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VIBRATION OF AN INDUCTION MOTOR TO REDUCE VIBRATION
CAUSED BY SKEWED ROTOR BAR. THESIS ADVISOR : ASSFROF.

PADEJ PAO-LA-OR, Ph.D., 178 PP.

INDUCTION MOTOR/FINITE ELEMENT METHOD/ TIME STEPPIS
METHOD/ COMPUTER SIMULATION/ELECTROMAGNETIC FORCE/

VIBRATION

Vibration is phenomenon of object motion back tokhainder the force of the
action. Normally, vibration is not requirement logvitable. At best is attempt limit
the size of the vibration within acceptable linftor induction motor three phase the
vibration may be due to several reasons. Thatredevant between the grooves of the
stator and rotor, the eccentricity of the rotorhbstatic and dynamic, angle in the rest
of the rotor bars, and use the invertor for chasygeed of the round effective to input
source motor is since wave as distortion. Therehappen from design and
manufacturing of non-standard, deterioration frosedj or due to other factors
external that act. Distortion of since wave effeetto non-distribution of balance of
the magnetic field in the motor. Then, the noisd &ibration is occur. Which the
noise and vibration effective to mechanical lossfgrmance and motor life time is
down, performance of personnel as machine contibl be reduced accordingly.
There for, this research is occur for contributiopact of skewed slot the rest of the
rotor bars in the induction motor three phase éffedo distribution of magnetic field

and mechanical vibration of motor use finite elem8D method (FEM 3-D).



Developed for the way of the study of angle in tést of the rotor bars of induction

motor impact to vibration.
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:/’ =2 o a = =2 1T A v J [y Jd v 4 o Jd v Jd o
ﬁnﬂuuﬁ]ﬂﬂ“uuﬂ?iﬁﬂﬂ"Iﬂ\‘lﬂ?i?i”lﬂ”l!“lﬁ@iéwu‘ﬁsllﬂﬂV\IQﬂGIlefﬂﬂa15&La$1/\|\1ﬂﬂfunﬂm@5(‘58
/A [ Q(t:q/
UITINUAYANAIVY, 2545)
: ' ' o & & o o S v 1 a o
Favgnanae ldaetidr 1d7 duilsnfumnars 3 @uilsfxy.z udransoyiuives
9

v o
Handuraansaen ldaat

df =ﬂdx+ﬁdy+idz (3.6)
OX oy 0z
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o JA A '

E4
HAZNMIMUUAAIRUTUMIDYWNUTNFTINIuAa(del: V) Al

ox "oy oz

Y i1
o A

o o 1 o Jdo Y £ A ' = J . o oo
aaiuieii v nsziaeilanFur 1218 v £ ¥95en1unsReua (gradient) voailandus
Tagazianuviuieluanvae

[V

vf :ii +ﬂj+ik (3.8)
oXx oy oz

Y o ] A s v £ o ~ ' s
LLﬂ%ﬂ”lﬂ"l‘ViLlﬂGlWA ADLINFBDILUAIV - A mgﬂumi@mﬂmmmw%zgiﬂmﬂm’mi

4 a
AU (divergence) YOIA HoU Ay

V-A:E}A‘-|ra'A\/-|r6AZ (3.9)
oXx oy o0z

1 &£ Y ~ 1 ad a
dIUV XA G]NL’IJHﬂﬁﬂﬂ!ﬂullﬂﬂﬂi@ﬁ‘ﬂgliﬂﬂﬂuﬂiﬁ (curl) Y93 A HEHNIQEJ

n [ )8 A, (08 )

(3.10)
oy oz 0z oOX ox oy
wieideulugivesdmesdumd Idsad
ik
vxA_l2 9 @ 3.11)
oX oy oz
A A A

2 @ ad & A o o o & v o A o
ulﬂl']@ilﬁ]u‘ﬁfl!azlﬂﬁalﬂuLWﬂQ@HWUﬁ@u@Uﬁu@Lﬁ’]ﬁWﬂJ']iﬂalalflﬂaﬂ'ILHUﬂ'ﬁﬁ@\‘]ﬂiﬂ

9

A I Y v Jo o £ A J ~ . 2 £ Yo A
LW@Glﬁhlﬂ@HWH‘ﬁ@uﬂﬂﬁ@ﬂ%ﬂlﬁﬂﬂ31a1ﬂﬁn%ﬂu (laplacian: V )%Q!Lﬁﬂ\i‘lﬂﬂ\iu
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2 2 2
V2:82+62+82 (3.12)
ox- oy- oz
1% A dsnnmasaz ldanlanFeuusiA Ao
2 82 2
VzAza&H Afj+aAZk (3.13)

x> oy’ 0z

[ 1 o

Y J s o a v Jdo ] Y J v
Laﬂaﬂymﬂlmnﬂmmﬁﬁmm@mmimmumiauwumu ‘Uﬁ’ﬂ\‘]fl@ﬁul 21NaNYUAY

g9
14

Llﬁmﬁ’lﬂﬁumiﬁ (3.14) ae (3.15) Aeilfe
V-(VxA)=0 (3.14)
Vx(VxA)=V(V-A)-V?A (3.15)

9
a

v Aaav o £ o [ e A o <
msulasszuuidaniiifianemnganuuaz iy (William, 1989) nnnaninlihily

Ao o i <
WAANTINTZUON (cylindrical coordinate) AateraIRIezili 3.1 aunsouaasldTaedr %A T

L a Qd! ] a o A
nnweslagmeluilsgiguaaeglugivesiiianinie

A=Aa, +Aa +Aa, (3.16)
iloax, ay tazaziunnmesnirielaelidc , A wazdsdudiudsenounianin

Farzdeagnulaoulieglugidiudlszneuiidansanszuenlasd 1WA iHunnmeslan

a z:d! L] a v A
melulsgiduaasedlugivesinansinszuenie

A=Aa, +Aa+Aa, (3.17)

4 I J : ] I 1 a o
ioa,, a,uara, Junmeeiviamitelasii A, Auaz A illudiuilszneviiia

NINNITUDN
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3107 3.1 ANNFURUS T2 INRNANINULASNAANTINTZ LD N

~ < v A Y
931U 3.1 9LAUNVIAP(x,y,2) HTBP( p .20 18N
X=pC0S¢ , Yy=pSng , z=2

<] 1w 1 Y ) = @ Y
%%mu’JWI’JLL“IJix, )z agiumamawmuﬂi P9,z !,Laﬂumummmﬂu%llﬂm

pP=+X+Y ,¢=tan’lX & 257
X

B 3 " W ' %
Faazrunawls p , ¢,z08lumenvesdulay, y, 2

] a o % [~ a o % @ o
lunisulasuvinszuuinanitelhiudnszvuninaniseg lduannsquiuves
4 = Aa o 3 a o 9 1 ~ [
nawesuuuaenmsasuidanin lliduninansinszuenazdeania A, , A fieglumey

=1

A £ Yo o
GU?NAX s ijﬂﬁlcﬂ/lz: Azﬁlf\‘ll!ﬁﬂ\‘lhlﬂﬂflu

Ap :A'ap :(A<a3<+p\/ay+AZaZ)'aﬂ - A<a><'ap+p\/av'ap
A, =Accosp+ A sSing (3.18)

A =A-a, =(AAaX+A/ay+AZaZ)-a¢ =Aa -a,+Aa, -3,
A, =-Asing+ A cosg (3.19)
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1 Ao <3| Ao . . i 4
daumsnlasniniinanin liiluiinansanawy (spherical coordinate) AdueAIAI831N

3.2 annsauaadldlaedlva Wunmaeslagnelulsgidwansedluglvesiidansanan

N

—_——

A
o
A=Aa +Aa,+Aa, (3.20)
A 3 s & ] = 3 v Ao
va,, a,lae a¢ Lﬂumﬂmmwuwmaiﬂau A s Agu,az Aﬁ Wluaiulszneunne
NINaAY
Z AN
// NS
// \\\\ \\\
/ * \
/ 0. P \
;AT
/ \ \
/ T \
ll VARN "l // =7
| L)
| / N~
|/ 7

w®

{ v o 1 a o a o
51U 3.2 ANUFURUTIZHINNNARINLAZNNANTINAN

110310 3.2 wAUNUIAPKy,2) HTOP([H 0, ¢) 22 181

z

X=rsinfcos¢ , @=c0S"' ———— , ¢
2 2 2
XY+ 2z

£ < 1w ] @
Faazmunawlsr, 6, godlumonvesdunlsx, y, z
manfaeuiitanin iiuiidanseananezdesmn A, A, A ieglumenvedx, 4y,

I
3

E4

A3 g 1Al
A=A-a =(Aa+Aa +Aa)a
=Aa,a +Aa, a +Aa, 8
A =Asindcosg+ A sindcosg+ A singd (3.21)
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A =A-a,=(Aa +Aa, +A3,)a
=Al 3y +Aa, 8, + A, -3
A, = A cosfcosg+ A cosdsing+ A sind (3.22)

A=Aa,=(Aa +Aa +A3,) 3,
=Aa.-a,+Aa, a,+Aa, -a,
A, =—ASing+ A cosg (3.23)

1 & v dAa d &
3.2.2  auNantasANYIBIINIAD ILUNLKIan

S

A a wa JA o Y Yy =R
L?J@‘VI511J‘1/lf]BQLlazﬂﬂ!ﬁuﬁ@GIJE’JQL'Jﬂmi’Ji‘Vlﬁ]?LﬂULLﬁ'J@]@]lﬂilgllﬂﬂa”lfJﬂﬂ
o

oo

aAa A 9 o ] I v I a 4 ] a gl Y & 9
NYHHNINYIVDINUAUINLUNANUASANSLFININIADTUNLY AN (maunauINIg, 2538) w694

1AM VBITZUNNNETIINT AL
U529 lu (electric charge) AptlSunavesnnuilulvihiadaogluaas

4

k4 1
wue Fansedfduiusseninedsey IihegBeondmsalwih (electric force) nazdmnisey

v Y
A o

4 { a { 1 [l <3 .
IWihiimsinaounale azimanssNiEon11s wiMan (magnetic force) Aaomannausa i
1 3 A 1 o a Ao v A v o 1 = Y v 9/::
pazussusimaniunastuiadernuasiszy laih nsdaswunnguueansaislddaling
Y (] 1 o { 1 (] 1< .
doausstieglunquidernuiizondmsawiman lu (lectromagnetic force) Nn9 Uszylu
gansazianuuauy 1 (electric field intensity)  #3001958n 1@ 1l (electric
1A 5 1 ] v 7 ] I
field: E) ogi/Suamnile dauanunumiuyesi@nduivan (magnetic flux density) 130019
1 ] 3 . < v o w o {
FonauNivan (magnetic field: B) azifludiminuldesnusinsgdunmizilszylvihn
A A & [l 1< dy A d @ @ &
waoud Feaumuimaniwesiiusingiwvesna lnlumsiundamasnunngluuunils
Y A 9 dy o o a /A a 42‘ J A o A
ldsunvdung Taeldduiugmdmsvesuelsingmsasininaduluneomes nesduila
9 £ @ [ A a d? L4 1 dy 9 dy
Tufhuagnioudassamsiunlaswdsnuinneiuluglnsalmariisgdlsznoudlengiiugu
9¢ 4 Nf) (Chapman, 1998) 7D
A Y ) a 1 S Y Y Qa:
1 Wonszue Inaluwduatadninsnasuusimandeusouiduaiaiu
A [} <= ~ a [ ~ o d? A
2) eduumanimsdasuntlasmunavzinanssauideniivuluvaalan
a @ 9y ) tﬂy Jd 9y
AAINMIRUVDATUAINAIN (WU U5 IngMsaivtauilag)

4 9y o o A 1 1 < a d?’
3) LuaﬂixLm”lwaﬁlmaumﬂmmmnagcluﬁmmmmaﬂ%mmmmmamu

E ¢ s
(WuﬁWHﬂﬂﬂgﬂﬁﬂ!NfJM’ﬂi)



17

A&y o oo A . a TR S
4) Worduataaninadeuiiuauuuimanszinaus UM ienihivy
f 4 4 o A
(Wugmsingmssitaioaduiia i)
2 (a "’ A e o o DY
FalSunavesamnuinianaziuegiuidgainanamsoudas Id lng

B=uH (3.24)

A A < Y ' < . e = 1 o
o u AeANuauFy ldvewiman (magnetic permeability) UAUNINY L4y, Tao

W u, AoanuaVFldvesgyme Tauiiny 4zx10 ' H/M wag g, Aeanusiudyla

v o 4 ] @ @ 1 1 <
AUNNT (relative permeability) Tﬂmzﬁ'ﬁuag VIAAAINAN dIUH AeAnuduaINLNIan

(magnetic field intensity) HazNAUANTAVDI B WUN
V:-B=0 (3.25)

2 A A ¢ o ¢ .
Faaumsn (3.25) AonnUouNd (Gauss’s law) TugloyWusuesdumuiman Tag
o @ @ o { ' 4
duilddseneudumsldenanual lugunisn G.14)vzasdllamnlanesinuves B
Y s 9 ' as s & A4 o ad £y Y [ J I =
mnuguindn deniivnnnmesvilsiiensziuasauda lanaiilunnaes B names laqh

o ad 1w 1 v A g <] . . [ J
ﬂszmmsauﬁammu B i]%ﬁ'flﬂ?”lﬁﬂEJL“NL’JﬂLG]’EJiLL%Jmaﬂ (magnetlc vector potential: A) ﬂﬂﬁ

B=VxA (3.26)

Y 3 A 9 o T < =2 A o v Jda
ANHULINDADINTITAIUIUNITUINUNLIV AN B ﬁ]\uﬂﬂ\‘]Tﬂﬂﬂ”liulﬂﬂ”ILl’Jmﬂ1ﬂﬂfJHN
Jd < v & o 9 1 ] I o Y
nawesLlvan A nou “]5\1@'11115ﬂﬂ"|1!’3ml1ﬂ\118ﬂ’31 Tﬂﬂﬁu”lllll,lll,ﬁaﬂ B ﬁ"lll"lﬁﬂﬂ”li!’lﬂ!blﬂ

v ad o Ia s 1 4 " o ]
AWNIIATAANYLFIINGDILUNINAN A MUY (INAD IN102D0, 2548)

d A
3.3 LI RIN IR YA T REVIL o
J & A Y o o Aq Y o o 1%
vomosiuniosduniden1dlugaamnssuinalyd mszawisondasdundsau
< @ ] o o o @ 1
TWfndundsnunald sawnsautwemes Iihesnauanudinguaz dadiuns 1
Y a Yy s o s a A A A
lailu 2 wiia'laun vomesmileni uaz vomoswiladu Mo
s A o & I a 9y Y [l 1 A = Y A 1
vowosimteniniuvewmesnienldnuiuedisuninate iesainiinig gl

Y
=y v o

[l [l ° [ @ <3 {
gue1n 51190 NUNTU llagulufglje\iﬂllaﬂ']z\‘]iﬂy'lu']ﬂuﬂ ’e]ﬂ‘VNElﬂﬁ!ﬂﬂmmlﬁﬂﬂmﬁﬂaﬂﬂ
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d1M3Hu Fumngaunums 1saulugadivnssuuazous unuynilizon ae19nain
Y1 9 ¢ Ao 'Y A 9 . o o
lanfimslsnuvemesmiieniminnindosas 90 vouniosduiianavua
a ' . a o a ! 3 {
Hlaa1 meaal (Nikola Tesla) Itausnuinanismldinaduiumimaniyud
¢ A o qy s % 1y o 0w Y
aaaes ot 1n Tamesuyu 1dTaeludesorde liihnssuaassdmivvaatanszdu Tao
I ¥ ~ o J J 4 a Ao
nizualuvaalalaaes lwonmamienildinnveatadaees mad1ldvadniiag
A a d Y A A a 4 3 [ o 3
delszangiilo na. 1888 uazdlszAaugi laTumsUsulsenanisdulnseadoas
vAa 1 Y o dg’ A A A ~ [ J 4 ~ o
Aaauian1ee) TavmunYuEosn e uTeniu uowmosmileni
4 | o A a % a 3 1 <
vones i unilsnhinaneenu luilagiuiinateria dsuavuraanls vl

nszuagdum@ervuialite 1 useadh audevwalug 1 ldihnssuaadu 3 wla vuia

]
=1

[ Y 1 4 $ ) Y] @
10,000 13911 Tagluagiuiiaznanduamzueawesmisnimleny IWihassuaady 3 wla

d! a Y 1 :;’
aton 1Fn UMY

) d A o
3.3.1 Iﬂiﬂﬁi]\i%@ﬂ“ﬂ!ﬂﬂﬁ!ﬂ“ﬂ?“]

4 A o A 9 1 I 1 o Y 4
N@Lﬂﬂilﬁu&’)unJIﬂﬁﬂﬁiNLL‘iN’t)fJﬂL‘]JL! 2 AIUNANG Vlﬂllﬂ ﬁmmamaﬂi

A

Jd o A
197 PNU
o 9 4 4
1) awees 1lsenounle Insauenos (frame or yoke) UAUTINUNDT (stator core)

7 ;. A J o <] 1
HAZUAAIANNLADT (stator winding) Iﬂﬁ\?llﬂm@ﬁ‘ﬂ'lﬁﬂm‘ﬂﬁﬂ‘ﬁaﬁ]zﬂﬂﬁ\?ﬂﬁgﬂﬁ]ﬂﬂaﬁﬂ 31U

9 o 1

1 1 =Y I~ 09)1 =1 1 1 19 9 =1
dauanianyuztuvag 3JﬂaﬂQﬁWﬁiUﬁfJﬁWﬂ%\l@@ﬂqjﬂﬂiﬂﬁlu@ﬂ@gﬂW‘HﬂlN Taglasesd

9 Ao = 9 ] o A a 9 o @
nNIVgALUYAaIA T HeEN LN HIM UL 1Aag5euved IATINBIADTUINAIIL BN

u

[ I 4 ] 1 d o ] a
“lﬁ'ﬁaﬂyngﬂuﬂ?u Lﬁ@%?ﬂi%‘]_l”lflﬂ?]"m%)ﬂu mmmuamm'emnm”mn,l,wummumclﬁ’mmcm
= Y ' S A & = = A = ad .
clmllﬂmmgmmaﬂumqq FIVENANWFULTULUDINNITAD T (hysteresis) LlagNIUA

o J @ S a
lau (eddy current) M1 unueamesgnimizasanar Iilianvazdugiamou Tasiad

9 [ @

1o ¢ 4 g A
Tugnimziflusesnudreiluvessames lassou e ldiiunnedmsumsiuvaaiama

4 ] a 1 dy o Y 9 Y= 1 d R o 9 A & Aa 9
197 BHUANIUAMAIHIZYNDAUIAIINULTIN NN UTIAINDT FIR Ml unuauveudy

" 3 o v = .
mmmmaﬂmuﬁmmagﬂw 3.3 (Kenio, 1991)
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VAaINARDS unugmas

Tswed

~ 9 4 ~ o
5UN 3.31?’]5\‘]?(51\‘]‘1]9\‘]119!@]@5LWUEJ:]‘L”

Rl

' s I Yy g Aqg Yo & A Y S o
druvaaadames i uatanesuauauan nldiulluvaaia masualeiiniu
sa A J [ = 1o I £ 1 = '
nstsduauuliieded Tasutswnaaaaeenilluaye FunazgasziSoniula
(uszl o 1 [ o A F2 1 1
yaalamamesnamuvla azindeiuuuuaas (Y ) viemanl (A) uadnessngiNns
qg/’ 1 3 1 a @ | Y qa: [
Meouen Madvumanveauaazla mannmsnuaeivesvaalamatiug ludnyas
o o o Y 4 a us/' ] < YY) 4 I 1
wuasaaziudounauaduiu i e ldnadumiman N uag s aduiuliiFes Wuga Tae
o 1 1 o $ o 4 o 1Y) 1 I
Yadeniinanousesumiieniivesvaaitaluasesdnsnaliihnszuaady vuseonldiiu 2
% P o a 4 { o
Y3210 Ao MIIAIVEIVARIATIAMBT N 1FIWH 1azTzasnTuIYAaIN (coil pitch) N 14T
% 4 [ (] o o
N135719A2909YARIAAIALIABT IUTINOGAOIANH UL ADNITINNAIUUTIN
(concentrate) ¥iu18DINGUUBIVARIAN FTLINMI0d lusouReINULAZ NITINAMUVNTZ10
(distribution) ®u18AINGNUBIVARIAT LA lUABL TP IENAIUFINITINRIVBIVARIA
s ' & o 4 A g S
TuyemesauaarulvgrziiluuuunszoneiatimeilunsaananiznuveIg1TuoUNIN
M5INAIVDIVADIALUVTINUALT D910 TUNITINAIVDIVAAIAUDUTINNGNYDIVAAIADL
Y 9 1 I Yy Y o 1 o & A (] [ A
Aanuiduusaiman ldnfeutunansnedivesuaadauuunszaedelivaainogluson
v 9 4 v [
uenuusIduieihvesvaaladunavu luinfeududauinusedumiisnimnmasinms
FIVDIVARIAUVUNTEAIITATDINIINTINGIVOIVAAIALUY TINTFITIAn TN
A Y e ' o .. .
‘nu’oamufuzagiugﬂmaqmﬂizﬂa‘umsﬂszmﬂ (distribution factor or breadth factor: kd )
o o 9 o =R = A o HAq Yo X , '
MINUYAAIAGIADIAIHIDITLOZNATVDIVARIAT 1T U FuTluszesH1agenang
Y 9y & = Y ' I 9y v A a I3 .
AUV NNITDIVOIVARIAAGINY dZULIDDNTU 2 LVVAIINUAD TTESNAFIAY (full pitch)
a < . . . 2 a ¢4g = A& g 9 ¥
HAZTTUTNABIAY AU (fractional pitch) FITLILNAFIANHNIGD WOATUUVINVDIVARIAATY

Y A

& 1 £ qu’ 1 < 9 9 =& dy 1 £
TUIDYATININAWVILNIWAN N 1A ISUDINATUIINHUIUDIVAAIAY DYATINING N
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v 9
= 1w

09/’ ] <] § @ a J o ] <3
dutman s fegoall eliszeziiien’ldny 1 iagdamiman wie 180° n1a Tl

v o ' 4 1o o 09; ] <
AnuduIusszrIyune Il (0,) nazyuniena (0,) duegiudmauduimian (P)

£ Yo =
G])’\‘IﬁWNWiﬂLLﬁﬂﬁulﬂﬂﬁﬁiJﬂﬁﬂ (3.27)

4

9
diuszoziinaudiufea uinaiiaesvesuaaladeInuagegtaiuling 1 fing
:;’ ] < =& a J J 1 ] I a J 1
TimanaeszeziarsvedvaalalunowosmumadiuIngasitlununssss Naseyaiu
qg.: dyd' I [ 4 A AaA 1 [ ~ o 19 = o
natierlumsvingsueinnlnansgnUABLIIA UM TENIVBIUARIALATOITIUDINI T
A 4 I A 1 o ~ ) a I 9 A =1 ]
YAAIAUDDIZIENASIAYAIUARA T Id WM HgNIvzlA1anauandoaioMeufiuuL
a g & @ ~ o A dy ' @ a J .
szgziaaudTsdumilsnihnaansiivzeglugivesdilsznouiing (pitch factor: k) 1az
HaguIzHIak, naz k, 92i5en11dI1TeneuyAvARIa (winding factor: K,,)
o J A Y @ T | A
minuvaalIadamesvouniednsna lWihnszuaaduntseondudowny Ao
@ qs}/ = . . . = AQq Y o T v 2 &
MINUYARIATUIAYT (single layer winding) FI31UIUVARIAN 1FTUMIHUITINIAUATINI S
yosdwuseunszlunaazsesaziidudnsvosvaataiissdrudouaznsiuvaaindoq
o b o Aa ¢ A o A 4 Y
%1 (double layer winding) Fuiluitienlunomesmileniniosnin’ldzaauusauli
~ o A w Y A 1] A o 1 091} dy o w 4 a Y
mitlgnihlianvazlndfesnugdaaulsininnhistimsizaunsadidaersueiinlaTasns
AONFIVINMTHUVARIATHIZ AN IUTOITIADNMTWHYAAIAITOUAT MTHONUTUN
M ' o & 2 Ny 9 ' vy Yy
Tagnnnmsiuaaadadufed laglunilasesazinudiaesvaainssgegasdduainiy
1 9 1 9
HHU0IUAAIAINAIDGFUULVOITO IR IDNATUH TV DIVARIAILINAIOYTUA VI3 0
] 9 9 9
BUBU IABIL LR UIUNUTENINYAAIAAIUDULAZIAAIATIUA WM THUIUVVAAIAADIF U]
{ a = : 1 o'uaj 1
A ouanIRegliz.4 (m115ouAnAR, 2545) Failszneudiosesdanes NILA 36 S0a1AZ

a 1w
TELYLNAYUDIVARIALNIND 9
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VRAIAALAIDT
oA c
Bl .
S ! bt TR o - Unuaisimed
e A AR - -_f-.:;.'ﬁummm?
SV L 0 /e5d N\ TRIAALADT
L i Pyl
* "'li L) tﬂ’ﬁ.’l :
%
= —
unulzimaed ofess
(] .l‘

v Y
U7 3.4 matuvaaamamo s DDA ITY
4 4 < <
2) Tswes Taslaseas1evedlsmesaziuuuunsansesen (squirrel cage) nsoiilu
o J ' 1 2 d'dy J

HUVYARIANUTBU 151003 (wound rotor) ©6191a0E 19N HY TunHazna1RMIZHUDAT

"o 4 S { Y ' { @ { ¢ g
nszyeniy iesnniduildaunuunivarsige uaadlddegln 3.5 Fadulaseadrs
YoINoIADs el UNsInszsen anvae InseadevelsmesuuunsInszsone
J J @ J o
Uszneulildrs unulsmes vaatalsmes luiasziennudon uazimal unulsmesazi

1 a @ a < 1 ]

arouruaiiig Tanvaznay mgaimeuenliiuseslagson asanaaLHUIZING]

o Y] a 1 1 (% 1 I 4 1
FUITUADALNAT VIIUIEHINTBITOU UBUNUIAITINANLUNY %gmmmﬂui"ﬁtﬁeﬂmaﬁlu

U

Y o

Y Y o f= oy Y] ] Aa [ dy o 9 ~ 1
M3seuenNNIoutaz 19 Ismes Nihui N uHua M a1z gnoadIAeiuiTen I
PR P o ' s 1 g 9 =3
unulsmes dauvaadalaaesnizgnilelusesveannulsmes v luifuidualadns
A Y 4 1 =] I~ T @ o d‘w 9 1
MUPUAUANYUZUYDIVAAINTANDS AT ANHULTUN A1 (rotor bar) NHd 11/ uT 04
Y =] [ A = ~ c?.:} ) ' o o =<
Tdimiudgeevvzitlunewns Tanswaunsoz giiiounlarenaaesdiuvowndninggnoa
) . § o [ [ I
A20A21113U29UM U (end ring) 1HoaR993 IMfhwaziluWaszuieanudoudnuziiuniy
d’ [ g/’ =3 o I Y v o d‘d 9 A @ [ Y dl
guoanuIaaiuIei I IdanihidiTaseafrauniioununsansgsondsuansdiogdingz.s

(Kenjo,1991)
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‘U“VI“LHNulﬂu']Lﬁu@LL‘U‘UQTQﬂ\'iﬂTQﬂmﬁﬁ’]ﬁﬂ'H'GUEl\‘iﬁ‘lﬂllLLlJLﬁﬁﬂﬁluﬂﬂlﬂﬂilﬁuﬂﬁuulﬁg

A Ia A s A Y o 1 <3 dy
Uszgndas W lunoadwudie I lunmsdnnamauumimianil

o d
4.2 !!‘]J‘]Jﬂ1i;1@~‘lﬂ1x‘iﬂ€?!ﬂﬂ”Iﬁﬂisllﬂﬁﬁuﬁ»l!!ﬂjﬁ‘iﬁﬂ
TumsaaraueibanB @unsoauiuns 1é lasdes lduaumandis
NAMOSUNIMANA AauieInasod1ua ldiennlasauiunuivanB a30A1UIa)

Py Ad o da s 1 a3 Vo o AyY 1wy v A 2
"I,ﬂﬂ'JfJﬂTﬁLﬂiaﬁﬂﬂl%ﬂﬂﬂm@illulﬁaﬂA L‘V]"I‘L!‘L!ﬂ\‘]‘ﬂllﬂﬂaTJll"JLLa'JiuﬁJVW] 3 FIFTMWITOUAAN

e

Taeatl

B=VxA 4.1

o ] I { o A o
ﬂ”liﬂ”li!?ﬂ!ﬁl!”lﬂllﬂlﬁﬂﬂiﬂllﬂl@]'E)ﬁﬁﬁﬂ?lﬂ%ﬂlﬁllﬁﬂﬂﬂ”li‘ﬁﬂ!ﬂllﬁnﬂ@ﬂﬂ”lﬂ
a 4 1 3 & 3 9 = 1 3 ~ = 1
ﬂﬂl@]?ﬂﬁ@ﬁﬂl@ﬂ'ﬁLan!,LiJLﬂﬂﬂcﬁﬂﬁﬂﬁufﬂ"lﬂﬂ”liﬁﬂﬂ1?(1!111!,LEJLW'ﬁﬂthﬂTﬂLﬂﬁﬂuLLﬂaﬂﬂT@Tll
e1qe =2 Y 4 ~ ' ' ] 3 A
1791 (William, 1989) IﬂﬂﬂﬂH11ﬂﬂ1ﬂﬂ§]m@Qw151lﬂﬂ (Faraday’s law) NNA1INAUINLNHANN

v v Y
wilsAuaunanzmienihliinaauiu IiE Faaaqldaail

VxE:—a—B 4.2)
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EUENMIH @.1) asluaumsi @.2) 1l
0

VxE=-—VxA (4.3)
ot

% Aq Yo A A aq ¥
LLﬁ%%WﬂﬂQﬂJ@\‘]LLfJNL!ﬂﬁ (Ampere’s law) ﬂﬁmfumnmfluﬂammammaﬁumiwnm

1 o . . 1 d J .
RUWUUNTLUANTZIA (displacement current density) ﬁm;ﬂuﬁuﬂ (Demerdash and Gillott,

=

1974) uag (Fu, 1999) (Hoaanuraddieiainnuadiausauand ldaail
VxH=J,+J, 4.4)

] v d 1
LflfJH ﬁammwﬁ/uﬁmmmmaﬂ, Joﬁammwumuummﬂﬁzuﬁmﬂuaﬂ
(externalcurrent density) uazJﬁammwumﬁummﬂﬁzumu (eddy current density) #4'18910

npvesTlewuTaeh
J.=0E 4.5

A A o . N v o A
o Gﬂ@ﬁﬂ1wu1ﬂ1Q1Wﬁ1 (electrical conductivity) LHAZIINANVTANNUTUDITUNITN

4.3) 398

O0A
J,=—0— 4.6
e Gat (4.6)

Maumsn (3.24), 4.1) vaz 4.6) unuaadllluaunsn 4.4) 1214

VX(EVXAJ—FG%:JO 4.7
Y7, ot

= wvAa 1 o 9 o L ~ =3 U
%']ﬂﬂ'l'iﬁﬂy'lﬂmﬁuﬂﬁmﬂ\‘]AWUj']ﬂigﬂ@ﬂﬂllﬂ151%1@ﬂaﬂymﬁlUﬁﬂJﬂ1§ﬂ(3.15) ﬂ\il‘lﬂ

v da S 1 3 o {
T;TllﬂWiﬂlﬂiﬁﬂﬂl“ﬁﬂlﬂﬂlﬁﬂillwlﬁﬁﬂﬂ\iﬁﬂJfﬂi‘ﬁ (4.8)
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V2A+,ua%:—,u\lo (4.8)

@ :;’ o a ] < { o %
ﬂ\iuuLL']J']J%1@@\1‘1/]1\1ﬂﬂ!@]ﬂ”lﬁ@]i(sllﬂQﬁﬂT?JLL‘JJLWaﬂGLHNﬂl@]ﬂglﬁﬁﬂju1ﬁ1ﬂw‘lﬁ‘§ﬂ
A o 4 d? [ 1 Aa J Y A A o
ﬂi$LLET!WHEJ'JlHGlH'Nﬂiiilﬂ@§ﬂ$mu9§ﬂﬂﬂ'}ﬁaﬂ S Gll?NNﬂm@ﬁﬂ?ﬁlmeWﬁﬂﬁﬂHNﬂm@ﬁiu
AUTAMNTZIIVNNA vz Fadsiumunateeusamuin ldnnaums lasaumsoe
1 v Jd v W
ﬂi1ﬂ§]@§1u§ﬂﬁuﬂ1'if)lgwuﬁﬂﬂﬂ (partial differential equation: PDE) 8 UAUT DI A1N1TDLHA
AreaunIn (4.9) (Vassent, Meunier, and Foggia, 1991), (Nagwa, Anthony, and Graham, 1992)

iag (Fu,1999) Aall

0 ,10A, 0 ,610A, 0 ,10A A

S ) 5 ) =0 “9)
Taen
A = 9 1 <3 . s
Y7 Ao AN uFy ldvesudivan (magnetic permeability)
o Ao an i 1l (electrical conductivity)
S An Aradl (slip) vowemes
Jo A9 ANUUUIUUUYDINTLUTNEUDN (external current density)

A &£ g aq ¥ = @ A 4 9 oo
NTUNITN (4.9) WQLﬂHﬂ’IiﬁﬁJNﬁlWﬁuWﬂJlLM!ﬁﬁﬂ?W\?@’JﬂWNWHﬂWHW@]ﬂiUi%H’IU
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duiilesninaunmadeyiusie 14 lumsduiamaninuimanyosuemes
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mignihdaadduaunsi - 49  wiwamasuiuaseldendaiunismidinamae

E 4

Tagdszuradaeis I luidadmuadssgnihunldlunsiselsenenlddreduaounis
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"' a aAa d tg d‘d
4.3.1 MIMVIAANHAYIINUNANHEI

3 A ] é’ A I a a oL dldy 9
611u@]aummsmnﬂmmmwumaﬂmmﬂaummamﬂueaamumﬂummzh

4

a a | a o v
aaamumﬂmaﬁwﬂ’w (tetrahedral) TAgaUNABNHUSNITNTLIVBINAANT lasdseuin o

U

a a 4

o ] I Aa 9 £ aov dy o a 1 dy A [
Arurvala al| vuganu U uuDLIFUFUFIIUIVeHIzANTUNMTUUI NN g Tagedy

o . v o { g @ l 1T a a 4
Tilsunsuduiagy Solid Workitaz lawadnseonunasgl 4.15uiludredranmsuiadadmud

U

Y v s

v JA o ' 4 4 3 -
uaz1]cvmauuﬁuﬁmmmmaﬂﬂam)masﬁmmm@wmﬁmmmuazTimmmwmmmu%

. o w o 2 o a 3 v
uag 44 iammmﬂmmzmswmma’Jﬂﬁmmﬂ’nﬂmmuﬁﬂwuﬁd’msﬂ‘n 4.2 L']J‘Llﬂ1iellfl']8(1‘ﬁ

u

[
9

<3 =R a2 1T a a J 1 a & A4 Y
mummmazgaﬂﬂiummmeaamumgazi;ﬂmuumnmwuﬂwm 2
awv dy 1 dy A Y o 4 Iy a a 4 a dy A
TuUITeUMTUUINUN A AT INBIAD DB NI UD AN UAVZ WIS UILIANUTN
[ < 1 4 (] d" A Jd 1 Lﬂy A 4 1 dy A
nueoniu 3 mu'lmmmummWu‘wﬁmmaimummwuﬂimamaxmuﬁumwuﬂ%m

[ 4 o 1 g { 4 1 a A 4 o
@1ﬂ1ﬁ53ﬁ31\1ﬁl@]£ﬁ@51lﬁ3Tilﬁ@ijﬂﬂﬂjum@ﬂﬁuﬁﬁlﬁlﬂﬂﬁﬂ’l'ﬁllﬂﬂﬂﬁaluu@]ﬂgﬂ'igvl'llﬁfl\‘]

=

Qs,l = :’/ dy 1 4 =2 (K 1 dy A 4 1 a A 4
ﬂiqmmmmwawmummmﬁmaigﬂaﬂagﬂuﬂumuﬁumwu‘vﬂﬁmaimiumaaamuﬂ

a =

9 1] Y H
Anilumsiiieansufensunuuaiionnsaniedmisnnavesgaaouuiuiud19zdos

<R =K

MilanauvesInees ivyunlaswnlasliléae

~ 1T a a 4 v S A o ¥ = 9
q5)‘].]‘1/] 4.1 m’mmaaamummzfgﬂ@]aﬂlmmmmmuEJ’JmmEJg‘lJmm‘wm
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[

{ T Aa A 4 1 a { o
31N 4.2 nmvgenisudaauALaz A LNUT NN AIAY
d o a a d
4.3.2 Wanvumsilszanameludaamun
:/‘ dyd A J v Aa a 4
Tuaouilitlumsaenjydunvvesilandumsdssuanelusaamud element
4 Aa o a a o I a
interpolation function) 1AgINBANUATNHULMTNTLIBYBIHANATVUD A A UAT UV LIFS
iJudald

A(X,y,2)= AN, + AN, + AN, + AN, (4.10)

{ - a a 4
Taof N, n=1,2,3, 4neilanFumsilsznaneudadmuanas A ,n=1,2,3,4 Ao

v J v da Jd [ 1 1 a a =]
NaﬁWTJ"’]JEl\‘]ﬁﬂEJL"]NL’Jﬂm@i!mlﬂaﬂiulma%ﬂﬂﬁ@ (1,2, 3,4) U9300s N U
1
N, :a(an +b,x+c,y+d 2) (4.11)

A a d‘ Y 1 a Aa o’d! Y = L) 4 [
Vﬂ’ﬂ‘]JS3JW]i"]]’ENE'IJ‘VIS\1ﬁ“l’i‘Ll'I"lJEl\1LL@]GSE]E‘]GL?JHWBQ‘H'Illﬂﬁ]'mﬂmﬂiulluuﬂﬂl’ﬂﬂﬁu

dszantsail
X Y 7
V:1 X Y 2 (4.12)
6l X VY, Z
X Y. 4
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Taeh

=X, (Y22~ ¥22,) + X% (YaZ, - ¥oZu) + X, (Y32, - VaZs)

3,= X, (Y32 - Y125) + X,(ViZ, - YaZ) + X (Y4 Z5 - Y52,)
8= %, (V12 - ¥,2) + X, (YaZy - YiZ)) + X (Vo2 - YaZ))
8,= X(Y,Z - V1) * %, (V125 - ¥32) + X (Y52 - ¥, Z5)
b=Y,(2-2)+Y,(2,-2)+Y,(2-2)
b,=Y,(Z- Z)+ ¥, (Z- 2,)* ¥,(2, - )
b,=V,(2,-2)+Yy,(2,-2,)+V,(2-2)
b,=Y:(Z-2)+ ¥,(Z- )+ ¥,(% - 2)
= X(Z - )+ %(Z - 2,)*+ %,(Z, - 2,)
C,=X%,(z,-2)+ x(z,-2,)*+ x(z,- Z)
C,=X%(2-2)+%(z,-2)+X%(2,-7)
C,=%(Z-2)+ %(2,- )+ x(%- 2)

A= %, (V3= ¥2)+ % (Y2 = Ya) + % (Y, - ¥a)
dy= %, (Y1 - ¥a)+ X (Y5 - Vo) + % (Y, - Vi)
dy =%, (¥, - Y1)+ %Y, - Vo) + X (Vs - ¥,)
d,= % (Y1 - o)+ X (Y2 - Ya) £ (Y- Vi) (4.13)

Y a A d
4.3.3 MIAIAUNITVDIDAAINUA
3 dyd 9 a a J . Y 9 Y
JunouiitlumsasaunIsoaauua(element formulation) IHaeAnABINY
a o d v A £ qu‘ dyd [ z Ao o A Aas 4
aumaFoyNusasaumsi (3.16) Fsvuasutidoinduduaouindinyigaueds 1ulusn
a a 4 v AAa A 4 A Y o a a o o [
gatwua odnlunsaidadmuagdnsed@ni gUnuuinlvesaunisvesdadmuadingy
A A Yo dy
PYaniimanlasuulasaiunar awnsouaaslAasil (Huebner, Dewhirst, Smith, and Byrom,

2001)

MY A} +[KI{ A ={F} (4.14)

4 v da S <] ;& o @ ] 1A 1
Tag{A} AonnmasvesdndiFaanmes mimanduiludl luniuanyedenazie

J v Jdo o 2 v I a J 1 <] A dy N
INEDTUDNDOYUNUDTOUA U UIVDIANYLYIINADTLUUNANTUNITN (4.14) Uﬁquqiﬂﬂﬁﬂ@h}ﬂ

P4
=

Ju'laTasnsannaumsisioyus

o

Ja 1 g’ @ : Y <
Tagmsilszgnadsmsaruimineananggnia iy

i H
adAaaAa a2

Iq Y o 1 [y @ Qddyo) o 1
wnnenngalumalszgnaleiuilyniaieg Tuilvgiuuagisidaunsodumunuendons

Y 1 an Ia . B a s A dg’ Qddy a 9 =
i’]Bﬂ"lﬂllﬂﬂﬂl%uj‘ﬁeuﬂﬂﬂ”lmﬂiﬂu (Galerkin) FUUNTNFNNATUINITUU AL WA
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aunasdene linalsy Tewiedrannlumslszdvg lsunsuneuiunesiie 14iuilym

E4
~

e Ingedruruilym luanidei
FY a Aa JY ! oy o Y A o o A
MIATNAUNTVOIDAANUAA NI INNHINABANANLHANNTAIUADUINUNY
~ nm Y [ Y Jd 1 a1 [ Y @ 4
namas Tasdszinaasluaunmsi 4.9) azhildaumiuguiudzianuninur awdaiale

aunsh (4.15)

0 10A) 0 10A 0 10A, _ 0A
IV — () +—(—-)-sc—+J. =R 4.15
o ax) ay( ay) az( ) mso— o (4.15)

= = ' Y . < 1A A a d? Y
HIR  LTUNIUABANAIY  (residual) WumranaianaauaInms lsnamag

A

d! 1 ] 1 Y d' a 42‘ o' d' d'
Tﬂﬂﬂizmmm”lﬂwamammumwmi"lmuwnﬁy@1ﬂﬂNRmﬂmlumiuﬂmmqmwawmﬂa&1

v

A A d?’ A A A av dyad 1 o o 9 vq
IﬂEI“IJ5$3J1ﬂl°lfllﬂﬂsllu‘ﬂ$3JanEN@]NNWﬂWQﬂLLﬁ%iUNU’J%SU’J‘ﬁﬂ?ﬁﬂ’)\iu1ﬁuﬂlﬁyﬁﬂﬂ1ﬂqﬂi%

Bvednansau (Preston, Reece, and Sangha, 1988) a2 (Kim, Kwon, and Park, 1999) ¥995 1

° U Jd v g’ o . . .
awnsanszild lnemsgauauanfier areilanduiimiin (weighting function: W) a2
o A

@u%tﬂi@]iﬂﬁﬂill”lﬁi(V)ua ﬂ"lﬁuﬂli\lﬂ‘i/]“lﬂlﬁm”lﬂﬂﬁu g HUMD

u

[W,RdV =0 , n=1234 (4.16)

4
av a a 4
anaﬁzﬁaﬂaaamm ﬂmqﬁwmmﬂmiumsmmm mumw”lummm%zﬁ

Yy Y v
v A v @

490 F91Rurgadenad duiusdesns 4 aumslumsudamiai linswa deaunsi
9 A a A & 1w Ia
(4.16) wdediiiin=1,2,3 4uazlagdnaisnzidenw = N_FusoniinfuTuvl-nuassau

(Bubnov-Galerkin) @3uuiiounur areaumsn 4.15) asluaumsn @.16) 314

0o,10A, 0 ,610A, 0 ,610A OA
N [—(—5) A Ry JojdV=0 @1

\%

o 1A 0 10A 0 10A oA
N —E) +— () +— () |dv= [N, (jdv+IV(NnJo)dv=0 (4.18)
OX HoX oy uoy 0z puoz ot



50

a a a =} 4 ~ o o 4 £ g 4
NINTUINTOUNNTANASWIHUDIFTUNITN  (4.18) T UNIULINFUT U

ayussuduael¥isnsduiitninfiazdau (integrate by parts) Tavaz 1¥ngufunveunmd

(Gauss’s theorem) mugﬂuwmu
Ju(v.v)dv = [Lu(V.n)dl' - [, (Vu.V)dv (4.19)

a Aa 4 4 { [} 4 {
[ Aovpuauoidaduuaiionlsouneuaunsn (4.19) AUNNILITAVDIAUNITN (4.18) 92

4

u=N,
o0 ,10A, 0 ,10A, 0 ,10A
V= ey
WOX oy pmoy oz
0 0 0
V=—i+—j+—k
OX OX OX

16A . 10A. 10A
V=——7i+—|+
puox  poy  peéz

v Y
U

HAZIPIIN N ABNNADS HIIHUIENAIMINT LU LIUAYDIDAANUA [

n=nJg+nj+nk

10A 10A 10A
Vn=——n+——n +——n,

pox * ouoy N opozt

10A 10A 1 0A
u(Vam)=N |——n+——n +——n
M OX y76)% M 0Z
ON, . ON, ON,
Vu= I+ Jj
oX oy 0z
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ON, 16A ON, 18A oN, 10A
Gx,uéx 8y,uay 82/,182

Vu.v =

Y
[

AUNAUNITN (4.18) 11D n =1, 2, 3, 4 Wasoveulaiu

1 0A 1 0A 10A dr — j(8N 18A oN, 18A oN, laA]

N,| ——n+——n,+——n
Ny a ™ X uox' oy oy oz uiz

[,N,so Z‘? dv+[,(N,J,)dv=0 (4.20)

A s Y Y A A &£ s A 9 o
NAITUIWIULTANNATULS19UDUBITUNITN (4.20) GanuWﬁ]umﬂmsumﬂmmle
a a 4 1 vAa a a a dc?/‘
GU’E'N’E]ﬁalJJu@]Fﬁﬁﬂﬂ!ﬁll’Uﬁ“VﬂQﬂ’lﬂﬂ']Wﬁ@ﬂiﬁJWﬂlﬂﬁgllﬁﬂﬁ@ﬂﬂl@ﬂu@ﬂﬂl@ﬁ@ﬁaluu@uuﬂ
d! a A o’qg.: [ ] A ra dy d’d a A d’d‘
DUIDAALUUAUU 9 mmnmﬂgmﬂimﬁaag@mmauuaﬂmm‘wuwﬂﬂym”|ﬂ’e3aamumn
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5.2.2 ‘171\1ﬂ‘li‘i«!ﬂﬁ‘]]i%iﬂmﬂwtl‘l!!!a%ﬁNﬂﬁﬂli’Ni’)%’lﬁmuﬂ
9 d' ~ Aa a e’d' a ) o
miﬁinaumimimaaummﬂaamummwmimwmsﬁmmmmaﬂu
’ v o 4 { a a s o { ¢ o
Wﬂﬂ‘]fuﬁll’tlx‘]ﬂﬁﬂizﬁ]ﬂﬁuﬂTﬁﬂﬁlﬂﬁ@uﬁﬂl@ﬂﬂﬁ’dmu%ﬁﬁﬂiﬂL!ﬁﬂﬂqﬁﬂﬁﬁuﬂﬁﬁ (5.1) c?wﬂu

Ja A o o % 1 Aa A A [
ﬁuma”l‘ml"lu‘n@aamuﬁmmmmazeaamuﬁm R2aumslsznousiunu

M 0[], P00 (K1), = s 6.0

a 4
Tag  [M],,= WNINFUIA (mass matrix)
a 4 1
[D]1ppp= UNTNFEANUHUN (dampling matrix)
a 4 < a
[Klpp= WNINEANUUUIUDIASA (stiffness matrix)

J A oS o
{F}12><1: NNABTUBILTINTD LN UANNINTEAN
I @ \ o s o o 1 a X 2 X
Xlpe=  I@BIMINTZIAD 1FH YU o uwﬁq@uamm—a iz
a at atz
o 4

~ Y A A Y £ oA J @ <
MNYUNVIAIHIODNUINUIADLINIADIAIMIUTNUNUTUDIAIINLIILUAL

ANUITINNAINY
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=

£ A o w 1 d A ) 1 I A 1
GINLLNVIﬂixﬂ1ﬂ‘1JG]5EN’E]1ﬂ1ﬁ5UE)QiJ’f)!GI’E]‘iLﬂﬂMﬂﬂﬁuHLﬁ\itLiJL“ri‘aﬂul‘l’\l‘l?h@]iﬂﬂﬁkiclfﬁlul!ﬂﬁg%

v 4 =

Jaa ] <] [ 1 [~ v o @
m@QﬁL@]Lﬁﬂiﬂ@]ﬂﬂU%@Q@WﬂWﬁ%’QLLﬁQLLNLﬁaﬂllw“ﬁ“”l\?ﬂa’l')lfl]uWaaWﬁ%WﬂﬂWiﬂ’lu?ﬂlﬂQﬂ 2!

e

a Y ~ 1 4 v A ~ 3 [V
o511 3 luunn 4 drunmwesmnsyiaiuaadluaunish (5.2) Wumsuaaiszeznizia
[ a < a 1 & A a E4
vugaaenIeEmY 1, 2, 3uag 4IUNANNMIUATNUIRNIADHIIDAAIUA Iag u, vitas winu
5reznIzIa lunuIuny x, yuaz zmwdeuawaaslugli 52 Famsuaasszunuinglu

Y
ANHULIUHIZISINNTZUIUNTAINI4 (global coordinate)

{d}— > (5.2)

A a A 4 A A a a o 9
gﬂ‘ﬂ 5.2 9AUNUATIHAYUINDNIITUITEUIUNNANNIN

MINTUINMINTZ IR DA UANNanHUzMIINa luLAazdadiuudn

1 [ Y a [ a A 79 ¥ L] = [ = 1 d!
UANATNNUIZADINITTUINITINAIVDINN) ’E]aE]LiJ‘L!G]11(?9Qlﬂgﬂtlﬂﬂ!ﬂﬂ?ﬂﬂlﬁﬂﬂ@ﬂ%ﬂ
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o A Ao [~ Ao a .
autiuns 1d Tasudasszunuinalen e it usznundammizay (local coordinate) (Rao,
o Y A =& ) a 9 o 9/::' 1 a a 4
1999) fanaaanegili 5.3 saduiiums1d lneimiualingadonunenmy 1 ¥oanns daamua
a o A ~ o~ o~ 1A ) a 1 ~ a A 4 A o
UNAARMIZOU(X, Y, Z ) pgNganila (0,0,0) TAsNLNY X YDANNDAAWUAVUILUIDHNA
v v 2
MWIZDUILINAINUFIUVOIT N ATUTLHINIAADNLGAY 1 1AL 2 HAZUNY Y IZTAININ
o ~ 09)1 [ a a o, A o A ~ ~ =~ 3
AULAU X AetiugadeuIeay 2 veannadadmuaiinnammzdu (%,9,,2) du
(%,,0,2) naz (X, ¥,,2)aogadenuoay 3 vesndamwizdulaelduay vV figade
1 [ ~ ~ o W 4 a A o
oA unusreznszdaluuuinau Xuas yaudduideas1aaunisoaauud lu
a o Q' a’ a J o a A s 9 uszl =3
sTUUNNAmMIZ NN HanTFunsUszu1aneludaduuanalnniudlag

[ I a a o a o v a
aduTifuaumsdaduud luszunuinaeniie (x,y) duau

{ a a J : i A a o a
zﬂﬁ 53 'E]ﬁ'ﬁmu@']ﬁﬁlﬂﬁaﬂNLﬁﬂW%WﬁmTﬁ$u1UWﬂﬂLﬂWWZﬂu

a o Jo a a o a Y
ﬂ15‘W%15ﬂH1’\|\‘]ﬂ“BuﬂWiﬂigNWmﬂﬁlﬁlu@aﬁluuﬂﬁl\iﬂQW‘ﬂWiﬂﬂaﬂ‘]slﬂlgﬂWiﬂig%WElGU@\iWﬁlﬂaU
A a ¢ I a Y (] = v A [ 9 A £ o
Uuf)aa!lJu@]!’l]HLL’U1JLGINLﬁul“b'uLﬂﬂ?ﬂﬂﬂlﬂﬁlﬂﬁW?NHlﬁﬁﬁluﬂﬂﬂ 4 FIANHUSNITNISIYUDN
a a s A a a o a @ {
WﬁlﬂﬁEl'quJﬁaLNH@Lﬁ@W%1iﬂHi$HTU‘WﬂﬂlﬂWWgﬂuﬁWlJ'liﬂl!ﬁﬂ\ivlé{ﬂ\iﬂllﬂWTﬁ (5.3),

5.4z (5.5
u(X,y,Z)=0N, +0,N, +T,N, +T,N, (5.3)

V(X,¥,Z)=VN, +V,N, +V,N, +V,N, (5.4)
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WX, ¥,Z)=WN, +W,N, +W,N, +W,N, (5.5)

{ d v Aa A 4 ~ o~ ~ A
Tagii N, , n=1,2, 3, 4neilsnsumsiszmnameludadmuduaz 0, v, uaz W iile n=1,2,
v Y] ~ o~ ~ [ 1 Aa A 4
3, 4horadnivesmInszialuuuinnux  yuar Z Tuudazyade (1, 2, 3, 4) veedaamud

R RIER

N +bX+cy+dz
" 6V

(5.6)

Taeh

8y =X, (%22 = ¥s2) + X(YaZ, — Yo Z) + %o (Y52 — Y Z3)
8, =X,(Ys2 — Vi Z) + % (%1Zs — ¥aZ) + X, (Yo Zs — ¥52Zi)
8, =X,(NZ, ~ ¥,2) + % (YaZs - %iZ) + X (V5% — V22
8, =%(%.2 ~Y12)+ X%, (NZ — ¥5Z) + X (V2 — ¥,Z)
b =Y:(Z-2)+¥:(Z-Z)+Y,(Z-Z)

b, =Y. (Z-Z)+ (% -Z)+Y:(Z, - 2)
b,=Y.(Z-2)+Y,(Z2-2)+%(Z-2)

by =¥:(2-2)+¥.(Z - %)+ ¥,(%-2)

¢ =X(Z-2)+%(%-2)+X%(Z-2)

¢ =X(%-2)+%(2-2)+X(Z-%)

¢ =X(Z-2)+%(Z-Z)+%(5-7)

¢, =%(%2-2)+%(2-%)+X(5-2)

d; =X, (V5 = ¥2) + X (¥2 = ¥a) + X (¥, — V)

d, = X, (Y1 = ¥a) + X (Y5 = ¥u) + (Vs — )

dy = X,(V, = V) + % (% = ¥a) + X (Ys — )

d, = X(% = ¥2) + XY = ¥a) + X% (Y5 — i) (5.7)

b4

A a [ Aa A o R o Yo A
uaz V ﬂ’enlimmﬂlm!,mazaaamuwmmmm"lﬂmu
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1% % z

o1t % ¥ 2 (5.8)
61 %X ¥, Z
1% 9V, 2

Ja A o ~ o a A 4 a 4

mﬂﬁumi”lv‘l"luﬂ@aamuﬁaluﬁumiﬂ (5.1) TN UIUD AN UAUNNT DY

<3 a a a 4 a 4 Yo A a 1 dy £ av

ﬂ’ﬂiJlL‘ll\‘lellf)\‘]ﬁﬂi\‘l!LﬁgﬂﬁaluuﬁUJ‘V]'iﬂG]ﬁJ'JallﬂﬂQﬂﬂg@ﬁﬂ’lﬂ@]@ﬁnﬂullﬂ“ﬁ\islU\ﬂujﬂﬂ
a a a’dy 1a =2 a a 4 a J 1 A = 1 ) A

’Jﬂﬂ’luwuﬁufﬂgthW%WﬁﬂﬂﬂQf]aaUJH@IUJVIﬁﬂcﬁﬂﬁ']llﬁu?]%u@\‘mWﬂllWaﬁﬂﬂWﬁﬁuamﬂ@uﬂlﬂ\i

Jd o o '
UBINDSAD UV DY ﬂizﬂ@UﬂUﬂWSﬂiuimﬁﬂﬁiﬁJQQEﬂﬂ (Henneberger, Sattler, Hadrys, and

Shen, 1992)

a 4 <1 a
WNTNFANUUINYONTTI: [K] g,

o a a @ a Aa o Ao A 4
?’nluufﬂﬁIﬂEJW’1]13ﬂ!'lﬂ']331\1%')%@\1@@1@1LNU§]1U5$1&1UWﬂﬂ!ﬂ‘WWgﬂulﬁﬂslﬁ!

Aa a L= % (] =} o 1 Y a 1 <3
nne ﬂﬁaLlJu@llJfni'N\Wl'J?JQGIME“lJLL'U‘ULﬂEJ'Jﬂuﬂ@u%gUlﬂlll“l/liﬂcﬁﬁﬁuﬂigﬂﬂﬂﬂ’ﬂullﬂl\ﬁl@\‘]

@13 3(constitutive matrix, [D]) AILEAAIAANNITN (5.9)

l1-v v 0 0 0
1-v 0 0 0
1-v 0 0 0
[D] = _%E i 0 0 (5.9)
1+ v)1-2v) 2
1-2v
sym — 0
2
1-2v
L 2 |

¥4 Elaz vAoAWenad (modulus) 11azon35 18 2uveil 19509 (Poisson’s ratio) A 1AL

WNTAFANUATEAUPIAYTS (strain relationship, [B]) fauaadldluaunsi(s.10), (5.11),

(5.12), (5.13),ua% (5.14)
[B]=[B, B, B, B,] (5.10)

Taeh
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(5.11)

(5.12)

(5.13)

1Z — —
o o Zl¥ o ZlzZlx
3 o Z|X mmlivL o
© mm 7mmw T 7gu T|©
Zls o o Zlz o Z|&
I
1o’

© o & 1w ©° O o o
g oo g o Amv_ SO o o B
[ L ]
~|3 =3
Il Il
N o N o™ ™ o™
o o Z2|8N o Zz prd o o zZ|N o Ni Ni
S|© Z|IRE|S &|© ZIRE|D
N N N [s2] (a2l (32]
o Z ONixNZ o ONf ONifoz o
© < 8IC&|C 5 S £|Cg|Q
N N o o [s2] [s2]
X o o Z 7 o zZ|& mwi X o o Z 7 o mwi N
& 7au (S S T|© S|© & & &|©
I I
IToa) 1o’
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N, 5 ¢
OX
0 a(';'y“ 0 b, 0 0]
oN 0 C, 0
o 0 — 0 0 d
[B,]= oz |_ 1 4 (5.14)
‘ oN, ON, 0 evic, b, O
» 6?\)1( oN 0 d <
0 . 4 d, 0 b
az ay L4 4 |
N, o N,
| 0z oX |
dienie [I§] swszuvee Idsaunsi (5.15)
b, 0 0 b, O 0 b, O 0 b, 0 O]
O cc 00¢c¢c 0 O&c O O w¢c O
(5= 0O 0d 0 O0d, 0 0d, 0 0 d, (5.15)
6/|c, b 0 ¢, b, 0O ¢g by O c, b O
0O d ¢¢c 0 d, ¢, 0 d; ¢ O d, ¢
|d, 0 by dp0 0 b, d; O b d, 0 b,

§ a 4 < Aa A ~ a a 4
Cd]ﬁLll‘V]5ﬂgﬁﬂ’J”liJLHNGUE’NfTTJiQmW"I%ﬂu (local stiffness matrix, [K]) (DANNAVDUNNTNY
1 [ a a 4 = a o 9 ~

gaulszneuanuulsvosalsuazunInganuasoavosd U5 A aAIA e UNTN (5.16)

uag (5.17) MuaIn

[K]= jvjj 8] [B]&av (5.16)
(<1=[8] [5]8]V (5.17)

A, a < < A A vy v o o & a ¢ <
HJ@ﬂ']u'Jfl‘llll1’]5ﬂcﬁﬂ'3'111llﬂlqm@ﬂﬁﬂiqlﬂw1$ﬂuqﬂlla'35]']ﬂuuuﬂaQﬂaﬂlﬂulucﬂﬁﬂcﬁﬂ/}']lllmlﬂ

vosalTanuitas 1@ luaumsn (5.18)

[K]=[RI"[K][R] (5.18)
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[cos(X,x) cos(X,y) cos(X,z) 0 0 0
cos(y,x) cos(y,y) cos(y,2) 0 0 0
cos(z,x) cos(z,y) cos(zZ,2) 0 0 0

0 0 0 0 cos(X,y) cos(X,z)
0 0 0 cos(y,x) cos(y,y) cos(y,2)
(R|= 0 0 0 cos(z,x) cos(z,y) cos(zZ,2)
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 |
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
cos(X,X) cos(X,y) cos(X,z) 0 0 0
cos(y,x) cos(y,y) cos(y,2) 0 0 0
cos(z,x) cos(z,y) cos(zZ,2) 0 0 0
0 0 0 cos(X,X) cos(X,y) cos(X,z)
0 0 0 cos(y,x) cos(y,y) cos(y,2)
0 0 0 cos(z,x) cos(Z,y) cos(Z,2)]
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(5.19)

vnaumsin (5190 @daluunInd[R] azdsznenlddrofladdulalaisyiania

. . . ¢ 3 1A 9 [ Ao A ' Ao
(directional cosine) FuiuminlddmsvareTounnszuuntammzaugszuunnaInIg

FUAAIAIIANUTURUTAIANNITN (5.20) - (5.30)
- X, —
cos(x,x):zTX1 =|

Y=Y _
L

codX,y)= m

(5.20)

(5.21)
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cogX,z)=2" % =n
L
- m
cod ¥, x)= -5
~ |
cosy, )=
cody,2)=0

codZ,x)= _&é’n)

(m)(n)
=)

codZ,y)=-

cogZ,z)=P

L=1/06 =) 2+ (¥, — Y1)? + (2~ 2)?

P

+m

wWNInguIa; [M lipas
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(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

AIUNT 1AW UINITINAEIVDIDA AN UA IUTZUUNAARWIZDUN DU

U s 18 luaun1an (5.31)
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200100100100
020010010010
002001001001
100200100100
010020010010

iy Y0 01002001001 (5.31)

2001 00100200100
010010020010
001001002001
100100100200
010010010020
00100100100 2

& A J ] . 1 a a 4 qg/’ @ I a 4
3 p ADAINNUUUUUUNIA (mass density) Tunpazsaawuanniuutasnaudumnsney

a8 luaumsi (5.32)
[M]=[RI"[MI][R] (5.32)

o A A 1 a a P 9 [ I o [
MIITUNITNTIAaoUNVoIUAazdaauudn lau1dsznounuiuaunissiudmsunis
A ~ Y ] I a A LA =& 9
inaeuNveesz vy Tasmnswisdnyueslsvvesilymesniludaamuadesdailsznouaie

= 1 Y a o [ A ~ B 2 1
n 39009909 1INATLUUAUMITINAIHITUNMIIAADUNVOITLVUFITZNoUAIBTUNITHDY
Y Y v Y Y
UIUNITU ANAUMTAWAAIAIAUNITA (5.33) NIT19991NAITNINTUINITINTZIADY

Y
WITUINILULNU X , YUAZUNUH Z I

0%{x 01X
M50 {ét}gml +[Dl3nan { a}tam +[K]5nan {X}3n><1 = {F}Snxl (5.33)

2

53 mswwamasdmsumsduazmon
Tumsanszdaniuzding luvazivomosmyulUdiaumsmsnaouiinat

Taq Auaasdeannmsi (5.34)

aZ{X}I

atz

[M]

+[D] agt(}‘ FIKIX = (F ) (534)
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§ o J { { o < 1 a 4
cdﬁqmﬂﬂtwmﬂﬁamﬁﬁﬂmﬂﬁauuﬂmmmamﬂzmmmwmunmﬂm[M], [D]uag[K]ve
(= A A 4 Y o 1 a o
"lamminJaﬂuuﬂmmmaameJamaiﬁuullﬂmmﬂaumﬁﬁmuwmg“lmmna
a a a’dy Y 1 . d axaa Y o 1 o ]
MU sHIE 15I5Haf19Na19 (central difference) 131zt UATNUoN FAUUNI AT 11T
msudaumsmanaeun luaoiuzsIng (Kwon and Bang, 2000) 1agiioNa15a135HAA1S

nanaz 1d

%zé[{x}wm _2{X}+{X}t—At] (5.35)
th(}t _ i st {X}t—AI] (5.36)

UNUAFUNITN (5.35) ag (5.36) adluaunisn (5.34) a2 1a
M Joxt = (P } (5.37)

Taeh

[Mdf]z{A—]t'z[M]+i[D]} (5.38)

= ) - 012 m1 o | Ml ol g 639
Ha|M,, [uaz |F,, AommInduiailssAniua (effective mass matrix) 1AEINADILIT
UszanTHa (effective force matrix) mua"wﬁ’uﬁqﬁuﬁqaa;ﬂgﬂuﬂfumuiumsﬁmmmmi
éf'“uﬁz:zﬁamﬂuszazﬂsziTmﬁauama{mgullﬂllﬁ’ﬁﬁwaz@amiﬂllﬂf:

eﬁyumuﬁ 1 :ﬁm’;mmmm?ﬂcﬁﬁmm’rmwﬁw[M], [D]uaz[K]

o 4 o v A 4 9 4 24 ¥ ¢ o 0
VUADUN 2 : ﬂ”l‘}’iuﬂﬂn\iﬂullmﬁil@]uﬂt = OG]Nr]Jigﬂ@ﬂﬂ?ﬂ!?ﬂl@@jﬂwjﬂigﬂﬂ{X}

P 2 8{X}0 9 o o s a o w P 0
LLam'Jﬂm@ﬁﬂ'ﬂﬁJﬁﬁFWii’]ll‘VNTlJﬂ”IL’Jﬂm'OiGIJ'ﬂﬂlliﬂ‘ﬂﬂigﬂ”lﬂllllﬂmﬂi{F}

09/’ A o 1 J ' 62{X}0 = = 4
YUADUN 3 : ATUIUAUINADIAITNLII e Tueumsa (5.34) Gl)'\‘]ﬁWNW'imlﬁﬂ\ivlﬂ

€
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PP o o @5 iy
(M= = {Ff° ~[D1= -~ [Klix) (5.40)

o { o ! ¢ o A v o & {
TUADUN 4 : AIUIUAUINNOSMINTETANIA — At TaglFanuduiusvesaunsh

E4
v A

(5.35) 1A (5.36) Faeusouaad laaadl

0 2 A2 0
o{x} LA 0 {x} (5.41)

Y] ~ ) a 4 A A 9 A
Yuaoui 5 : MutamnInguialszansna M, |Taglsaunsi (5.38)
09/’ A o J a A 9 A
Tunoui 6 : Mudunnmesslszansna |F, | laglyaunsi (5.39)

09/’ A o 1 J o A o t+At A 5
YUADUN 7 : ﬂ?l!’lﬂlﬂ“')ﬂl@]@iﬂ15ﬂ5$ﬂﬂﬂ!3§1ﬂﬂulﬂ {X} Tuaumsa (5.37) NNUU

v Y 9 ] Y
nada i t+ At dutiumsisi luduaeui 6-7 awdaadugaT,

Y v v
Junouan i laosuerumenaglsiuluglvesmugiilagegili 5.4



A v
( [TUAU )

fMudun3ng[M], [D]L[K]

A 4

0
t=0MnuAAt, T, ,{x}o,%

gudeya{F}°

v

dZ{X 0

dt?

mudu{x ™

v

AU

MUIU[M ]
A
MUIU[F,, ]
\ 4 t=t+ At
GRITRLIT S e 4
Tos Tai %o
auga

= a o o = o
Eﬂﬂ 54 LLWUQNﬂ']ﬁﬂ']u'lmﬂTiﬁuﬁglﬂ@uﬁluiJ@!ﬂ@i
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54  apl

~ dy Y a Ias da A d A o
unn 5 L!hlﬂﬂ‘ﬁ‘ﬂ”lflﬂﬁﬂizQﬂﬁ]]‘ﬁ]l‘w]lu%i’)aaLNU@LWﬂﬂ1u’JmW1ﬂJu1ﬂ"Uﬂﬂﬂﬁ

o A s A o A 7 A o dw
ﬁuﬁzmaummuamaimumummLWmu'aTﬁma3mqluT@EJWmsmﬂugﬂzmmmﬂmwma

[ 4 @

nszdndeo ey smsnaeun lugiluesaumseyiusaiyduauaesivazidoanieg lu
9 1]
uniivzih lddmsdszand Isunsu I luidadwudine 191 duTdsunsusraeananis

v
o

Fuaziounaz ldnandaluuni 6 ao 'l
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o Q'J Jd Y )
I‘l.]5!!ﬂﬁﬁlfﬂ]i’l'ﬂQNE’I’GT‘H111!!N'!ﬁﬁﬂ!!a3ﬂ1§ﬁuﬁ$!ﬁ@umﬂﬂuﬂlﬂﬂﬁlﬁﬁﬂ31—!1

6.1 VNN

ﬂﬁﬁhafNNmﬁ@ﬁ1u’]ﬂ!ﬁ1f’hﬁu1uLlijlﬁgﬂuﬁ$GU‘LHWIIE)\iﬂﬁﬁ%ﬂﬁ%&“ﬁ@l!ﬂl@\‘]h&ﬁ@g

E2
Auv A

= o 3 aw 9 9q ¥ a 4 ™ .
mitlenhmeaaning 3 usa luauited 1d1aeunanes Intel CORE™ i5 2.3 GHz, 4 GB
° o a o Ia A o -1 I a A
SD-RAM @ wmsuilseunanalaeldlszang W luvivadmudvwiuldsunsunoununosn
@ 4 o a 4 1 <]
WanTuae11sunsu MATLAB UUS NG IUUDIULUT1809N19ABI AR AAS YD UINLNIKHAD
A A A Y @ 1A = g o 1 a a 4
wazdaumsNMsndounngnaedlasiuamvuyaguiugudnyuzYeIgAnaLaZdaaIIUADIN
a o A 0 < 4 . o Y, @ s A
msasniaca Tuiia laeldTuUsunsuduiagilse Solid Work misiaesnaiiliiagilszaeniile
= = @ Y] 4 1 <3 ) [ 1 1 a s A
Any1DINITNIzIEAveINanFIIMAnuA IuHUIA 1 TunaazlSuiasvosuomediine
s a 7= @ A du & A A oy
Tswesvyu Tuaghinnznnsvmnavesmsduazmoulunowmesaaiuluuni 613414
[ = J a g P 9 o a = 9
NAINIAINITINIADT AN UBINBIABT N I FIUNITTIa0IManazo5 U109 IATIdT 190

o ] < o o 4
TﬂsuﬂsumamNafcmmmlmamLaxT‘ﬂ'iuﬂi3Jmmmmﬁﬁuﬁmﬁauiummas

a J d

6.2 NIFTNIADIVDINOIND T
) ] < M A o dy Y a 4
miinamwaﬁmmmmaﬂuazmiﬂuﬁxmaummmmaﬂuuwu"lﬂwmsmmamm
~ o 3 Aav Y v a Jd qg.: J
MUIIUIVUIARNNDA 3 LLiQiJWIﬂEJﬂWW"Iﬁ"I?JW]@i@]Nﬂ‘VN‘V]1\111/\]1?11&&?131/]1\1'?151‘1]6\1%9!,@]65

Yo P4 A 1 2 aa Jd 4

]’I,ﬂi‘]JﬂTiiTJ‘lJi'JﬁJ]l'ﬂuﬁ1iN1ﬂ 6.1TIUTYALLIDYALUASUAN ) VOINDIAD T iﬂﬂﬁmt@]@ﬂm%Ii

wos lauaas1ilugiii 6.1, 6.2,uaz6.3 audiay

A a s s A o 9
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Modeling and Simulation for Magnetic Field of
an Induction Motor Using Time-Stepping
3-D Finite Element Method

A. Bunmat,

Abstract—This paper presents a mathematical model of magnetic
fields in an induction motor. A time-stepping three-dimensional finite
element method (3-D FEM) is used for the magnetic field analysis in
an induction machine operating with full load steady-state rotor
movement. To solve this time-dependent system, a step-by-step
numerical integration of the backward difference algorithm is
applied. To evaluate its use, a three-phase, four-pole 5-hp squirrel-
cage induction motor with double layer winding was tested. As a
result, the magnetic field distribution through the volume of the
induction motor was well described. Moreover, the paper discusses
about the space distribution of electromagnetic forces resulting from
the magnetic field acting on the stator teeth around the air-gap. The
computer simulation based on the use of the 3-D FEM has been
developed in MATLAB programming environment.

Keywords—Induction Motor, 3-D Finite Element Method (3-D
FEM), Magnetic Field, Time Stepping Method

1. INTRODUCTION

O design induction machines requires accurate prediction

of the machine behaviors, e.g. magnetic field,
electromagnetic force, etc. These are based on magnetic field
distribution through the volume of the motor. To analyze
magneto-dynamic of the motor, there are two main methods of
magnetic field calculation: i) permeance wave theory and ii)
numerical approximation methods (e.g. finite difference: FD or
finite element methods: FEM) [1]. With lack of accuracy, the
first approach is not often used for this purpose, especially
when nonlinearity of magnetic cores is involved. The FEM is
applicable to a broad range of solving electromagnetic
problems due to its flexibility, and accuracy. Application of
the FEM to analyze induction motors is inclusive. In addition,
this method is more efficient than the FD method due to
flexibility and accuracy, and it can gain several advantages
when it is applied to induction motors. In this paper, a time-
dependent system in an induction motor is used for test. The
time dependence of the field and the motion of the rotor are
modeled by the backward-difference scheme. This results in a
set of partial differential equations (PDE).
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and P. Pao-la-or

In this paper, Section II presents the mathematical model of
magnetic fields in induction motors based on a set of
Maxwell’s equations, while Section 11l describes the 3-D FEM
by using Galerkin approach applied to induction motors for the
purpose of obtaining magnetic field distribution and
electromagnetic force wave. The domain of study with the 3-D
FEM can be discretized by using linear tetrahedron elements.
The simulation conducted herein is based on the 3-D FEM
method given in Section ITI. All the programming instructions
are coded in MATLAB program environment. Information of
the test example and simulation results are shown in Section
IV. Finally, the last section provides the conclusion.

II. MODELING OF MAGNETIC FIELD FOR AN
INDUCTION MOTOR

In magnetic field calculations, the magnetic vector potential
A carries a bundle of information consisting of magnetic field
B, and induced electromagnetic forces F. For convenience,
some assumptions are made as follows: the magnetic materials
are isotropic, and the displacement currents are negligible due
to low supply frequency (50 Hz) [1]. Hence, (1) describes the
temporal and spatial variations of A of induction motor when
considering the problem of three dimensions in cartesian
coordinate (x,y,z) based on a set of Maxwell’s equations [2],

(3]

df1 oA} (1A} d(1dA 0A ()
—| == t—| —— |+ =—| —=—|-s0] — [+J, =0
ox\pox) ovlpuady) oz\uez ot

, where 4 is the permeability of the magnetic material, & is
the conductivity of the conducting media in the rotor, § is the
slip at a specific operating condition of the rotor, and J, is
the applied current density.

Analytically, there is no simple exact solution of the above
equation. Therefore, in this paper the 3-D FEM is chosen to be
a potential tool for finding approximate magnetic field
solutions for the partial differential equation described as in

(1) [4]. (5

176




168

World Academy of Science, Engineering and Technology 63 2012

III. TIME-STEPPING 3-D FEM FOR AN INDUCTION
MOTOR

A. Discretization

This paper determines a three-phase, four-pole, induction
motor with a double layer winding of 7/9 pitch coil. The motor
possesses 36 stator slots and 44 un-skewed rotor slots, Fig. |
depicts the detail of the induction motor [6]. The test
specimens have 160.1 mm of diameter and 230 mm of the total
length. The domain of study with the 3-D FEM can be
discretized by using linear tetrahedron elements. This can be
accomplished by using Solidworks for 3-D grid generation.
Fig. 2 displays grid representation of the test system. The
region domain consists of 42,635 nodes and 220,353 elements.

5 —~|
|

!
EE
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154 |
I

b) Geometry of a stator slot

—rjoal+—
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[evl
“— 02—
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¢) Geometry of a rotor slot
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d) Three-phase winding distribution in 36 slots

Fig. 1 Detail of the tested induction motor with dimension (mmj)

Fig. 2 Discretization of the induction motor

B. 3-D FEM Formulation

An equation governing each element is derived from the
Maxwell’s equations directly by using Galerkin approach,
which is the particular weighted residual method for which the
weighting functions are the same as the shape functions. The
shape function for 3-D FEM uscd in this research is the
application of 4-node tetrahedron element (three-dimensional
linear element) [7]-[9]. According to the method, the magnetic
vector potential is expressed as follows

A(x,y,z) = AN, + 4,N, + 4N, + A,N, @

... where N;, i = 1, 2, 3, 4 is the element shape function and
the 4;, i = 1, 2, 3, 4 is the approximation of the magnetic
vector potential at each node (1, 2, 3, 4) of the elements, which
is




169

World Academy of Science, Engineering and Technology 63 2012

i

1
N =—(a +bx+cy+dz
6V(, X+ey+dz)

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

L X » z

1 x z
o

L ox, »y, oz
and

4 =X, (1123 = 12+ 55 (042, = 122) + X, (032 — Va2y)
ay =X, (132, = 1123) + 502, = Va2 + 50,2, = 132,)
a4y =x,(02, = 12) + 50,2 = 1z )+ X0, (0,2, - 0,2,)

ay =x3(,2) = 0Z2,) + 5,02 = ¥a2)) + X132, = 0,23)

b=y (z;-z,) + ys(z, - 2,) + 3,(z, - 2,)
by=yilz —z)+ (23 —2) + ;2 - 2)
by=y,(z, —2))+ ¥y (z, - 2,) + y (24— 2,)
by=y:(zy—z,) + 3z, - 23) + ,(25 - 2,)

€ =x,(z, - z3)+ X, (2 —2,) + x3(2, - 2,)
€y =x,(zy—z))+ x50z —zy) + x, (2, - Z3)
ey =x,(z = z,)+x(z, —z,) +x,(z, - 7))

¢y =x(2, = 2))+x5,(z = 2,) + x,(z, - 2,)

d=x,(y3=1)+ x50 =y )+ 5,00, = 1)
dy=x, (¥, =y)+x, (0 =y )+ x5, (v, =)
dy=x,(y, = y)+ 5,0 =y )+ x,(r, =)
dy =0 = 1)+ x5 =0+ 5,05 -0)
The method of the weighted residue with Galerkin approach

is then applied to the differential equation, refer to (1), where
the integrations are performed over the element domain £) .

JN[E[Lﬁ_A]ﬁ(La_A]J(La_A)]dQ
njax pox) oy\pady) oz\poz

-f N‘.(sai—f)dﬂ + [V, )i =0

0 o

, or in the compact matrix form
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[T+ [k Ya} = {7} )
M=s5[N,N,d2
Q
2111
salV|1 211
C2001 1201
1112
1
1
F}= JOJ'N,.dQ -
a 4 |1
1
oN oN aN
K:lj’ %_fq.ﬂ -’+ﬂ_f
ppl éx ox  dy dy 0z oz
bb +ce +dd, bb, +cc,+dd,
1 |bb,+ec,+dd, bb,+ce,+dyd,
T 36ul | bb, +ee, +dd, bb +ce +dd,
bb,+ce,+dd, bb,+ce,+dyd,
bb,+cec,+dd, bb +cc,+dd,
bb, +c,e,+dyd, bb,+cye, +dyd,

bb, +c,c, +d,d,
bb, +cyc,+dd,

bb, +eic, +dqd,
bb, +c,c,+d,d,

To simulate the motor movement, we need to discretize (3).
The method of discretization used herein is based on (4).
Therefore, a time-dependent field is solved by discretizing the
time at short time interval Ar. Although there are three basic
methods of the time discretization: forward difference method
(f=0), backward difference method (f=1), and Crank-
Nicholson method (f=1/2), the backward difference is used
due to its convergence [10].

wew

™ +0-plaf = —

For this technique, (3) can be rewritten at time f+At. Thus,
(3) becomes (5). Insert (4) into (5), (6) can be obtained.

[MHAY™ + [KkYa) ™ = (Y )

(el = Lk 1 0

At
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For one element containing 4 nodes, the expression of the
FEM approximation is a 4x4 matrix. With the account of all
clements in the system of n nodes, the system equation is
sizable as the nxn matrix.

IV. 3-DFEM SIMULATION RESULT

The boundary conditions applied here are zero magnetic
vector potentials at the outer surface of the stator core and the
inner surface of the rotor core. In the time-stepping FEM, the
information from the last time update can be successfully used
as the initial solution to reduce the computing time when
solving the FEM equations. The size of each time step is the
time needed for the rotor to turn fixed at AG= (360/44)° (44 1s
number of rotor slot). The machine used in this paper is a
three-phase, four-pole, Y-connected, 5-hp squirrel cage
induction motor with a double layer winding of 7/9 pitch coil.
The motor is fed by a 380-V, 50-Hz sinusoidal source at full
load (slip=0.03). The motor possesses 36 stator slots and 44
un-skewed rotor slots. Also, current flowing through a coil in
cach slot is assumed to distribute sinusoidal and can be simply
obtained from the well-known equivalent circuit of induction
motors. The conductivity is & = 4.90x10” $/m in the rotor
bars, and the relative permeability of the stator and rotor cores

J¢. = 5000. It notes that the free space permeability ( 4, ) is

4nx107 Him.

The test system previously described is simulated by a 3-D
FEM solver written in MATLAB programming. The curl of
the magnetic vector potential A is magnetic field B (B =
VxA). Its components along x and y axes are computed by (the
induced current appears as z-component)

B - ad; _ o4 +o, 4, +od 4,4, ™
T 6V

g P _ _(BAthA+BABAY o
4 ox 6

Moreover, radial flux density B, and tangential flux density
B, acting on the air-gap can be expressed in cylindrical
coordinate as a function of B, and B, , i.e.

B, = B, cosg+B, sing,

B = —B sing+B cosg

where ¢ is the counter-clockwise angle of a stator-tooth center
with respect to the positively horizontal axis. The first stator
tooth is assigned to the tooth between the slots 1 and 36.

For which 3-D FEM result, it can be graphically presented
in the filled polygon of magnetic vector potential A and
magnetic field B dispersed thoroughly the volume of induction
motor. Fig. 3-6 show the magnetic vector potential distribution

gineering and Technology 63 2012

of the induction motor at full load resulting from the change of
rotor position of 0, 30, 60 and 90 degrees clockwise,
respectively. To be consistent, Fig. 7-10 show the magnetic
field distribution resulting from the change of rotor position of
0, 30, 60 and 90 degrees clockwise, respectively.

Fig. 3 Magnetic vector potential distribution (wh/m)

at rotor position 0°

Fig. 4 Magnetic vector potential distribution (wb/m)

at rotor position 30°
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From which the results of magnetic vector potential that
distribute throughout the induction motor for the change of
rotor position of 0, 30, 60 and 90 degrees clockwise as shown
in Fig. 3-6. As can be seen, the zero magnetic vector potential
occur at the outer surface of the stator core and the inner
surface of the rotor core which are boundary conditions. There
are four regions of magnetic flux lines circulating the slot with
the highest current density, so-called the magnetic pole. This
explains that permeance of the magnetic path of the regions
around the magnetic pole is low. Interestingly, the movement
of the flux line plot in these four rotor positions also show the
magnetic fields revolving in clockwise direction. In Fig. 7-10,
the magnetic field distributed in the induction motor when
considering the change of rotor position of 0, 30, 60 and 90
degrees clockwise. As can be seen, the lowest magnetic field
occur at all of the stator slot, the magnetic ficld is relative to
the magnetic vector potential. In other word, the magnetic field
is the rate of change in the magnetic vector potential.

radial fiu ansity (T}

) I I R I i
T3 8 8 12 15 18 . 2w = ¢ B8 B
testh number

Fig. 11 Space magnetic field wave

Tt umer

Fig, 12 Space electromagnetic force wave

The magnetic flux density acting on the air gap in the
radial direction can be depicted as shown in Fig. 11 which
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corresponds to Fig. 7. As can be seen, the curve in Fig. 11
resembles to sinusoid. The peak values of the magnetic flux
density appear at the stator teeth 9, 18, 27 and 36, which
correspond to zero magnetic vector potential. Whilst, the
magnetic flux densities of the stator teeth 5, 14, 23 and 32 are
approximately zero, and their corresponding magnetic vector
potentials are peaks. Maxwell’s stress equations were also
used to determine the distribution of the electromagnetic
forces  across the air gap  obtained  from

F. = (1/2u4,B’ - B?) [11] and is shown in Fig. 12.

V. CONCLUSION

This paper describes the modeling and simulation technique
of the magnetic field distribution in induction motors by using
the 3-D Fimite Element Method (3-D FEM) instructed in
MATLAB programming codes. The results show that this
method is simple and effective to illustrate how magnetic field
throughout the volume of the induction motor. With this
advantage, further work based on magnetic field calculation to
analyze the induction motors, e.g. magnetic vibration, noise,
harmonic, heat losses, etc, can be developed and, with this
simplification, difficulty of computing is considerably reduced
or eliminated.
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Abstract

This paper presents a mathematical model of magnetic fields in an
induction motor. A time-stepping three-dimensional finite element
method (3-D FEM) is used for the magnetic field analysis in an
induction machine operating with full load steady-state rotor movement.
To solve this time-dependent system, a step-by-step numerical
integration of the backward difference algorithm is applied. To evaluate
its use, a three-phase, four-pole 3-hp squirrel-cage induction motor with
double layer winding and adjust slot rotor skew to one slot was tested.
As a result, the magnetic field distribution through the volume of the
induction motor was well described. Moreover, the paper discusses
about the space distribution of electromagnetic forces resulting from the

magnetic field acting on the stator teeth around the air-gap.

Keywords: Induction motors, Finite element method, Magnetic field,
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