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SIRIRAT SON-IN : ANALYZING CHARACTERISTICS OF SWITCHED
RELUCTANCE MOTOR USING 3-D FINITE ELEMENT METHOD.
THESIS ADVISOR : ASSOC. PROF. THANATCHAI

KULWORAWANICHPONG, Ph.D., 132 PP.

SWITCHED RELUCTANCE MOTOR (SRM)/3-D FINITE ELEMENT METHOD

(3-D FEM)/MAGNETIC FIELD/TORQUE RIPPLE

In the past several years, Switched Reluctance Motor (SRM) has interested in
electric vehicle industrial due to the characteristic of SRM such as high efficiency,
wide operation range, high torque, etc. The structure of SRM is simple that the main
component of SRM consists of a rotor and stator like other types of motor. The rotor
of SRM made of only iron core or conductor winding on the rotor core which effects
low temperature and power loss of motor. The disadvantage of SRM is a torque ripple
and the special structure of SRM generates the noise during normal operation.

This thesis presents the mathematical model of the magnetic vector potential
in the second-order partial derivative form that relates to the magnetic field of SRM
by using the three-dimensional Finite Element Method (3-D FEM). The 3-D FEM
was developed by the MATLAB program for simulating the magnetic vector potential
spreading and the value of the magnetic field when considering three-phases, four-
phases, and five-phases of SRM to find torque of SRM. To compare torque with the
other type of SRM such as the three-phases, four-phases, and five-phases of SRM that
have a difference in several phases, stator pole and rotor pole. The result of 3-D FEM

such as torque is the same trend with the torque from SIMULINK simulation.
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4
v A

a Ao Y
UANUDAN ﬁ”lﬂJ"Iiﬂl,LﬁﬂdllﬂﬂQu

VxE=J,+J. (3.16)
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1o Jo Ao anunuiuveInsuan1euen (External current density)

J. A9 ANNHUMUUYBINTEUEIY (Eddy current density) Tagf
Je:S -E (3.17)

Taghn s Asanwiin Wil (Electrical conductivity) azananuduwusvesaumsn (3.18)

Je="S —A (3.18)

A (3.11) (3.13) uag (3.18) Munuadluaumsn (3.16) az'ld

1 0
V x HWVXA +S EAz Jo (3.19)

2 1 [ [ 4 4
nnautaves A wudn V-A=0 iszaeudumsidiendnuaiveannnes A
2 o 4 d Aa ] < [
Vx(VxA):V(V- )—V A ldausaeuanmsvesdndnnaesiFausman e

aumsh (3.20)

0
V:A-ns 5A:_m\]o (3.20)

A o A 7 v g S a dNw S 1 Y
Lu?N%Tﬂl!,‘ﬂ‘].lﬁﬂﬁ’EN‘I/]Nﬂmﬁﬁ1ﬁ@]i"’ll’é]\iﬁuHJ!l,iJLWaﬂGluiJ@mflﬁﬁ’)@“ﬁiﬁﬂlmu“ﬁllullﬂ

A A
vununal t Taegh

2 2 2
0z

6)(2 8y2

VA (3.21)

! o a ] < § a
NNANMIN (3.20) ﬁqmmmuﬁmﬁ}’maumimmﬂnﬁnmmimuumaﬂ Lﬁ’t’)Wi]”lSm"l

o ana Ao £ o 9 ~ 1
oIS IUTZUY 3 UAMNTZUILNNA Xyz G]N?ﬂﬂJTiflﬂ']1!’Jﬂlhlﬂﬁ]'lﬂﬁﬁJﬂ'liﬂﬂiWﬂ;]@QGlugﬂ

auMIoyuTeo (Partial Differential Equation : PDE) SUALa04
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oA 6 A 8 A

o 6’y 62 =-m-J, (3.22)
vioamnsndngy Idasdl {

ox oy Coy) az\Uoz) 0 (3.23)

v Jda

H 1 J ] <
Tagh A fAs AAASFIINADILAMAN

A 9 1 < ~ _ 1
g D ANINATUNMUVDILULINAN Iﬂfﬁ/] g _r_n
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{aa J 1 4 1 o 1 g o 1 { o ' ) @
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U

()}

TymndesmsglirdnvazIndifesduauaiannmile dedriarsanuuy 3 ddo1veg
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TRTRLIGE NUYAUYAND

danmud 99610 | 000 | 900 K 9000 |
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




42

A1399 3.2 AN ToYAVOIYAAD

NUYAVYIAND WAy X THENGITRY WAALNY z
1 0 0 0
2 0 0 1
3 1 0 0
4 1 0 1
5 0 1 0
6 0 1 1
7 1 1 0
8 1 1 1

£
o

A A Jd v aa 4 A a o
VYUADUN 2 Lﬁ@ﬂEﬂLL‘U‘U“U@QWQﬂ%uﬂWiﬂigiﬂﬂ‘!ﬂWﬂiu@ﬁllluﬁ Tﬂmuaﬁumaﬂymz
a o Jd Ia U oy @
NIINITINYVDINAURAYIINTUNITLIBID YN UTYDY Iﬂﬁl‘]_l3$ﬁjﬂﬁ')%ﬂ'lﬁQQQHWWUﬂLﬁ‘Hﬂﬂf’S{'NIﬂEJ
a Ia & o Jd o aa 4
'J%"’llf)\iﬂ'llﬁ'ﬂﬁﬂu (Galerkin) "?\1hlﬁwaﬁlﬁUﬂlf]\?”l"l\iﬂGIfUﬂ'lﬁﬂi$1J'lﬂ!ﬂ181u’E]ﬁlllﬂﬂ (Element
. . . o oA s g Aaa 4 A 9
interpolation  function) VIANYLFILINADIUDILUNLNAN Gluﬂimaamuﬂgﬂmmﬁm%
1 iAW 11 4 1 aa 4 a [
Uszneude 4 yadeniidnvtes 1, |, K| damalszanasmnelusdnudunmdadudaans
° 1 1 4 - I~ ) 1 o { 1 1
Tuz1 3.18 AMumiavesyane (X, Y, z,) e N=1, |, K, fudumisvesdaiilinsua
a o (4 o 1 aa 4
AIﬂﬁlﬁllllﬁaﬂislﬂ!$ﬂ'liﬂﬁgﬂ'lﬁl"llfNWﬁaWﬁIﬂﬂﬂﬁgiﬂm 1] ﬁ'lllﬂlNGlﬂ  UUDALUUA

AlX, Y, 2) dhuFadu faaumsi (3.24)

A=a+b-x+g-y+l -z (3.24)

Y ;2
1 % [

. ) ¥ P
Tagh a,b,g,l iTumaeh Feawnsom ldvingadeiadasii
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z A [ XYz

k (X, Y121
i (x;,y ,Z,-N/ L

3107 3.19 matszinameluuniFadunud amudqng v
A(xi,yi,zi):a +b-x+g-y +1 -z
A(xj,yj,zj):a +b “X; +0-Y, + 1 4
A%, Vi Z)=a +b-x +g- Y +1 -2
AX,Y,z)=a+b-x +g-y +I -7
dioidr  a,b,gl #ldnnmsudaunisdiedy umuaindua i luaunis

A Y v o 1 aa 7 I @
N (3.24) i]gllﬂﬂﬂyﬂlgﬂ1iﬂ§$i]”lﬂsll’f]\1Wf‘lmﬂﬂiﬂﬂﬂigﬂ1m a1 Auriala 9 vosoauuatluag

aumsi (3.25)
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{ S aa o v 7
Tasn Ni, Niy N, Ny fe landumsdszanameludamud vaz A'ALAGA Aonadns
i
o J d a [l 3 A 1 1 i 1 kl aa 4 o w £ o 1191
Yoadndnnmes sunimaniuaazyade 1, J, Kl vewddmwudaudrdy seamnsoduanld

AEUNTN (3.26)

_a,+bx+cy+d,z

N, Y (3.26)

1 o a a( Y
tazaduilszanin ldan

& :)(I(yjzk_ykzj)+xk(ylzj_yjz|)+xj(YkZ| _ylzk)
a; =X (Y2 —¥iz)+ % (%2 -%7)+% (N2 - Ya)
a =% ¥z -vz)+x(%z-v%z)+x%(viz -vz)
a :Xk<yjz| yizj)+xj(yizk_ykzi)+)(i(ykzj —szk)
b =vi(z-2)+w(z-2)+y(z -%)

b =Y (z-2)+Y(z-3)+%(3-2)

b =% (z-2)+Y(z-3)+% (2 -7

b =vi(z-7)+¥(z -2z)+y(z-2)

G =%(z-2)+x(z-2)+x(z-7)

¢ =% (% -2)+%(3-2)+% (7 - %)
a=%(2-2)+x(z-2)+x(3-3)

G =%(z-2)+x (z-2)+% (z-7)

di =% (Y= Y5 )+ % (Vi =% )+ x5 (% - W)

di =% (Vi = Yi)*% (Ve =¥ )+ X% (Y = ¥)

de =% (Y=Y )+ (% =v)+% (% -vy)

d =% (¥ = Y; )+ % (¥ = Y )+ % (% - i)
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a ~ 9 1 ana S R 9 = dAa 4 1
mJimmGumg‘iJmmwmmmumzaamuﬁ G]f\?ﬁ'lllﬂ%Wﬂﬂ']iﬂWlﬂﬁ UUUHUNUBIAN

(3.27)

:/' { aa 4 o a
TUADUN 3 AT NAUNTVDIDANUA (Element formulation) 1 e0ANADINVAUNITIF

4 Y A o a us/' @ Y a N Y o
aywusvesilym wazioduiulsugaiuaouszamnsaialiogluglwning ladeauns

#i 3.28)

wsoansaveulioglugil

r - 7

Ku K Kiz Ku|lA|l |F
Ka Ko Kz Kol A ) F>
Ka Ko Ks Kaf| A Fs
Ka Kz Kz KA (Fs

1 A
Taoh  [K ] fle wimsndvoaduiszans ludamud

a 4 o A ] 1 { 1
[A] #e WNSNFV0IRIN hinsmngane

v
Y Y X

aa J Y Y o
NNANMTDANUAVNAUINT UADIAF 19 UUIN

(3.28)

(3.29)

o a 4
I doandosnuaunIsITIOYRUT V04

Qg}/ Y aan Jd 1 A o Y
“ﬂﬂgmuu il miﬁﬁmumimmaamu@ﬂgiugﬂsmummﬁumw (3.29) ﬁ”lll"l'iﬂﬂ”lhlﬂiﬂf]

E4
=

35013 1A8A 59 (Direct approach) A3 e u1so 14 ldmwizduilavindale

Y [l 1
183418 9 egrusu Tgymiars q Tuginse 1 58 mniu Feldansovdvverslasuuilag

)

ol uilymlu 2 wie 3 dlaenali 14
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e
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Y
-38m 5030 ITNIAYANATE (Method of weighted residuals) 35132 1933015319
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aums lW'ludddiudvninaumsiFioyius lasase TaolisuiudeansiuiledFu

[

o { & o Saa d o
wlsAufaeandes Feeawsoi ldlFlunmsadeauns I ludsawudadmsvilym
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r ] (

Ku Ko Ks - - K ||A] |F
KZl K22 K23 o K2<n AQ FZ
KSl K32 K33 -~ K3<n IAS FS

(3.30)

Knxl Knxz Kn><3 o Knxn_ Ah Fn

A a 4 ~ v a I a o
INAUNITN (3.30) L UNT N [K] ilzQOﬁmummmwmﬂummﬂ%

nxn

J a 4 va @ 1w 1 { [ d a
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nxn
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A 1 dy A d A Ao 4 I aa 4
qijﬂ‘i/] 4.8 MIULINUNVDINBIABT A IAFITaALAUS 5 dendudamuea
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[ aa dJ aa
4.3.2 ﬂan%umaﬂazmmma‘lueamummu 3uA
A Jd o aa 4 Ja 1
ﬂmaﬂﬂgﬂuumjmﬂQﬂ%umiﬂizmmmﬂiuaamum Tﬂﬂﬂi$Qﬂﬁ’J‘ﬁﬂ1§ﬂ’N
g’ o 4 aa Ia . 9y o oo
Wiridnireana19laedTvean1ansau (Galerkin) ilgllﬂﬂaﬁlaEJﬂJﬂQV\IQﬂ‘IfMﬂ"Ii‘]Ji%?ﬂm

meludamuavesfndiFunaesueulman aunsouaad ldasaunisn (4.13)
A(X Y, z) = AN; + AN; + AN, + AN, (4.13)
Taofi  NiuNj, N, N de flasdumsdszanamoludamud

. A v J 1 o Jda Jd g A v i 1 kl
AAAA Ao HaansvesmAndannnesulmaniuaazyane 1 1, K,

aa 4 o o & o Y v ~
VBDIDAULUUAATNAIAY "]Nﬁ1ll"l'§ﬂﬂ"|u3ﬂlllﬂﬂﬂﬁllﬂ"ﬁﬂ (4.14)

_a,+bx+cy+d,z

Np Y (4.14)

4
wazaduilszansmldan

g =X|(YjZk—Yij)+Xk(Y|Zj—sz|)+xj(YkZ| - V%)
a; :)ﬁ(YkZi_YiZk)+Xk(YiZ| _Y|Zi)+xi(y|Zk_YkZ|)
ac =% (%2 -v;z )+ X (%z - %2)+x% (v;z - v7)
& :Xk<yjzi_y|Zj)+Xj(yizk_ykzi)+)(i(ykzj —szk)
b =yi(z-2)+%(z-2)+y (2 -2)

b =Y (z-2)+Vi(%-3)+%(3-3)

b=y (z-2)+y(z-2)+v% (3 -z

b =Y (z-2)+%(z-2)+y (2-3)
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G =% (2 -z)+x(z-2)+x(z-7)
¢ =%(z-2)+%(z-2)+%(z %)
«=%(z-2)+x(z-2)+x(z-32)
G =%(2-2)+x(z-2)+%(x-7)
di =% (Y= ¥; )+ % (i =% )+ % (% = vio)
di =% (Y= Yi) % (Ve =¥ )+ X% (v = %)
dk=>(|(y1_yl)+xj(yi_y|)+)<|(y|_yj)
d =% (¥ =i )+ % (¥ = Y )+ % (% - i)
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duseans asaun1sn (4.15)

1% ¥ 3z

v 1 1 X% Yy gz
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433  MITNITUNITVOIDANUA
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v =S A I~ qs/l Ao w A o a a a [
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luaunsn (4.16)
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[KiA={F} (4.17)

A A a 4 o a =5 aa 4
Taon  [K] fowwingvosduilszanslusawua

a v Jda J <} $ o @ 1 A 1
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E(g%}i LAy N g%j” _R
ox\"ox) oylCey ) ez\FPez) ° (4.18)

~ A Y < 1A A A d? 9
Iﬂfﬂfl R AalAYANAIY  (Residual) Lﬂuﬂmﬂwmsvmmﬂwmnmﬂwamammu
as 1 3' ] Y 9q Yax Ia £ Qddy o Y
sz ’J‘ﬁﬂﬁﬂ’J\iHTﬁMﬂLﬂ‘H@]ﬂﬂNUlﬂsl,‘]n‘ﬁ"ll’é)\‘iﬂﬂﬁ’E]iﬂulm%W\i’)‘ﬁl!ﬁﬁJﬁﬂﬂﬁ%“VﬂﬂﬂIﬂ&l
o oo g’ % . . . a a us/'
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P

aan J o AN Y Y 1w A
GUEN’E]ﬁmumlﬁzﬂWﬁuﬂNﬁﬂulﬂclﬂLWWﬂUﬂuﬂ HUAD

JW,RdV =0 jjp n=1234 (4.19)
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U Q
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Galerkin) 1Wotny R A28aunsn (4.18) adluaunsn 4.19) a2l

o( _OA o _ OA o (. OA
{5 505 [ &la% ) 0
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\_[Nn(&(g&]—i'@(g ay}r@Z(g 7 DdV+I(N - Jo)dV =0 (4.21)
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a a a = '3 A 9 o J | Jd [ 4
NANTUINITOUNNTANASWIUUDITUNITN (4.21) ﬁ’lﬁﬁﬂWﬂuuiﬂlﬂUWﬂu@HWHﬁ
o

[ [ ga a a = 1 9 =
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¥ v
(Gauss’s theorem) Gdﬁqﬁgﬂgmumﬁ

u(N-V)av = [u(V -n)dt - [(Nu-V)dv (4.22)
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v Y
%
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- ON,( O0AY ON,( 0A) ON,( oA
Nu-V = g— |+ g— |+ g—
OX ( 6xj oy [ ayJ 0z ( 62)
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4o n = 1,2,3,4 unuanuduiusvesgumsdeduasluaunisn 4.26) a2'ld

C

b b C d d A
K = _n_m+_n_m+_n_m dX dz =12 4
Ly gj(6\/6\/ 6V 6V 6V6V] dydz uio n.m =123,

- 36%/2 (bb, +c,C,y +d,d,, ) dxdlydz

= i(bnbm + CnCm + dndm)
36V
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H 1 < . ..
Tagf g == fo annAumuLiman (Magnetic reluctivity)
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bb, +c.c, +d,d,
b,b, +c,c, +d,d,
b,b, +c,c, +d,d,
b,b, +c,c, +d,d,

(4.28)
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Abstract

Magnetic field 15 a crucial pont for studying the behavior of switched reluctance motor (SEM) of electric vehicle
(EV). Nowadays the pollution of the environment is increasing, which one of the problems is air pollution from
vehicles. Hence, to reduce air pollution, EVs are another option. This paper presents a mathematical model of SRM,
and it is confirmed the validity by using the three-dimensional finite element method (3-I FEM), which has
developed in MATLARB. 3-D FEM is being used to determine magnetic field distribution in and around the SRMs.
Mureover, (his paper discusses the distnbution of the magnetie field acting on the stator teeth around the air-gap. The
simulation results compare for two types of three-phase 6/4 poles SRM and four-phase 8/6 poles SRM.

Keywaords: Switched reluctance motor (SRM), 3-D finite element method (3-D FEM), electrical vehicle (ET),
magnetic field, radial force

1. Introduction

In the 21st century, conventional vehicles produce air pollution has caused damage in term of the
environment. The most significant air pollutants are from traditional vehicles [1]. Recently, EVs saw a
resurgence due to EVs have few direct cmission, technological developments, and an increased focus on
renewable energy, thus risc attention to the EVs. The SRMs are becoming attractive for EVs propulsion
in scveral decades, which definite advantages of simple, robust, heat tolerance and low-cost structure [2-
4], especially the absence of copper windings or permanent magnets (PMs) and doubly salient structure in
the rotor |5, 6]. There are much possible topological structures for SRM, mainly depending on the number
of phases as well as the number of stator and rotor poles. Two basic SRMs are the three-phase 6/4 poles
SRM, which has six stator poles and four rotor poles and the four-phase 8/6 poles SRM, which has eight
stator poles and six rotor poles. The three-phase 6/4 poles SRM has the advantages of lower cost and
high-speed operation. On the other hand, the four-phase 8/6 poles SRM has better starting torque and
lower torque ripple.

The determination of numerical based on finite element method (FEM) analysis. The FEM is probably
the most widely used mathematical approximation technique for solving electromagnetic problems,
temperature rise, and heat transfer problem, The FEM is similar to the finite difference (FD) method,
which the FEM is more efficient than the FD method due lo Mlexibility, accuracy and it can gain a definite
advantage when it applied in the SRM. This paper has considered the problem in three dimensions.
Therefore 3-D FEM has been built to predict their performance.

2. Modeling of Magnetic Field for Switched Reluctance Motor

2.1, Numerieal analysis

Regarding caleulation, which clectromagnetic problems mostly differential equation starting from the

*Manuscript received November 27, 2018, revised October 25, 2019,
Corresponding author: Tel.: +66-44-22-4400; email: padej@sutac.th
doi: 10.12720/sgce.9.1.33-43
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magnetic vector potential equations in x, y and z direction for SRM from as follow (1), [7].

Bl A B ML AL, ()

22y ey )eme

where, 4 is the magnetic vector potential (IWh/m), y is the magnetic reluctivity, which o ¢ by u is
I

magnetic permeability [H ,’m), and .7, is the electrical current density {A.f m:)_

2.2, Discrefization

This paper compared with the 6/4 poles SRM and the 8/6 poles SRM. The three-phase 6/4 poles SRM
structure consists ol a magnetically dependent stator and rotor set, where each stator set includes six poles
having 30 degrees arc length with coils wrapped around them while the rotor comprises of four poles with
different arc lengths. The four-phase 8/6 poles SRM structure consists of a magnetically dependent stator
and rotor sct, where cach stator set includes eight poles having 30 degrees arc length with coils wrapped
around them while the rotor comprises of six poles with different arc lengths.

The motor configurations used in this study shown Table 1. [8], which refers to the SRM scaling of
dimension as follows Fig. 1.-Fig. 3. Both lesied specimens of SRMs have 72 mm ol sialor core ouler
diameler, 62 mm of stator core inner diameter and 35 mm of each module thickness. Applying the 3-D
FEM for solving the PDE can be discretized by using linear tetrahedron elements and accomplished by
using 3-D grid generation. The three-phaseé 6/4 poles SRM consists of 51,460 nodes and 298,580
elements. The four-phase 8/6 poles SRM consists of 41,134 nodes and 236,228 elements.

Due to the precise comparison between the three-phase 6/4 poles SRM and the four-phase 8/6 poles
SRM, the mesh densitics arc considered to be precisely the same for both cases [9]. The model with mesh
densities used in the simulation is as shown in Fig. 3. If the conduction currents flow in one of the phases,
as shown in Fig. 2. [10], then clectromagnetic forces will be produced between the rotor and stator poles.

T'able 1. The motor specifications

Parameter Vilue Parameter Value
Stator core outer diameter 72 mm Stator core inner diameter 62 mm
Stator pole are 30 degree Air gap 0.25 mm
Rotor pole arc 45 degree Rotor shaft diameter 10 mm
Fach module thickness 35mm Rotor core outer diameter 41.5 mm
R28.17
o =
L] R36
RS
-RS
RAI7
(a) (b)

Hg .1. The geometry of the tested SRM with dimension (mm) (a) the 6/4 poles SRM (b) the 8/6 poles SRM
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@ CE
Fig 2. Detail of the winding distribution (a) three-phase in 6 slots (b) four-phase in 8 slots

(a) (b)
Fig .3. Discretization (a) the 6/4 poles SEM (b) the 8/6 poles SEM
2.3. 3-D FEM formuliation

Interpolate function of each element was derived by using the Galerkin approach, which is the exacl
weight residual technique for which the weighting finctions arc similar to the shape functions. The shape
function for 3-D FEM used in this research is the application of three dimensions (4 nodes tetrahedron
element). According to this method, the magnetic vector potential expressed as follow (2), [11]

Alx3,z)= AN + AN, + AN + AN, )

where, N, N;, Ny, N; are the element shape functions of node 7, j,k./ respectively and A, 4, 4, 4, are

the approximation of the magnetic veclor polential at each node i, j,k,! respectively. The weighting
functions are similar to the shape function, which is

_ G, +bx+ev+d,z

N £
W & 3)
where, n=1,/,kJ and 1" is the volume of the tetrahedron element, which expressed as

I xJ' ,1"} ZJ'
I xz ¥y @

) }_ dr il J (4)
i YT
1S %

And the positional coelficient defined by
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Formulating each element equations of (1) and substituting the approximate results in (1), which is
equal residual function as follow (5).
/ 3-1‘1'},&,11 a[ ) (5)

—|+Jp=R
YPzJ [

ac) avl ) e

&

ox,

where, R is the residual function. The method of the weighted residual with Galerkin approach applied to
the PDE, where the integrations performed over the element domain 17 expresses as

f F o r b - - 3
f -\'.,[.i‘-rff—"]ﬁ— 8. [r‘_i]]wu ]dr=o
]

al ax) v\Ne) &\ &

Which the equation can was wrilten in term of the matrix as form (6).
[KJa}={F} ©)

where, [K] is the permeability matrix of the problem and for one element consists of 4 nodes, expression
of the FEM approximation is 4x4 a matrix, which shown in term of positional coefficient as follow (7).

bbrectrdd bbtaetdid: bbtoctdds hbotrecotdd.|
[K] __F |bbractdd: bbitectdads bobite:eitd.ds h_-b41—c';c\+d;d.| (7
" 36K | by tecstdid, [Bebiteicitdydy [Bshiteiestdid, bu’h"’.’:,c‘ﬁdd.'
bibtecatdid. Bboteictdid, Bibitecitdid, bbteietdd]

where {F} is the load vector of a problem as follow (8).

1
1 (8)
4 [
1
The clectrical current density (.7,) determines from the current through the arca of conductors can
define by (9), where N is turn number of the conductor (rum). I is current quantities (1), and 4 is an

area of conductors (n?).

Nxl
Jo=— )

3. Calculating Current and Speed of SRM

SIMULINK is a block diagram for simulation and model-based design. It supports the system-level
design, simulation, automatic code generation, and continuous test. SIMULINK provides a graphical
editor, customizable block libraries and solving for modeling and simulating dynamics system [12].
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Both current (/) of the 6/4 poles SRM, three-phase, 60 kW, and the 8/6 poles SRM, four-phase, 75 kW
from SIMULINK fed to SRMs model as follow Fig.4.(a) and Fig.4.(b), respectively are shown cach phase
of SRMs currently, and both angular velocity (rad /s) of the 6/4 poles SRM and the 8/6 poles SRM as
follow Fig.5.(a) and Fig.5.(b), respectively arc shown speed cach SRMs, In this study the simulation in
no-load condition (7", = 0).

From SIMULINK result, starter current and steady-state current of the 6/4 poles SRM are higher than
starter current and steady-state current of the 8/6 poles SRM, which both can also observe the value of
starter current and steady-state low has a posilive value and few negative values of current. The speed
operation of 6/4 poles SRM is higher than 8/6 poles SRM, which relate to the number of stators.

(a) (b)
Fig. 4. Starter current and sleady-stale curren! for (@) the 6/4 poles SRM (b) the 8/6 poles SRM

.. -
(ST T

(a) (b)
Tig 5. The angular velocity of (a) the 6/4 poles SRM (b) the 8/6 poles SRM

4. 3-D FEM Simulation Result

The simulation of 3-D FEM written by MATLAB programming. The Dirichlet boundary condition
(4 = 0) is specified both along the outer surface of the stator core and along the inner surface rotor core
of the 6/4 poles SRM and the 8/6 poles SRM. In the SIMULINK result, both current and speed used to
solving the FEM equation. The size of cach time step is the time needed for the rotor turn fixed atl
A@=(360/4F of the 6/4 poles SRM, which 4 is a number of rotor slot and A8 =(360/6F of the 8/6

poles SRM, which 6 is a number of rotor slot. the ratio of The specific medium permeability (z) is
related the relative permeabilily of the stator and rotor core [Fr] and the free space permeability (.“o) by

1=y g, where g, =5000, and gy =4 %107 H/m [13-15].

For 3-D FEM simulation result can be presented by graphically in the filled polygon of magnetic
vector potential and the magnetic ficld dispersed of SRM. Fig.6.(a) and Fig.7.(a) shown the magnetic
vector potential distribution in 3-D of the 6/4 poles SRM and the 8/6 poles SRM, respectively. Fig.6.(b)-
Fig.6.(d) shown the cross-sectional magnetic vector potential distribution of the 6/4 poles SRM at 0, 30
and 60 degrees in the aligned position, respectively (repeat évery 90 degrees). Fig.7.(b)-Fig.7.(e) shown
the cross-sectional magnetic vector potential distribution of the 8/6 poles SRM at 0, 15, 30 and 45 degrees,
respectively (repeat every 60 degrees). To be consistent, Fig.8.(a) and Fig.9.(a) shown the magnetic field
distribution of the SRMs in 3-D of the 6/4 poles SRM and the 8/6 poles SRM, respectively. Fig.8.(b)-
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Fig.8.(d) shown the cross-sectional magnetic ficld distribution of the 6/4 poles SRM at 0, 30 and 60
degrees of the rotor position, respectively. Fig.9.(b)-Fig.9.(c) shown the cross-sectional magnetic field
distribution of the 8/6 poles SRM at 0, 15, 30 and 45 degrees in the aligned position, respectively.

From 3-D FEM simulation result can also observe that the magnetic vector potential and the magnetic
field distribution between the 6/4 poles SRM and the 8/6 poles SRM are different. The value of the
magnetic vector potential of the /4 poles SRM is higher than the 8/6 poles SRM. The amount of a
magnetic ficld of the 6/4 poles SRM is higher than the 8/6 poles SRM, which the magnetic ficld related
with the magnetic vector potential to B =V x 4. Meanwhile, the lowest magnetic field occurs at all stator
slot, and the arca of the coil is fed cach phase of SRMs currently because the magnetic field is a vector
field that describes the magnetic influence of electrical currents and magnetized materials. The value of
the magnetic field has an area of the stator and rotor cores because it has the high relative permeability.
The relative permeability is the measure of the ability of a material of a magnetic field. The highest
magnetic field occurs at stator and rotor teeth.

The value of magnetic ficld (8) inside cach clement is obtained from A=V x4, which magnetic

field (&) has a component in x and y direction [16] computed by (10)-(11)

Hr:ﬁ%]:=c,,{,-+c,_ﬂ,+n.4x+f.'.h (10
& 6r
gm0 (B, 4y bt ) an
; ax 61"
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Fig 6. Magnetic vector potential distnbotion (W% m ) of the 6/4 poles SRM (a)example at the rotor
position 30° in 3-1 (b) at the rotor position 0° (c) at the rotor position 30° (d) at the rolor position 60°
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(e)

Fig.7. Magnetic vector potential distribution (W5/m ) of the 8/6 poles SRM (a) example al the rotor
position 30° in 3-1(b) at the rotor position 0° (¢).at the rotor position 15% (dy at the rotar position 30° (¢) at the
rotar position 45°
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(©) (d)
Fig 8. Magnetic field distribution (7) of the 6/4 poles SRM (a) example at the rotor position 30° in 3-D (b) al
the rotor position 0° (c) al the rolor position 30° (d) at the rotor position 60°

(a) (k)
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e
Fig.9. Magnetic field distribution (7') of the 8/6 poles SRM () example at the rotor position 30° in 3-D (b) at
the rotor position 0° (¢) at the rotor position 15 (d) at the rotor position 30° (e) at the rotor position 45°

Moreover, the radial flux density (B,) and tangential flux density (3,) acting on the air-gap can be
expressed in cylindrical coordinate as a function of B, and g, , which is

B, = B,cos¢+ B sing (12)
B.=-B.sing+ B cos¢ (13)

where, ¢ is the angle of stator teeth center concerning the positively horizontal axis.

= 00 % - -
Rrtor peosition | ogees |

Fig.10. Compare of the radial flux density between the 6/4 poles SRM and the 8/6 poles SRM
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From Fig.10. is shown the radial Mux density acting on the one slator tooth in the radial direction
between the three-phase 6/4 poles SRM and the four-phase 8/6 poles SRM. It can also observed that the
curve in Fig, 10, resembles a sinusoid. Maxwell’s stress cquation used to determine the distribution of the
radial force across the air-gap as from [17],

D T
F,—zpn(a, B2) (14)

The 3-D FEM approach is also utilized to calculate the SRM’s vibration. For our computational
vibration is considered the stator teeth, by assuming that the force acting on the center of stator teeth
could was transmitied through to the SRM frame.

The radial force (f,) generally means a force exerted in a radial direction towards the center and
affected the stator radial vibration and acoustic noise in SRMs [18]. The curvature of the radial flux
density of the 8/6 pole SRM is smoother than the 6/4 poles SRM. The amplitude of 6/4 poles SRM is
higher than 8/6 poles SRM. If there is nothing to disturb, less the radial force into the slot, in this case, to
cause less vibration, compare the 6/4 poles SRM is vibrated than the 8/6 poles SRM.

5. Conclusion

This paper describes the modeling and simulation technique via the three-dimensional finite element
method (3-D FEM) for solving the partial differential equation of magnetic veclor potential, which
wrilten in MATLAB programming. Also, the simulated result present in this paper shows (hat 3-D FEM
can be used to study of the magnetic vector potential and the magnetic field distribution in and around the
switched reluctance motor (SRM) by comparison between the three-phase 6/4 poles SRM and the four-
phase 8/6 poles SRM. Due to the results show this method is simple to illustrate how the magnetic vector
potential and the magnetic field throughout the volume of SRMs. This advantage can be developed o
calculate based on the magnetic field, e.g.. magnetic vibration and acoustic noise.
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