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6-PHASE INDUCTIONMOTOR/SIMULATION/3-D FINITE ELEMENT

METHOD/MAGNETIC FIELD/HARMONIC

Motors are an important part of driving, the motor acts as the power source of
electric vehicles and has a direct effect on the characteristics of electric vehicles. The
design and analysis of motors must be conducted in both magnetic fields. Vibration,
heat, ventilation, to select and design motors with high efficiency and high performance
for electric vehicles can be able to adjust speed can be controlled in a wide operating
range with high starting torque and high reliability. Therefore, this research has
calculated the various characteristics of the 6-phase induction motor such as current,
velocity, along with the simulation of the magnetic vector potential and magnetic field
distribution results of the 6-phase induction motor, as well as designing for the motor
to have higher performance. The mathematical model is in the form of a magnetic
vector potential equation and after that the magnetic field calculation is performed. The
equation for calculating magnetic vector potential is in the form of second order partial
differential equations and using the Finite element in 3-D for finding solutions to
considering the nonlinear properties of the material for simulate the potential vector
magnets and the magnetic field of the 6-phase induction electric motor. In this research

propose a design method to increase motor characteristics by designing and adjusting
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BIN,1=7 2 3 490 Wensumsdseunamaludagua mmiﬂmuamkl@mﬁum‘m (3.23)
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& =X, (Y225 = YaZo) + X (Y42, = Y2 Zu) ¥ %, (Y32, - YaZs)
a, =X, (Y3Zy - V1Z3) + X, (V124 - ¥, 20) + X, (Yo Z5 - Y5Z4)
=X, (Y125 = ¥,Z21) + %, (YaZy - V1Z,) + X, (Y224 - Y, Z,)
a, =X (Y21 - ¥12,) %, (V12 - ¥32,) + X, (Y32, - Y, 25)

b, =Y,(23-2,)*+Y5(Z, - 2,) +Y,(Z, - 25)
b, =y, (2, -Z5) +Y,(23-2,) + ¥4(Z, - 2,)
b,=y,(z,-2,)+Y,(2,-2,)+Y,(2,- ;)
b, =Y,(2,-2,)+Y,(Z,-25) +Y,(Z3- 2,)

C,=X,(Z, - 23) +%,(Z5-2,) +%,(Z, - Z,)
C2:X4(Zs - 21)+X3(21 - 24)+X1(24 - Zs)
C3=X4(Z1 - Zz)+X1(Zz - 24)+X2(Z4 - 21)

C,=X,(Z,-2,) +%,(Z, - Z5) +X,(Z3- Z,)

4

d, =X, (Y5~ Y2) + X (Yo - Vo) +%(Va = Ys)
dy =%, (Y, - ¥a) + X (V5 - Y )+ X (Y, - Vs)
Ay =%, (¥, = Y) % (Y, - V) +%,.(Y, - Y,)
d, =X (Y1 - ¥2) + X (Vs - Ya) +%, (Y5 - V1)
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Kll K12 K13 Kln ul fl

K21 K22 K23 K2n u2 f2

K3l K32 K33 K3n u3 — f3 (3 26)
L Knl Kn2 Kn3 o Knn sys(nxn) _un sys(nx1) L fn Jsys(nx1)
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T W d Aa a P I [ % <
MNUFUILSIULUINUBIYNUVD NN N FeazTianyazogsaunuilunol(Banded matrix) 910
vAa o 1 dy 1 Y a 4 ] o a 14
Auanaaina1nl azne inalse TesuodauinTunmswau Tdsunsuaeuiiunes
1 A A wad o & o < o §4 A 1 a
Tagmnizedgslunalfiansuiudesldsriuuluaiuiwiunnieisgne liinawa
A A o Y oA [ Y] [ o A Y
MasNNeINT T@EchmJﬁawmuﬂmﬂmawwmﬂummug{u&f”l’i”lu‘nu’;m’;mmmaiﬂu
Y
NTATUIBNIUY
° [ 1 Aa A 4 [ I
Mg unNIsgsvoIudazdaauuau1lsznoun s U uauN1TIINYITLUL
o o Y = [ = o ~ [ dy I~ @ A ° o
sudoeindnmsgananmanazna i unannsnd1s @10 e lagazadn wmangn
J d’dQ a g o @ dy o 9 o
gUinvesdyminisaamuagessiuaunin q waznannmstazgni g luniswaun
a 4 o @ 1 1 [ {
aowiaaes lsunsudae Tasawnsomanudnle ldnindredisgiswvestlymaagili 3.13
1 A o 9 = F) a A 4
AAIABILIINITAI1AUNITIIVYBITEUUTIUTLNOUAI 6 DAAINUA 8 TUA TAIIZUTAINIT
a 4 A g @ 1
FIUVeUUNTAG (K], teitludied1s
Aax dy o Y- = a a g Y g}/ o W
MM 1A TasRsuaunsveadaamuuaaia q wiounamnuMe@YUed TuaN1
g‘/ 1 a a IJq Y 9 A a a oS
HOIUBULASUDIAIVBILAAT DA UATYigNADY Tasa1ng1lN 3.13 [K], voadaduudn 1
1 a a . {
Uszneudle Tuarime@y 2 8 5uaz 6 @Iu [K], vesoaamuan 2 Yszneudle Tuavuieay 1
1 a a 4 { 1 a a
2 8 1Az 5 87U [K], vessaamuan 3 Useneudie Tuanuneay 1 2 4 uay 8 iU [K], vpedad
S Y ' A a s Y}
WuaAn 4 dsznouale Tuaruneay 13 4 uaz7 diu [K], vesvadwuan 5 Usznouais lua
1 Aa a P & I a a 4 Y Y
MU0y 178 uag 5 d7u [K], veddaamuan 6 suiludaamuaganslsznovdis Tua

Yo

2 Fa
NBaY 1 8 4 1az 7 Tasaunsaeunaas Iiruldaail



2)
[K].=@®
©)

©)|

@)
KL.=@
®)
©)

(D)
(Kl =@
@)
@i

()
[K ]e4 - (3)
(4)

ML

®
[Kls=)
®)

(2 ®
a b
a, b
a; b,
a, b
@
e, 1
e, f,
e, f,
e f,
@
o
Lo,
b s
1 j4
W G
m o n
m, n,
m; . n,
m, n,
o
@ h
q2 rZ
q3 r3
L Ga I

®)

Q)

(8)
0
9,
g3
04

(4)

=<

w?? Nx

S

7) |

Py

P,

p

Py ]

G

~—t
~

—+ o+ T

w

3

N

)

49



50

D 8 4 ]

@lu v, w X
[Kl.=()|u, v, w, x
@)|u, v, w, X
Mlu, v, w, X, |

[ 2 [

] 9 v g
Lﬁ@ﬁﬁiﬂﬂla‘uﬂ?ﬂ‘U‘VN‘I/I'NLLE]’Ju’E)ulla$LLﬂﬁﬁQﬂTﬂUﬁMﬂigﬁVI‘ﬁﬂﬂ@]’J‘U’E)\‘]

q
Y

a 4 a aAa 4 g’/ o w a QO’ 1 1 [} a 4
mﬁﬂwamﬂaam&umm”a NnduINdusEansae 9 wiadun laasluunsngszuusiy
] T o a £ = 1 A g}x A a a Al A
[K]sys 1¥U maulszans b, “HQ@QGlHLLQ’J‘LlE)LWI 5 UDIANN 8 UBIDAUNUAYDYN 1 i]%llﬂﬂi1ﬂ§]

' { Y A4 A < o )
agiuumuau‘ﬁ 5 UUDININ 8 ﬂJ@QLlI‘VIiﬂ%i%lI“]Ji'JlIﬂ\‘]Ll,ﬁ'ﬂx‘lcl,ut"fllﬂﬁ L‘]J‘Ll@]u

@ @ 3 @) (©) (6) (7 )
@) | &+i,+m +q, +u f+] n, k;+0, +w, h +t, 0 P +h X g+ +s,+v,
(2) Cz+i2 31+f2+j2 0 kZ C1+h2 dl 0 b1+g2+|2
3 m, 0 n, 0, 0 0 p, 0
[K],, - @ +my+u, Js n, k,+0, +w, 0 0 Pyt X l,+v,
©) e,+0, a,+f, 0 0 c+h+t,  d, r, b,+4g,+s,
(6) 0 a, 0 0 C, d, 0 b,
M| m,+0,+u, 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, 0,40+, +5+,

@ A . 2

5. Uszgnaiiou lvuouiua (Boundary conditions) t1az 91 1uiGuAN (Initial condition)
d' U 4 1 9
naeandosnuilyriasludunissanvesszuiomiAInamas TnenIsUAANNITIINYDY

d‘ Q ) 1 d’
sEUUNHIA lins a1 Tua
o " w 1 ~ Y 1 A 1 (% P v 9

6. AurmmaIaliais g ddeanisae i ienswawmaaninluaaia q uda

o R v A o v o [ o’dy 1 9
ansomammanlian g Aduiusnusaansiaeli1d

g g g < Y ~ ax Ja A S d anaa
INUVUADUNY 6 YUNDU i]xmu'l@3153mEma‘ﬁ”M”luwaaamumﬂmwmmuu,wu

' ' Y] '
A o v A = 4 % ~

I g < A a a J Y
Lﬂummﬂu@]@u Iﬂﬂllﬁ')u“lﬂﬁ1ﬂﬂl1/lﬁﬂﬂ’f]ﬂ1§ﬁi']\1ﬁ1]ﬂ1§ﬂl@\1f]ﬁalllu@]iu‘ﬂuﬁ@u‘ﬂ 3 Glfl"i

o Q

9
V4 = o

9 9 9
ﬁ'ﬂﬂﬂé}’ﬂﬂﬂUﬁNﬂ1il%QﬂuWHﬁﬂlﬂﬂﬂﬂjﬂ1 AUUA 1ag IUTUABUNT 6mu@auﬁﬂ$ﬁﬂﬂ

q g

Y ]
Wmuﬁuﬂuiﬂmﬂim@nmma%u,ﬁamﬂumiﬁmamm”lﬂ



51

38  asi

Q

dy Y o = [ 1 -d' d' 9J 1Y a o [ 9 1 4
unil Idiuauengufuaznannisan q Mineadesnuauise ou'laun vemes Ivlih

a

Wit Yseaninmuazanisouzuaos 1 veraes it 6 ila dnoiFa

as

1 I [l < ) a [ <
nﬂmaimmaﬂuazammmmaﬂ Lﬁﬂﬁﬂa@\ﬁ/n\?ﬂm@?’ﬁﬁ@%ﬂ]'E]\Tﬁu'lllLUJL‘ViaﬂLLaziglﬁEﬂJTﬁ

= 1 9

T luisadwud Tag ldnarunmzaruneziinnldnsoaunazgnnandradaluunde o 11

U
A ]

y 9
watliiedhulse Temiuazdunuamalumai lszgnalsuadauiiuanuide



UNN 4
[ | <& d' o vV = Aasy d
ﬂ]ﬁﬂ]u’Jﬂ!ﬂuﬂlullulﬁaﬂmﬂﬂu@!ﬁ@ﬂwﬁ“ﬁuﬂ’n—“ﬂgﬂﬁglﬂﬂugﬁu!wuluﬂ

\i
A A

a A d AaAa 1 g a Y
DAANHUNUVY 3 UA mawmamﬂuamazmm"lu!ﬂmmaau

41  UNn

ia A 4 I {
sefev s W Turioaamus (Finite element method : FEM) 151350 14 1unmsviinamas
a [ 4 a a @ @ ]
puulszuimvesgumsiFioynuiuioaunisounniaausu aunisauiy il
1 < a g Y I An A Yo a [l
AunmMan uazaunisnisnszatevesgungl udu uaziudinlasvanuionodis
] Y A 3 ama a 4 Aa Y o 9 A ' Aa
uwsviareludagiiv esnntuIsnasans g auni Iasad i nsusou wiog1li1any
(Y Yy Y A 2’/ a A A dzl a 14 @
anvauz Idwwuld onnvlsz@niamuaznsdszuranangainvesaeuiuaos lutlagiiu
(% o 9 ~ axy Ia A 9 dy A A

30035 uMITiavanadleszdeuds ' lunsaamus e wenoni luuessuuntL3

Ay a Jdg A < A = @ A g dy A T
mﬁmmmmiwwuwuw611ummfmmmamsmﬂuﬂiymimmmizuumﬂuwummumiﬁmu

A 4

=1 as Ia a s v a < A VA [

seiiouds W luisadwusineuisoutansavuiaanyie lua Neusodounnuduius
1 Y
Y94 2 VInundvuauanalnu ldosunsounguuadaszed1usu MMUITeUNNMTHIA
v Jda 4 [ I~} 1 2 A dﬂg ] g’.} 4 ~ o
AndFannmesuimantazauuimaniylsngiuninalinasvewwewme Il uniieni
= as ia A s = ~ Y o [ o 9 =1
6 lasziDeuds W luivadwunnamnsodnsagnssaudmsumsiasswanieszidion
axy Ia a 4 Aaag Y < A a 4 a [ 1 9
35 Il lundaamunuuy 3 dalddvuadnmuzauiionsnsizinmelunsnudinain i
Y A 1 o 9 =\ an Ja A I3 A A Y [l
ldnwamasninanuuiud ldnagsadonds W lunsaawunnannsodnsalvdvuialug)
4 a Aa A AN 1o & 4 ' ' 1w

WioandSuiaveensausnan suilwnesiesuszeziarlun s IHamasuAgIa1u150
[ ] o Y [ = o A dy ' Y a o a a P
SauanuulUSIveIHamay IAFUAY FINMTAUTUNTHUUNIZND 1 INATIUIUD AR UND
¥ luszuundnedsvau liun uazasamuIanINamas & USNUNA0I3 1aod14
<3 g‘z o o A~ 1 o 9 o Y o g dyd Y
599137 SIWNIGITNNTOTI0IHATTUDATANMUANANIUNNAILIEY |4 astiuTuuniiae]d

o o a 4 ] < 4 { o g}/
AU uTIa0INNAdamaas veIauIuLManveanmesd Il unileni uazduaou
o 9 = ax Ja A s 9 g’; 79 Y = ax da A 4
msdaeinanleszibouds W lundadwunniounalszygnaldsziionds W lundadmus
Aaa Y Y & ' A A '3 a9 A
uuv 3 Balumsuntdymmeldaouzdinguazionasanluaazanu ludluguduie
o 1" v A I'd 1 I~} ] ] < { o 14
¥ lunmsmuraumadndFuinaes uumanuazamauNumannnizaedineluyomos

Tl 6 wla ae'lal



53

o a J aa
4.2 !!‘U‘U‘i]"lﬁi’)ﬂ‘ﬂ"l\‘lﬂmﬂﬂ1ﬁﬂ§ﬂlﬂﬂﬁu13~l!!3~l‘!?‘iﬁﬂllﬂﬂ 3 Nﬂﬂl@ﬁuﬂ!ﬂﬂﬂwﬁ1

a8 o
IHUHEIU
A a v o o Y a ] 3 9 9y S A
mauﬂszszﬁ”lwaiuwammumﬂmﬂﬂﬁmmmmaﬂa@maumua’muu Uagiue
] = A a @ A o g A a o
ﬁmmmmafmﬂmﬂaauuﬂammnamzmmmﬂumumuwuiumﬂammﬂﬂmﬂmiwu

9 v o = ] < ds! ] o Y o
VoUFUaIAA I FIUTUIMVOIFUINLNTAN (B) SUVUDYNUINR 'Jﬂa']\jﬁ']u']ﬁﬂllﬁﬂq‘lﬂﬂq

=
aumsi 4.1)
B=uH 4.1)
A A = £y ' <3 . . A 1w
NI H A ANV IAveuman (Magnetic permeability) NAUNINY 24,42,
Tae g, Ao anwenudnldvesgyarma Jaumny 47x107 H/m
A =2 Yo o J . . Ad%’ v oo o
g Ao anusudy IAduing (Relative permeability) TagazaunuIagaInag
1 <
H A9 ANUITUEUINLBILAN (Magnetic field intensity)
o T < o A A o v Jda
Glumimu’gmmﬁmmmmaﬂ B ﬁ'lll'liﬂﬂ'll,uuﬂ']illg]jiﬂﬂlﬁﬂﬂllﬂﬂ111!'3mﬂ1ﬁﬂflﬁﬂ

4 ] < 1 A o Y 1 ~ 1 I o Y
NNADITLNLINAN A NOU Lu@ﬂ%WﬂﬂWH’Jﬂ!llﬂQTﬂﬂ’N Taenduiuuivan B ﬂ'ﬂJ']iﬂﬂ”lu'Jﬂlllﬂ

ad o JIda 4 ] < L\ @ A
@%}'Jﬂﬂ1ilﬂiaﬁﬂﬂlﬂfﬁlﬂﬂl@]ﬂﬁllhl'ﬂaﬂ A MUY TUNITN (4.2)

B=VxA 4.2)

J ~ J 1 ] I 2 ~ o
iﬂﬂﬂaﬂl@ﬁﬂ’lﬁ’ll@]ﬂ (Faraday’s law) NNA1IIN aumanusEumNnaIIzK e

Tnaaun i E Faaadldasannmsn 4.3)
VxE=—— 4.3)
ot
r 4 v r
UNUAUNIN (4.2) adluaumsn 4.3) o 1dluaumsn 4.4)

VxE:—QVxA (4.4)
ot



54

4 ~ Y v A A A a
Lmﬁ]']ﬂﬂg‘llf]ﬂuf]ﬂllﬂi (Ampere’s law) VIGlGUﬂUﬁU']iJV]LL‘lJﬁL‘]Jﬁﬂuﬁ']ilnﬁ'] SRR

' o . g s A
TFaNuHUILHUYeINTLHANTLIA (Displacement current density) ﬁﬂuﬂug{umﬁ@wm

UNAIENANNDN uaad ldaaannsn (4.5)
VxH=J,+J, (4.5)

e J, AvANUMUIUUYDINTZUAN1oUDN (External current density) 1ag J, A0

ANUHUWUUVDINTZUAIU (Eddy current density) 1aof
J.=0cE (4.6)

A A o . .. o v A
e o ﬂ@ﬁﬂTWH"IhlV‘Iﬁ'] (Electrical conductivity) L4agINAINNTNNUTUDITUNITIN

4.4) 3314
J = —G% A 4.7

Maumsn 4.1), (4.2) vaz 4.7) unuadluaumsn 4.5) 1216

VX(EVXAJ-FUaA:JO (4.8)
7 ot

A 1 Y [ 4
NNNIANEIRUANTAYeY ANua1 V-A=0 Usznesudunislfiendnuaives
4 o v o Jd a
nmeine Vx(VxA)=V(V-A)-V’A hildaunsadiouaunisvesdndnnmesiz

[l 3w A
HUARANAIFTUNITN (4.9)

VZA—,uagA:—,uJO (4.9)



55

b4
[ Y o

A s g 2 = 0 =
mummmmmmqﬂmﬂﬁmmﬂlmﬁmmmmaﬂalummea"lﬂﬁuwummcmﬂﬁmm

~ o s 2 To A Py 4 A P ~ o
L‘Viu‘EJ’JH'IGlu'J\?‘l]ﬁIﬁWI@3‘ﬂ$ﬂluﬂ‘t’lﬂﬂﬁaﬂ S VONIUDNDIAY LiJfJWﬂ'l'ifL!'liJfJ!.ﬁEﬁllWﬂ']lﬁufJ'JUW

u

Tunuy 3 6aauszuIy xy uag z Faulsiuaiunal uazanauaniaves Agldan

2 azA 2 v J a [l <3 @
V2A = 0 A;X i+ zy j+ 0 /_2\2 k %QfﬂlﬂiﬂlﬁlfJ‘Llﬁ'?Jﬂ155U’ENﬁﬂﬂlﬁﬂlﬁﬂil%ﬂllﬂlﬁaﬂqﬁ}ﬂﬁﬁﬂﬂWi
OX oy 0z

#1 (4.10) Tagaunsvzisingeglugiannisoywusdoo (Partial differential equation : PDE)

v

DUAVTDY

O2A 0°A O°A, (8A
+ + —Suo| —

= 4.10
ox2  oy? ozt 8tj o (410

o v < Y =\ Ay ia A d
43 msminaanuvanaeszdsuds v lundadamu
ax Ja A <3 ax o A o Aax & A Yo a A
35 I Tundaauundudsmamuaured v s uIan lasuaNNLsuIn (109910
Y] a d I~ 1 o [ ) o ] H
Tagtiuneuiunesinnuisiguaziniteanuimalug ildaunsamuinauaia i
I Aa o Y Aax Ia A A <3 43! o ] <3
AuaumsFeoynusaeds i lunoadmud laiieuag 515231 MIMUIUTUINLILKAN
o Ja s 1 a 2 A o & a v o o
wazAndFunmesimanvesnomes i uvileniniuianududeou dmiudamlu

Aaa gJ/ [} 9 [ Z}, 1 9 = ax
gﬂLL‘U‘U 3 muumwamammumﬂﬂmﬂ muumsmmwamaﬂiﬂﬂﬂizmmmﬂizmﬂmﬂw

v
a

/o a PR o & ' A9 o 9 v 2 v
Vlumf]aallluﬂFﬂQMﬂ’J']lli]1lﬂuf]fl']\ifl\1ﬂg]a\1u']u']sl°]fsluﬂ']illﬂﬂﬂ]uw']u LLﬁZi]zﬂ‘izﬂE]iJ@’JEJ

9 Y
TUABUMIANHUMTAN Aae 1T

a a d X H
43.1  MI2aNMUUdARINUN VR INUNANT

'
a

9 H k4 v
duaoud 1 dmfudy vy 3 4aEuIINMIuLNNuNdosveuoIADS
9

v
=

{ o I Aa a 4 1 1 Aa o
Tdumitienireoniludaduun eg1usuzinss@niin (ctrahedral) TnsauuAdanyaznIs
Y4 o [} Aa a R a 9 =< a o dy
nsza18veINaant laslszuna o duvialag vusadwundunuFuauEuITei
o A N A i o o o . :
dgndunsuisiuidosvesuomesnanyi Tagerdo Tusunsudniogil Solid Work &ald

Y4 3 aa 4 aa A o a a P 9 I
HaaNFeonN UL udaINUNLLY 3 A Tﬂﬂﬂzmmu’mTumLazﬂaamumﬂ%mﬂmzuu 1w

Y
Aav A

o a a 4 ya 4 d‘ o
U 42,686 Tua taz 135,467 daamun nudsei ldnasanuemes lWiumiieni 6 ma 2

) ) N o Yy & g Aq v o
VI 3 LTIV FUANTINTSIDNUALUAAIANHUDY 2 HU mzﬂu]mﬂaMﬂumsmamwa

Y v A g A = ~q 9 o @ 1
ﬁ?NWﬁﬂLLﬁﬂQUlﬂﬂﬂgﬂﬂ 4.1-4.2 WunAne 1N 1¥lun15912098aN1SNIZI1OAIVOIAN

v E
% v o

] s = o 9 Yan Ja a P
ﬁmmmmaﬂsuamamas“1‘1/1ﬁ”lmumumwmﬂ%n"lﬂ"lumaamum ﬂ%ﬂﬁﬂﬂﬂ@ilﬂ?]‘ﬂ\iﬁﬁl

Jd o Y A =2 g 1 aa J 9 = Y 1 a
N@L@Iﬂﬁﬂ\‘ll!ﬁﬂ\‘lﬂ?ﬁlgﬂﬂ 4.3 G]S\ilﬂuﬂ'lﬁllﬁﬂ\iﬂ?ﬁllﬂﬁ@amuﬂﬂ?ﬂgﬂﬂﬁﬁﬁﬂuWﬁﬁ]ﬂﬁ@LlUUWﬁ

Q



56

¥ § 4 4 o § .

1&U (Linear tetrahedral element) @asaiunuamos lduviienimanuials Tisunsy Solid
o o Y ] a aa 4 d‘ o

Work d1m5ud10819n1500nuuuniavesdariluuny 3 §d vesuomos Iiduniioni

ansouaasldaregli 4.4

VARINALPIDT

: » : o s 2
30 4.1 sreaziBeaveanomos llunlienhuvvaaiamames 2 u

{ s o
31U 4.2 Twaaduuuvvesomes1F lumsiaowa



57

~ 1 dy A J I a a 14
:.'iﬂ‘ﬂ 4.3 ﬂmnJawumamamaiaamﬂuaaamum

A @ I 1 t&l A 4 I a a 4 aa
qﬁ;']Jﬂ 4.4 APINMTULINUNVDINBADT 0N UBADUUNUUY 3 UA



58

Jd v a a J aa
4.3.2 ﬂan‘numiﬂizmmmﬂmaamummu REY[9
£ A = = Jd v a a 4
Tuaoun 2 Aemsaengluuvveslandumsdszuiameludaauun
4 aw o oA s
(Element interpolation function) WoAUUARNHAUZNITNIZIIOVOINAIRATANOITIUINIADS

umwﬁﬂﬁﬁﬁﬂim annsouaadldseaumsi @.11)
A(xy,z)=AN,+AN,+ AN, +AN, 4.11)

P~ A I o a A J
T@]EWI N,n=1234 ﬂ@ﬁﬂﬂﬂfuﬂ’lﬁﬂ5$3J']mﬂ'lﬂslu@ﬁalﬂuwua$ A,n=1234

n

A v J 1 v Jda 4 ] <3 1 a A ] Aa a -4
ﬂ'ﬁ]WﬁaW‘ﬁﬂlﬁ]ﬁﬂ'lﬁﬂﬂﬁﬁnﬂm@ﬂlﬂl‘ﬂﬁﬂiulma‘féiuﬂ 1234 maqaaamummﬂummaaamuﬂ

junssanthagadons 14
1 4
Niza(ai+bix+ciy+diz) Woi=1234 (4.12)

A A Y 1 Aa A ¢ = 9 =) A
uae Vﬂmﬁmmmmgﬂmaﬁwmmmgmazaaame “D’x‘l“l’i”lhlﬂfl]”lﬂﬂm’e)iﬂlm

7 o a Jo ~
u@]ﬂlﬂdﬁhﬂizﬁﬂ‘ﬁﬂﬂﬁhﬂﬁﬂ (4.13)

Xi Yi ¢
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1 X vy z
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mﬂﬂﬁﬂi%uiﬂ!ﬂﬂﬂ‘]fuﬂ’)ﬂf’)lgﬂiumﬂlﬁf’)iﬂlf’)\n‘ﬁu’mu-ﬂi’\lﬁu ﬂﬂllﬂlm’llliﬂ

a a J 3 [ A
VOIAUNTOAUUNY UATAUNTN (4.48)

oG t+At oG t+At oG t+At oG t+At
G == t+At AA - t+At AA; - t+At AA( - t+AL AA (4-48)
oA oA oA oA

v v Y
Taod AATAL = ALFAL . ALFAL G Sodiuiuseumsiigivesisiadu-ndu 3914

v d Jda A d o @ v a a s A a 1 a 9
Wﬁﬁ‘W‘ﬁGU't’]\“I’L’f‘JJﬂWih],‘V\Ihl‘L!‘V]E]ﬁﬁlll‘L!“I/]’ﬁ'l’ﬂi‘]Jl,mﬁ$’OaEILll‘L!“I/]Lll’O‘Wi]'lﬁﬂﬂ“ljiUuWHL‘]Jle‘JJl“lNLﬁuiu

AU FING uang laasaunIsN (4.49)

[ 0G oG oG G
aAHAt aA;+At aA;—At aAH—At

oH oH oH oH AN G
6At+At aA}+AI aA:+At aAH—At AA}+AK B H

ol ol al al AN (4.49)
aAHAt aA;+AI aAi+At aA'H—At AAHM \ J B

oJ oJ oJ oJ
aAHAt aA;JrAt aAi+At aAIHAt

L 14x4

Wioleuaunsi (4.49) Ieglugvesaunisn (4.50) Tagh [J] Aoo1 Tadlounns ne gacobian

matrix)

[J ]4><4 [AA]4><1 = [f ]4><1 (4.50)
g}/ ~ ° 1 Aa a P 9 o I

VYUADUN 4 ‘Ll”lﬁllﬂ”lisllﬂﬂllﬁagﬂaalﬂuﬂﬂulﬂﬂﬁlﬂﬁgﬂ@llﬂu (Assembly) 1Wu

g’/ ! 1 o 1 I a a 4

AUNITIINUDITE U Iﬂﬂi]”lﬂsllu@@u‘ﬁ 1 ﬂ”lﬂlﬁ”lllllﬂaﬂyil!$§ﬂ51ﬂﬂlﬂﬁﬂﬂ]uﬂ1@@ﬂlﬂu@aalu‘Ll‘Vl

[ & 9 1 <3 1 Y a A 9 a 4
#0e%15znauAIY n A0 nezne lNATZUUaNMIIINNYTZNOUAINATAFYUIA NxNn



72

2 - iy ' 2
Tuaoud 5 1Uszgnaiouluveuua (Boundary conditions) tazSon luisudu
[ v
(Initial condition) ﬁﬁ@ﬂﬂé’mﬂ‘uﬂtymaﬂuﬁumiﬁamawwu (Constraints) w¥ounania

1 2 o 4 A 1 4 J {
Halangy “1umimmwa%xmamﬁumﬂmﬁmwumﬁeu"lmauﬁ’u“lﬁ’uﬂuamaiﬁlmmaziauﬁ

1A

4 A a 1 a =} A Y A
mmaiﬁuu”lﬂuaxNaullsumemﬂmmnmmm Taga1u? ﬂuuﬂ'llﬂﬂullslllﬁuﬁuqlltlﬁﬂﬂLLﬁﬂ“I/l

% g
a o A A A 9 Y= N B~ 4 o 9 AAa
WosaMsnyuURINBINBIAe A onalsuaulitauiugudnazazmrualivenlunaa
o =W I <Y ] ]
AUNAULZUDUUDNUDINBDADIUAT A Lﬂug{uﬂmmﬂvuﬂu
2’, ~ o 1 =Y A ~ Y 1 I'd
VYUADUN 6 ﬂWu’Jﬂ!ﬁWﬂ’]ﬂiiﬂﬂ!@u 9 Vlﬁﬂ\?ﬂ']ﬁﬂﬂllﬂIﬂﬂwalﬂaﬂﬂlﬂﬂuﬂlﬁﬂﬁ
d' o o a 9 ax Ia A Jd aa o 1Y a o ,é’ d‘
]11/\1'Vs‘h!ﬁufJ'Ju’mWﬂﬂ’]ﬁﬂ’]Luuﬂ']ﬁﬂ’JfJ'J'ﬁ"lV\lUlu‘ﬂi’)ﬁﬁ!Nuﬂllﬂ‘U 3UA ATV UIVYULNDNGT 1Y
1 v A 4 1 < ~ 1 ] 9 =< o 1 ] A o v o ]
ANFANYLFIUINADTLUNLHAN A NYAADA ] LA WFATNITDAUIUN NN ﬂ?rll‘wu‘ﬁﬂumhlﬂ
Y ' <3 o Y ad 1 o JIa s [
"lﬂ Tﬂﬂﬁmmmmaﬂ B mmmﬂmam'lﬂmﬂmimmmﬁﬂmemnﬂmailmmaﬂ (B=VXA)
o T d‘ d‘ Y
4.3.6 ﬂ‘lu?mﬂ1ﬂ3!!ﬂ'§ﬂ1~!ﬂﬂ@ﬁﬂ'ﬁ
A 1 v da 4 [ <3 ~ [ 1 V=" o
LUDNITUMANYLWININADILLNLYAN A NYAABAN] L7 WWATIVITOATUIUN
] [ d' [ o d o 1 9 1 < o 9 ad " v A
AN N TItTiJWU‘ﬁﬂuma"lﬂhlﬂ Tﬂﬂﬁu’]lllllllﬂaﬂ B ﬁ’lll’lﬁﬂﬂ’]u')ﬂ!wlﬂﬁ]'lﬂﬂ'lﬁlﬂﬁaﬂ']ﬁﬂﬂl;“]f\i
4 ] I v Y A a 4 aa Ao
NAMDINILYAN (B = VXA) ﬂﬁuulu@W%’]iﬂnN@m@ﬁiu 3UA AUITUIUNNA xpz Tﬂﬂﬂ@u
[ 1 1 <
ANUrHINYRINIZIanIouen J, lunuaunu Z 39 lamauumimian luuuaunu x (8) uag

1 1 < [ ~ o w
AmauNuvan iy v (B) AULAAIAILTUNTN (4.51) uag (4.52) aruaind

o _ OA _GA+GA+CATCA,

4.51

y Y Y, (4.51)

B — _aAZ :_(blpﬁ+b2A2+b3A3+b4A4j (4 52)
y ox 6V '

a o Aa o < Aa o 4' Y o !
myudasszuuiinaninanin lhiluinansinszusmis ldauiuia
[ I~ [ ] I~ o o
guuirian luuulSall (Radial flux density, B,) agauinuiiian luuuIduNa (Tangential
. d‘ o w 1 I'4 1 d‘Q d‘d d'
flux density, B) Nn3ziNAUTI0IMAVOINOIMDS TULAazgaRTMIsaNATYY @ nldsumlaq

q q

11 ansouaaadisaunsn (4.53) uag (4.54) sy

B, =B, cos ¢ + By sing (4.53)



73
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This paper presents the 6-phase theory of 6-phase induction motor to develop the 3-phase induction motor for improving the
efficiency of the work. In the improvement, it is still referenced in the original structure. Simulation results and characteristics of
3-phase and 6-phase induction motor is compared. In comparison, it will present and explain the better characteristics. For computer
simulations, the 3-D finite element method was used. The equation is shown in the form of the second order partial differential
equation and is an equation when considering time-dependent problems. Simulation results show that when the motor is in steady
state and full load of 6-phase induction motor, 2-pole, 3-HP, squirrel-cage and double-layer motorare used. MATLAB is developed
by researchers and considering 3-D problems with graphical representation of the simulated induction motor.

Keywords: Induction motor, Simulation, 6-phase theory, 3-D finite element method, Magnetic field

1. INTRODUCTION

Over the past 10 years, multi-phase induction motor drive has
been developed with phase number of the stator winding more than
3-phases. The use of 3-phase induction motors which have two sets
of stator windings will provide higher torque. By 6-phase power
supply, it can be applied to high power drive systems such as ship,
plane and electric vehicles. Output torque of multi-phase induction
motors is higher than 3-phase induction motors, so multi-phase
induction motors are attractive to use with an electric vehicle.
Multi-phase induction motor can use the structure of the 3-phase
induction motor directly, but the performance may not be good if it
is modified by the new stator winding under the structure of the
original motor will make better performance. In designing
induction motor considered various characteristics such as torque,
output power, vibration and heat generated. These characteristics
depend on the distribution of the magnetic field in the motor. Based
on the previous research, it was found that the 3-phase induction
motors switching to 6-phase power supply to act as 6-phase
induction motors. It can increase the torque and output power
increased by 1.5 - 2.0 times, which makes it very interesting
because the weight of the motor has not changed. It can increase the
torque and power with increasing the number of phases, which also
lower phase current and the electronic switch equipment has a lower
current rating.

Finite element method is one numerical method used to solve the
equation problem in the partial differential equation (PDE). It is
very popular to apply to engineering work such as finding solutions
of electric field, magnetic field, heat, stress, etc. This method will
divide the area of the problem into sub-assemblies composed of
node and connected by grids. For 3-D problems, linear tetrahedral
element is used to approximate the domain of the problem.
Therefore, this research has introduced the 3-D finite element

method (3-D FEM) using MATLAB developed for simulation to
determine the characteristics of induction motor. [1]

2. THE 6-PHASE INDUCTION MOTOR

Multi-phase induction motor drive, which has phase number of
the stator winding more than 3-phases, can be used directly in the
structure on 3-phases induction motor. The 3-phase induction
motors which has two sets of stator windings are operated at 6-
phase induction motor symmetric type of second set of stator
windings will have a different phase angle shifting from the first
stator windings 60° as shown in Fig. 1. [2]

Fig. 1 Stator winding symmetric type

In the induction motor structure, 3-phase induction motor, 4-pole,
3-HP, squirrel cages and double-layer motor is used. Details of the
parameters can be described in Table 1, which consists of the
number of stator slots are 36 slots and coil pitch of the stator
windings is 7/9. The use 6-phase theory to improve the 3-phase
system is implemented in a symmetric type, which is analysed by
the placement balanced of the pole. The new structure is a 6-phase
induction motor with 2 poles, coil pitch is 16/18. The 6-phase
concept applied to 3-phase system is divided into 3 steps as shown
in Fig. 2-4.
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Table 1. Parameters of 3-phase induction motor

Parameter Value
Output power 3 HP
Voltage 380 V" (Star)
Number of poles 4P
Frequency 50 Hz
Rated speed 1455 rpm
Stator type of winding Double layer
Stator slot 36
Rotor slot 44
Air gap width 0.4 mm
Coil pitch 7/9
Number of turns 15 turns

For step 1, applying the 6-phase concept for a 3-phase system
occur at one time can be done by setting the first stator windings
position at the stator slots number 1 in the first layer, starting with
phase A, D, B, E are positive pole and phase C, F are negative pole.
Then set the phase angle using the symmetric type concept with a
phase angle of phase D, E, F shifting from phase A, B, C 60°, as
shown in Fig. 2.

Fig. 2 Positive pole position based on phase A at step 1

Step 2 Set the position of the stator windings to be negative pole,
starting negative pole phase A with phase angle shifting positive
pole phase A 180° at the stator slots number 19 because this motor
is 2-pole system. Then set the phase D, E, F with phase angle
increase from phase A, B, C 60°, as shown in Fig. 3

¥ = 8-

» -

Fig. 3 Negative pole position based on phase A at step 2

In the final step, the stator windings will be placed in the second
layer by coil pitch of the stator windings is 16/18 because
referenced in the original structure. Then set the stator windings
as same as the first layer, but the pole is opposite, which starts from
the negative pole phase A at the stator slot number 17 in the second
layer, as shown in Fig. 4.

Fig. 4 The position of the coil in the second layer, with a coil
pitch of 16/18 at final step

3. MODELING OF MAGNETIC FIELD FOR
INDUCTION MOTOR

Magnetic field (B) can only be computed by the magnetic vector
potential (A) represented by Equation (1).

B=VxA (69

Mathematical model of the magnetic field of the induction motor,
which induces current in the circuit of the rotor is based on the slip
(s) of the motor. Considering a 3-D motor in a Xyz plane coordinate,
which varies over time can be calculated by second order partial
differential equation represented by Equation (2).

i(lé]+i[iﬁ)+i{iﬁ]_sa[ﬁ] e
ox\puox) oy\uody) oz\uoz ot

Where u is the magnetic permeability of the magnetic material,
g is the electrical conductivity of the conducting media in the rotor,
s is the slip at a specific operating condition of the rotor, Jo is the
applied external current density, » is number of tumn, 7 is phase
current and a is cross sectional area of the coil.

Finding the correct solution of the second order partial
differential equation shown in Equation (2), is extremely difficult
and complex to solve. Therefore, this research uses a 3-D Finite
element method for estimating the solution, which is the most
efficient numerical method for solving the second order partial
differential equation.

4. 3-D FEM FOR INDUCTION MOTOR
4.1 THE ELEMENT OF THE SYSTEM TO STUDY

This research considers 6-phase induction motor, 2-pole, 3-HP,
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squirrel cages and double-layer using finite element method to
simulate the distribution of magnetic vector potential and magnetic
field. It shows the division of the element by linear tetrahedral
throughout the induction motor area with Solid Works program.
Dimension of induction motor is as shown in Fig. 5 and 3-D mesh
of induction motor as shown in Fig. 6, consisting of 42,635 nodes
and 220,353 elements.

Fig. 5 Dimension of induction motor (mm)

Fig. 6 The 3-D mesh of induction motor
4.2 THE 3-D FINITE ELEMENT FORMULATION

The equation of each element uses the weighted residual method
of Galerkin. In this way, the weighting function is equal to the shape
function by the magnetic vector potential at any coordinates can be
expressed as Equation (3). [3]

Alxy,2)= 4N, + ANy + 4N+ 4N 3)

In Equation (4) N, i =1, j, k, [ is the shape function within the
element and 4;, i =i, j, k [ is the result of the magnetic vector
potential at each node i, j, &, 7 of the element, ¥is the volume of the
linear tetrahedral of each element.

1
N =—(a; +bix+c¢;jy+d;z) (4)
oV
Lox vz
polt Ny
6[l xp Vi Zk
Lx ooz

;=3 (Y2 = Vr2) + 5 125 = 3,21 + X0k 21 = 912k)
a; = x1(Vkzi = Yizi) + Xk (Vizi — ¥12i) + X (Vi 2k — ViZ1)
a =x)(Vi2; = ¥;2)+ X,z = iz + X, (V21 = 3125)

ap=x1 (0,2, = ¥i2;) + X 02k = Vi z) + 5 Oz = ¥Vj2p)

b=y -z)+n(z;-2))+y;(z - 2)
by =y (i —zp)+ ¥z —2) + ¥ (21 - 2)
b =yi(z; ~z)+y;(z —2) + v (21 ~2;)

by =y(z; —ZJ)+J',(Zj —zk)+y](zk -z)

G =x(2; - z) + X (2 —2) + (21— 2)
¢ =X(2z —2) + X (2~ 2)) + X%, (2 — 2¢)
k= x(2 = 2;) +x:(2; = 2)) + X;(21 - 23)

o= xk(2; = 2)+ %, 5~ 2)+ 52k = 2))
J J J

d; =XV = ¥) + X (0 =) + X0 = )

d; =50 =0+ X = ) + 5 (3 = )

A =x1(v; = 3) + ;0 =)+ 501 - ¥y)

=5 (0 =)+ 5,0y, = 9+ 5,k = 3)

The method of the weighted residue with the Galerkin approach

is then applied to the PDE, where the integrations are performed
over the element domain (2) in Equation (5).

0(104) o(104) (104
IN,, | T R (e kel ey
o ox\pox) oyluoy) oz\uoz
- J N,,m(%‘j)dg +JN”J0dQ -0
O
Q Q

Or in the compact matrix form

[ + Ky fthya = Flaa

By
211 1
soV|l 2 1.1
[M]4es = ol 1 2
1 1§41 2
bb; +cic; +d;d; b,-bj +ecj+ d,dj

b;bi+cje+dyd; biby+cici+d;d;

Kl

36uV | bpb; + crc; +dpd;  brby +cpey +did;
bb; +cje;+dyd; bib; +cc; +did;
bbby +cicp +did;,  biby +cic; +did;
biby +c;cp +d;dy biby+cj0+d;d;
brby + cpep +didy  bpby + cpey + did;

bbby +cjcp +didy bbby +cjcp +did;

1

Jov |1
{F}4xl=071
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Then, the equations of each of the elements are assembled into
the system equation. If the shape of the problem is divided into sub-
elements that consist of n node. It will result in a total system of
equations, which consists of n equation.

Solving problems under time at short time intervals will use the
recurrence relation. It is shown in Equation (6) where At is the time
step. In this research, use the backward difference method because
of this method guarantees the convergence of the results and the
results are constantly changing. [4]

(St bear - Lk R

5. SIMULATION RESULTS AND DISCUSSION

In order to find the result, the solution starts from the initial
condition of the motor at each rotation of the motor and the
boundary condition of the area. This research has the initial
condition in the first round that determines the rotation of the motor
is the magnetic vector potential (A) at start time is zero. For
boundary conditions, it is set in the inner surface area of the rotor
and the outer surface area of the stator is A = 0. The conductivity is
0=4.90x10" S/m in the rotor bars, and the relative permeability of
the stator and rotor cores - = 5000. It notes that the free space
permeability (u0) is 4710”7 H/m. Find the solution of the motor
characteristics are to consist the phase current as show in Fig. 7 [5],
magnetic vector potential and magnetic field, it shows during steady
state in 3-D shown in Fig. 8 and Fig. 11, respectively, and cross
sections of magnetic vector potential and magnetic field show with
rotating at angles of 0° and 90° in Fig. 9-10 and Fig. 12-13,
respectively.

100

0 006 01w 0z 0% 03 0® 04 05 05
Timeisec)

Fig. 7 Phase current between 3-phase and 6-phase systems
Fig. 7 Show the phase current between 3-phase and 6-phase
systems only single phase. From the graph, the phase current at the
steady state is used to calculate the magnetic vector potential.
x 10

s

h

. ' e
’

Fig. 8 3-D magnetic vector potential (wb/m)
of 3-phase induction motor

Fig. 9 Cross section of magnetic vector potential (wb/m)
at 0° of 3-phase induction motor

s
. |
. 1
1

Fig. 10 Cross section of magnetic vector potential (wb/m)
at 90° of 3-phase induction motor

_—
-

0015

Fig. 11 3-D magnetic vector potential (wb/m)
of 6-phase induction motor
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. poos
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Fig. 12 Cross section of magnetic vector potential (wb/m)
at 0° of 6-phase induction motor
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001

Fig. 13 Cross section of magnetic vector potential (wb/m)
at 90° of 3-phase induction motor

Fig. 8-13 show the magnetic vector potential distributed in the
area of the induction motor for a 3-phase system, it is 4-poles, and
in the 6-phase system, the 2-poles. The distribution of the magnetic
poles is divided into three ranges, the red range is a positive
magnetic vector potential. The blue range is negative magnetic
vector potential and the green range is the value between the
positive and negative values that are offset until the value is almost
zero. The distribution of the colour bar depends on the polarity of
the input current in the stator slot. From the distribution of magnetic
vector potential, the rotation of each angle of the motor will be
slightly different. The 6-phase system will have a higher magnetic
vector potential than the 3-phase system at every each angle of the
motor

Then the magnetic vector potential is calculated for the magnetic
field as the Equation (1) by considering the motor in 3-D, the
coordinates Xyz can calculate the magnetic field in the x-axis (Bx)
and the magnetic field in the y-axis (By) because the current occur
in the z-axis shown in Equation (7) and (8) will be able to calculate
the magnetic field. [6]

_ 04, Ay +cpdy +ogdy+egdy %)

oy (e

04, « cd+ordy+esd3+cady
ox (e

®)

Fig. 14 3-D magnetic field (T) of 3-phase induction motor

03

Fig. 15 Cross section of magnetic field (T)
at 0° of 3-phase induction motor

03

02
02
015
0.1
005

Fig. 16 Cross section of magnetic field (T)
at 90° of 3-phase induction motor

1.5

Fig. 17 3-D magnetic field (T) of 6-phase induction motor

1.5

Fig. 18 Cross section of magnetic field (T)
at 0° of 6-phase induction motor
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15

05

Fig. 19 Cross section of magnetic field (T)
at 90° of 6-phase induction motor

Fig. 14-19 shows the distribution of magnetic field. It will be
found that the distribution of the magnetic field will not occur in the
stator slot, but distribution goes out stator slot to the iron core. It
can be seen magnetic vector potential from Fig. 8-13 that the
distribution pattern corresponds to the magnetic vector potential.
The magnetic field distribution in each angle is slightly different.
Based on the simulation, it was found that in the 6-phase system,
the magnetic field was higher than the 3-phase.

After calculating the magnetic field on the Cartesian coordinate,
the coordinate system was converted to cylindrical coordinate. For
the calculation of radial flux density (By), tangential flux density
(By), tangential force (Fy), radial force (F;) and torque can be
expressed as Equation (9) - (12), respectively. [6]

B.=B,co ¢+B,sing ()
B, =—Bysing +B, cos¢ (10)
£ =L (a2 g2) an
r 2#0 r 1
1
F=—(8,8,) a2
Ho

1 . ) 12 ® 2 2 = 2 B
Tecth mumber

Fig. 20 Torque (N'm) occurring in the center of each stator tooth

Fig. 20 show the torque that occurs at the center of each stator
tooth by comparison between 3-phase and 6-phase systems. In the
3-phase system, the characteristic of the torque curve increases and
decreases as the 4-wave is caused by the polarity of the 4-poles. The
6-phase system will increase and decrease as 2-waves as well. It is
found that in 6-phase system, the maximum torque is greater than
3-phase system.

6. CONCLUSION

This paper presents a study on the characteristics of induction
motor include magnetic vector potential, magnetic field and torque.
The system of 6-phase induction motor designed, it was found that
the magnetic vector potential, magnetic field and torque that is
higher than the 3-phase system. Therefore, the 6-phase induction
motors are attractive to use with an electric vehicle. It can be seen
that the finite element method is a highly efficient way to calculate
the magnetic vector potential and magnetic field in an induction
motor, which are useful for calculating the characteristics of the
induction motor.
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Abstract— This paper presents harmonic reductions of 6-
phase induction motors related to increased torque and
filtered a sine waveform of magnetic flux density by
adjusting coil pitch with the original structure. Full pitch
and fractional pitch systems were considered in terms of
simulation results and characteristics for optimized
applications. There were 2 tools in MLATLAB used for these
solutions, a 3-D finite element method to do simulations of
this system and a Fast Fourier Transform to calculate the
harmonic distortion, respectively. The equation used in the
simulations is a second order partial differential equation
with time-dependent conditions. The results of both full
pitch and fractional pitch systems based on steady state and
full load of a 6-phase induction motor, 2-pole, 3-HP,
squirrel-cage and double-layer motor were obtained.
MATLAB was used for 3-D graphics of the simulated 6-
phase induction motor.

Index Terms—6-phase induction motor, simulation, 3-D
finite element method, fractional pitch, harmonic

I. INTRODUCTION

Over the past 10 years, multi-phase induction motor
drives have been developed with more than 3-phases.
Three-phase induction motors provide higher torque. A
6-phase power supply can be used for high power drive
systems such as ships, airplanes and electric vehicles.
Output torque of these multi-phase induction motors is
higher than that of 3-phase induction motors. A multi-
phase induction motor can be directly used in the form of
a 3-phase induction motor, but the performance may not
be good if the new stator winding is not designed
properly. The important parameters in designing
induction motors include torque, output power, vibration,
heat generated and harmonic distortion [1-4]. These
characteristics depend on the distribution of the magnetic
field in the motor [5]. Based on previous research, it was
found that 3-phase induction motors can be modified to
operate with a 6-phase power supply to act as 6-phase
induction motors. Their torque and output power increase
can be as much as 1.5-2.0 times, which makes them very
attractive since the weight of the motor has not changed.
Torque and power can be increased with increasing

Manuscript received July 21, 2018; revised May 1, 2019,
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numbers of phases, which also lowers the phase current
and the electronic switch equipment at a lower current
rating. However, the development of a 6-phase induction
motors for higher torque applications, leads to higher
harmonic distortion. This distortion causes decreased
torque and performance [6]. Therefore, the concept of
fractional pitch induction motors to reduce harmonic
distortion was investigated using Fast Fourier Transforms
(FFT) [7-8].

The finite element method is a numerical method
commonly used to solve partial differential equations
(PDE). It is very widely used in engineering to find
solutions of problems concerning electric fields, magnetic
fields, heat, and stress distributions, among many others
[9-10]. This method will divide regions of the problem
into sub-regions composed of nodes and connected by
grids. For 3-D problems, the linear tetrahedral element is
used to approximate the domain of the problem.
Therefore, the current study used a 3-D finite element
method (3-D FEM) in the MATLAB environment for
simulation to determine the characteristics of this type of
induction motor.

II. THE 6-PHASE INDUCTION MOTOR

Multi-phase induction motor drives can be used
directly in the structure of a 3-phase induction motor.
Three-phase induction motors, which have two sets of
stator windings, are operated as a 6-phase induction
motor with a second set of symmetric stator windings.
This results in a different phase angle, shifting from the
first stator windings by 60° as shown in Fig. 1 [11-12].

A

60 -
< /\,i

.
¥

Figure 1. Symmetric type of stator winding

The induction motor structure featuring a 6-phase
induction motor, 2-pole, 3-HP, squirrel cages and double-
layer motor was used. Details of this motor are given in
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Table I. It consists of 36 stator slots with a coil pitch of
the stator windings of either full pitch or 16/18 fractional
pitch as shown in Figs. 2-3.

TABLEI PARAMETER OF 6-PHASE INDUCTION MOTOR

Parameter Value
Output power 3 HP
B Voltage 380V (Star)
Number of poles 2P
Frequency 50 Hz
Rated speed 2910 rpm
Stator type of winding Double layer
Stator slot 36
Rotor slot 44
Air gap width 0.4 mm
Number of turns 15 tums

Table 1., shows the parameters of a 6-phase induction
motor redesigned from the original structure of a 3-phase
induction motor, which allowed the voltage and power to
remain unchanged. It was found that when applied to a
6-phase system, the poles are less and the speed
increases.

Figure 2. Full pitch stator windings

Fig 2 shows a 6-phase induction motor designed from
an original 3-phase structure. The 6-phase concept
applied to 3-phase system is divided into 3 steps. In
step 1, the 6-phase concept for a 3-phase system can be
done by setting the first stator winding position at the
number 1 stator slot in the first layer, starting with phases
A, D, B, E which are positive poles and phases C, F are
negative poles. Then set the phase angle using the
symmetry concept with the phase angle of phase D, E, F
shifting from phase A, B, C by 60°. Step 2 set the position
of the stator windings to the negative pole, starting with
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the negative pole phase A with 180° phase angle shift to
the positive pole phase A at stator slot number 19 because
this motor is a 2-pole system. Then set phases D, E, F
with a 60° phase angle increase from phase A, B, C. In
the final step, the stator windings will be placed in the
second layer by the coil pitch of the stator windings of
full pitch. Then set the stator windings to be the same as
the first layer, which starts from the negative pole phase
A at stator slot number 19 in the second layer.

Figure 3. 16/18 Fractional pitch stator windings

Fig 3 shows a 6-phase induction motor designed from
an original 3-phase structure of stator windings that is
16/18 fractional pitch. The stator windings will be placed
in the second layer by coil pitch of the stator windings at
a 16/18 fractional pitch. Then set the stator windings to
be the same as the first layer, which starts from the
negative pole phase A at stator slot number 17 in the
second layer.

III. MODELING OF MAGNETIC FIELD FOR INDUCTION
MoTorR

A magnetic field (B) can only be computed by the
magnetic vector potential (A) represented by (1).

B=VxA 6))

Mathematical modeling of the magnetic field of the
induction motor was done, which induces current in the
circuit of the rotor based on the slip (s) of the motor.
Considering a 3-D motor in an xy- plane coordinate,
which varies over time and can be calculated using the
second order partial differential equation represented by

@.
STLE), BIABH) DA (00, o i
axlpex) oyluody) ez\pez ot
and J,,:ﬂ
a

where u is the magnetic permeability of the magnetic
material, ¢ is the electrical conductivity of the conducting
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media in the rotor, s is the slip of the rotor at a specific
operating condition, Jj is the applied external current
density, » is number of turns, 7 is phase of the current and
a is the cross-sectional area of the coil.

Finding the correct solution of the second order partial
differential equation shown in (2), is extremely difficult.
Therefore, this research used a 3-D finite element method
to estimate the solution, which is the most efficient
numerical method for solving these types of equations.

IV. 3-D FEM FOR INDUCTION MOTOR

A. The Element of the System to Study

This research considers a 6-phase induction motor,
2-pole, 3-HP, squirrel cages and double-layer using a
finite element method to simulate the distribution of
magnetic vector potential and magnetic field. It divides
the region of study using linear tetrahedral elements
throughout the simulated induction motor in a
SolidWorks environment. The dimensions of the
induction motor are shown in Fig. 4. A 3-D mesh of the
induction motor is shown in Fig. 5. It consists of 42,635
nodes and 220,353 elements.

Figure 4. Dimension of induction motor (mm)

Fig. 4 shows a cross section of a 6-phase induction
motor showing one quarter of the motor. The figure
shows the distance from the center of the stator, rotor,
shaft, and air gap between the stator and the rotor. The
model of a 6-phase induction motor used in simulation
has a double layer stator with 36 slots while the rotor has
44 slots.

Figure 5. The 3-D mesh of induction motor

Fig. 5 A model of a 6-phase induction motor used for
simulation with the finite element method. The model
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was created in SolidWorks with a tetrahedral mesh. The
tetrahedral have nodes in each element and are pyramid
shaped.

B. The 3-D Finite Element Formulation
The equation of each element uses the Galerkin
weighted residual method. In this way, the weighting
function is equal to the shape function and the magnetic
vector potential at any coordinate can be expressed as (3)
[13].
A(%.3,2)= 4N, + 4N + 4 N+ 4N; (3)

In (4) N, i =1, J, k, 1 is the shape function within an
element and 4, i =i, j, k, [ is the resulting magnetic
vector potential at each node 7, j, k, / of the element. ¥ is
the volume of a linear tetrahedral.

1

N;= 6—V(a, +hix+cy+d;z) )
1 x; ¥y z

plft X Y %

And

@ =X (V2K = Vi zy) + Xk (V125 = ¥;21) + X Ok 21 = Y12k)
ay =X (Vkz; = Yiz) + Xk (V21 = 012:) + 512k — Vk21)
@ = x)(¥;2; = ¥;2;) + X; 0z = 2D + 5 (521 = 01Z)

@ = (9,7~ 12 + 3,7k Yz + 5 Ok~ 9,78)

b=y —2))+ 3k (z; - 2)) + ¥ ;(2) - )
b; =y1(z —zx)+ ¥i(Ze — 7))+ i(zy - Z;)
b =yi(z;=2)+y;(z - 2))+ ¥i(z1 - 25)

by =yi(zi—2;) +yi(z; - 21) + ¥ (2 — 21)

G =x)(z; —2;) +x; (2 — )+ (2 — 2)
€5 =x1(z — 2;) + %, (z; — ) + %3(2 — )
=52 —2))+x5(2; —7) +x;(21 - 2)

q =Xp(zp—2)+X;(z — zp) + x; (2 — 25)

4=V =)+ 5 (V5 =)+, = Vi)
dy =X = V) + 5V — YD)+ Xk (v — 1)
A =x1(y; =¥+ ;0 =)+ %,y - ¥;)
& =x, (Vi =) + 5V = V) + X0k = 3)

This approach is then applied to the PDE, where the
integrations are performed over the element domain ()

in (5).
[2{100) 2{100), sfa 0],
ax\pox ) eyluoy ) az\péz ®
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Or in compact matrix form

et K s {t)= Fhs

by
2111
soV |l 2 11
M =—
PMlea=2511 1 2 1
111 2J
bb +cc +dd,  bb;+cc,+dd;

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

[KL 1 |bb+cc+d,d;
T 36uv | bib +cic, +dyd,
bb, +¢¢; +d,d,

bb; +cic; +d,d,
bb; +cc; +d,d;

bb, +cc, +dd,  bb +cc +dd,
bby+ciep+d,d, bb+ci+dd
bb,+c.c,+dd, bb+c.c+dd,

bb, +cqc,+d,d,  bb +qc +dd, |

Then, the equations of each of the elements in the
region under study are assembled into a system equations.
The problem is divided into sub-elements that consist of n
nodes. The solution requires the solution of a system of n
equations.

The solution to such problems is iterative over a series
of short time-steps, At, in (6). In this research, the
backward difference method was used because this
method guarantees convergence even when the results are
constantly changing [14].

|4 B+1x]

-+ E

V. SIMULATION RESULTS AND DISCUSSION

The solution starts from the initial condition of the
motor and continues for each rotation of the motor
considering the boundary conditions of the problem. This
research used an initial condition that the magnetic vector
potential (A) at start time is zero. The boundary
conditions were applied at the inner surface area of the
rotor and the outer surface area of the stator, A = 0. The
conductivity is ¢ = 4.90x10 S/m in the rotor bars, and the
relative permeability of the stator and rotor cores was
1t>=5000. The free space permeability (1) was 4mx107
H/m [15]. In the solution, the motor characteristics
consisted of the rotor speed, as shown in Fig. 6. The
magnetic vector potential of full pitch and fractional pitch
systems during steady state is shown in Figs. 7-12 and
magnetic field of full pitch and fractional pitch systems
during steady state are shown in Figs. 13-18.
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Figure 6. Speed of a 6-phase induction motor

Fig. 6 shows the rotation speed of a 6-phase induction
motor from its starting time until reaching steady state.
The start time was 0 sec and the motor reached steady
state at 0.3 sec as can be seen in the figure. During this
time, the speed increased continuously and then the speed

‘was constant.
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loois
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Figure 7. Cross-sectional magnetic vector potential (wb/m)
of a full pitch induction motor

Figure 8. Cross-section of magnetic vector potential (wb/m)

at 0° of full pitch of an induction motor

ulio]

Figure 9. Cross-section of magnetic vector potential (wb/m)
at 90° of full pitch in an induction motor
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Fig. 7 shows the 3-D model of a 6-phase full pitch
induction motor. The vertical axis and graph are fill
plotted. In Fig. 8-9 displays the cross-section of a 6-phase
induction motor giving the top view with contour plots.

0015

0.005

0.018

Figure 10. 3-D magnetic vector potential (wb/m)
of a fractional pitch induction motor

-0.015

Figure 11.  Cross-section of magnetic vector potential (wb/m)
at 0° of fractional pitch in an induction motor

0.005

Figure 12.  Cross-section of magnetic vector potential (wb/m)
at 90° of fractional pitch in an induction motor

Figs. 7-12 show the magnetic vector potential
distributed throughout the induction motor for full pitch
and fractional pitch systems. The distribution of the
magnetic poles shows three ranges. The red range is a
positive magnetic vector potential. The blue range is a
negative magnetic vector potential and the green range
gives positive and negative values that near zero. The
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distribution of the colour bars depends on the polarity of
the input current in the stator slot. From the distribution
of magnetic vector potential, the rotation of each angle of
the motor will be slightly different. The full pitch system
will have a higher magnetic vector potential than the
fractional pitch system at every angle of the motor.

Then the magnetic vector potential is calculated for the
magnetic field (1) by considering the motor in 3-D, the
xyz coordinates can be used to calculate the magnetic
field along the x-axis (By) and the magnetic field along
the y-axis (By). This is because the current is represented
by the z-axis as is shown in (7) and (8) enabling
calculation of the magnetic field [16].

5 o o4 =(‘,A,+('JA/+C*A‘,+C,AI %)
oy 6V

A +c;d;+ed e
6V

®

©)

Figure 13.  3-D magnetic field (T) of a full pitch induction motor

Figure 14. Cross-section of the magnetic field (T) at 0° of a full pitch
induction motor
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Figure 15. Cross-section of the magnetic field (T)
at 90° of a full pitch induction motor

Figs. 13-15 show the 3-D model and cross-section of a
6-phase full pitch induction motor. It shows the vertical
axis and top view. The figure was made by fill plotting.
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"
i ] 0.5
0.4

Figure 16. 3-D magnetic field (T) of a fractional pitch induction motor

Figure 17. Cross-section of the magnetic field (T)
at 0° of a fractional pitch induction motor

Figure 18. Cross section of the magnetic field (T)
at 90° of a fractional pitch induction motor
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Figs. 13-18 show the distribution of the magnetic fields.

It was found that the distribution of the magnetic field did
not occur in the stator slot, but occurred in the iron core.
The magnetic vector potential can be seen in Figs. 7-12.
The distribution pattern corresponds to the magnetic
vector potential. The magnetic field distribution at each
angle is slightly different. Based on the simulation, it was
found that the magnetic field for the full pitch system was
higher than the fractional system. The air gap flux density
showed harmonics in the full pitch and fractional pitch
systems as is shown in Figs. 19-20.

After calculating the magnetic field in Cartesian
coordinates, the coordinate system was converted to
cylindrical coordinates. Radial flux density (B,) and
tangential flux density (By) can be expressed as (10)-(11),
respectively.

B, =B, cos ¢+B, sin ¢ (10)

B, =—B, sin ¢ +B, cos ¢ 11)

B, =B +B’ 12)

Air Gap Flux Density (T)
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Figure 19.  Air gap flux density (T) of a full pitch induction motor
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Figure 20.  Air gap flux density (T) of a fractional pitch induction
motor

Figs. 19-20 show the air gap flux density of a 6-phase
induction motor. During steady state, it was found that in
the full pitch system, the magnetic flux was higher than
the fractional system. Its harmonic distortion was higher
as well. It can be observed that the magnetic flux graph
does not exhibit a sinusoidal waveform. FFT was applied
to the magnetic field data of the induction motor in
MATLAB to analyze its harmonic distortion with
program. This is shown in Figs. 21-22.
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Figure 21.  Air gap flux density (T) harmonic distribution
of a full pitch induction motor
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Figure 22.  Air gap flux density (T) harmonic distribution
of a fractional pitch induction motor

As can be seen from Figs. 21-22 for the full pitch
system, harmonic distribution occurred at odd order
numbers. In the fractional pitch system, the harmonic
distribution decreased. The spectrum of the air gap flux
density was calculated to determine %THD.
The full pitch system had a THD = 27.35% and the
fractional pitch system had THD = 5.42%.

VI. CONCLUSION

This work studied the characteristics of induction
motors, including their magnetic vector potential and
magnetic field using a 3-D FEM method and harmonic
considerations with a FFT method in MATLAB. A full
pitch 6-phase system induction motor was designed to
achieve higher magnetic vector potential, magnetic field
and harmonic distortion than the fractional pitch system.
Therefore, fractional systems will reduce the harmonics.
It can be seen that the FEM is a highly accurate method
to calculate the characteristics of induction motors and
the FFT method can solve the harmonic problem. These
are useful designing induction motors for higher
efficiency.
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