Aanudumuvesvaaalyugiuasnasgl (R, tag R))

U

a a

A = 4 a
- NaamvueAuaususIvAalIflgugiitaznaegl ( X, uag X,)

q

=
=)
P

Ao AnuAmumMuvoIvaaIntlgugil

Py)

N

Ao ANNAIUNIUYDIVAAIAN ALY

U

= J

annIILLALAUTYDIVAINFUYH

H
)3
e}

xX X
)Y

J a a
3] aﬂlﬂﬁ]diL!@ﬂl!ﬁu“ﬂﬂlﬂﬂ%ﬂaﬁﬂnﬁEJQiJ
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9Y o 1 1 g}/ = 1 =1 Y o
mmmmmmmmz"luﬂwamzazmmzmﬂiwaﬂmwﬂmwimuga ﬂ%ulﬂ \|

3in 37
1 R X n=11 R X, 1
§ ! 1 a2 2 2 2
(et A\ A ' [' ' D P —-——MV\A———--fvbn"—-p—-o.-.-_1
4 Yh 4 4 y
Ly I . °
<
E‘ no EE x° vl 3 v 2 E) Zload
O- -O
[ (]
Magnetizing Ideal
branch transformer

710 3.7 2esauyavesnsouasliih

e R, fe anwdwmuvesndondadliihume i Tnas

X, o aanddueauauguoniionasliilivas lifi lvaa

334 msangalnaavesnsenadlulih

myauga Twan Humsnds Tnaausasilaldfismiiurie Indifveiy 3
ldnszualusazlalndifoasud e San Tian hiauaa wRaraiiereszuudadl

- aANugsLazusaulatgmeanun

- MIAIAILTIAU (voltage regulation) LA naAeuseau Wi luuaazmla

T

- anwansolumsne Tranveaniiouilasanas
witemladlilhiidesmuncmag 13 Fail

- wfoulasia 'l msInihaaugian soulifae Tnaa1d"lifu 80 % vos

Aszuannanioulag

- msaugawlavesfonlas linasuanaienumu 20 % veanszumnde
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HanszNUINMIDevan lilauaavesrisiontas 3 ila

1) sgdinszud lnaluaeiimia Fazihliussduanuazlimas lwihgode
TueetimialseanTamvesszuuazanas

2) manasaau ua Aoanii Tnaaaeluressuinuseauaza daumlan
= 1 Y [
U TnandeoanIAUIZga

3) anuawisalunsselnanvesszuvanas luaunsoaieldaaiuing

o v 9 A
mszgnanamuani Tnangage
A A ] a [ [ Y 1

4) nitinszuu liauganazaeioniavia azvi 1 Inaalursasasoynsy
[ J 1w @ 14 1% 1 @
AU 1AZATENBYNLTIAUYUIA 400 1AM 15IAUANATON THAADINAID1
gannd wagenthsald

masendeuiladlnihuuy 3 wa

1 Y
msnaziimenad i ld1Fauszdearimsasvinontladlni 14

v ' & A v Y a YV o ? D) DY) ' v
’Qjﬂ@]@\“l L!G]Iﬂﬂﬂ'lvlﬂﬂﬁ‘]%lﬂF;IjWﬁG]h],@1/]"Iﬂ']iﬂ'l‘l’iuﬂellﬂ]ell@QW?J@L!“]J@\‘I?J'IGlWL!ﬁ'J ﬂ'liﬂ'i]ﬂllﬂll,ﬂﬁ\‘l

Y
Tlihuuy 3 eaaunsoae'ld 4 nuy dadl

Y 9 . @ 1w ~
HUVRAN-ARA (three-phase A=A connections) uﬁmaﬂymzmmamgﬂw 38
4 @ 1w {
HUVAMF-AAA (three-phase Y ~A connections) uamaﬂymszmamgﬂ‘ﬁ 3.9
4 @ 1w {
HULIAAAI-AATS (three-phaseA-Y connections) HaAIaNYAIEMIADAIgLN 3.10

4 4 [ 1 [ ~
BUVFNI-8919 (three-phase Y- Y connections) uﬁmaﬂymzmmamgﬂw 3.11

_
Three-Phase
Input

Primary Secondary
H1 X6 Delta-Delta
Connections
X5
H2
I
H3 X4 Three-Phase
Output
H4
X3 — —p
R
X2
H5
H6 X1
—>-

517 3.8 uaasmsaentfoulasIvlih 3 e vumadi-mad



Primary Secondary
»- »-
X6 Delta-Wye
Connections
X5
RS
Three-Phase >
X4
Input
P Three-Phase
Output
X3
—_— »-
I
X1

g1 3.9 msaendeulaliih 3 wla vovmad-aas

Primary Secondary
»- »-
HI1 X6
Three-Phase X5
Input H2
»- »-
H3 X4
Three-Phase
H4 Output
X3
> ) >
> ] >
H6 X1

Wye-Wye

Connections

5107 3.10" missenioutlas Wi 3ele nuvami-aans

U

Primary Secondary
>
H1 X6
Three-Phase
Three-Phase X5
> it
2 Outpu
Input
»- ‘ >
H3 X4
H4 X3
>
> ™ ¢
X2
H6 X1 R

Wye-Delta

Connections

glas

d

U1 3.11 mynondoudadlnih 3 wa uuvaas-aad
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1 $ Av A A 4 g a3
maaentioutadlnih 3 wlanlsluadseineinusdazitlunuuaadi-
¢ A FY a a Y A [e) A A 1 2 = o
ams Naunasgivesndoutaudeuvalyl 30° wieSeniuu Dyl Felis1eazideans

311 (3.12)

AZ SR Al | at a2

82 . 81| b1 b2
c2 - ~eerrrvee— g1 | et A — 2

a2
b2

A a2

“ 2

17 3.12 msaenifeuilasuuy Dyl

=S Vv
34 ngUfanNGou
3.41  anudou
a 9 d‘ é 14 a o g}/ d' 9 [
uufaveIngIennilsveuned lulamiinduunedeslasnsany ngues
[ r'd [ [ 1 Y] { 1
MIOYSNBWAIIU (conservation of energy) HHANNII “wasnuasalasugivsognoie

U
9
v @ 4‘

H 1 1 1 Y
Touanfnila lananiiaa ua lieunsoadinlmivsorhaeldgyaats 118 dniwiie
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ﬁﬂ'ﬁﬂ‘!1ﬂ'lﬁfthI@1!W'ﬁw\‘]\i'luﬁzﬁ'j']\?ﬁﬁﬂﬂf‘fﬂa\u!?ﬂéjﬂu %$WU'J"|W5\1\‘]']H§’JN5U@Q§$U‘U€U
2 9 A A A Yo o 2 9 o
FAUIAADNISUATIAIN (VU Gluﬂﬁz‘ll']uﬂ’]ﬁﬂﬁﬁﬂﬂulﬂﬁﬂwa\?\ﬂuﬂ'lﬂﬁ\umﬂaﬂil ﬂ%u’]ﬂ!‘wa\‘]\ﬂu
ti' Yo 1 v =Y [ ti' = é ' (4
ﬂﬁﬁﬂﬂqﬂﬁﬂﬂgl‘ﬂ']ﬂUﬂﬁNWﬂ!WﬁQQWHﬂﬁ%Uqulﬁﬂ clNﬁ']?J']ﬁﬂLlﬁﬂ\iﬂ'lﬁf]']ﬂiﬂuwaqq']um@\i

o [ a v A 4 = Y o dy
szuula ) (ANFY DATNI LAY VIYIAN NHYBIA, 2545) Ulﬂﬂ\iu

Byt Eg —Eg = Epyy (3.27)
A [ =
e E, Ao wadwuinhgszuu
Eg Ao WavUNeAITIA
A [ d'
E,  fowasnuiazayluszuu
E,, f0Wa1Ui00nINIzUY

a 4 1 o =)
Tunisimsizrnisatelauainuiou ﬁ'mmwuﬂﬂﬁmmmuw (control

A 9 a = @ @ v Y o =
volume) LW@ﬁﬁ'l\?ﬂl@‘]Jl"lJGlﬂJ@\?ﬁiJll@lﬁ"luiuﬂ"liﬁﬂ‘m @QLLﬁ@Qﬁ?@ﬂTQVlﬂﬂﬁiﬂ‘ﬂ 3.13

U

Oz+dz
Qy-+dy
! dz
I
. Eg )_ L Ox+dx
X - /
0 & A
kL V dy

way T

A a 1 9 an
g‘ﬂ‘VI 3.13 ﬂ%ﬂJW]iﬂ’J“]JﬂﬂJLLaS’JVlﬂVINﬂﬁﬂTEJIE’J‘L!ﬂ’ﬂlli’t’)ulmﬂ 3ua
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[

o Aan [ d‘ 9 9 dy
%1ﬂﬂ13ﬂ'lﬁl!ﬂ‘].l%ﬂWﬂﬁﬂ'J‘Uﬂiflugﬂll‘UU 3 U WaﬁﬁWuV]L‘llWijﬁg‘UUﬂgllﬂ ANU
Ej=dx Tdy Taz (3.28)

a

H Y
wasnuanudouiiiigizuy q q, 4oz q, VUOYAUANUFUVBIQUN Y]

G

4 [ ¥
(temperature gradient) AUNHUDI Vﬁ 195 (Fourier’s law) A4 Y

qx = —kxdydzal (3.29)
Ox
oT

qy = —kydxdzg (3.30)

a, = K dxay OL (331)
Oz

] 4
e ke k,uag k,flo duilsz@nsnainauiou (thermal conductivity) 11

v
[ Y

UWUALAU Xy A2 z MINAIAY  A9UU UNUENNISN (3.29), (3.30) tag (3.31) asluaunsn

(3.28) 31&

or or or
E, =- K, dydz a - kydxdz g — K, dxdy g (3.32)

[l [ A Y o dy
AIUNAINIUNDDNINNTEUY fﬂzllﬂ JU

Eour = (qx+dx)+(qy+dy)+(qz+dz) (3.33)

wasnuaNnuieuieennATEUIY 9  q  wazq e q g uar q
x+dx “y+dy z+dz X oy z

De

] o J 4 [
"l‘ﬁamuixﬂx dx dy tae dz Iﬂﬂ’f]’]ﬁflﬂ’]'iﬂizFﬂ’]f_lell’f)\i’f)lggﬂiﬂlﬂmaﬂiﬂ$ulg]} AU
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0

A = Ox X dx (3.34)
Ox
0q

_ 9y

Ay+dy ~ dy oy dy (3.35)
0

A g, =z + A% dz (3.36)
0z

YUY UNUaNMIN (3.34), (3.35) 1az (3.36) adluaumsn (3.33) az'ld
E .=|q +%dx +| q +@Xdy +| q +%dz (3.37)
o\ R ax Yoy SG" '

' o I o A a 2 A a o o ] ]
drundsnunefuiazifavuielmsaemenasnnd ) luszun  uds

' @ @ @ 1% 4 ' <] (%
Yaatdoondsauluglvosnassuail wasau liih wasnuaduutdman Trldh uaz wasau

fundes fudu annsovaasluslaumsnieldfsinesauquidnn lugauoy 3 Haldail
E, =Qdxdydz
g Qb (3.38)

iio Q Ao YSwanuFeunnanteq (internal heat generation)

@ A I 1% 1 [ I~
pagwasnunazayluszoy Humsazaunasanluglaie Tineiu

9 v W o 4 ! 9 o o o @
Wawmmm%}@uﬁnm’f ﬂ'JTJJ%}@uLLP\I\T Wawmﬂlugﬂﬁuﬂ] WU WANTIUIAU WANNIUADNY TIU

v
Yo A

Tfandsnumanil dun wasauiuse Sudu naadlugdaums 1ddail

Eg=p c ‘Zf ddydz (3.39)

o p A0 AMUNUILUULAIA (mass density)
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c Ao mm@mm%’am"uww (specific heat capacity)

& .
t A9 1391 (time)

9
[ Y

AU uNUaNMIN (3.28), (3.37), (3.38) taz (3.39) adluaumsn 3.27) ald

0qx gy 0q., oT
%y g S g%z gy oD iiyds — Qavaya (3.40)
o BT VT g FTRS g T Qb

vsovagzl vt Tasumuaunsi (3.29) (3.30) uag (3.31) asluaumsi (3.40) ag'ld

kxdydzgaldx + kydxdz a a7Ta?y +K_dxdy a a7Ta’z
Ox Ox Oy Oy Oz Oz (3.41)

oT
= p ¢ dxdydz — Qdxdydz
m Ot

[

A o Y 9 tiy
Wyoda loglugdaumsanuiou dail

Qiﬂk
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aa 4 \ g < o o o
aamumﬂmﬁm% (tetrahedral) trazimotlunuimalumsadialdsunsumsmurad sy

Y ] aa s = o ' ' A Yy aa Pl
msﬂaumammm‘ﬂﬂ ] BatuUN ﬂ\151]f]Elﬂﬁ’)ﬂfﬂﬂg‘]J§1\1ﬂJ@QﬂﬂJW?ﬂﬂigﬂﬁ)Uﬂ’JﬂflaﬂJUﬂ

U Q

A 9 ?.’, aa J é 9 tg’ Y o [ a 4
siUnssanInaue 6 9a NN 8 Tuua aidayatiiosdudimivldsunsuneunines

Y

A aa J R ' X
Vligllf]\iﬂ'li ﬁ@ WiJ'lEllﬁﬂlﬂlﬂﬂﬂﬁlﬂuﬂllﬁZWNWﬂLﬁﬂlﬂlﬂﬂI‘Viuﬂ w%’aumﬂmﬂmmgmaﬂwuﬂ G’]:N

I Y o A o w
ﬁ?ﬂ!ﬂuﬁ']i'mhlﬂ@\?@'ﬁ’]\i‘ﬂ 3.3 188 3.4 9ua1au
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A @ aa 14
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~ 9 Aaa 4 A a Aaa 4 ~ 9
W'l‘l/]ﬂﬁgf‘lﬂﬂ@ﬂ]ﬂ 6 ALUUN & Tﬁuﬂ LiJ'E)Wiﬂim'l@ﬁliJu%gﬂﬂiﬂﬁWuW

W e Ivua
AN Tviua i Tnua | Tviua k Tvua |
1 2 8 5 6
2 1 2 8 5
3 1 2 4 8
4 1 3 4 7
5 1 7 8 5
6 1 8 4 7
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M15199 3.4 anbazdoyavosdimiia lvua

e Tviua WAALAY X WAALAY Y WAALNY Z
1 0 0 0
2 0 0 1
3 1 0 0
4 1 0 1
5 0 1 0
6 0 1 1
7 1 1 0
8 1 1 1

A aa 4

A Jd v aa J ]
2. Lﬁ'ﬁ]ﬂgﬂll'ﬂﬂﬂl@Qﬁ\?ﬂ“ﬁuﬂ'liﬂi%iﬂmﬂﬁlsl,u@ﬁlﬂu‘ﬂ amﬂuﬂimaamuw

= Y ~ v 9

Y] = = J '
sinsaaniezlsznevaiy 4 lvuanuadey 7 2 3uay 4 ¥uilunslszuaninieluy
Aa I'd a Y o o ] I o T
pamnuiuuuFauaaadlugl 3.18 dawmuiauesIvua (x,y,z),n = 1 2 3 413udmmus

@ H [ [ Aa o [ 4 o ]
oA 2N 1UNTIUAT 1, TaoauuAaNEUZNITNITLIGVDIHAANT Iaollszuiar a1 A1

1o 9 VUBAMUIN u (x,y,2) HuUEFUFY Aail
Ue(X, Y, 2)=a+px+yy+iz (3.63)

v H
% U

H [ 9
Taoh a B y A Wusineh Feenunsom lann lnuanaaaail
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1(x4.¥1.24)

5 = W
msdszinameluiuuE iy

3(33:}'3:23}

517 3.18 msdszanamoluuFaduoudamuiznssani
Ua(X,,Y1,2, )= Uy = at B, +opy + 4z,
Ue(X,,Y,,2,)=U, = at fx, v, + 4z,

Ua(X3,Y5,2Z5 )= Uy =a+ fBx; +yy; +z,

Ue(X41 Y42, )=V, =t fx, +yy, +4z,

' PR
Wi a g 9 A nldnnmsudaunmsiaainedu unuanduas ) luauns

A Y v o ] aa 7 I
1 (3.63) 32 laanbmzmsnsznevedwamas Taviszunm a duiiala o vudawuiihy
Ue(X,y,2)=u,N; +u,N, +u,N, +u,N, (3.64)

= A d v Aaa 4
FIN,n=1 2 3 470 Mandumslszunameludamwumn

1
Np=—~(a,+b x+c y+d z 3.65
n 6V( n n ny n ) ( )
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Taf &, =X, (YyZs - VaZy) + X (YaZy - VoZa) + % (YaZs - YaZo)
&, =X, (YaZy - ¥123) + X, (V124 - ¥4 Zy) + X (YaZs - ¥3Z4)
=X, (Y12, = ¥,20) + X, (Y4 Zy = ¥124) + %, (Y224 - Y4 Z,)
a, =X (Y22, = ¥12,) + %, (V125 - Y520) + X (Y32, - ¥,23)

b, =Y,(23-2,)+Y,(Z,-2,) +Y,(Z, - 25)
b, =Y, (Z,-Z3)+Y,(Z5-2,) +¥,(2, - 2,)
b,=Yy,(Z,-2,)+Y,(2,-2,)+Y,(Z, - 2,)
b,=y,(2,-2,)+Y,(2,-23) +Y,(Z3- 2,)

C,=X%,(Z,-23)+x,(2,-2,)+x%,(2,-2,)
C,=X,(z,-2)+X,(z,-2,)+ % (2,-25)
C,=X,(z,-2,)+x(z,-2,)+X%,(2,-7,)

C4:X3(Zz - 21)"' Xz(zl - 23)+X1(Z3 - Zz)

d, =%, (Vs - Y2) + X, (Yo - Ya) + X,(Y, = Ys)
d, =X, (Y, - ¥3) + X (V5= Y ) + % (Y, - ;)
dy =%, (Y, - Yo) 5, (Y - V) + X (Vs - ¥s)
d, =X (Yo - Vo) #%, (Y, - Ya) + %, (Y5 - Vi)

A "\ aa @ Yy A sa ¢ o A Jdou A
iag V ﬂﬂlﬁﬂ’lﬁiﬂlﬂﬂl!ﬁagﬂaluuﬂ 1’T1llﬂﬂ1ﬂﬂLﬂ@iNLluu@m@QaNﬂigﬁﬂﬁﬂﬁu

1 Xl yl Zl
1 X, Yy, Z
6V = det 2z (3.66)
1 XS y3 Z3
1 X Y. 4
] o dy [ J v ~ st! dy
ﬂ’JHJLLlIUfJ"IGU’ENNam’dfJi]S51]‘L!’EJQﬂﬁﬁ\iﬂGIﬁJﬂ"li‘]JiSiﬂﬂ!ﬂTfJilW]ﬁﬂJiJﬁ"Ul!ﬂﬂU

~ Y o ] Y =\ k4
llﬂ?]"llliﬂamENﬂ‘]JWamaEJL!JJLl@]i\ﬂl@ﬂﬂigﬁnﬂﬂu’ﬂﬂmﬂﬂﬂﬂﬁﬂ
9 [ g}/ A oA o = v v a Jaa -4
mmﬂumumu‘n 3-6 %mmumﬂumummmﬂuﬂmﬁ"l%l‘lumamuﬂ

an

A Yy 9 9
350N 23J¢]Vlﬂﬁ”l’J%J"lLLﬁ’JﬂlN@]1!‘1@ﬂ‘ﬂi$ﬂ"li
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37 ayy

a o [

tﬂy Y o = o 1 A A 9 [ Y ] 3
Uﬂuulﬂu'llﬁuﬂ:ﬂf]‘ﬂal!agwaﬂﬂ'ﬁﬂ'm ] NNYIVBINVITUINY f]ullﬂllﬂ AUINLNLT AN

wioudas il nguianuion ergmsldauvesntfoutlaslvil uazszibouds T lud

aa o’g}/ an Aaa 9 1 1 A o Yy A U ~ 1 Y =X

dawuinuuy 2 Jauaz 3 44 Taeldnarmmnzdiunezihunldviediunazgnnaided
9 1

Yy 9
Tuwmde q lunstiiedudlse Teninazdunuamalumaiih hhlszgad1Sundduiiuanuise
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52108038 I N aum

41  Unn

14

Jaa .. 3 {q
5208035 10 14 9A1W U (Finite Element Method : FEM) 1) uA5n 1 lumsmnamas
a Y4 a A v W ] [] <3
HUVUSTENUVRIAUMTFIOUYNUTHI A UMTOUNNTAAUTY FUMTAUINILNAN LAZAUNS
a J 9 I A A Yo a [ [ @ A I A A
gl iudu uazithuisn 1dsuanuiisuediaumsvatsTutlegiiv iiesnmiluisnawise
a 4 A 9 o 9 A 1 AN o Y Y A g’; a a
Ansznauni Inssaswsudou wiegilienianyas Idawu1da dnnslsed@nsnwmazns
~ 49! a o o [ o 9 =1 as 4
Uszuranangaiuvesnouiinges ludagiuawisosossumstiaoinadeszidonds vl lus
aa 0 Y dy Y o d‘d [ @ 9 [ 9 é
daud 14 wenanildeauisodiaeswaszuuniinnuuanalsnunieauiagld aalu
Aav Aa a d’dyd < % o Y [ g’/ dyd Y o
NUATEINGUNUT UAD LKA ¥Aada taziiuvdeulas aaiuluuniiseldiuaue
o a 4 (] < a 9 o 1 a’;
HUUTIARINNAUAMAATVOITUINLNIANLAZ ) NVeIH LB a9 1M1 HazTuaD
o 9 =1 as Jaa 4 9 g}.z 79 =3 as Jaa 4 g’;
mssiaesranesndonds I lunoawun wiounalszgnaldszibeuds W luioamuing
an aa 4 o 1 [ < A o
puy 2 Hauay 3 dawe ldlumsuramimdmuimanuazguuginnszaieaa lu

nifouilasdmuiess i

42 nwusasamendinmaasuesaunmiivaniaygurgives

4 o v
‘ViN@!!‘iJﬁQ‘ﬂ”lﬁu]ﬂ

o d
4.2.1 Lmmmm‘mamﬁﬂmammmaumuﬁmﬁn
A a @ o o 9y a T s 9 Y kS
Lllf]llﬂ‘i&!ﬁul’ﬂﬁGluellﬂﬁ’J@W]TLH‘VI1ﬁlﬂlﬂﬂﬁu1i~lL!iJLﬂﬁﬂﬁf]iJi@‘Ulﬁua’)@u‘L!
A ] 3 A > a @ = 1 A a
l,l,ﬁZLiJf]ﬁ’LJHJL!iJL“HﬁﬂiJﬂ'l‘il,‘]Jﬁ‘(’JUL!‘]Jﬁ\WHiJL’Ja1%$Lﬂﬂlli\iﬂulfﬁuﬂﬁuWﬂJuiuﬂlﬂaﬂa’)ﬂﬂlﬂﬂﬂWﬂ

[ (2

o ) : ] < 3 Y
ﬂ”liW‘L!“]J@QL%Mﬁ’Jﬂ@]’JH"I %qﬂ?mmmmammmmaﬂ (B) ﬂzﬁuﬂgﬂﬂﬁﬁﬂﬁﬁﬂaiﬂE"HﬂJ"ISE]LLﬁ’ﬂQ

TaTae

B=uH 4.1
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A A = Y T < . I IS ' v
o u f9 ANV VT Idvoran (magnetic permeability) UAUNINY 1o 4,
TaoN  u, Ao ANWILTY IdvesgyaIma Jaumny 4z x107 H/m

[ 3

A = Yo o o . o 5]
M, 19 ﬂ'JuJG])'TU“]ﬁJUlﬂﬁiJWVI‘ﬁ (relative permeability) Iﬂﬂﬁ]g“ul‘!ﬂﬂ?ﬁﬂﬂ’lﬂﬁ’l"lﬁ

q

] <] . .
H Ao anuwuauutman (magnetic field intensity)

o [} < o A { o
TumsiuIamanNulwan B ansaaniuns 1a las@es ldauam
o J

a ] < ' 4 o 1 ' § 1 <
ﬁﬂfll“lﬁl’]ﬂm’i]glllllﬂaﬂ A NoU Lﬁﬁ]ﬂﬂ?ﬂﬂ1u3mllﬁ}\ﬂﬂﬂ31 TagRguinuivan B a1w1so

° ) ad o JAa s 1 g v g
ﬂ'luﬁm"lﬂﬂﬁﬂﬂ'liLﬂﬁaﬁﬂﬂl%ﬂﬂﬂm@ﬁl!ﬂlﬁaﬂ A IMUU
B=VxA 4.2)

J { 1 1 1 <] @
Mﬂﬂg]‘llﬂﬂ‘]/\hiﬂ.ﬂﬂ (Faraday’s law) NnanMauuudmanulsduniuaiy

Y
v A

mitenih e 1w E Saaasldaed

Vsz—a—B (4.3)
ot

UNUAUNIN (4.2) aaluaumsn 4.3) 12'1d

VxE:—ngA (4.4)
ot

J A 9 v ~ A a
1azNNYUoeNLlT (Ampere's law) NlFAuawIuAU IO WoaNUA

' @ A g s A
IHAMUHUILUUYBINTLUANTEIA (displacement current  density) muﬂug{umﬁmmﬂ

v = Ao Yo dy
UHAIIIUANUDAN l,l,’c’fﬂxiulﬂ JU
VxH=J,+J, (4.5)

1o Jo ADAMNHUILUUVDINTLUANBUBN (external current density) (e J,

ADAMUNUILUUVOINTZUEIU (eddy current density) Iagh
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J, =0oE (4.6)

4 o . .. o Y4
o o Avan1nii i (electrical conductivity) HAZIINANNUTUNUTUD

aumsn 4.4) 3908

0
J.=—0c—A 4.7)
ot
ﬁmums‘ﬁ 4.1), (4.2) uag (4.7) Lmuaﬂuﬁumiﬁ (4.5) awld
VX(EVXAJ—FGGA:JO (4.8
Y7, ot

A J [ @ 4

NNMsANEIgUATAYes A WU V-A=0 Usznevnumsldenanual

4 o v J 4
YounAeine Vx(VxA)=V(V-A)-VZA i lddwisaileudunisvesdndiiniaes

a ] S o A
IFUNAANAITUNITN (4.9)

VZA—,uagA:—,uJO (4.9)

Y
[ Y

° a o [ ° ' 4
Punyusasnadiamanivesauiman lunslontlassivieg 1ile
a 9 o 1 an = % o Y v
Ansanvdeutassiviiely 2 98 awseuy xy Faulsduaiuna swwamsomiuis land

1 1 v Jd
AU (4.10) TasaumsvzilsingodlugiannisoyWuseos (Partial Differential Equation
'PDE) sufvUaed uaziilonasanvioutasimuielu 3 58 sussuiv xyz sasiuaiu

= o Yo A A
13a1 i]\‘lﬁﬁJﬁﬂﬂTl!'melﬂﬂ\‘lﬁiJﬂ"ﬁﬂ 4.11) no

ﬁ(&%}ﬁ(l%j_a(%}%:o (4.10)
ox\uox ) oy\uoy ot
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o(10A o[ 10A o(10A OA
— ||+ = |+ = —O'(—jh]o:o (4.11)
8X(ﬂ5XJ W[ﬂ@j 52(# 82) ot

Tunsadgyrinnonsanimsnlasumlasaumaaz imeanudned (time
harmonic) Tagawisouny A ogluglvessnumadou A= Ael* (Christopoulos, 1995)

[ K%

JUU
% = joA (4.12)

A a aa ' = < A
Wennsanlu 2 Ua unumaunsn (4.12) aslugunmsn (4.10) uaLIND

wnsanlu 3 U8 umuaannsn @.12) asluaumsn @.11) 29 ldaunmaiu

O(L10A), O[L1OAY i oA+, =0 (4.13)
ox\ pu ox ) oy u oy

O(10A), OfLOA), OF1OA N jo0A +1,=0 (4.14)
OX\ pu OX ) oy\uoy ) oL\ u oz

a

o d
4.2.2 !“J'U‘i]1aﬂﬂﬂ]ﬂﬂaﬂﬂ1ﬁﬂimi’)ﬁqmﬂﬂu

U

A aa A 9 =] =2 Y '
A1NUNN 3 ‘nqygmﬂmmm‘lﬂﬂanmmymmmmmu Iﬂﬂﬂ”lifﬂﬂmﬂ’ﬂll

a 9 [

] o a J (3
%}’6‘L!Fi]$L!ﬁﬂ\‘]@g1u§ﬂﬂlﬂ\1L!,‘UUﬂ1ﬁﬂﬁﬂ1ﬁﬂm@ﬁ1aﬁiﬂlﬂﬂﬂ’liﬂi%%?ﬂﬁ?ﬂlﬂﬁqm”ﬂﬂﬂ a1y

Yymlu 2 56 vaasladsaunsi @.15) wagdmsudaymlu 3 Tanaasldadsaunis 4.16)
Y

a1

0 OT 0 oT oT
k 77+k 4 — —_— 4.15
Ox Ox Oy Oy Q= pe ot @1
k gﬂJrk galJrk Qal+Q= ca*T (4.16)

xox oy e -
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a

? MUYV (temperature)

U

I'd
9 mdaulszansmsianuiou (thermal conductivity)

A
A
A
A
yo, Ao AMUNUIUNIA (mass density)
A9 ANuouTUNE (specific heat)
=\
A

9 onSuannuiouinana laied (internal heat generation)

[

] v d % 1
Tagaumsvzsingodlugdaumsoyiusdessuauaes  Fetlyinisniom
y A a 9 & . . < -
anuauiEluunu@uduluan1uz¥Ing (linear transient heat transfer problem) 11/ uilgy¥i1an
& A ' =~ & ° ¥
sunuunikIasgungiinganevziasunias ldamunaidiuaeuvesmsmuiaiuainisg
WldTae ldendrwimin  guuginasuudasldoniisunaunanSenlvueuun 15u
F4 4 Y

TnandSuaanudouduiimsnaountasll  duswesdayrusuiluninsin as
v A A ] v = d o 9 ] VY2
untlyr e nIgaginatadudulunaansvesdgyminieldaniugyiaguun

A v A N A o ) Vo ~
s ioumsundynuioninaansvetgurgiveayiiumelaaniuzegainise

9

o X v v 1 o= S Y e v
UsenounuaIn Aduu 11!ﬂ1§££ﬂﬂfgﬁ1ﬂ181@ﬁﬂWHWD’?ﬂE 99U UADIMINMTUNTZ UV NN

9 ' 9
i’JiJW’d'IEJG]ﬂi\ilmuﬁﬁlz@%}ﬂﬁL!ﬁ}ig‘U‘Llﬁllﬂ']ii’)ll!,ﬁENﬂ'i\1Lafnﬂﬂwu‘]jﬂ]uﬁWﬂWﬂclg]}ﬁﬂWu%@Q@]’J

° v s Y = Ay daa d
43 maannamnuimanatessmsuds i lundamun
A A a o Jd1 A 9 o ] 3
Auitieannaun1sFeoutiusgoaie lalunisduiaumauuuiimanyess
9 ° ] @ ~ ) @ aa A
wiouasdivuie awaadlugunisi 4.13) dausvdymrlugduu 2 Sauazaunisi
9 9
4.14) dwsudyilugduuy 3 TaTuvinamasuiuaseldern duiunismiainamag
Y 9
Tagiszanadiosziiou s W luidamwuivsgmiun1slunmsil Falsgneu lldetuneunis
Y
AUNUNUAIN ) Al

aa J A A
431 D30ONUULBAUNUNVDINUNANY
) ] Aav a a (dy Y= Y o 1
dmsvaudteImeiwusi Iddnymdontassimiiie 3 wla vuna 400 kvA,
22 kV/400 V Tim3Asuuy Dyl deenunsoudasviiauazinavesrssutlassiviiefiiim
a @ { : a o f ¥ aa aa 4 <
s laasgln 4.1 xenudvel lddnwinelugduuy 256 waz 356 wie Tdiiuns
a an A 1 9 1 A A 1 [ ] o 1 = ax
nasandamuinuanannulusdaz juuy TasdaiuanaanuegsaRuszHINTeilonds
Jaa J aa aa A g @ o o o { 1
I lunidamusinuy 2 5@ nazuu 3 §6 Miuldde Ao nstiaswwadmsulymingsied
Auanysonuru iy lundontasdivuieszan1sonaninisniza1edIve

v a v : v £ 3 v a Yt g A '
ammmmaﬂ"lﬂnﬂamuaznﬂmumawmm L‘]J‘L!G’I‘L! miaammUﬂm”lwmmmaﬂma“lmg
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g A Y a Jd A j‘ A A = A v
Wy vzudsiasuaiuanuaeams lumsiasizr usnanuivselsuasnaulanmeludiu
AN ) VBTV
o A v A A 9 ° 1 I aa '
VUADULTN TUINNITUUINUN Vo N oY asd vigeenudawun
sUaumaey (triangular elements) d1%3 Uy lunny 2 56 TasauuAdnyUENITNITZIIGUDI
v o 1 ana < I a 9 = ] A 1 @ 1
naans laodszana o awniala 9 vudaWUNY ULV VITUTY FIHIUMSIFOUADNUTZHIN
aa S a I aa S [ 4
Tnuanazdamusiaig g mseenuuunsaiuzdddwunaie q ldldndeunseiio
[ . ° aa A
3971 PDETOOL v04 1151053 MATLAB™ Tagaziinuiu Inuauazdamuinldmelunie
o [] I aa 4 o w a
uiastiviuiedlu 7,560 Truaiuaz 15,025 0aWUN MIUE19U  N1T00NUUUNTAVYDIT W)
Tunnw 2 5@ aunsaudasldaegiin 4.2
o v aa A ] =y 9 o ]
drsudym lunuy 3 JasgEuannmsuisliunasvesnilondasdimuie
I aa 4 { a I aa g
pondudamuigUnsa @11 (tetrahedral elements) Msoanuuunsailudamuraig q 1814
A o ana P o [
Tisunsy  Solid work Iagaziidiwiu Tnuauazdamunnldnelunilenlassiviie
< aa 4 o w ) @ 2
11y 24,107 Tvua uaz 132,961 AU ua1ay divsumsesnuuuniavesdamnilu

uuY 3 98 aunsaudaalaaogili 4.3

£90.2508 m ‘] P,
secondary winding
20.2204m |

=

e}
0.0821 m

-
0.8500 m

¢i0.2724 m . o 0.2262 m
primary winding
©0.3088 m

k)
) AUV



0.1824 m 0.2180m

0.8720m
1.1395 m
1.4650 m

0.9832 m
1.2300 m

9 Y
U) ANUHU

0.8500 m
g g E 8
Dl 2
°g | gl
T T
O.O§__2H1 m

Yy
f) AUV

10 4.1 Wnauazawavonteulasiimiieuing 400 kVA
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04
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0.2
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0.6

0.4

04

0.6

ud
A

AL N
| e Y i A

st A A 0
Pﬂb{bﬂb‘.’ﬁ..‘ ﬁﬂ!ﬁq!hi!ﬂ!’ﬁu!ﬁbﬂi L
VAT AVAVAYAYAVAVAAVA Vi TAYLY) T
I ANAAANNAAA AT 77
) s EAYAVA Y RN (VAVAVAVA N NN RNy v 2 2
WA ANV
0 e e U Y VY v

1Jag Tuuwv 2
1lag Tuuww 3

9
9

J

N 4.2 MIUIIDAUUNVDINUBLL
¢

UNDALUUNUDIHUDLL

R 5 B 7 U 1 B A
WAV AL s i e i 5 2

ﬁqid_mbdh\.l‘,‘ EVAN AN AN AV AT VAN dﬂ“ﬂ\\iﬂﬂh&nﬂh{“ﬁj&“&

AAARLAAAAAR SN
1 O A N
LA AR AN T

s 212 5 Y 5
e B o i B A B B

1 aa
1 Aan

519 4.3 M3

G
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432  Wandumsdszanameludamun

Y A

aa o @ Ay v ' Y1 Y _ o Y <
vINMseenuUUdd U IuiIden 43.1 filanar 1dneunidi ndy
9 1 aa aa A aa o’d‘d 1 .d' [ [
Jouanaiavesyriluy 2 Tauas 350 Aegluuuvesdamunniglianuanalany
Aaa P 1 % dy o = A 9 - aa o
Taggduvuvesdamuniuanannuiiundims@aenlsfansumsszanameludamunly
v 9 Aa o v ¥ ) A= A ¢
WavouNANUUANANNUAIY AsuuluvuaeutIshIMsuen s aleangums sz
aa 4 I aa Aaa A Yy I K o A A 9
meluddmunoenuuny 2 Hauas 3 U4 e lmmudenszurumsauiuaulunisgenlds
Jd o aa P 1 aa P
Wendumsdszanaumeludamunngndesnuglirvesdamunibonld
Jd v aa J aa
43.2.1 ManFumsdszanameludamumuuy 2 §a

9 Y
duaouiltdunisidonsduvuvesdedfunisdszuianiolu

()}

a 4 y a @
ALNUN (element interpolation function) Tﬂmﬁaﬁumiﬁ’aﬂymzmiﬂizmﬂmmwamaﬂuu
4

)

a I a Y d'dy 1 = 1 2 = 4
AUN ULV 11!1/]14%8ﬂﬁ??ﬂ\?ﬂiyﬁ”lﬁuululllﬁﬁﬂ“]Nfl]gul,ﬂ

A(xy)=AN; + AN, + AN, (4.17)

[

{ % aa J 4 1
Taei N, n=ij kasWenyunsssanameluddmuiuaz 4, n =i j k Aonaansuesa

n

v da 4 ] < 1 an S = Aaa d =
AnaFunnesuaanluunag lviue i Jj kusioaluun Gﬁﬂiuﬂim@ﬁmuﬂm‘].]ﬁ'WNLWﬁfJiJﬁ']?J

19000 18
a +bx+c :
N, = 20 PO XFEY Won =ijk (4.18)
24,
Tagh & =Xy =%y .0 =Y, - V.,  G=%X-X

aj:Xkyi_Xiyk>bj=yk_yi’ Ci =% — X

a‘kzxiyj_xjyi’bkzyi_yjﬂ C =X =X

Y
[

A A A 1 aa S = 9 =) A o [ a £ dy
IUag Ae 19 NWUNVDILAASDALNUN G]i\?ﬁ1llﬂﬂ1ﬂm‘ﬂﬂiﬂlluuﬁ‘ﬂﬂﬂﬁhﬂi%ﬁﬂ‘ﬁﬂﬁu

1 X Y,
A ==-1 x Y, (4.19)
1 X Y
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Jd v aa d aa
4.3.2.2 171&mmmiﬂs:mmmsﬂuaamummu 3 un
A A A I aa A aqg Yo
nsalNNIssTUUuLUY 3ua Iﬂﬁlm@ﬁllll@gl‘ﬂaﬂHm$ﬂ15ﬂ§$ﬁ]18‘UﬁNWﬂ

masvudamuntunumFadusz 1a
A(xY,2) = AN, + AN, + AN, + AN, (4.20)

{ J v aa -4 4
Taefi N, n=1 2 3 4 AeWlsndumsiszanameluddmunuaz 4, n=1 2 3 4 AoWaaws
1 o Jda 4 1 <] 1 aa S 2 Aaa J a
YouAndFINmosuman luuaaz Tvua 7 2 3 4 vosoamwun salunstvamunginsa

wihdyeanazla

1 A
N =a(an+bnx+cny+dnz) Wwon =1234 (4.21)

n

Tagi & :X4(y223 o yszz) + Xs(y422 - y224) + Xz(y324 o y4z3)
A =X, (Y32, = Y125) + X5 (V124 =V Z) + X (YaZy = Y524)
8 =X, (Y12, = ¥o20) + X (YaZy = Y1Z,) + X (Y224 — YaZ,)
a, :X3(y221 - ylzz) + XZ(ylZ3 - yszl) Jr Xi(y322 F - Y223)

by =Y, (23 = Z,) + ¥5(Z, = 2,) + ¥,(2, = Z5)
b, =Y, (2, — 23) + Y1 (23 = 2,) + Y52y = 20)
by =Y, (2, = 7)) + ¥,(2, = 2,) + Y1(Z, = Z,)
by =Y3(2, = 2,) + ¥,(Z, = 23) + ¥,(23 - 7,)

C=X,(Z, = Z5) + X,(2, — 2,) + %5 (2, — Z,)
C,=X,(Z,—2))+X%,(z,—2,)+X(2, - Z,)
C,=X,(2,—2,)+X(2,—2,)+X,(2, - 7,)
C,=X%(Z,—2))+X,(Z, = 23) + X (2, — Z,)
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dy =X, (Y5 = ¥2) + %5 (Yo = Ya) + %, (Y, = Va)
dy =X, (Y, = Ya) + X (Y5 — Vo) + X (Y, — Vi)
d3:X4(y2 - y1)+ Xz(yl - y4)+ Xl(y4 - yz)
d, =% (Y; = ¥o) + % (Y, = Ya) + % (Y5 = Vi)

J o

A 1 aa 4 9 = Ia o 1Y a dy
e v a9 Usuasvesaazoamun 1’T1]1ﬂi]1ﬂﬂLﬂﬂiﬂllﬂﬂﬁﬂlﬂﬂﬁuﬂizﬁ%‘ﬁﬂﬂu

1 x v 7
1 X Z
V== 2 Yo % (4.22)
6 X3 y3 Z3
1 X, Y, Z

a d
4.3.3 ﬂ"lﬁﬁ%"lﬁﬁ?lﬂ"lﬁamﬂuﬂ
aa J aa
4.3.3.1 auMIauUNUUY 2 A
?zl/ dald 1T g’/ d‘o v A Aas Jaa P 9
ﬂlumuuamnﬂumumuwm mﬂq@ﬂl@ﬂ?‘ﬁ]lwhluﬂﬂalﬂuﬂ G]f\ilﬂl!ﬂ?iﬁ'i']\i
aa Jq ¥ 9 [ a ] 14 1 o [
ﬁhﬂTiﬂJ@Q@alhuﬂiﬂﬁ@ﬂﬂﬁ'E]\iﬂ‘]_lf’fllﬂ'lil“]f\if]‘lalwu‘ﬁellﬂﬂﬂiyﬂ'l@'lﬂ 9 ﬁ?ﬂiﬂﬁiy’ﬂ’l

] 3 aa a v Jd o { { U
FUINLUVONUDITESUL 2 UA flﬁilﬂWiL‘]NE]lélWH‘ﬁﬂ@EJ ﬂﬂllﬁﬂﬂﬁﬂﬂﬁﬂﬂ?‘iﬁ (4.13) ﬁ!!fdﬂ\‘iﬂflu

=he
2e
=he

9
U1

d(10AY 8 (10A) .
—| =2 | B e | iewA T, =0
Ox\ p 0x ) oy\ p oy

o a Jaa s A a o
Uszgndszifonds Il lundawuiimemissuuaumagudu Taserdonis

A, U ¥ o . . . o I J
Uszgndlsn1snaaiminuanA1g (weighting functions) lutlagiunisdszgndisnisnag

q

o 9 A ~ [

I ax VI axaa A 79 Y o 1 ax
‘Ll”l‘lril!ﬂlﬂ‘]el@]ﬂﬂ”lﬁﬂ@!ﬂu’lﬁ‘lfmﬂﬂﬂiﬁlﬂu’)‘ﬁ“ﬂuEJ?JVIquﬂGl,uﬂ”li‘]JigQﬂﬁi%ﬂﬂﬂﬂluﬁ”lﬁN q HasId

U

-1

e

4 o ad A

dy Y ' ad Ja . = a2 I A é’
Hgaausoduunson 111400 1951 A5U09nUanIAU (Galerkin) FUUNI AFNAAVUIINITU
a 1 a J ] Y] a 4
Unaudrzianuauas Jnslminadlss Tomisgrannlumswann Tdsunsunouiiames
A Y v [] 9 Aaa <Y U %‘ @ FY = (3
melsnuldaymvinalvg  MIFTNTUMIVRIDANUNAWMIDINMITNABANANTUANNT
% dy A 1 d' L] Y a 1 1 %
@ail A MsunuanamasIagldszuiaadluaunisn @.13) vz luneldinaauniny

4 1 ' 1w [ {
AU YINUAIZ AN R UNUALAAIAITAUNITN (4.23)
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o(10A o(10A
+—| —— |- jowA +], (4.23)
5X(ﬂ 8Xj W[u 8yj

~ - ' 9 . < 1 A Aa 2 9
FI RLTYNIUAHANAN (residual) L‘]Juﬂ']WﬂWfl”lﬂ‘VlLﬂﬂslluﬂ']ﬂﬂﬁlﬁtlsb'walﬂﬁﬂ

é 1 ] [l 9 -d' a d%l =
Tﬂaﬂszmmmﬂﬂ%wamammumwmﬁﬂgm IWHANANN R MUNAVUAITUAIA TVIﬁﬂ L‘W’E]Wﬁ

9
v Aad 501

H Y H 1
maglaslszanainatuszinufesasanniga tag luanuidelidtmisrahminauanaig
9Yq Yas I . = Qdd
181935 veeannaninu (Preston, Reece, and Sangha, 1988; Kim, Kwon, and Park, 1999) %3351
o J v 1 @
asonsziinldlaen1sgauAbanaie R a2eWensuiiiniin (weighting function : ) 1147

a a 2 aa 4 o AN Yq Y 1w S o A
@uwtﬂﬁﬁﬁﬁ@ﬂﬂﬁiﬂluuﬂl@\i@a!iluﬂ (Q) LLﬁZﬂWWu@Wa%qﬂiﬂlﬂ'lﬂUﬂUﬂ HUND

[W,RdQ=0, n =ik (4.24)

o LY an 4 d' d' 1 L= é 9 1 1 g’.:
ﬁmiuaamumgﬂ’dmmaw i]ﬂ‘i/lul,u‘ﬂi'lllﬂnJ 334 “If\‘lhlﬂll,ﬂi]ﬂﬂ@‘ﬂ\‘i

¥ = v

o vy an v "o { 9
A AaineAeIms 3 dumslunsudwiged lunswa Tuninedaluaunsi (4.24) 1zdos

= 1

a R A J @ I
U =i j k& wazlasdnfaziaon W, =N, &5ona1 10 Tun-n1ao3iAv (Bubnov-

Galerkin) A9UUEBUNY R dr8aun13N (4.23) adluaunisn 4.24) a2 14

(21 s
5 oX\uox ) oy uoy

IN{ 0 [1 6Aj+ 0 [1 aAj]dQ [N, (jowA)Q
o OX\ u Ox

oy\u oy (4.26)

+[(N,3,)d2=0
Q

a a a = 4 A 9 [ 4 2 & 4
NAITUINMTDUNNTANALWIUUDITUNITN (4.26) AMTUNIULTFUTUNIY

7

pyutsuduanaldItN1sduRinsniazaiu (integrate by parts) Tagaz l¥nguiunveund

(Gauss’s theorem) mugﬂuuuﬁm



65

Iu(V-V)dQ=ju(V~n)dF—j(Vu-V)dQ 4.27)

% aa 4 4 v 4 {
&3 T Ao vaUUauedauun Q menfFsumsusunatiusnueaaunsn (4.26) 1214

u=N,

wi{i%}@(l%}
X\ u ox ) oy u oy

V:£i+£j

ox oy

y_LloA 1oA.

uOX  uoy

b
2

4 4 X ' = [ aa -4
uazgﬁmmﬂ nﬁﬂl?ﬂm@‘ﬂ’iﬁﬂﬂu’)ﬁ]‘lﬂ@]ﬂﬂ'lﬂﬂ‘ﬂellﬂﬂLSUGI"UE]\TE)’GLZJHV] r

Y
n=n,+nyj ENRIEY

_10A_ _10A

V-n=——n,+——n,
M OX u oy

u(V-n)= Nn(E%nX +£%nyJ
u OX u oy

Ny, , Ny |

OX oy

Vu =
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Ny 10A N, 10A

Vu-V = — —
OX p OXx oy poy

Y
[ Y

{ 4 I
Wunnaumsi @.26) e n=1, j, k 3eannsaou @iy

Nn[E%n JloA jdr J-(GN 10A N, 1aAde_

pox " poy Ox pox Oy oy 428)

l
[N, (jocA)Q+[N,J,d0=0
Q Q

A s v Y A A &2 3 s A Yy o
NOITHINVULUTNNATUFIINBUBIAUNITN (4.28) FULUNWIUNNYIVDIND
aa 4 ‘d A = an 4
VDULUAUDIDAUUN T 171mgmidammmﬂwﬂTwﬁaﬂimmﬂimﬁmaﬂmeuuaﬂmmaamum
3’, & an 4 g’; % ] A a dy d‘d & a o dy
UU DU DALNUNUU mmnm@gmtﬂumaagmmauuaﬂmmwu‘wﬁﬂm RN SYRRYRR ALY

[ 4 [ I A A J [ o o {
MANSTFUINNDI LUINAD A wmnmm@uﬁmmmuﬁuﬂ (Salkic,2005) HEAAAIANNITA (4. 29)
Y

\‘I‘L!‘Llﬁ'llmﬂfl (4.18) mamﬂmaamﬁumm (4.30) uag mmmﬂﬁumw (4.30) wwm 3

quMy mmmimmﬂuﬁumi"lwﬂuwaamumiwagiugﬂmmﬂm"lﬂmﬁnmiw (4.31) il

Ax,y)=0 , (x,y)el’ (4.29)

dQ+ | N A)dQ =| N, J,dQ 4.30
X aa o oy SN Geo) j (4.30)

Q

I[aN 16A+6N 16AJ

10A [oNT 10A _
—+ | —= dQ+|[N],, (jocA)Q
[|: aX 3x1 M ax |: ay :|3><1 U ay Jd J-[ ]3><l

Q (4.31)
[IN],, 3pd0

~ = Yo v JdAa 4 1 <
HAZNAUNITN (4.17) NllﬂamelmzmiﬂizmeGUENﬁﬂEJLmL’Jﬂmaitmmaﬂ A Tﬂﬂﬂizmmiu

1aa < 3
uADAN UL U



wazauns W luioawunenateuuilu

RECRErCI
OX aq p| Ox |y O lpa L OV |4

[N]., Joo[N], d0[A],, = [[N],, J,d0

Q

Ve O

[

4
mfmlfJumei"lW"hmaammnmmmmawaamummﬂs ﬂ’f)‘Uﬂ’JfJ 3 ﬁllﬂﬁul il

[M + K]SXS{A}le :{F}le

Wnsng [M] axs

9N I Ljwo[N];.d

D

[

Y
MM 4.18) Mansumsdszanamelunaasldaail

a, +b,x+c
Np=—" Z”A n¥ n=i,jk
e
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(4.32)

(4.33)

(4.34)

(4.35)

A 1 o 9 = A o 3’, ~ = I
NANNIN (4.35) wagmnaanmiima il o Janan aaiuaunsni 4.34) 3anateilu

[M],, = joo[N,N,dxdy — nm=ijk

(4.36)
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[ 9
aunsi 436)  Haunsamunnldlasldgasidedilszney (factorial
o o 2 4o 4 o
formula) TuMsszanamssuninInaaeaiundsaumsi @37 laeh N, =L N, =L,

uaz N, =L, a'ld

alblc!

= (4.37)
(a+b+c+2)!

LLLdA,

e

{ a <
VINauMIN (4.36) ansannsawendlu 2 nsdl e L =L, waz L =L,

@ 1 a oA . { Y
Tunsdl L, =L, vzvesndiegnanmsnnsaganed i vesglammasuazld a =2, b = ¢ =0

Y H
[ - =

AariuNaNmMIn 4.37) 1214

210!10!

[ on = rororan

AE

Tunsain L # L, 9290800081905 Wa15@19aaeN i tag j vesgilammiaey

318 a = b =1, ¢ = 0 ANTUINFUNIN (4.37) 3z )9

11110!
LdA, =—
JLlL? * (@A+1+0+2)!

e

e

v A A 3 Yo a o dy 1 o [ g}/ A
YAANVDU ﬁumgﬂammaﬂuﬂllmumiwmimﬂuaﬂymzuwuﬂu ANUUINAUNITN (4.36)

=).

a 4

o ! : o < J a 4 1
AAun3nd [M]axs Aataaadleaunshi (4.38) Frdunaiuinumsng [M]ae 2zlian

=)y

wegnuglivesdamun

U

e
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jawoA,
[M ]3><3 =

4.38
0o (4.38)

R RN
(S SIS
N B

wmnsng [K] ax

ON 1| oN oN 1{0ON
M | Khs=|l|=—| =|—| +=—| =|—| do (4.39)
bo- (3, 22,151,205

% [ {
Llﬁ3Fl]'lﬂﬁﬁﬂ“ﬁuﬂ’liﬂﬁgu'lmﬂ"lﬁlclu@mﬁilﬂ'ﬁﬁ (4.35) %\‘]Ul@s{

oN b oN C -
L ey - n=ijjk (4.40)
X 2A, oy 2A,

v o A A Y}
UNUANUTUNUTUDITUNITN (4.40) aﬂuﬁumim (4.39) %311@

b ¢ & &
Kl.== i 1 e Rl n,m=i,j,k 4.41
(Kl I[ZA oA, " 2A, ZA)d y J (4.41)

bn by /€ dxd
4uAe( ) dxcly
1

T aun,

(bnby +CnCm )N, M =1, j, k

L bb, +cc;  bb;+cc;  bb +cc,
K|l..=——|bb+cc bb . +cc. bb +c.c
3x3 4,uA i i il INg| ik ik
‘| bb +cc bb,+cc; bb +cc,
b.b, +cc bibj +CC, b.b, +c.c,
1
:M bjb, +c,c; bb +c;c, (4.42)
°l  Sym b.b, +c,.c,
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Tnaannmes: {F}aa

nn {Fly = I[N]qu 0dQ (4.43)
0
130
{F}sxlzJoandXdy n=i,j,k (4.44)

A 2 o %, Y A o a a
auNIIn (4.44) Llﬁ?llﬁﬂﬂ?ﬂ’]ﬂlllﬂiﬂﬂclfb'q%il%ﬁG]’Jﬂi%ﬂﬂlliuﬂﬁﬂimﬂmﬂﬁﬂu%Lﬂiﬁﬁﬁﬂﬂ

] ]
v =

Y v v
nundsaumsn 4.37) Tagh N, =L, N, =L, uaz N, =L, FI9ZVDINAIOINNITHITAU

' v ] v
paned i vosgaumnaenield « = 1, b = e =0 Aniunnaumsi 4.37) az1d

110!0!

[ 598 = oror 2

AE

£

20h, A,

3 3

9
Y

2 A 1 . a SN Yo 1 = @ dy A =< Y
FINYAAD | LA k maqgﬂﬁmmaﬂuﬂ%aﬂymzwummﬂuu QUUINTUNIIN (4.44) ‘Nllﬂ

J [ L
Traannwosuaaaldaail

1
{HM=erl (4.45)
1

4332 auMIANUNUDY 3 TR

o a Y as Jaa 4 an o [
mimmumﬁman"lW"lumamummu 3 46 vensemimsluanyue

Aa X

1 v W 1 @ 1 o { Jd o aa o
IFUASINUN VLY 2 A FIozuanaenuesFanuntansunsdseununieludawun lag
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3’191 Y]

o ] <3 aa o { !
AIAUINTUNITOY u‘ﬁfJ’E]fléllﬂﬂﬁﬂ]uﬁ'lﬁu'mllulﬁaﬂllﬂﬂ 3Uf Qllﬁﬂﬁﬁ?ﬂﬁNﬂWTﬁ 4.14) i

[T

! ¥y Ao A
UFEANND U UIUAIU

OfL1oA), 0fL1OA), OFLOAY iGoA +3,=0 (4.46)
ox\uox) oy\uoy) oz\ u oz

Jaa 14 aa o

o [ an Jan 1 g Y]
mmmﬁ”lw"luw@muummu 3uA fJ\'iﬂ\i‘]Ji%fJﬂﬁ’J‘ﬁﬂ"lﬁﬂ’NLl"lﬁuﬂ
Y Y ag da 1 = v W Aaa o A 1 A I
WHANANAIYITNUADTAMTUAIINUNULUY 2 UAAITUNITN (4.24) unvztdasuunis

a A [ Y A
dunIAsToUYSMATUNUALEAIAIBTUNITN (4.47)

JW,RdV =0 n=12734 (4.47)
\Y

i a < an o H
Tagionnsandyvuiluuny 3 Tave ldapanaie R Asaunsi (4.48)

R=O[L1O0A), OF LAY, OF L OAL (oo +, (4.48)
oz\ u 0z

9 v
' 1 v v =K

dmsudamnizUnssanii ganludaii 4 gagaldunganensd auiuds

Y ~ =<

ADINS 4 AT IuMsuAIgadn i Tuniiensludunsi (4.47) wzdoslinin=1,2,3, 4

Y 1 v
uaz laglnArziaon W, =N, AaUIBUNUAT R A8AUAT (4.48) agluaunsn (4.47) awwld

e e ) [ ey B VRN L S
oX\uox ) ov\uoy ) o0z\u oz

\

INHLE(E%J+£[£%j+Q(E%deV [N, (jowA)V
v ox\uox) ovy\uoy) oz\uoz v

+[(N,J5)dv =0
\

(4.50)
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a a a =\ 4 ~ o o 4 2 4
WITDMIBDUMNIANAZWINVBITUNITN (4.50) TUTUWIUUINFIY UL
v Jdo o Y a a = U . 9 =
UNUTOUALTRIlHITNITOUTIINTaNazaIu (integrate by parts) Tagaz languunves
4 N A [ A aa o g}/ A A
1Md (Gauss’s theorem) tHUBUNUANNTN (4.27) 1D 2 UH AIUUNAUNTN (4.50) 110

I
n=1,2,3,43ansareuldiy

uox * pwoy ' oueéz
J-aN 18A oN, 16A+8N 10A ny
OX U 8x oy uoy 0z u oz

[ (10 LR 20, Yy
T

(4.51)
v

[N, (jooA)dV + [N J,dV =0
\

\

A s P} ¥y A A = d S A 9 o
WDITANILINN AWV IaNMIN (4.51) FadlunainneIveen

aa 14 1 o Jda 4 1 <] { a J 1w 4 1%
YOUIAYDIDAWUN [ Taea1dndiFanamesiiivanA NUNUVVTAUNNUFUE 1AAIAY
~ [ 2’, A =X A [ ~ A A
aunsh (4.52) AIUUANNIITN (4.51) 34803 1MADAITUNITN (4.53) HaZIUBININTUNITN
g’/ Jaa o’y ' a 4 [

(4.53) Inanua 4 gums sdnaneudums il luieawuniildegluglmsndg 1das

auns (4.54)

A(X,Y,2)=0 ;. (x,y,2)ell (4.52)

I(GN 1aA N 18A+6N 10A
V

v + jN (jocA)V
OX ,u@x oy uoy oz ,uaz

(4.53)
= [ N,J,dv
\

( 10A {8N} 10A {GN} 18AJ
— 4 —+ dVv
X lpqgpt Ox [ OV |t Oy L0z Jyqu Oz (4.54)

+j . (joc AV = IN] J,av

<
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~ = Y o v JdAa o ] <
HAZANAUNITN (4.20) %Qllﬂaﬂ‘ﬂfL!SﬂTﬁﬂ'ﬁ3EUWEJGU?NﬂﬂfJL‘D'\?L’Jﬂl@]@illulfﬁaﬂ A Tﬂﬂﬂﬁ%ll'lﬂ!ﬂlu

1aa o a3
uADAIN UL

(X ¥,z ):[ ]M[A]m

+ 2 OA |ON OA | ON OA | OoN
—=— A —=|— A g —=|— A
UU OX ‘: Ox i|1><4[ ]4><l > ay |: ay :|1x4[ ]4><l ia oz |: oz }1)(4[ ]4><1

wazaums I luvioawunssnateynilu

OoN 1| oN oN l 5N 8N 1 oN
N] a[a] [ ] AT v a,,
OX Jpa L OX Jpu [ OV |pq M 8y 1x4 E3 sa 102 Jig (4.55)

J. JC()O- N] dQ[A]Alxl:I N]4><1J0dv
\ \

< )

A A daa d o @ 1 aa oA Y Yo Ady
Wﬁ@lf’Uﬂuﬁllﬂ’lﬁvlwvluvlﬂaluuﬂﬁTWﬁUu@a3@ﬁll|u‘1/l‘ﬂﬂﬁgﬁﬂﬂﬂﬂgﬂ 4 ﬁllﬂ’]illﬂﬂ\‘lu

[M + K]4><4 {A}4><l = { I:}4><1 (456)

WN3ng [M] axa
nn [M ]4><4 = J.[ N ]4><1 JQ)G[N ]1><4dV (457)
\
NI 4.21) Wansumstszanamelunaaslaasdl

1 4
N, =&(an +b x+c,y+d,z) Wwen =1234 (4.58)

A 1 o 9 = A o 3’, ~ = I
NANMIN (4.58) agmnaanmiima il o Janan aaiuaunsi 4.57) 3anareilu
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[M],, = oo | NN, dxdydz nm=i234 (4.59)

' Y
aumsn 4.59)  dmwsadiuawldlagldganiFedalsznon (factorial
formula) TUN15USzu 1N IsSOUNIATARADAUSNIATAIAUNITN (4.60) Taeh

N,=L N,=L, N,=L, uaz N, =L, a¢la

L= atbletd! @60

(a+b+c+d+3)!

~ [l a I = 9 ) =) [
INTUNITN (4.59) gnsouyamsnsudu 2 nsaiaaielusueufeIny

9 H 1] ]
AULDY 2 TR AaUINEUNTN (4.59) 1l015vgnd 1¥aunsn (4.60) a'la

2 111
joov |1 2 1 1
M| = 4.61
Mha=T01 172 4 (ton
1 % X

wnang [K] axa

sn[K],. - ;@} Y] ] L) o] A ]dv 2
\Y 8X 4><llu ax 1x4 ay 4><1/u 6.\)} 1x4 aZ 4><11u aZ 1x4

Jd o 1% {
wazanWeanrsumsyszanauneluasaunisi (4.58) %2\1[1@91)

ON b ON C ON d
L=——" L= yay n__n n=12 34 (4.63)
oy oV oz 6V

[ v d ~ A 9
uNUANNFUNUTVOIANMIN (4.63) aaluaunsn 4.62) 218
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b, b, c c, d, d
(K= I (GV o ooy or GV]dXdydz mm=1234 (4.64)

_ 36#LVz(bnbm +c,6, +d,d,,) [ dxdydz
1

(bb +c,C,+d.d )n,m=1,234
36/1

bb +cc +dd, bb,+cc,+dd, bb,+cc,+dd, bb,+cc,+dd,

K], - 1 b, +c,c,+d,d, bb,+c,c,+d,d, bb,+c,c,+d,d, (4.65)
S 36UV hhb, +c,c,+d,d, bb, +c,c,+d,d,
Sym b,b, +c,c, +d,d,
Tnannnmes: {F}aa
v {F},, =[[N],, Jav (4.66)
\Y

ldgasdaaalsznoulumsdszuanmsduiininaasaliuiasasannis

1 (4.60) awl@

JV

Floa="g (4.67)

e

434  msisznevaumsdamunvwiussuy
g’/ dy I o 1 an P 9 [ I~
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T(xy)=TN,+T,N; +TN, (4.77)

{ Jd v aa -4 v J
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Magnetic Field Analysis for a Distribution
Transformer with Unbalanced Load Conditions
by using 3-D Finite Element Method

P. Meesuk, T. Kulworawanichpong, and P. Pao-la-or

Abstract—This paper proposes a set of quasi-static mathemarical
model of magnetic fields caused by high voltage conductors of
distribution transformer by using a set of second-order partial
differential equation. The medification for complex magnetic field
analysis and time-harmonic simulation are also utilized. In this
research, transformers were study in both balanced and unbalanced
loading conditions. 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
governing 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, Load
Unbalance, 3-D Finite Element Method (3-D FEM)

L. INTRODUCTION

RANSFORMER is a device that can convert electrical

voltage from one circuit at one side of the transformer
winding to another voltage level in the circuit connected across
the other side of the tansformer winding. Between
transformer’s windings, there isyno physical connection. The
voltage tansfer can be induced by the mean of
electromagnetic phenomena. Transformers are either step-up
or step-down types. They are used for changing the voliage
level in order to satisfy the standard voltage level of power
transmission and distribution systems. Transformers are vital
so that the outage or failure of the transformers can cause some
interruption or a wide area blackout. To use the transformer in
electrical power applications, efficiency, stability and
reliability of the transformers are necessary. To evaluate the
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efficiency of the transformer is to determine magnetic ield
distribution which results in transformer’s power losses. The
magnetic field distribution depends on loading conditions. Due
to the increasing electrical demand in industries transforrners
have been connected with various types of loads. Some are
balanced but there are unbalanced loads. Refer to standard
provided by Provincial Electric Authority of Thailand (PEA),
an unbalanced load is defined by 20% of current magni-ude
different between phase pairs.

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 is the ability to handle nonlirear,
time-dependent and complex geometry problems. Therefore,
this method is suitable for solving the problem of magretic
field distribution, the FEM is able to estimate solutions of
Maxwell’s equations governing the power transmission
systems. Although the conventional methods are simpler han
the use of the FEM, they are limited for the system of siriple
geometry. In practice, several material structures can be fcund
within the distribution transformer. Employing the FEM can
mcludes these effects by choosing material magretic
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 mat:rial
regions.. To utilize the advantages of the 3-D Finite Elernent
Method (3-D FEM) for handling the magnetic field problems,
3-D FEM model development and problem formulation need
to be defined in magnetic field problems of distribution
transformer.

In this paper, magnetic field modeling of distribution
transformer is briefed in Section II. Section III is to illusirate
the utilization of the 3-D FEM by using Galerkin approacl: for
the magnetic field modeling described in Section II. The
domain of study with the 3-D FEM can be discretized by using
linear tetrahedron elements. Section IV gives simulation
results of magnetic field distribution of distribution
transformers in both balanced and unbalanced load conditions.
This section also gives some discussion. The simulation
conducted herein is based on the 3-D FEM method given in
Section III. All the programming instructions are coded in
MATLAB program environment. The last section gives
conclusion.
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II. MAGNETIC FIELD MODELING FOR A DISTRIBUTION 0.2508 m L
secondary winding
TRANSEORMER 20.2204 m

In magnetic field calculations, the magnetic vector potential — 1.1300m
(A) carries a bundle of information consisting of magnetic
field intensity (H), and magnetic flux density (B). For
convenience, some assumptions are made as follows: the
magnetic materials of the cores are isotropic, and the

displacement currents are negligible due to low supply | 8
frequency (50 Hz). Hence, (1) describes the temporal and )l) _g

0.8500 m

spatial variations of A [1], [2] y/ °
6A
2
VA—pcrEﬂul,J:U (8]
[ [ z02m2am . indi 0.2262m
..., where g is the magnetic permeability, o is the electrical | 203088 m primary e
conductivity, and Jﬂ is the applied current density. a) Top view
This paper has considered the system governing by using
. . . A 0.1524 m 0.2180 m
the time-harmonic mode and representing the magnetic vector —
potential in complex form, A = 4e’“ [3], therefore,
A
— = jod
Ot
..., where @ is the angular frequency. S, ; S
g
S| = -
Refer to (1), by employing the complex form of the
magnetic field and when considering the problem of three
dimensions in cartesian coordinate (x,y,z), hence
o(1ed), 8(1a4 +8(18A
ox\pex) \pdy) elpé: @) 0.0832m
) 1.2300m
—jocd+J, =0
b) Front view
Analytically, there is no simple exact solution of the above 0.8500 m

equation. Therefore, in this paper the3-D FEM is chosen to be
a potential tool for finding approximate magnetic, field
solutions for the quasi-static partial differential equation
described as in (2) [4], [5].

1. 3-D FEM FOR THE DISTRIBUTION TRANSFORMER

A.  Discretization

This paper determines a 3¢, Dyl, 400 kVA, 22kV/400V
distribution transformer. Fig. 1 depicts the detail of the
distribution transformer. The domain of study with the 3-D i
FEM can be discretized by using linear tetrahedron elements.
This can be accomplished by using Solidworks for 3-D grid
generation. Fig. 2 displays grid representation of the test
system. The region domain consists of 24,107 nodes and
132,961 elements.

1.4650m
1.1395m
0.6615 m
0.7416 m

Odﬁlj m
¢) Side view

Fig. | Detail of the distribution transformer with dimension
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Fig. 2 Discretization of the system given in Fig. |

B. 3-D FEM 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. The
shape function for 3-D FEM used in this research is the
application of 4-node tetrahedron element (three-dimensional
linear element) [6]-[8]. According to the method, the magnetic
vector potential is expressed as follows

A(x,y,2) = AN, + AN, + AN, + A, N, @)

..., where N;, i =1, 2, 3, 4 is the element shape function and
the 4;, i = 1, 2, 3, 4 is the approximation of the magnetic
vector potential at each node (1, 2, 3, 4) of the elements, which
is
_ 1 b vt d
N, —a(aj +hx+cytdz)

..., where Vis the volume of the'tetrahedron element, which is
expressed as

6l x3 ¥y, =z,

Xy Vo Iy

and

a,=x,(y,2; = y37,) + 5, (1042, = 122) + X, (3327, = y423)
ay =x,(ys2, = 023) %5024 = a2)) + %, (V425 = ¥a2y)
ay=x,(0z, = y,2) + X, (¥,2, = 12 + x5, (3,2, = ¥,2,)

a, =x;(y,2, = 12, + X, (0,25 = ¥32,) + %, (V352, = ¥, 75)
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b =y, (z;-2,)+ ¥,(z, - 2,) + ¥,(z, - 2,)
by=y,(z)—z)+ 3 (2, - 2.) + ¥3(z, - 2)
by=y,(z,-2)+ (2, —z)+ ¥ (2, - 7))

by=y3(2, = 2,) +31(2, = 23) + 3,(2, - 7))

o =x,(zy —zy)+x,(z; —z,)+x5(z, — 2,)
¢, =x,(z; —z))+x(z, —2,) +x,(z, - 23)
cy=x,(z)—z,)+x (2, —2.) + x,(z, — 7))

¢, =2z, —z)+x, (2, —2) +x,(z; — 2,)

di=x,(y; =y) + 5 =y + x5 - ;)
dy=x, (0 =)+ x50 —y) + x50 - 3)
dy=x, (0, =¥+ 500 -y )+ x5y - )
de =200 = y2)+ x5, (yy = y3) + 2,005 = »)

The method of the weighted residue with Galerkin approach
1s then applied to the differential equation, refer to (2), where

the integrations are performed over the element domain € .

5 loxlpox) oylpoy) oz\pez

-[ N(joatha+ (N7, =0

, or in the compact matrix form

[+ K]{4)5 {F} )

M = jea| NN dQ
Q

21 11
7_[&)0']’/1 2 1 1
20 11201

111 2

1
JV 1
{F}:.][;J.deQ =
o 4 |1
1
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oy oy 0z oz
bb +ec +dd bbb, +cc,+dd,
1 |bb,+ce,+dd, bb +cc,+d,d,
T 36uV | bb, +ce, +d d,
bb,+ce,+dd,
bb, +ecy+dd,
b,b + ¢y + d,d,y

Q

K:ij

pil 6x ox

bb, +c,c,+d,d,

bb, +c,c,+d,d,
bb, +ec, +dd,
b,b, + e, +dyd,
bb, +eyc, +dd,
bb,+c,e,+dyd,

bib, + oy, +dyd,
bb, e, +did,

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 n nodes, the system equation is
sizable as the nxn matrix.

IV. 3-D FEM SIMULATION RESULT

This paper conducts the simulation study by considering the
3¢, Dyl, 400 kVA, 22kV/400V distribution transformer in
both balanced and unbalanced loading conditions. .In ease of
unbalanced loads, it can be divided into unbalance in
magnitude and phase. For magnitude unbalance, the eurrent.of
phase A is given as the rated value while those of phase B and
C are assigned as +20% and —20% of the rated current,
respectively. In case of unbalance phase, the current’s angle of
phase A is set as 0° while those of phase B and C are
assigned as +30° and —30°, respectively. The boundary
conditions applied here is zero magnetic veetor potential at the
ransformer tank [9]. This simulation uses the system
frequency of 50 Hz. The transformer core material is cold
rolled silicon steel [10], having the conductivity (o) =

2.08x10° S/m, and the relative pefmeability (4,) =3000. It

notes that the free space permeability ( 44, ) is-42x10”7 H/m.

The FEM-based simulation conducted in this paper is coded
with MATLAB programming for calculation of magnetic field
dispersion. The curl of the magnetic vector potential A 1s
magnetic flux density B (B = VxA). For which 3-D FEM
result, that can be graphically presented in the filled polygon
of magnetic fields dispersed thoroughly the volume of study.
Fig. 3-5 show the magnetic vector potential plot of the
transformer coil for load balancing case, magnitude unbalance
case, and phase unbalance case, respectively. Fig. 6-8 show the
magnetic vector potential plot of the transformer core for load
balancing case, magnitude unbalance case, and phase
unbalance case, respectively. Fig. 9-11 show the magnetic flux
density plot of the transformer core for load balancing case,
magnitude unbalance case, and phase unbalance case,
respectively.

342

02~
015+
01~

0.05-,

2(m)

-0.05-
01

015

y(m)

Fig. 3 Magnetic vector potential distribution (wb//m) of the
transformer coil for load balancing case

Fig. 4 Magnetie vector potential distribution (wb//m) of the
transformer coil for magnitude unbalance case

¥ : x(m)

Fig. 5 Magnetic vector potential distribution (wh//m) of the
transformer coil for phase unbalance case
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Fig. 6 Magnetic vector potential distribution (wb//m) of the Fig. 9 Magnetic flux density distribution (T) of the transformer core
transformer core for load balancing case for load balancing case
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Fig. 7 Magnetic vector potential distribution (wb//m) of the Fig. 10 Magnetie'flux density distribution (T) of the transformer
transformer core for maghitude unbalance case core for magnitude unbalance case
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Fig. 8 Magnetic vector potential distribution (wb//m) of the Fig. 11 Magnetic flux density distribution (T) of the transformer
transformer core for phase unbalance case core for phase unbalance case
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From which the results of magnetic vector potential that
distribute throughout the transformer for balanced load case,
magnitude unbalance case, and phase unbalance case as shown
in Fig. 3-5. As can be seen, in all cases the magnetic vector
potential has the maximum value at the transformer coils. This
is because the coils are energized by the transformer’s input
current. The magnetic vector potential at the transformer coil
induced the magnetic vector potential at the transformer core.
This can be considered as shown in Fig. 6-8. The magnetic
vector potential at the transformer core is relative to the
magnetic vector potential at the transformer coil

When considering the magnetic vector potential of the load
balance case as shown in Fig. 3 and Fig. 6, the magnetic vector
potential distributed symmetrically throughout the transformer
volume due to balanced three-phase currents. For magnitude
unbalance case, the magnetic vector potential is shown in Fig.
4 and Fig. 7. They illustrated that magnetic vector potential
distribution is unsymmetrical at the transformer coil and the
transformer core. The magnetic vector potential is high at
phase B while that of phase C is low according to their current
values. The phase unbalance case is shown in Fig. 5 and Fig.
8. The distribution of the magnetic vector potential is also
unsymmetrical according to their phase values.

In Fig. 9-11, the magnetic flux density distributed in the
transformer core when considering the load balance case, the
magnitude unbalance case, and the phase unbalance case. As
can be seen, the magnetic flux density is relauve lo the
magnetic vector potential. In other word, the magnetic flux
density is the rate of change in the magnetic vector potential.

V. CONCLUSION

This paper has studied the magnetic field distribution
throughout the volume of the distribution transformer resulting
from loading conditions of balance and unbalance. The
unbalanced load conditions.ean be divided into magnitude
unbalance case and phase unbalance case. 3¢, Dyl, 400 kVA,

22kV/400V distribution transformer. were investigated. The
computer simulation is performed byusing 3-D Finite Element
Method (3-D FEM) instructed in MATLAB programming
codes. As a result, distribution of the magnetic vector potential
and the magnetic flux density throughout the volume of the
transformer are symmetrical when the load is balanced. It is
the unsymmetrical distribution of which the magnitude
unbalance case and phase unbalance case. This confirmed that
the magnetic flux density is the rate of change in the magnetic
vector potential.
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