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ARNON ISARAMONGKOLRAK : TRANSFORMER CORE DESIGN TO
REDUCE CORE LOSSES FOR SPECIAL CONNECTIONS
TRANSFORMER IN ELECTRIC RAILWAYS SYSTEM. THESIS

ADVISOR : ASSOC. PROF. PADEJ PAO-LA-OR, Ph.D., 233 PP.

SPECIAL CONNECTIONS TRANSFORMER/RAILWAY SYSTEM/CORE

LOSE/CORE DESIGN/3D-FINITE ELEMENT METHOD/MAGNETIC FIELD

This thesis presents the mathematical model of magnetic vector potential in form
of the second order partial differential equation which relates to magnetic field of the
special connections transformer using in the AC electric railway system. The developed
MATLAB program based on 3D finite element method was used for both of the
magnetic vector potentials and magnetic fields in core of special connections
transformer. This thesis focuses on the designing the core shape of the transformer using
the AC electric railway system to reduce the core losses. There are 3 types of special
connection are determined in this thesis. First, the core shape with cutting corner to
curvature design. Second, creating a curved core along with it without handling the
conductor coil design. Finally, inserting a soft magnetic material at the diagonal joints
of the core design. Moreover, the thesis has considered the types of special connection
in 3 types consisted of V-connection, Scott connection and Le-blanc connection. In
addition, analysis the performance of the transformer while supplied the rated load,
200% of full load and peak load with the new core transformer design. The results will
be considered in 1 cycle which has the phase sequence, namely, phase A-B, phase B-C
and phase C-A. Consequently, the simulation results shown that the transformer with

the Scott connection types is the lowest core loss. Therefore, suitable for connection to



reduce the core losses. In addition, the creating a curved core along with it without

handling the conductor coil design is the least core loss design.

School of Electrical Engineering Student’s Signature A

Academic Year 2018 Advisor’s Signature M
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I R; Xu X2 R, rsc Req=R1+ RZ Xeqz xl1+ XIZ
= AN—T L) =W\ oo
\Q R X V. R

Xm
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Z,(R,+ JX
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1Ta A J ' S 1Ta A J
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dd’ [ Y o d'
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Tunisnadevnifoutlasuuuanieesiy uenvinvzdannszua Wi 1 uas

v v o & ¥ 1 o w = X 1A J
usaau v, udadasuiludesiaaridmas i gapdes P, &2 Faaiduiinaudwuio

A P o Y o ~
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2
R, =R = (.7)
|Zoc :\% (38)
X = | ! (3.9)
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Power substation

Overhead contact

BT BT
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3 ¢

Running rails
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—-a 0 a\/_AC
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1 . —a? ||V | aVes
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V..V, Ao useaudanAsgil
L lg, 1o Ao nszualuuaaziadalyugil
W [o 1],
lg [=| 1 0 Ll} (3.12)
Ie| [-1 -1]-7

wenasanaulgugivesnientlassumiasluihangula B-c minszuu

Tfhenuanaasldasgili 3.16

I W 2
T T

510 3.16 1vsauyavesntfoudas ldihiireudounviileduilgugiisudids T

U a9

nngula B-C



31

o o o d 1 a
aumsvesuUTasaazaumMIaNuFuRussznIenszua llihaulgugi
uazdunAsgivesndoudas lihiligduuumsidenaenuuiiiedul gugisuias lah

vingle B-C ndasIddsaunsi (3.13) - (3.14)

—-a 0 aVea
P 0 —a% ||V2 aVag '
Z, Zeg
] [-1 -1 |
lg|=| 0 1 Ll} (3.14)
I 1 02

iennsandul gugiivesndomlassuiaslidangula c-a 9nszuu

Tlfheumauansldaaazaln 3.17

U

IB @ st

ey
-

|

317 3.17 2vsauyavesndenad i ieuaeunudiiiod 1wl gugisodias luldd

nngla C-A

o o o J 1 a
ﬁllfﬂiGUle,l,‘UUﬁ]Tdf]\‘]l,!a$ﬁ'llﬂ1iﬂ’ﬂllﬁllwu‘ﬁi$‘ﬁ’ﬂ\1ﬂi$I,Lﬁ'ulwﬂW%Huﬂ;‘giJQiJ

uazmunasgivesrdontaslihniisduuumaseusonuviiesulgugisuiaslud

9
@

nnguld C-A uaasldasaunisi 3.15) - (3.16)



32

A Vg
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9 |
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nneay ninaay Tua
dadmua Tua i Tua j Tua k Tua |
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
A15197 3.3 anbuzdoyAv0IAa0
nneav Tua WAALNY X WAALAY WAALNU 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 Jd o a a 4 1 Aa A J
2. Lﬁ’f]ﬂgﬂllﬂTJGU’ENﬁ\‘]ﬂ“b'uﬂ'liﬂi$u'lmﬂ'lflﬁlu@ﬁﬁluuﬁ ’f]EJ'Niuﬂim’E)ﬂﬁliJu@]gﬂ“ﬂﬁ\?

= Y Y Ao Y 2 & J a a o
ﬁﬁu1ﬂ$ﬂi$ﬂﬂﬂﬂﬂﬂ 4 IL!WVIII ey 1 2 3uag 4 G]NL‘]Juﬂ']i‘]J5$3J']ﬂ!ﬂ'lﬂ']ﬂsluf]ﬂﬁmuﬁ!lﬂﬂ

a Y o o ' . I o 1 o A '
waduaaaaslugil 3.25 dwmiiauosTua (x,y,z,). i =1 2 3 41dudumisvesdain lins

1 a o o o o 1 a a
1 AiIﬂUﬁﬂﬂﬁﬁﬂ}lmgﬂ']iﬂ§$%'IEJGU’E]QWﬁaWﬁTﬂEJﬂﬁ$M']m 3l ﬁ']!lﬂu\'islﬂ qQUUBNa

WUA AGxy,2) WUiUFady aaeunsi (3.40)

A(x,y,z)=a+bx+cy+dz

Taef a b ¢ d Fusaen Feaunson ldainTua

9
[

M

[

&
ANU

(3.40)
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I(XI 'yI ’Zl )
M3Uszanamedaamus

3(x3,y3,z3)
2(x2,y2,22)

4(x4,y4,24)

d' a 9 a A 4 d' Y
:.,iﬂ‘]/l 3.25 miﬂizmmmaiuuummmuuuaaamuwgﬂmﬁﬁwm

Ae(X,,Y,,2, )= A =a+bx +cy, +dz;
Pe(X;,Y,.2,) = A, = a+bx, +cy, +dz,
Pe(Xs,Y3,2; )= Ay = a+bx, +cy, +dz,
Ae(X,,Y4,2, )= A, =a+bx, +cy, +dz,
o 1 d‘ Y Y g’/ d' 9J 9 1 @ d'
1A a b e d N ldnnmsudaumsnIadeau unuamnavas ) luaumsin (3.40) v
1ddnvuzmsnszaevenamas lasszua a dwruala o vudaamuddudsannisy

(3.41)
A%y, 2)= AN, + AN, + AN, +AN, (3.41)

= . A Jd o a a J ° Yo =~
HIN,1=7 2 3 470 Wansunsdszunamaludagwua mmiﬂmuamkl@mﬁum‘m (3.42)

1
N=—(a+bx+cy+d.z 3.42
. 6V(. X+Cy+dz) (3.42)

Iﬂﬂﬁ a1:)(4(3/223 - y322)+X3(y422 - y224)+X2(y3Z4 - y423)
az=X4(y321 - Y123)+X3(y124 - y421)+X1(y423 - y324)
a, =X4(y122 - y221)+X2(y421 - y124)+xl(y224 - y422)
a4:X3(y221 - y122)+X2(y123 - y321)+X1(y322 - y223)
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b, =Y,(Z3-2,)+¥5(2, - 2,) +¥,(2, - 2,)
b,=y,(2,-23)+¥,(23-2,) +Y,(2, - 2,)
b,=Y,(2,-2)+Y,(2,-2,) +y.(2, - 2,)
b, =Y5(2,-2,) +Y,(2, - Z5) + Y, (25 - 7))

C,=X,(Z,-23)+%X,(Z;-2,)+%X,(Z,-Z,)
C,=X,(z,-2,)+X,(z,-2,)+x(z,-2;)
C,=X,(2,-2,)+x(z,-2,)+%,(z,-2,)
=%3(Z, - 2))+%,(2, - 23) + %, (23 - Z,)

C,

d,=X, (Y5 Vo) XY, - Ya) ¥ %, (Ys - Ys)
dy =X, (Y, - Vo) + X, (Vs - Vo) +%,(Y, - Yy)
dy =%, (Y, = V) + % (Y, - V) + %Y, - Ys)
d, =X (Y: - Y2) + X (Yo - ¥3) +%, (Y5 - Vi)

A a 1 Aa A 4 9 =) da o [ a 4 Y o
inag v AnlsuinsvoaaazdaaIuua m”l@mﬂﬂmaimmumamuﬂizﬁm Llﬁﬂﬁllﬂﬂﬂ

aumsh (3.43)

1 Xl yl Zl
1 X Z
6V = det 2 Yo & (3.43)
1 X3 y3 Z3
1 X4 y4 Z4

1 o é’ (%) d v A ng dy
ANvuiudIveIHaRag Iz uegnulIngun 1T sz ameluRauuaI ULl
= Y o ] Y =\ k4
nanulndafesnunamasiuassvestymnniesiiesladie
Aa A 4 [ a 4
3. a519AUN13Y09D0AUA (Element formulation) 1 aeandeenuaun1siFaoywus
= g‘z dyd 1 g‘z Ao w ax Ja a 4 1 1 ~
wotly Feiuaoulitednllutunsundingueadd I luisadwud sdrasunsdiaunis
a A 4 { { I @ ] @ { ] 1%
vosvadmuazilns@anihnldenuniluarediedaaslugli 3.25 wwoglugiuuudwaas

luaunsn (3.44)
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Ky Ko Ky Ky A f;

K21 K22 K23 K24 AJ — fJ' (3.44)
Ky Ki Ki Ky A fk

Ki Kp Kg Ky e A e f e

FaouTavde'lan [K].[4]= 7] Tae [4], A0 wn3ndad lins1uai Tua tazdaios e tang
v " g A ¢ o a a s & a a do 1 o & y X

Trnswinduuns ndszaudadmud Faunsvesdaamudaina1 suiludesgnadaduun
9 Yy w a o ¥ ¥ a a ok '

Tdaeandosnuaumadsoyiusvesdynniu q nsaindunisvesdaauasioglu

gUnuDveIaNMIN (3.41) ansninld lag

A,

9 1
Aas . a A 17 9
-35n13 1A8A 39 (Direct approach) A5 Ha w150 19 Idmwiz a1y

v Y&

18410 9 egrawu Taynrare q Tugdnse 1 38 mniv 9luausovdvversalasuniag

o T 1wl lu 2 wie 3 aTaena U148

[

Y
-25m15ud AU (Variational approach) HaNN15E1AYVDIITAITH
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9
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?f‘JJﬂ1§LGBQ@HWu‘ﬁlmgNEl‘l!nl‘lJ‘lJ@‘UL‘lJ@Vlﬁﬂﬂﬂﬁﬂ\iﬂﬂﬂﬂJWTVIﬂTa\‘]ﬁuiﬂﬂg ?JEJNhlﬁfWHiJ’J‘ﬁﬂ'lﬁ

C ] Aa Y a 1 @ ] o a A A % 1 1
pdsAuludsmsauaunlFiulugaedu 4 wesnsiannds v luidadwud deaaulug

@ a2 A

<3 A A o ] ] ~ ' o & v S o o
wilulymnnernuniemiulaseding uazdagaoeuonae Iniuasansuiandunlshu

=

{ o a o J gJ/ a a oa
NaoandosnuaunsBeyiutvofyniu q Fulyrivate q sialumeljiaawise
o o3 1 1 Jd o o A o &
afnaumsoyusyuun 18 ua himwnsomlansunlsdunaoandosnuniuld
ax 1 %,' ] Y . . Qddy gJa
-IN1TINNUINUNAYANANY (Method of weighted residuals) PR C BT TR
9 Ja A 4 a 4 1o & Y d
adraums il luidadwudnnaumadeoyius lasase Taghisuiudesnsiulandu

wilsAuiiaeandos Feeuiantir Tl IFlunisadwaunis T luidadwudd i Fudym

v
a =

o @ < { o @ 1 @
Tagna 9 1 wazgnialiiiluisndeungalumsdszgnaldnuilymians q Tutlegaiv
° ' a a sy ¥ 1Y <

4 hdumsveuaazdaduuan lau11sznouni (Assembly) IJudun135IM90
g’/ ~ LY 1 < Aa A EA =< 9

FLVVNNTUADUN 1 viinuianyae3lsnsvesymeeniudaamudgessailsznonaie
1 Aa % I o Y 2

n Tug vzne IRNATZUDAUMITTINFIT2NOUREAUNTEOITIUIUNIAU £ AUMT Taouaag

Tadaaunmsn (3.45)
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_Kll K12 KlS ot }<1n7 _ul_ | fl_

K21 K22 K23 o K2n u2 fz

K31 K32 K33 K3n u3 — f3 (3 45)
L Knl Kn2 Kn3 o Knn szs(nxn) _uﬂ dsys(nx1) L f” sys(nx1)

' 2 { { a 4 va
Wioleulagge laasil K], [4], = [F1,910aum3h (3.45) mwn3ng (K] szliguauiiaves

sps sys
I a L4 1 A T = wAa @ [ Y] ]
AT ngauuIng na1dne K] = [K]5, tazliguaniaveanisiunguiuyednl
~ 1 [ Jd Aa a S = A o 1 [ I
A lUmInuguensT ML UINIE YNV BUNT NG Farzlanyuzegiaunuiunoy
. A o [ dy 1 Y Aa J ] Y
(Banded matrix) 31nAaiauaaana1nil azne liinalse Tesiearaunluniswmun T sunsuy
a 4 1 A A wado & Y Y o I o A A
ApNNAADT Taamnizeg1seslunilgianindudeslgsruau Tuailusiuauuinien
1 Y a A A o Y oA [ Y] S Y
veneldifanamasiesass Tasausowaunldmumamzain luminugud 131
1 ) d‘ EX o 1 a’/
WUIAUIUND 1F IunN1TAIUIaINIUY
o [ [ Aa a 4 @ I
MsiaunsdesuedtaazoaatuuauIdiznoun Il uaunIsIINVBITE UL
o o 9 ~ o = @ ~ [ dy I~ o A ° Y- o
sudeativanmsdandnmaneznanudlundnmindie amnsoiin'ld lasazain gty
1 d'dq a d o [ dy o 9 [y
sUinvesdyminlidadwuddosiiuaunin q uaznannmstazgnih lU 16T unswaun
a 4 o o ] 1 [
apunaaes Tlsunsuade Tasawisnmanudilas 1dvinaredeglinvedymiaagl
~ 1 A o 9 = Y a A 4
13,1 PA1IAILNINITASINANNITIINVDITEUUFIUT2NDUAY 6 DaaUA 8 Tua Tagdy
a 4 A I @ 1
HEAAINTIINVOIUNT NG [K]sys 1ot ual0819
as dy o 9 = a A g 9 g‘/ o w
Fmstmla laeeouaunsueaauuan1d o N3 oUNIMNUNLIBAUUDI THANIY
g’/ J Aa A 79 Y 9 A a A o
HAIUBUUASUDIAIVBIUAAZDAINUAIHYNABI TasDIn 1IN 3.24 [K], voidadiuua
A Y] 1 a a 7 Y
N 1Usznouareluanuioay 2 8 5uag 6 dau [K], vesoaatuuan 2 dsznoualeTua
] a a 4 {
Wu1e1ay 12 8uay 5aiu [K], veddaatuuan 3 Usynoualeluanuioay 12
1 Aa a o" 1 a a
4uaz 8 @IU [K], vosdaamudn 4 Usznoudrs Tuavuieay 1 3 4 uaz7 au [K], vo4dad
s 9 [ Aa a S = & a a 14
wuan 5 Usznouale Tuaruiemay 178 uaz 5 a2y [K], vosdaauuan 6 suiludaamua

Yo

) v a v 2
Qfﬂ%WﬂﬂiSﬂﬂﬂﬂﬁﬂiuﬂﬁummﬂl 184 uns 7 IﬂEJi‘ﬁﬂJﬁﬂlfUﬂullﬁﬂﬂiﬁmullﬂﬂﬂu
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@|a b ¢ 4
[K]l,=®|a, b, ¢ d,
G)a by ¢ d,

6| a, b, ¢ d,

M @ © O]

Dje, 9 Nn
[Kl,=@|e, f, g, h
(8) es f3 gB h3
(5) e4 f4 94 h4

W @ @ ©]
@1 i bk I,
[K]e3 =(2) iz j2 kz Iz
@1 I ke
©) _i4 o Ky I, .
Qe @ O]
@m n o p
[K]e4 =@)|m, n, 0, P
@m, n, 0, P
() . m, n, 0, P, |
w @O ©® O]
Do n s b
[Kl.=D|a, & s,
(8)| G; LS 4
Gl n st
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D ® @ O]

@Qlu v, w X
[Kl,=@)|u, v, w, x
@lu, v, w, X
(MHlu, v, w, x|

1 Y Y
A A o [ v 2 [ (2

4
UKW NIYLAVAINUNININUDIUBUUAZUDIAINMNUANYSLANTNNAIVD

q

Y g’-’ dy a 4

a L4 a a 4 o [ a Q( 1 1 [
WNIngUaNNnNaaaliuallan MnnHuhdudszansag 9 ot laas s ngszuy
1 T W a £ = 1 A y A a a AR A
33U [K]sys LBU mdaulszans b, Glfmgsluumuauw S UDIONN 8 voNvaalNUAgReN 1 i]gllﬂ

] A Y A LA o < 9
ﬂﬂﬂgﬂgimm’mauﬂ 5UDINN 8 Gll’f]\illlﬂiﬂ‘;]figﬂﬂ5'31]@]\1!!;’67@\111!’&73Jﬂ']5 Lﬂuﬁu

O @ ©) @ ©) (©) 0 (8)
@ | e +i+m +0, +u, f+] n, k,+0, +w, h, +t, 0 P+ +X 0, + +5,+v,
(2) CZ+i2 a1+f2+j2 0 k2 Cl+h2 dl 0 bl+gZ+|2
(€] m, 0 n, 0, 0 0 P, 0
[K] :(4) i3+m3+u3 j3 n3 k3+03+w3 O 0 p3+x3 |3+V3
* (5 g,+0, a,+f, 0 0 c,+h+t,  d, r, b, +9,+S,
(6) 0 a, 0 0 c, d, 0 b,
M m+0,+y, 0 n, 0, +W, t, 0 P+ +X, S, +V,
@) c+i,+0,+U, a,+f,+], 0 k, +w, c,+h+t, d, L+x, b,+g,+l,+s,+v,

4 4 { [
5. szgnaitoulvuouiua (Boundary conditions) Neoandesnuilyniasluaunis
FAIVDITLULNOWIAIWAIR A TAgMTUAANNITIINUDIT VLN TunTuan Tua
o 1w J A Y 1 A 1 @ A 1 9
6. AU A 319 9 NAeensaell ensiuawaanin luanie q 1d?
o T v 1 A o v Jdo [ rfdyl Y
fusamuIumaalsane o ddunusnunaanstae 114

) y ? < Y =] an Isa A S A Aa
ANUVUADUNY 6 YUADU i]zmu‘lﬂ’mzmstﬁ"h/\l‘lumaamumﬂmﬁ‘nmmmmu

3 g’/ I = ~ o ~ A 9 a A L g‘/ ~ 9
Lﬂueuul,ﬂumu Iﬂflllﬁ'?u“l/lﬁ'l iyvm@ﬂ@miﬁiwfmmmmaaamu@iumumu% 3 Gh"i

Q

R4

' 9 v v v
doandonuauMFeYRusvosdyminiivua uaz luduaouns 6 suasuiiaziilyl

g

Y ]
Wmuﬁuﬂuiﬂmﬂim@nmmaﬁ(u,ﬁam&ﬂumiﬁmamm"lﬂ
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=

< a Aa o d
3.8 mmgtymﬂ‘lmmumaﬂ v Yasail, 2542)
a wa d A o A £y ' 2 A~ 9y
lumaliiauu nsesdnsnnilsznnnilszneualedsasuimaniiein1s 149112393
g a o w g & o @ ' {a X
wimanszinamas dhgadelunnumaniu Taena l)inezedlugdvesanudouninaiu
< = I [ 1 dy [ Y I 1 9 [
Tuunuman Tasanugadeluunumianainaniiazaunsanisesn laiiu 2 dauldun
ANUGY AU INTAIN03 T (Hysterysis losses) LaZANUGYToI0IINNTZIA THaIY
(Eddy current losses)
a2 4‘ = aAa
381  ANugaTeeInNdaneITa

v
=S =

4 a Aaa I a

anugydoiiosnindames sailuanugadoNnaennsnszquaces

] < o X @ [ { a
uiwmange lihnszuaadudalaen lnnedanadsnungade ldlumsadaseudan

aa @ ! 1% o 1 g 4 1 ' <
p3de naadlanagii 3.26 nasuaenaniizgnldldlumsmdounveslaTnautman
<3 ' o

(Magnetic dipole) Tunnumanuazazgnnszateoenuiogluglyesninuiou Taenaliudy

4 a aa - 2 @ a aa <] a £
ANNYYFOI099INTAADI FALILVUAVYUIAVDINTOUTADI FAVD N UHANTHAUU
<3| <3 A Aa a aa 3 a = 2 Y
wnidlunnumansianivinavessoudamessaluynizianugaydonin uenaniiuda

@ (Y

= a dal é’ = @ = Y
mmz;ftymwu@u NUUBY ’]Jﬂ’N1]i‘lhh/\lﬁ1ﬂi%uﬁﬁ'ﬁﬂﬂl@ﬁlﬁﬂiﬂﬂﬂ’)ﬂ

max max

i
-
\

= =S lﬁ' a a A
qﬁjﬂ‘ﬂ 3.26 ANUFULTUUBDINININAD T
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382  anugdaiiesnInnszualnaIu
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=1

A 9 ] <3 I dy v ¥ A a da! = '
nJaﬂuuﬂmlﬁmmmmmuumaﬂ“luu,ﬂumaﬂu PANUUNTSUTNINAVUUISYNLTYNIT NTSUA

u

lvwadu (Eddy current) #3992 lnaruluunumanuaaslanagaii 3.27

A/\ Y

o o 4
3U7 3.27 anugapdailesnnnszud lvaiu

= =}

Taona ldudaunumdnazTannudiunu Iiawie wonszue lvaiu

[ 1 dy ] 1 9 I~ 1 Y a = o W Lé ]
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a A
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A(XY,2)= AN, + AN, + AN, + AN, (4.13)

A A Jd o a a J
Iﬂﬂ‘ﬂ Nn=123 4ﬂf]ﬁ\1ﬂ%uﬂ’]iﬂi&’u’lmﬂ’lﬂiu@aalllu@!l,ag A,n=1234

n

A v J 1 o Jda J ] <] 1 a a SR Aa A J
AoraansvesmdnaFInmesian luuaaz Tua 7 2 3 4 vesdaamuazslunsadaawua

sUnssamhaganons1a

N =6iv(ai+bix+ciy+diz) Lﬁai =1234 (4.14)

Tagii & =X, (YoZy = Y325) + X5 (Y42 = YoZy) + X5 (YaZs — Y4Zs)
a,= X4(y321 - y123) + X3(y124 N yAZl) + Xl(y423 - y3z4)
83 =X, (Y12, = ¥,20) + X (YaZy = YiZ) + X (Y224 = ¥aZ,)
A, =X (Y22 = ¥12,) + X (Y125 — ¥320) + X, (Y32, — ¥, 25)

by =Y,(23 = 2,) + ¥5(2, = 2,) + Y,(2, = Z5)
b, = ¥4 (2 = 25) + Y1(23 — 2,) + ¥5(2, — 2)
by=Y,(2, - 2))+ ¥,(2, - 2,) + Y1(2, - Z,)
b4 =y3(21 _Zz)"' yl(zz - 23) + yz(zs - Zl)

C=X,(2, = 23) + %, (23— 2,) + %(2, = Z,)
C, =X (2, = 2)) + X3(2, = 2,) + %, (2, = Z5)
C=X,(2,—2,) +X%(Z, - 2,) + X,(2, - Z,)
C, =X3(22 - Zl)-l- XZ(Zl - Z3)+ X1(23 - Zz)

d1 :XA(Y3 - YZ) + Xs(yz - y4) + Xz(y4 - Y3)
dz =X, (Y1 = Ya) + X (Y5 = Y4) + %5 (Y, — Y1)
dy =X, (Y, = Y1) + X (Y, = ¥a) + X, (Y, — V)
d, =% (Y, = Y2) + X (Y, = Ya) + % (Y5 = Vy)
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(4.34)

Y

ATUUUNS 0T IHaaNaDS [F]M%z‘lmw

4x1

nn [F],, = [[N],, Jodv (4.35)
\

ldgandeilsznovlumsdszmnaumsduiininaaeatSinasaeaumsi (4.31) ag

Tasaeunsn (4.36)

1

IV |1

[Fla="74 (4.36)
1

=R

43.4 msidsgnevaumsadaanuavmiuszuy

gJ/ dy < ° [ A Aa oA 9 1Y I
suumuuL‘}Jumimﬁumsmml,mazaaamuﬁw”lﬂmﬂizﬂ@uﬂmﬂu’d‘umi

a A

3/./ v Y A Y] 1 I
TINVDITSUY Iﬂﬂ%?ﬂﬂlu@]'ﬂuiuﬁ?ﬂl@ﬂ 43.1 mﬂ!,!,maﬂyngﬂﬁwmﬂﬂgmaamﬂuaaa
R & Y 1 1 Y a = Y 1
WUAGOIXEIUTENDUAIY n YN0 i]Zﬂf’JGl‘ViLﬂﬂ53‘]J1Jﬁ3Jﬂ1§'§'JﬂJ"HQ‘]J5$ﬂ@‘]Jﬂ'}]fJﬁ3Jﬂ"lifJ’f]fJ

o g}/ £ [ g’/ o [ o J 1 <
NUIUNTU n ﬁllﬂﬁﬂ\‘]uulﬁfihl&g]}ﬁllﬂﬁ5’JllﬁTH'i‘]JﬂﬁﬁnaﬂﬂNﬂ?ﬂﬂ’JHJL"ISJIZJETHUJLUJL‘I’iaﬂEIJE’]Q

Y
Aav A

a Y A
qm’mﬂuclugﬂaumimmuﬂa

[M+K] A =1

_Mll + Kll M12 + K12 M13 + K13 o Mln + Kln 1 Al fl
MZl + K21 M22 + KZZ M23 + K23 o MZn + K2n AZ f2
M31 + K31 M32 + K32 MSS + K33 o M3n + K3n A3 f3 (437)

(M +Ky M +K, Mg+K o0 M +K A f

nn nn dsys(nxn) L™ N dsys(nx1) L "N dsys(nx1)



72

A a2 J 1 ~

ABD LININYATPNNUDNTSUY

A a J 1 =< ] <
AD LNINYATFIUTUNINLUULAAN

A 1 o A 4 ] 3 A ] 1 o ] 1
o ﬂWﬂﬂfJL‘D’QL'JﬂLG]f’)ﬁLL?JL‘H@ﬂ‘VIthTIi'ﬁJﬂW U G]"ILL‘HM\‘ITHQGIN 9

\Ikwg

A s o o ] 1
o Twamaﬂmaiﬂmmzm ] mLmuﬂuﬂmﬂ 9

¢ A

435  m3dszgnar auluvauuanSaurnawamay (Eric Weisstein, 1999)
) o & o A ao A g o A

mmmumaumsﬂizqﬂmNau"lw@melm“lmmmﬂmﬂumﬁmwummu“lﬁu
d v I o 4 !
YD ULVALUVUUDIFTNU (Neumann boundary conditions) Iﬂﬂﬁ]gLﬂuﬂWﬁﬂWﬂuﬂﬁﬂuq‘lﬂlﬂﬂﬂlﬁﬁ

o [ v 2 A wAa I Ao g 9 a A
@]”ILLW1!\13@fJ@]’E)‘I)'“LNTu“I/I11ﬂﬂ!ﬁJJ‘U@]ﬂ'NllL‘IJuﬂu@uIﬂﬂiuﬂu’)‘ﬂﬂuﬂﬁgﬂﬂﬂqﬂﬂ’w 3 UIIUAD

1 1 1 %’ % U -] o ! J %
mlmmiesmeszvianumuﬁﬂjmgﬂamamﬂmﬂmm AU UITICUINNIZATHRAUIUNY

) o [ [ %’ ] Y [ < A o gd a

YAAIAA U LAz UTEHNNN U T oul aenuunUan Iﬂﬂill\if]ull"llﬂﬂuﬂﬂ UINIU

o 1 [ 1 %,’ Y] I y a Y] 1 o o o
mlmmsasmaszwmqumuﬁﬁ'@uﬂmuazuﬂumaﬂ‘ﬁ”laJmﬂfmmumawﬂmﬂmmﬂmuﬂ“lﬁ’

1 ~ LAY < o aA 1 a A AAa [ v o 3’; o 9
ﬂ’lﬂ\?ﬂﬂ@ﬂﬁﬂﬂ!ﬂﬂﬂﬂﬂ 8720 AIUUTIURUIUDUS W@ﬂﬂﬂﬂlﬂaﬂﬂ@ﬂu'luuﬂ']ﬂuﬂiﬂ
n

i
[

1 ~ J v 1T W 8A = Y v =1 A a dy
ATAINUBDITUUININDY 2 5—22 Iﬂﬂi1ﬂﬁ$£’ﬂﬂmlﬁﬂ\ﬂ@ﬂd§ﬂ1ﬂ 4.6 1UD3II1NIUIVYU
n

] a d T <3 = S o ES { a o ]
Mﬁlﬁuqﬂﬁﬂ1§ﬁlﬂ§1$ﬁﬂ1§ﬂ§$ﬂ?ﬂﬁlﬂllL!NLﬁaﬂUiLﬁﬂ!L!ﬂul‘Vmﬂﬂ\‘]‘lﬁ«l NUTNUA N UV

v @

Y R Al o Za 14 ] < Y 4 < o
g \‘]GU'EJ\THNf]LL“]Jﬂ\‘IG]NIIﬂ'lﬁﬂfllfb'\‘llﬂ]ﬂlﬁﬂillulﬁﬁﬂlﬂ'lﬂﬂﬂuﬂ (A=0) Iﬂﬂﬂ’)llﬂ%$gﬂﬂﬂ’iuﬂ

} 2 o 4 22 A |
dou lvveuwailudnyaz@on lvveuwanuuasiAa (Dirichlet boundary conditions) 9413 18

a o

E4
gniniasanneluanuitell



73

[ [T T L |

L ]

Y 9
) HUUBDIATUTUN
= o o T o @ o A d o
g‘ﬂ‘ﬂ 4.6 fﬂiﬂﬁﬁiuﬂﬁﬂlﬁuQf’ﬁ‘Vi'i‘]JﬂTiﬂTﬁuﬂN@ullﬂJ"lJ@‘]_ILﬁUmL‘]J‘]Jui’)EJﬁllLl

o ' o d' 4‘91
4.3.6 msmuammmuﬂsau‘nmmms
A 1" v A 4 [ I ~ 1 1 Y =X o
WBNITIUAANYLFIUINADIUNINAN A NYAADATI) LA T IUITDATUIUN
1 1 A o v o [ 9 [ I o Y ad 1 o A
AN ‘VlﬁﬂJW‘L!‘ﬁﬂl!@]@"l‘]Jllﬂ Iﬂﬂﬁu”llll!lllﬂaﬂ B ﬂ'UﬂﬁﬂﬂTU'JﬂlllﬂﬂTﬂﬂT'iLﬂiaﬂTﬁﬂfJLGIN
4 Il < @ { v ¥ § a Aan
LINADILULNAN (BZVXA) ﬂﬂl!ﬁﬂﬂﬁ}ﬂﬂﬁuﬂii‘ﬁ (4.38) mumﬁawawmmﬂauﬂaﬂu 34a
A~ = Y1 1 [
ANUTISUIY xy LA z mauﬂﬁzuﬁiuuu’guﬂu X UASHUIUNU z %QllﬂﬂTﬁNTNLLNLﬁﬂﬂiu
2 1 [ [ 9
wwamnu x (B,) nuaunuy (B, ) uwaunu z (B,) sawsiamiauimmimansan dauaasdae

AUNITN (4.39), (4.40), (4.41) 11ag (4.42) MUAIAL



74

oA oA
BovxA=| B Py i+(6AX—6Aij+ v A (4.38)
oy oz oz oX ox oy
B, = oA, _ CA +CA +CA +CA, (4.39)
oy 6V
5 _O0A, _OA,
Yooz ox
B — d1Al+d2Az +d3A3 +d4A4 | b1A1+b2A2 +b3A3 +b4A4 (4.40)
y 6V 6V
B, =_8Ax =_C1A1+C2A2 +CA +CA (4.41)
oy 6V

B=,/B+B]+B’ (4.42)

o o w

Au Ayl 9 A a 3 Y
\‘]’]u’ﬁ]flu‘lﬂlql\jLuuth1/]ﬂ’]iﬂ’]uqmﬂqﬁ\j\‘]']uqmulﬁflclullﬂulﬁﬁﬂﬂlﬂﬁﬁu@l!ﬂﬁ\i

Y
= ] A 1 o w

= o Vg 2 3
FIVUDYNUUUIAVDITUINLLULIUAN Tﬂﬂ ﬂWﬂWﬁﬁﬁ‘L‘!ﬁﬂJLﬁﬂjuLLﬂumﬁﬂ (Core losses: P )

£ g 9 core

A

Usznoulidae 2 aqune Masnugydeiiosnindamassda (P,) uag Masnugado

ilosninnszud lnadu (P) ansoudas laaedunis (4.43), (4.44) 1oz (4.45) Ay

P,.=P+P (4.43)
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Magnetic Vector Potential of Original V-Comnection with A-8 Couple Phase
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Magnetic Vector Potential of Original V-Comnection with C-A Couple Phase

0.04
003
0.02
001

z(m)
o

-0.01
0.02
-0.03

0.04 .
02

o 0.05

0.05

0 -
yim 0.1 X (m)

a) vaaaalgugiisumas lihangola c-a

A v Jda 4 1 < A a <]
qij‘lh/l 5701905 NYANYLFIUINADTHULNAN (Wb/m) NUTLIUVADIALASUNULNANUDI

o @ 4 1 {o A o w <3
wihoutas dhdmsumadeusonuuingsi ldniuaafdsgadslunnuman

Magnetic Vector Potential of Onginal Core with A-8 Phase

009

0.02

on

z(m)
o

0.01

0.02

-0.03 ..
02

y (m) 0 006

x{m)

a v

) vaaramulgugiisumaslwihongula A-B



&7

Magnetic Vector Potential of Original Core with 8-C Phase
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Magnetic Field of Core Onginal V-Connection with B-C Couple Phase
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Magnetic Field of Criginal Scott-Connection with B-C Couple Phase
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Magnetic Fieid of Core Original Scott-Connection with A-B Couple Phase
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Magnetic Feld of Core Original Scott-Connection with C-A Couple Phase
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MF of Criginal Le-Blance with C-A Using 3 widing TR and B 2 widing TR

039
0.1
08
005 07
_ 106
£ 0
5 |
405
0 0.4
0.1 o
06
- y 02
04 _ 0
02 o 0.4 5
~ S 02
Ny — o
y (m) 02 0.2

xX(m)

Q d

) VANIANAYNUTY ﬂ”l ‘umimummmmmmﬂ%mmﬂﬁCLm ma A

ﬂ‘ﬁ 5.1701303% ﬁ]?flﬂ'lﬂlllllllﬁﬁﬂ (T)wmnmmﬂmmm LLﬂuLﬁﬁﬂm@ﬁﬁMﬂLLﬂﬁQllV\lﬂT

9 Y 1 I w a o = <
mmuﬂm%ammmmaauamﬂmﬂm"lﬁlﬁ}uaﬂmaagmmﬂcluuﬂumaﬂ

MF of Core Onginal Le-Blance with A-B Using 3 widng TR and C 2 widing 2 widng TR

02
006 0.18
0.04 40.16
0.02 10,14
2 o 10.12

= |
-0.02 b 01
004 0.08
-0.06 -, 0.08

08
0.4 0 0.04
5 04

02 0.02

y{m)

x(m)

Q d

n) unaanAogiaye 14 umimummmﬂmﬂamﬂfﬁmumﬁAua wla B



103

MF of Core Original Le-Blance with B-C Usang 3 widing TR and A 2 widing TR
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MVP of New Design! Le-Blance with A-B Using 3 widng TR and C 2 widing TR X 10
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MVP of New Design1 Le-Blance with C-A Using 3 widing TR and B 2 widing TR x 10
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MVP of New Design! Le-Blance with B-C Using 2 widng TR and A 2 widng TR X ‘0'
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MF of New Design1 Le-Blance with A-B Using 3 widing TR and C 2 widing TR
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MF of New Designt Le-Blance with C-A Using 3 widng TR and B 2 widing TR
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MF of New Design1 Le-Blance with B-C Using 3 widing TR and A 2 widing TR
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1. Background/ Objectives and Goals

Distribution transformer 1s an important device in electrical power system by acting increase or
decrease the voltage for suiting an application. One factor to relate the efficiency of the
transformer 1s magnetic field in core transformer. Assembling a transformer cores gaps will
naturally arise at the sheet butts. Respectively gaps length may between 0-3 mm. Magnetic
circuit 1s one of the most important active parts of transformer. It consists of laminated iron
core and carries flux linked to windings. Energy is transferred from one electrical circuit to
another through the magnetic field carried by the core. Magnetic field behavior in core
transformer depends on the step lapping of the gaps insertion. This paper aim to comparative
the gaps insertion pattern of core transformer which 100kVA 22kV/400V three phase rated
effecting to magnetic field behavior for guideline to new designing the core transformer.

2. Mathematical Modeling and Finite Element Method

The mathematic model of magnetic field 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 utilizing the three-dimensional finite element method 1s exploited as a tool for
visualizing magnetic fields distribution volume a_ distribution transformer. Finite element
Method 1s one among popular numerical methods that is able to handle problem complexity in
various forms. Even for problems of magnetic field distribution. The mathematical model 1s
usually expressed in the wave equation as equation (1) derived from Maxwell’s law

Vx{lVX.i)+0"
R J ct

é

A=J, (1)

Transform to alternative form of three dimensions in time-harmonics system therefore,
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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 fimctions in form
of tetrahedral element and shape function showed as equation (3)

N“-a.;.;(_a" thx+ey+d,z) ,where n=i, j kand ! 3)

For the simulation system, the pattern of gaps insertion are three cases considered as follow
figure (1)-(3)

=

Fig 3 Case III: Insert the gaps diagonal

3. Expected Results/ Conclusion/ Contribution
The simulation result based on length 3 mm of the gaps insertion with 3 cases study. A
transformer operates at the 80% of rated is considered of each case. Node Quantities are
average of three cases about 36,000 nodes. The lowest magnitude of magnetic field is diagonal
msertion pattern as Table L.
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Table I. Magnitude of magnetic field in core transformer

Pattem Maximum(Tesla)

No gap 0.021769852212268
3mm with Diagonal 0.012060680748742
3mm with Vertical ' 0.021769853044245

Keywords: magnetic field, core transformer, gaps insertion, finite element method
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Abstract — This paper presents a new design of transformer shape core used in raibway system
Jor loss reduction analyzed via the magnetic vector potential in the form of partial differential
equation related to magnetic field Finite element method is used in order to simulate a three-
dimensional system. This paper focuses on the core loss reduction which is calculated from
magnetic vector potential and magnetic field behavior on core transformer with V-connection,
while the transformer has supplied voltage from three-phase system. The unbalanced input voltage
is divided inte three case studies in this paper: C-A couple phase, A-B couple phase and B-C
couple phase from three-phase system. In addition. a design of transformer shape core has
occurred on the corner that is the intersection between vertical core and horizontal core with 3
mm radius curves. The simulation results compare core loss of transformer between the original
shape of transformer core and the new design of transformer core even though the supplied
voltage is unbalanced. However, the results have shown that the new design of transformer core
can decrease the core loss and it can lead to develop the shape of transformer core in order to
reduce the core loss in term of manufacturing. Copyright © 2019 Praise Worthy Prize S.r.L - All
rights reserved.

Keywords: Transformer Design, Core Loss Reduction, V-Connection Iransformer, Magnetic

Field, Finite Element Method, Railway System

Nomenclature
A Magnetic vector potential (Wb/m)

Ao Cross-sectional area of conductor (mz)
a Turns ratio of transformer

B Magnetic field (T)

f Frequency (Hz)

7

o

Cutrent (A) h
Cutrent density (A/m”)
X, Eddy current constant
K, Steinmentz hysteresis coefficient
N Shape function
Ne Number of coil turns (turmn)
n Steinmetz exponent
Poors Core loss (W)
y A Eddy current loss (W)
B, Hysterysis loss (W)
R Residual function
v Volume of element (m})
Vo Potential difference between two points (V)
Zey Equivalent impedance (Q)

Electrical conductivity (S/m)
m Permeability of material (H/m)
1y Permeability of free space (H/'m)

Copyright ® 2019 Praize Worthy Prize S.r.l - All vights reserved
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(5] Angular frequency (rad’s)
v Del operator

L Introduction

The transportation system is mmportant in order to
connect systems. There are many types such as the
airfreight, the sea freight and the rail transportations. The
rail transportations are the most comfortable system in
metropolitan society and 2 main public transportation
system in many countries due to the great advantages
related to-deliver many people and a lot of merchandise
anywhere and due.to the reduced the time for travelling
[1]-[26]. Especially, the electric rail transportation
system is more advantageous than the diesel one i term
of motor drive and renewable energy [1]. Thus, the main
key for electric rail transportation is the electric power
qualities to support the electric railway system that
should have efficiency even the electrical equipment that
15 the part of the railway system such as transformer
converter system and supplied sources etcetera. In case
of using the rail transportations affecting the main
electrical system, which unbalance system since working
of the electric rail system has been the single-phase load
while the power supply has been the three-phase system,
which has regulated the primary voltage through the
primary side of autotransformer with V-connection [2].
There are losses in many sections of the rail system, for

hitps://dor.org'10. 15866 wemos v12:11.15507
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example the catenary supplied, the feeder conductor, the
electrical source and the transformer. The core loss of
transformer in the system is a factor that affects the
efficiency of the system. There are many research related
to the transformer especially the material in transformer
and inrush current in transformer used in power system
[31-[6]. [21]-[26]. Therefore, this paper focuses on the
design of a shape transformer with V-connection for
improving a performance of the transformer while used
in the railway system with 3D-finite element analyzed
the magnetic vector potential. However. the result would
be practical in term of improving the voltage of three-
phase main system that will be balanced [7].

II. Catenary Autotransformer

The electric energy of the rail system is supplied with
high voltage to catenary feeder substations where the
voltage is reduced to a suitable level and fed to the
railway catenary conductors in order to be used by
locomotives and trains. The overhead catenary system is
the supplied system of the railway system consisted of
the bare wire conductors connected to the insulator
which the current through the pantograph into the train’s
propulsion system and then it becomes a closed loop
system [8]. Electricity flows through the rail or the fourth
rail, which is grounded as depicted in Fig. 1. The
overhead power supply is usually connected to 2 high-
voltage system in order to reduce the loss of power
transmission over long distance. For Thailand, electric
railways using this system such as Airport Rail Link
(ARL) contain with substation sub power station electric
multiple unit pantograph and catenary wire. Catenary
autotransformer one of the electrical equipment in the
rail system, which is used in modern high power railway
catenary systems fed with two phases with 180° phase
shift with the midpoint connected between two phases
and the secondary voltage winding between the catenary
phase and earth return conductor [9]. The secondary
voltage can be divided into the catenary voltage and the
earth return from the primary voltage.

A Ve TS T - et

Fig. 1. Autotransformer in Electric Railway System

III. V-Connection Transformer

Each one of the two electrical substation transformers
could be connected to a different phase of the primary

Copyright @ 2019 Praize Worthy Prize S.r.l. - All rightz vezerved
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side. The completely supplied catenary is thus divided
into sectors of lower length. which are separated from
neural sections, both of the electrical substations and at
the halfway. The secondary voltages are out of phase
with each other 2m/3 [10]. The equivalent supplied
single-phase load corresponds approximately to the
higher powers of a traction load. Its main drawback s
that if a traction transformer fails, another one should
cross phase supply while the three-phase supply will be
interrupted.

After the switching process has been completed,
virtually, it becomes single-phase connection traction
substation, and then the impact on the negative sequence
in power system will increase. The diagram of a V-
connection shows all the three cases of supply from C-A,
B-C and A-B double phase of main system as in Figs.
2(a)-(c) respectively.

I—> P
]5 —. *> lI:_'
I.—> o
12 7
I
(a) supply voltage from C-A
L .
IB
| °

.
1"‘““11”
AT e

(b) supply voltage from B-C

I—>

Ix__' Il,
F—p 14| v

T L
g e

(¢) supply voltage from A-B

Figs. 2. V-connection transformer double
phase supplied from main system

This paper has considered three schemes of the V-
connection transformer 15 C-A, A-B and B-C, which are
coupled phase of main three-phase system supplied with
primary side of autotransformer shown in Fig. 3.

International Review on Modelling and Simulations, Vol 12. N 1
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Fig. 3. AC electncal tracti bstation with V-

This paper has considered the autotransformer with V-
connection. Therefore, a secondary current can be
explained by eq. (1) [11]. where @ is turns ratio of
transformer:

- -

-a* 0 aV,p
I Z i Z
1| _| “e - 1|, | “e o
n -a* L7l |aVae
0 R AN RS-y
Z | z,

In term of the primary current, the couple phase
supplied condition can be divided into three couple phase
supplied currents such as C-A supplied current. A-B
supplied current and B-C supplied cumrent as shown in
Eqs. (2)-(4) respectively [12]-[13]:

(1 M1 07].4-
I |=[-1 1[1‘J 2
3=t =1y (2)
7l L0 217
(7,7 [o0 1]

4
Igl=[1 0 [J 3)
Io| |-1044)2
(&l =1 4
-3 1.
Maq=0 1 @)
Liod 410 |2

This paper has considered the autotransformer with
the rated voltage on secondary 25 KV single-phase
system and 115kV three-phase system supplied with
primary side [14]. In addition, the equivalent impedance
of the autotransformer from open circuit test and short
circuit test is 0.3159+711.1200 Q and constant of all case
studies.

IV. Mathematical Modelling for
Magnetic Vector Potential
and Simulation Parameters

Finite element method is the most efficient numerical
technique for solving the partial differential equations
(PDE) such as electromagnetic problem, temperature rise

Copyright ® 2019 Praize Worthy Prize S.r.l - All rights reserved
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and heat transfer problem. In terms of electromagnetic
problems, mostly differential equation starting from
magnetic vector potential form as follows [13]:

Vx(leA}*U£=Ja (3
yu &t

Vector identification properties are as Eq. (6)
Vx(VxA4)=V(V-4)-V34 O]
Consequently. Eq. (5) can be written to the magnetic

vector potential equation while V-4 is zero as the 4
properties. Therefore. the magnetic vector potential is:

2 g4
VA-uc—=-uJ, 7)
Ho ==~ (

This paper has considered the problem in three
dimensions 1in cartesian coordinate therefore. the
magnetic vector potential equation in x, ¥ and z direction
follows in Eq. (8):

r N\
__;7+__3--—_—2-a|\?ﬁ l+2=0 ®

This paper has considered the system governing by
using time harmonic mode and representing the magnetic
vector potential in complex form therefore [16]:

oA
== jod 9
ot

Eq. (9). substituting the complex form to Eq. (8) can
be converted to the following alternative form:

lal_‘;’-li;:‘_+l%_jw,4¢,/o=o (10)
pox! pat et

The current density (J;) determines the curreat

quantities ‘through the area of conductors and can be
defined by Eq. (11):

NpxI
4e

% an

where VN, is number of coil tums and A, is cross-

sectional area of conductor (m?). This paper refers to the
autotransformer scaling of dimension, which 1s the real
transformer as shown in Figs. 4. After that the finite
element method is applied for solving the PDE as Eq.
(10), these steps follow. First, both of nodes and
elements of discretization of the system are determined.
The general of element in three dimensions iz linear
tetrahedral.

International Review on Modeliing and Simulations, Vol 12. N 1
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This can be accomplished by using Solid works for 3-
D grid generation, which has 23,792 nodes. and 136.846
elements can be seen in Fig. 5.

'I! Rl

I

1IN Il HH|

Fiz 5. Tetrahedral slements of the autotransformer

() right view i ? i s
Second, formulating the interpolation function of each
e 110 - element in three dimensions is derived from the
| . ¥ Maxwell’s equations duectly- by using Gale(km
[ = N approach. which is the particular weight residual
Bl oo 1 methodology for which the weighting functions are
 w similar as the shape functions. According to this method.
I . the magnetic vector potential is expressed as follows

f

[17]:

A(X3.2)= AN, + AN; + 4N; + 4N, (12

where. NV, N;_ N are the element shape functions of
node i j k. respectively, and Ai,AJ,AA.,A‘- are the

»
,,: magnetic vector potential at node i, /. k./ respectively.
" - The weighting functions that are similar as shape
» mim function can be written as Eq. (13):
8 a, +bx+c,y+d,z
Ny =i A m 13
where, n=4i, j. kJ and V' is the volume of each linear
tetrahedral element, which is expressed in Eq. (14).
L A7 N 1 X ¥ %
I ! it x, y =
o Y = J J J (14)
61 x, ¥ =z
X ¥ %
¥
| and the positional coefficient is defined by:
a;=Xx; l)f,-"k = X3 )+x, (,V.'ZJ =¥i&5 )‘-'I_; (vaz=w3:)
| a;=x (:v‘rzz =Vi%; )*Ix (}’iz.' =Yi&; )+ X; (.\’521 =Wxq )
L
(¢) top view ay-=24 (y,z; =Y )‘x;' (¥iz =¥z )+ x; (J',-z.' =¥i3)
Figs. 4. Dimension of autotransformes ay = x; (y;2 - yiz; )+ X (¥ize = ez )+ 5\ yaz; - ¥j3 )
Copyright ® 2019 Praize Worthy Prize S.r.l - All vights rezerved International Review on Modeiling and Simulationz, Vol 12.N 1
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bi=yilz—zj)+lzi-= )*’1‘; (z-2)
b=y (5 -5 )+ ¥z —z)+ vz -2)
b =yilz; -z )+yi(z-z)+ vz -3;)

b=yelzi—z; )+ yilzy—ze )+ v (2 —=)

c,=x..( ¥ ]+x (ak—x. )*tha —4 ’
¢;=%(z -5 )+ x5 (5 -5 )+ x (2 -5)
ey =x(z-z; )+xlz; -5 )+ 2 (z-5)

¢ = xk(z ‘5.)"'1'( 4&)"'xr(‘k_" )

di=x;(ye—v;)+xe (3 —w )= x: (v —02)

di=x(¥i=ye )+ x (¥ -3 )+ xe (3

J =¥ )
dy =x (¥ =3 )+x; (3 -3 )+ x: v -3

dy=xg(yi=y; )+ xe vy - v )+ % (3o - 3:)

Third, each element of the equations is formulated by
integration by parts of Eq. (10) and substituting the

approximate results in Eq. (10) which is equal to the
residual function gives Eq. (15):

18%4

~¢

M oz

184

2
6x‘+ch
Hoox*

nat

=—jowA+Jy; =R (15)

Integration by parts is made using Gauss’s theory.
Therefore, the residual function is expressed in Eq.
(16):

5 (16)
—-jowd+J, :DdV 0
Eq. (16) can be divided into three parts as follows:

| N{l(f_f_-e_i E‘AH o) | 10D

7 uloxs g e
~[(¥,[-jowa])av =0 (18)

v

(19)

J( v =o

Using the factorial formula with Eqs. (17)-(19) each
element of the equation can be written in term of matrix
with 4x4 size depending on types of elements.

Thus, eq. (17) becomes the permeability matrix
depending on the coordination of the grid along with x, v
and z direction, which is showed in term of positional

Copyright ® 2019 Praise Worthy Prize S.r.l - All vights veserved

coefficient in Eq. (20):

by +on+dy
1 | by+ey+dy
m by oy +dy
by +ey +dy

B3 +e3+dps

. bytentdy

by ey +dy

[K] _ by +eyy +dyy

et bytep+dy -

by +eyp+dy
by+ray+dy
by +oytdy
by +cy+dy
by +cyy +dy

~ @0

- bteptdy
- b teg+dy
Eq. (18) becomes the constant matrix depending on

the constant of electrical conductivity and angular
frequency as follows:

2z 1% 1
jocV |l 2 1 1

(M), = 20 |11 21 @an
1112

Eq. (19) becomes the load vector depending on the
current density of transformer as follows:

1

V11
ﬂ @2)

[Fla =

1

Fourth. the boundary conditions in term of Neumann
are applied. Both of the edges between oil and
conductors and between oil and the frame of the
transformer are shown in Fig. 6.

~

'
e s "’a —
=

. ‘ I ‘ u ‘l’ 1)

=
Fig 6. Define the boundary condition of the system

Fifth, the linear equation for calculation a result of
magnetic vector potential iz solved. For the simulation
parameters, the finite element method has been used for
solving the PDE in this paper. The parameters for
simulation depend on the magnetic vector potential
equation, defined in Eqs. (20)-(22). However, all the
parameters of the simulation are shown in Table L.

International Review on Modelling and Simulationz, Vol. 12. N |
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TABLEI
PARAMETERS OF AUTOTR ANSFORMER. SIMULATION
e Material Valnes
Permeability Steel 40,000
Copper 0.9599
Mineral o1l 2.2000
Kraft paper 1.0000
Free space 4zx 10" Hm
Electrical Steel 2.08 x 10° S'm
conductivig: Copper 5.80 x 10" Sim
Mmeral oil 0.1080 S'm
Kraft paper 0.9999 S/m
V. New Design and Simulation Results

This paper has considered the magnetic vector
potential, which is related to magnetic field in the core
part of the V-connection of the autotransformer,
compared to the original core and new core design for
the analysis of the core losses of autotransformer when
operating in the railway system supplied from
unbalanced three-phase system. Moreover. the new shape
design of transformer core using the electromagnetic
field behavior by making all of core comer curvature
with 5 mm of the radius and the new design can be seen

e

T

{a) Original core

(b) new core design

Figs. 7. Autotransformer structure
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For the simulation results, this paper has considered
the magnetic vector potential of transformer core using
finite element method and it has been divided mto three
cases of supplying voltage from three-phase system.
which unbalance couple phase: C-A couple phase. A-B
couple phase and B-C couple phase. For the magnetic
vector potential of transformer core, which supplied from
C-A. A-B and B-C couple phase of three-phase system
are shown in Figs. 8-10, respectively.

Magets: Vot Dotmete of Cranel Y Castwetnn wih C A Cmem Save

¢ oaons

xim

a0z

(a) Orizgmnal core '

Magrwte \Vector Fotertisl of Nes Design V- Commetion wit C.A Cops B

i

o4

om

004
03

am

" r e
v i

(b) New core dezign
Figs. 8. A magnetic vector potential (Wb'm) for C-A couple phase

According to Figs. 8-10, the magnetic vector potential
distribution all over the transformer core can be
described by the electromagnetic field theory that the
magnetic field will have a decrease when is low changing
rate of a magnetic vector potential or magnetic vector
potential is minimum. In term of couple phase analysis,
the graphical results have shown that the magnetic vector
potential in each couple phase has maximum value
different side of color bar. However, the system will
balance system when all of the three couple phase are
considered. For safety and general usage, most of the
designs have to focus in term of maximum valve. Thus,
the maximum numencal results of a magnetic vector

Intermational Review on Modsiling and Stmulationz, Vol. 12. N. 1
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potential can be seen in Table IT.
TABLEO
MANIMUM MAGNETIC VECTOR POTENTIAL
— OF V-CONNECTION TRANSFORMER.
Tbree-pbase supplied  Orignal transformer Neas & ke
to primary core
C-A 0.0285 Wh'm 0.000251 Wh'm
A-B 0.0186 Wo'm 0.000134 Wb'm
B-C 0.0318 Wo'm 0.000327 Wh'm
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Figs. 9. A magnetic vector potential (Wh'm) for A-B couple phase

However, the analysis the core loss of transformer has
been widely used i magnetic field form [18]. According
to the electromagnetic field theory, the curl of magnetic
vector potential is described as magnetic field
(B= VxA). The finite element method based
stmulation conducted in this paper 13 coded with
MATLAB programming for calculation of magnetic field
dispersion via shape function along X, y, z direction and
total magnetic field as Eqs. (23)-(26) respectively.

8d; _ Cidi+e, A +o Ay 04

(0%

B =

X

(23)
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The curl of the magnetic vector potential 1= 2 magnetic
field, for which three dimension finite element method
results can be graphically presented in the filled polygon
of magnetic fields dispersed thoroughly the volume of
study. Figs. 11-13 show the magnetic field plot of the V-
connection transformer for C-A couple phase, A-B
couple phase and B-C couple phase, which have been
compared with original case and new design case of all
respectively.
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A maximum of magnetic field can be seen in the
Table IIL
TABLEII
MASTIMUM MAGNETIC FIELD OF V-CONNECTION
TRANSFORMER. WHILE UNBALANCE OPERATION
Three-phase supplied Origmal transformer

New transformer core

to primary core
C-A 08767 T 03638 T
AB 06161 T 0.1944T
B-C 1.0867 T 0.5822 T
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u

(b) New core dengn‘
Figs. 11. A magnetic field (T) for C-A couple phase

This paper aims to calculate the core loss of
transformer with new designed the core and compare
wtih the original core by using the maximum magnetic
field [19]. The core losses analysis can be divided into
two parts, hysterysis loss (B) and eddy curreat losses

F, ) which are shown in Eqs.(27)-(29):

By =K\Bunf 27)
b= KtB;uf: (28)
Pcon " Ph + Pl (29)
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Figs. 12. A magnetic field (T) for A-B couple phaze

For calculation the core loss of this paper, Steinmentz
hysteresis coefficient (X, ) and eddy current constant
(X, ) are 300 which is the regular value and Steinmetz

exponent ( #) is 2 in all the case studied [20]. Therefore,

the core losses of V-connection transformer can be seen
i Table IV,

TABLEIV
CORELOSSES OF TRANSFORMER. AND DECREASING PERCENTAGE
WHILE SUPPLIED UNBALANCE ON PRIMARY SIDE

Three-phase Criginal New transformer  Decrasmg
supplied to primary transformer core core Percentazs
C-A 58798 kW 104.05 kW 2.30
AB 29038 kW 2891 kW 90.04
B-C 903.40 kW 259.30 kW 71.30

The results from Table IV show that the new desiga of
core transformer can decrease the core loss while the
transformer has supplied unbalanced voltage mn railway
system.

In term of decreasing percentage the three phase has
supplied primary side with C-A, A-B and B-C couple
phase 1s 82.30%, 90.04% and 71.30% respectively

International Review on Modelling and Stmulations, Vol 12, N 1
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Figs. 13. A magnetic field (T) for B-C coupls phase

VI. Conclusion

This paper has simulated the partial differential
equation of magnetic vector potential and magnetic field
via the finite element method in order to design and to
calculate the loss on the core of autotransformer with V-
connection while operating in the unbalance of three-
phase system. In addition, the simulation presents a new
design shape of transformer core, which improves the
efficiency of the transformer. The simulation results have
shown that the shape that has curvature of the corner of
transformer core can decrease a core loss of V-
connection transformer while operated in unbalance
system. Therefore, this is the one choice for designing
the shape of the transformer core. On the other hand, In
terms of manufacturing there are many factors to
determine.
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Abstract

This paper presents a new design of transformer shape core with used in railway system viz analyzed the magnetic
vector potential in the form of partial differential equation. Finite element method is used to simulate three-
dimensional system. This paper focuses on the magnetic vector potential behavior on core transformer with V-
connection, while the transformer was supplied voltage from three-phase system. The unbalance input voltage is
divided to three case studies in this paper: C-A couple phase, A-B couple phase and B-C couple phase from three-
phase system. In addition, 2 design of transformer shape core occurred on the comer that is the mtersection between
vertical core and horizontal core with 5 mm radius curves. The simulation results compare magnetic vector potential
between the original shape of transformer core and the new design of transformer core even though the supplied
voltage are unbalanced. Nevertheless, the results shown that the new design of transformer core is more highly
uniform a magnetic vector potential distribution i the transformer core and suitable for guidelne for improving the
shape of transformer core to reduce the core losses.

Keywords: Transformer design, V-connection travsformer, magnetic vector potential, finite element method, railway
system

1. Introduction

The transportation system is important connecting systems. There are many types such as the air
freight, sea freight and rail transportations. The rail transportations are the most comfortable system in
metropolitan society and a main public transportation system in many countries due to the great
advantages related to deliver many people to anywhere and reduced the time for travelling. The electric
power qualities to support the electric railway system must be high efficiency even the electrical
equipment that is the part of the railway system such as transformer converter system and supplied
sources etcetera. In case of using the rail transportations affecting the main electrical system, which
unbalance system since working of the electric rail system was the single-phase load while the power
supply was the three-phase system, which regulated the primary voltage through the primary side of
autotransformer with V-connection. Therefore, this paper focused on the design of a shape transformer
with V-connection for improving a performance of the transformer while used in the railway system with
analyzed the magnetic vector potential. However, the result would be practical in term of improving the
voltage of three phase main system will be balance.

2. Catenary autotransformer

The electric energy of the rail system is supplied with high voltage to catenary feeder substations
where the voltage is reduced to a suitable level and fed to the railway catenary conductors to be used by
locomotives and trains. The overhead catenary system is the supplied system of the railway system
consisted of the bare wire conductors connected to the insulator which the current through the pantograph
into the train’s propulsion system and became a closed loop system [1]. Electricity will flow through the

* Manuscript received MM DD, 2018; revized MM DD, 2018.
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rail or the fourth rail, which is grounded as follow the Fig. (1). The overhead power supply is usually
connected to a high-voltage system to reduce the loss of power transmission over long distance [2-3]. For
Thailand, electric railways using this system such as an Airport Rail Link (ARL) contains with substation
sub power station electric multiple unit pantograph and catenary wire. Catenary autotransformer is the one
of electrical equipment in the rail system. which is vsed in modern high power railway catenary systems
fed with two phases with 180° phase shift with the midpoint connected between two phases and the
secondary voltage winding between the catenary phase and earth return conductor [4]. The secondary
voltage is the catenary voltage again the earth and the primary voltage is two times.

Supply
- Over Head P |—— Transformer

< g
Auto C B
wansformer Locomotive : :n
L T Transformer : ;
Runninz Rail .-
! T L.
— '

Fig.1. Autotransformer for electric railway system

3. V-connection transformer

V-connection transformer, each of the two electrical substation transformers could be connected a
different phase of the primary side. The completely supplied catenary is thus divided into sectors of lower
length, which are separated from neural sections. Both of the electrical substations and at the halfway. The
secondary voltages are out of phase with each other 2n/3 [5]. The equivalent supplied single-phase load
corresponds approximately to the higher powers of a traction load. Its main drawback is that if a traction
transformer fails, another one should cross phase supply while the three-phase supply will be interrupted.
The diagram of a V-connection all three cases of supply from C-A, B-C and A-B double phase of main
system shown as the Fig. (2).

] — I — I —

L —» g =2 I —2 RS

P A °. r IC—. — I"—_’ In£ u
,,. 2 Iz LT

T I WA I I

(a) (0) (©
Fig.2. V-connection transformer double phase supplied from main system (a) supply voltage from C-A (b)
supply voltage from B-C (c) supply voltage from A-B

This paper has considered in three schemes of the V-connection transformer 1s C-A, A-B and B-C which
are coupled phase of main three-phase system supplied with primary side of autotransformer can be shown
as the Fig. (3).
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Fig. 3. AC electrical traction substation with V-connection patterns

Due to this paper has considered the autotransformer with V-connection. Therefore, a secondary current
can explain by the eq. (1)[6].

= aVys |

I Z (T | Zeg |
1'i= w T 2. o

I | W] | aVse |

Z, Zy |

On the other hand, a primary current can explain depends on couple phase supplied condition where C-
A supplied current, A-B supplied current and B-C supplied current can explain by eq. (2) - (4), respectively
[7-8].
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This paper considered the autotransformer with the rated voltage on secondary 25kV single-phase
system and 115kV three-phase system supplied with primary side [9]. In addition, the equivalent impedance
of the autotransformer from open circuit test and short circuit test 15 0.3159+j11.1200 © and constant of all
case studies.

4. Mathematical modelling for magnetic vector potential and simulation parameters

Finite element method is the most efficient numerical technique [10] for solving the partial differential
equations (PDE) such as electromagnetic problem, temperature rise and heat transfer problem [11]. In terms
of electromagnetic problems, mostly differential equation starting from magnetic vector potential form as
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follows eq. (3) [12].

Vx(—VxA}+U—=J° &)
\H
Where, A is magnetic vector potential (S/m)
o 1s electrical conductivity of material (Mho/m)
u is permeability of material, while permeability of free space is 4nx 107 H'm
Jo is electrical current density (A/m?)

Vector identification properties as eq. (6).
Vx(VxA)=V(Ved)-V4 (6)

Consequently. the equation 5 can be written to the magnetic vector potential equation while Ve is zero
as the A properties. Therefore, the magnetic vector potential as follows eq. (7).

V:A—ya%=-,u.fo Q)

This paper has considered the problem in three dimensions therefore, the magnetic vector potential
equation in x, y and z direction follows in eq. (8).

lé_A+ 19°a 1 8°4 "e.-ﬂ
I &’ M 8_\:2 i 8"

o —l+J0=0 (8)
. 7

This paper has considered the svstem governing by using time harmonic mode and representing the
magnetic vector potential in complex form therefore [13].

%4- = jwAd ®

Where,  is the angular frequency (rad’s).
From the eq. (9), substituting the complex form to eq. (8) can be converted to an alternative form as
follows eq. (10).

184 18%°4 184
. G Hales e,

ned ueyt me

- jowA+Jy =0 (10)

The current density determines from the current quantities through the area of conductors can define by
eq. (11), where ¥ is turn number of conductors (tum). / is current quantities (A) and 4 is area of
conductors (mz).

NxI
A
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This paper refers the autotransformer scaling of dimension, which is the real transformer as follows Fig.
“)-
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Fig.4. Dimension of autotransformer (a) core of transformer (b) right view (c) top view

Applying the finite element method for solving the PDE as eq. (10) follow these steps.

First, determined both of nodes and elements of discretization the system. The general of element in
three dimensions 1s tetrahedral which has number of nodes 15 23792 aad the number of elements 15 136846
can be shown in Fig. (3).

Fig.5. Tetrahedral elements of the autotransformer
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Second, formulating the interpolation function of each element in three dimensions is derived from the
Maxwell’s equations directly by using Galerkin methodology, which is the definite weight residual
technique for which the weighting functions are similar as the shape functions. According to this method,
the magnetic vector potential is expressed as follows eq. (12) [14].

A(x.3.2)=4AN; + AN; + 4N, + 4N, (12)

Where, N, !,N Ni. N, are the element shape functions of node i, /,k,/ respectively, and .4,.‘-'11-. A4

are the magnetic vector potential at node 7. j.X./ respectively. The weighting functions that are similar as
shape function can be written as eq. (13).

ay +b,x+C, ¥ +d,z
617

N, = (13)

Where, n=1i,j k.| and I is the volume of each tetrahedral element, which defined as the eq. (14).

lxx-

Yi &

I x: @; 2
p=df% 2L % (14)

61 X ¥ %

1 0 0 z

And the positional coefficient defined by

a; =x;(yjze —ya2; )+ xe 02— 33 ) 0% (vez =0z ) b = vl ze =25 )+ |z -2 )+ v (21— =)
Q;=x; (.szi “.Vizx, Xk (yz‘ y.é:)"-’z (}w ‘J’kz.') (
@ =x ¥z~ ;3 ').-xj (Y2 =% )+ % (¥,3 =¥z, ) b =yz;—z)+y;

a; = Xz (y‘,z,- = YiZj )'Xj (.Vsit —ViZi )+Xi{.1‘k2,f Y% ' b=y (Zi —Z;j }*J’x ‘2,- —Z )"'.\’; ("k “Zz‘)

¢ =X'(ZJ—2k)*x~ Zk-zi)‘*l'k(fj‘zv] di=x;(ye—yjlrxe (¥ =¥ )+ % (¥ =)
cj-x(z,, 5) ¥4 (22 )+ xi (2 - ) di =x (¥ =% ) % (e -3+ xe (3 - )
e =xz —z,)+x(z —z,)+x ( a‘,ux:(y‘,-—,\.l)—x (vi=»)+xly -¥; )
'=xk(2"7-:)*‘x,; "‘zk)"xa( ) d.'=xk(.‘f'i".¥;"'xi{.)"j"."k,""x,;(}'k“.“':)

Third, formulating the each element equations by integration by parts of the eq. (10) and substituting the
approximate results in eq. (10) which is equal residual function as follow eq. (15).

1 8 A 3 & %4 18°4
b — - jowA+Jy =R (15)
noat wey mem S

Where, R is the residual function and make an integration by parts using Gauss’s theory. Therefore, the
residual function expresses as eq. (16).
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From eq. (16) can be divided into three parts as follows eq. (17) - (19).
184 84 _&*4)|)
N | — e =0 (17
,[( ‘_ﬂ[exl &’ &’J]de
_I(N" [-jowd]dV =0 (18)
r
f( D =0 e
v

Using the factorial formula with eq. (17) - (19) and then each element equation can be written in term of

matrix with 4x4 size depends on types of elements. Thus, from eq. (17) became the permeability matrix
depends on the coordination of the grid along with x, ¥ and z direction, which showed in term of positional
coefficient as follow eq. (20), where [K ] is the permeability matrix of problem.

| y+en+dy p+op+dpy dat+oaz+ds bu*'cu*du-]

%] 1 |by+ey+dy bypteptdy byteyptdy byt tdy
B8 36l | by ey +dy by +opkdy by teyg+dyy by +oy+dy
by +ey +dyy by +eptdy by teyytdy by toy+dy |

For the eq. (18) became the constant matrix depends on the constant of electrical conductivity and
angular frequency as follows eq. (21). where [M ]1: the constant matrix of problem.

2 1 AN
jeeV |l 2 1 1
M = 21
[ ]"“‘ 20 42 2 \1 @h
i A2

For the eq. (19) became the load vector depends on the current density of transformer as follows eq. (22),
where [F ] is the load vector of problem.

1

JV |1
[F]ul = ":— 1 (22)

1

Fourth, applying the boundary conditions in term of Neumann, both of the edges between oil and
conductors and between o1l and the frame of the transformer as Fig. (6).

Fifth, solving the linear equation for calculation a result of magnetic vector potential.

For the simulation parameters, the finite element method was used for solving the PDE in this paper.
The parameters for simulation depends on the magnetic vector potential equation, which defined in eq. (20)
-(22). However, All of parameter simulation shown in the Table 1.[13-16]
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™

Fig.6. Define the boundary condition of the simulation system

Table 1. Parameters of autotransformer simulation

Matenals constant

Matenial Values
Parmeability Steel 40,000
Copper 0.599%
Mmeral oil 2.2000
Kraft paper 1.0000
Fres space 4zx10"Hm
Electrical Steel 208x10°S/m
conductraty Coppar 580x10°Sm
Mineral orl 0.1080 S'm
Kraft paper 0.9999 S'm

5. New design and simulation results

in Fig. (7).

This paper has considered the magnetic vector potential in the core part of the V-connection of the
autotransformer, which compare to the original core and new core design for analyzation the core losses of
autotransformer when operating in the railway system which supplied from unbalance three phase
system[17-19]. Moreover, the new shape design of transformer core using the electromagnetic field
behavior by making all of core corner curvature with 3 mm of the radius and the new design can be shown

wand &

2l

H T B = T il

(= =)
017 1

I

18 wm
330 mm

(a)
Fig.7. Structure of autotransformer (a) original core (b) new core design

(®)
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For the simulation results. this paper has considered the magnetic vector potential of transformer core
using finite element method and divided into three cases of supplying voltage from three-phase system,
which unbalance couple phase: C-A couple phase, A-B couple phase and B-C couple phase. For the
magnetic vector potential of transformer core which supplied from C-A. A-B and B-C couple phase of
three-phase system shown as Fig. (8) - (10). respectively.

W SRR P . e \m‘ L i L e A~

>

Fig. 8 A magnetic vector potential (Wb/m) for C-A couple phase (a) original core (b) new core design

L Mgeet s wrtee Pawes 7 Zee om 40 Swes \r

=%

0w

Vagwn w3 Summe o Cow e B T ,’.,'

(b)
Fig. 10 A magnetic vector potential (Wb/m) for B-C couple phase (a) original core (b) new core design
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According to the Fig. (8) - (10), the magnetic vector potential distribution all over the transformer core
can be described by the electromagnetic field theory that the magnetic field will have a decreased when is
low changing rate of a magnetic vector potential that mean more highly uniform a magnetic vector potential
distribution or have a low standard deviation. This simulation result can be helped to the guideline for
designing the core of the transformer. For a standard deviation comparison of magnetic vector potential of
transformer core can be shown in the Table 2. which all couple phases of new transformer core have a
standard deviation lower than original transformer core.

Table 2. A standard deviation of magnetic vector potential of transformer core

Three-phase supplied to pnmary Onginal transformer core New transformer cors
AB 0.00267 0.00237
B-C 0.0060% 0.00538
C-A 0.00307 0.00449

6. Conclusion

This paper simulation via the finite element method for solving the partial differential equation of
magnetic vector potential to design the core of autotransformer with V-connection while operating in the
unbalance of three-phase system. In addition, the simulation presents a new design shape of transformer
core for guideline to improve an efficient of transformer. The simulation results shown that the shape that
has curvature of the corner of transformer core can more highly uniform a magnetic vector potential
distribution. Therefore, designing technology of the core shape of the transformer is the alternating way for
reducing the core loss of the transformer using in rail systems that leads to more energy saving in rail
systems. On the other hand, In terms of manufacturing there are many factors to determine.
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