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Optimal Design to reduce Acoustic Noise in Interior Permanent Magnet Motor
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Abstract - This paper presents methods to reduce acoustic noise in
interior permanent magnet (IPM) motor. Mechanical and magnetic
sources are considered to reduce noise of the machine, and structural
and electromagnetic designs are performed. In the structural design to
reduce mechanical source, the structural resonances are moved to higher
frequency for enhancement of stiffness. Then, the electromagnetic design
to reduce magnetic source, the amplitudes of magnetic force harmonics
are reduced by using objective function of response surface methodology
(RSM). The validity of the design process and objective functions is
confirmed with their calculated and experimental results,

.M B

1243 2 288 Fao 24 o FARE WFI £ & 29
Bx7t o749 g, ojd] ¥ & HEVRAM Yy g7 BE7
(Interior Permanent Magnet Motor : ©l8 IPM A¥71)7h d3hdd =%t
[1]. IPM AE7e 4FA4d o ofavg E3 (Magnetic torque)® e
olizl g2 E3 (Reluctance torque)d ol &3] et ¥& 29 9
EE 7iAe Aol o 28y 2§EUx PM ¥ T2EY o
A A9 o] AN YHHL Wde Ay fxy] 2 FUEF
#4 JFA4 ¥F7) (Surface-mounted Permanent Magnet Motor @ 0}
SPM AEF7D)9 d4l o B AE/2892 Hade g3l g (2

IPM AE A #88E 28/289 8 e A Axr)49
49, 744 ¥9, a:a FNEEHA 4 Fer BFE 4+ A9
[3). o18 g A9 FolM Az ojFo) B2 YA HIE aAAY
B Azte] A& UG Yo ¥WSE opristd HErle F2ES
AEAIE F48 99o] ) ofe HAE/A29 AA/HY Helezy
Az AR PG ole A4 Yan A P g 1 o
o] geElx ez, ol :aF AN UE AA/HAN Jle Zurt NFE
A a8 [4)

B =FdAe fdy 97348 45719 28 e 9% ¥24 4
Ast AA7A A AN gD F2F A 24L& FYF AR
Hof disl FES AANANN Hated AR B (stiffness)E E7HA7)
£ RAolg, a8z, 7REL AL I AN LAsmE AR
AA9 BEHE FxEY FAFWS dige] #F3HE normal forced 2E
B QRS ARANIE Aolrh Ed AAH MAdME WEIUEY
(Response Surface Methodology, o138t RMS)E o484 normal forced]
nzs 428 AFA

2.8 Mol 2

21 BIAERyY

571484 % 8 (Equivalent Magnetizing Current, o183t EMC)& €& 4
Atghe sue wHoz Aol d& A&FXERE FHre RE
HWelMe ARAFE ol fsld Z 2o RLHE YES Pyl
5l 249 BANA ALEEE 1A 42Y 248 Mg THY 2
Aol A59x B oo Age M7l M & 48] doh gaM as
E Atojg] AA ARAFA B4 Ao 28 12 84 e 0l2 22

e, Aolel ZAMSe] AF I, & vehd ol

7, h 1

th= 4 e,

i
<38 1 F Al SR

AY U 249 SAARRFE Y493 FAL0) G 2% HAd
W AR B2 o B FAASARE AQDY 2.

—..——1 vl
" /..VXM ®
1
= ‘TD(A’[H 'Mr)lij @n

A7\ M, M= 37 ZAdMNY 24 e,F 34 e, A3 M7 A
AR E& Jepdc

SR ARE o] 4§ Normal forcees 83 Zo] BEHL

1 1

fo= E(ZIMB"! ~H\B,)- ‘Q‘(angnz —H,B,) 22

4714 By, By, H,, H,& 37199 4%z B, B,, H,, H,& %

nis

HIYel dg gl

2.2 By

ENARAFE oj &8 44¥ normal forced TZFE RSMO 2
2 olggn). A A $¢ol A HPAo] ohje) deyaz W
gdlmg SHFsE APRY LN (Frequency Weighting Curve)dld 48
NEe FYAG A FEHAdel £ 4IFAE JEhiE A
weighting curved g8t zeln 23R FAFRSF dodd nzxs)
dge F4N7 A8t factord gl 4023)e BHEg5E AR
= udg Jeid Rolu RSy AY2e AHREA wFod,

N
. o = 10log ¥ 100 2.3)
A4 he 2R Ao 4FL oA+ nommal forced] TZARH AP
AR A weighting curvest 1AL FAFRS Ao factord HH
RAolt},

F,

3.g 2

3.1 Prototype model?] By B

Prototype model®l A3t HE7] Ao wE& nAAo FAFH
& E 13 2 4% 68% 729 Prototype model®] A4 w42 A%
folo FEHAL 6-step2 & TERL

ay 28 AALR HdoAM Prototype modeldl 2% &2443%E e
d Zlelt). Prototype model® &2 F349 452 Hey Lol W
At ol AR Ao YAl normal forced FoH4g X F
B4 4kHzol M A%0] BAsE RE Aoirlel PWM(Pulse Width
Method) F35o] 9@ oo Fu4 18~26kHzo | £8& A%
4 AENE A4S Y F2EY FAG kol

<E 1> Prototype model2} B

R Rl 80 kef-cm | A Aol F4 FuF (14 BE)
3445 3000 rpm Az GF 15 kHz
ARAF 4 Arms |23 A, %3 2¥| 18 kHz
PWM frequency 4 kHz HE7 Jig 4% 2.6 kHz
Harmonic order of driven frequency
BOG ] 8 24 32 40 48 56 64 72 80 88 9% 04
Y T ™7
70 { Lot
. . 1
< s ! eEniin| e —
g0 |
PR Sl
2 B N L L S
L0y, — #Hﬁ"l'?l% o I %
. e v e O e e

00 B4 08 12 18 20 24 28 32 36 40 44 48 52
Frequency (kHz )

<Z18! 2> Prototype model?] 28 &2 @3000rpm, 80kgf-cm)

- 851 -



C:Tooth Width ™ ~.

- D Yoke thick
e /lmm@} / mm B34

/ e }

“Tooth & Yol}e
Round Smm \*

(\
A\
A : Tooth tip \f
50% & & B: Toolh ang]
0° 52t

<8 3> PEH LA MAQIX} (@Prototype model)

<& 2> Modal analysis

f, (Hz) [Prototype{ A B
1st,2nd 1503 1523 1492 " i
3rd 3370 3454 3325 3339 4265 3459
4th 4339 4387 4311 4436 5257 4872
100 120
Proweypee, E D — Noise |
50 / 1 ;’( ) 110
g VANV AN g
Y S 100
P o ] B
I S T
60 80
12 16 20 24
me(ld*z)
R o 3UFqL-TS-22 BY
3.2 X3 44

a9 3& 2 AAMS 2 X4 813} AEE Jehd Zojn E 2%
AABS] ¥ modal analysis ATE Ueld Aotk F 2414 W4 A
B, Col 9& 13 FA F34(f,) Prototype modelo] #j&] 2 #37}
ot 22 W5 DY B 9@ 13 FA Fuse 4 1843, 1579Hz2
Prototype model2.t} Z718geng 4A#ES DY Ex 2AAY A #

E ¥gAIE 38 YL ¢ 5 Utk

AA A5 dgd oel 3Pzt FAf ¥ AF/4L9 WE AL
dolry] A8 F945 ¢ (Frequency Response Function : ©]8t FRF)&
v Zatgdct #A 2AL unit forceE Ao W FAo pAgoz *}%5}
Ak 19 4= FAFHSE, ‘% ada 289 '}}4*Ml€ RAZRE AL
24 3 957t wold4E ‘%—%“l Fasge Ag Yyl gl
E3] 44 W4 DY yoke FAE Z7tNZE o 23R FAZIE
et A %%‘"l sty £8% 3}71] ‘%*35}93‘4 o2 XE AL 2&
£ AN 490 Hde RE & F Qi

Ao @3’1‘% Eqz i’éi}ﬂ yoke F7 371 2 nAAG X§ @
43}E linkY 29& S3A Prototype modele] Hl&) F2Hoz 13 3R
FaA57 golAln A4l /Mg nRA ¥4 dAsAT F2H 44
g T 448 A 1A FA Fa5E o 1.9kHzol o

3.3 ®x21E MA

T3 AAE %5t 24l 78 AR AL o] RN nAx
o] vla+= normal force® RETH AR L ARAF] Y& A71H AAS

gt

28 5% DOE(Design of Experiment)®t RSM(Response Surface
Methodology)& 4% 7|3 A4 #3& Jedd W94 44 Qs
Fol A normal forcedl nZ3 4] FF%L vXe F2 UAE 759

3 EXYFE o484 RSME $8dt}

HAgFel 4FE nXe F2 AXAE Fohr] Y8 29 69 AR

3 ’LMH A F 3o Qe 4AGEE o83t DOE Fyaly
Agd e $Aad4d(Full factorial design)olth. 1A} Ko 4L v
X normal force®] 2z HE-L pole arc® slot - open Wale W F&
A&ge] 4Pg gonz E’iﬁ}’“ﬂ d¥E vXe F2 A7 2o

E 3o veh} it RSMO 4AMST 2 d49d o FALE
(Central composite design)o] <3 13#9] ’é‘ﬁ% syt 2y 7L
RSM¢} #t3-8dg Jebdn normal forced 2% ARS ARAIE 9
1A= slot openg& HAANIIZ pole arc® Z7MA A @t} Pole arcst
slot open®] A AA YAA+= 47 72° 42mmeolt},

3.4 Agun

718 AAYY 2 EHYp] P AYE AFE sy
Prototype® Optimal model(c18} OPT)e] W@ 42488 +#s4%ct &
S48 e 44gol 410dBAY FHAUAN ojFFen HENZREH Im
gojzl Aol M vlo]AREL o] &3l 285& 2AY.

a9 82 3F &N 4HolAM Prototype model® OPTY ¢ 2373}
€ 1/3 Octave band2 JEhd ZAelct Prototype model ¥ OPTS] Hi A
S 247 746, 697dBAZ L &of % 5dBA A5t OPTE Prototype
modelo] Hl# nAAY FA FAE fFY 16~24kHzol N8 280 A

FHAn A713 2 Wt B JdHda 32 Qe PWMA RS 32

e 25= AZHYH
43 B

2 =FAAE oy 47AY AE9 282 AFL A% JHA4A
of & chEct 7]%% AALE BEYZ A7) 2 HAsn 28 4

S & 23 AA Lfol o 4~5dBA #AHUT

IPM #E79 _’-‘.%3 AN 77 M AE7Y F2HY ZEH
AN Fdo] g 7Nl "asd F2HQA 2AYAE 2AHAY 7
A 277 FAE FAAIE A7 278 a81 AANE 29
°ﬂ’*1t_ 2R g Fh4 Yol §28H= normal forced) ZXTH AR

€ A@Agle 4A7 gaset

g dTE AAALT AR EHAA
(RT104-01-03) A¥ oz FPHUFUch

(B 28 8

[1] Sung-I Kim, Ji-Young Lee, Jung-Pyo Hong, Yoon Hur and
Yeon-Hwan Jung, "Optimization for Reduction of Torque Ripple in
Interior Permanent Magnet Motor by Using Taguchi Method,” IEEE
Trans. Magn., vol. 41, No. 5, pp.1796-1799, May 2005.

[2) Y. Okada, Y. Kawase and S. Sano, "Development of optimizing
method using quality engineering and multivariate analysis based on finite
element method,” in Proc ISEF 2003, vol. 2, pp. 737-739, Nov. 2003.

[31 M. N. Anwar and Igbal Husain, “Radial Force Calculation and
Acoustic Noise Prediction in Switched Reluctance Machines,” IEEE
Trans. Ind Applicant., vol. 36, No. 6, pp. 1589-1597, Nov./Dec. 2000.

[4] A. Strassis and A. M. Michaelides, “The Design of low vibration
doubly salient motors,” Electirc Machines and Power system, vol. 27, pp.
967-981, 1999

(5] 37335, “dYy IFAH §71d%8719 Faredd A% 2 A7) §
A 947, Fedida A% =g, 198

| 47 9% o5 2 o4 oof iy |

<..

| DOE +8 |

RSM& 0| 88 &4 A
. B3 #4 - Normal Force

End

B 5 HXIIH 4% 2y

<E 3> HA7|H dAeixt ¥ o4y

E 6> HA7I1H dAe] LAz

o Coded values
AN e 2] 0 | 1 1o
Bridge width (BW)|(mm)| - 0.5 2.5 45 -
DOE Slot open (SO) {(mm)| - 40 [ 55 | 70 -
Tooth height (TH) |(mm)| - 15 | 25 | 35 -
Pole arc (PA) (%) - 450 { 60.0 | 75.0 -
RSM Slot open (SO) |(mm)} 389 | 435 | 545 | 655 | 7.00
Pole arc (PA) (°)|5008(534 | 614|694 |7271

S ers
3
2 6.6

2 ;
£ 625 - Optimab pemt

5
Pole.rc(-) n

<CE 7> HUSEH

- 17 ..
8 T (50
70B—--ol"l‘ f T R4 |
80— T ] ERIEWRG |
1T 115 ZM1Z U4 (1 |
_sol—1 PP (1] 17 4 114 114 |
% W5 2 113 117 | V3 112 1% |
EP 7 113 112 12 12 | W2 114 % |
240 2 {14 ¥ 113 1 | 04 K4 114 |
5 ol 7 i3 113 U4 14 | 12 1% i |
g 4 1A N§ 1% 14 | 12 12 8 |
» % 1% 1 0% 0l | 12 17 g |
3 i N N 4 1 1 IS |
W0 i A g b Ig M |
4 14 U4 48 o 14 U8 |
o s Na 12 1 ba g x4 B | }g 11 K |

PEOLPLLP L L EEL LIS
Center Frequency (Hz)
<1 8> &F A8 A (@ 3000rpm, 80 kgf-cm)

- 852 -



