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A Design Method Considering Torque and Torque-ripple of Interior
Permanent Magnet Synchronous Motor by Response Surface
Methodology

Seung-Koo Baek, Chang-Sung Jeon
Advanced Railroad Vehicle Division, Korea Railroad Research Institute

Q2 o widd JIAA 57145 7](IPMSM : Interior Permanent Magnet Synchronous Motor, ©]5} IPMSM)9]
A AA9 77 F X 1A £1Y A7 e &Y EF 4 EF IEE B4 9 £ £ =52 S HE
EAH(RSM : Response Surface Methodology, ©]3F RSM)Z ©|-83t IPMSMe] E38 B3 g|ZE(ripplerate) &
AL A HRAHA ol dis oEY. E3 283 EZ gEEC IS F= AAWHS] disto
Plackett-Burmann(PB, ©]5t PB)9] YL #4S B9 EX &9 9 EF & F 71X 585 Gl & AAH
FE EESAT. EEH EATGRERE 22 AAMSE AAotgon FA/AEHE(CCD : Central Composite
Design, ©]5} CCD)ell wE A@A g o] Y fH4TE Bof RSM] 23} ARG TE FHoAct. 22t 3R
P4 EAHEAR(ANOVA table)g E83 HF 718S B9 A4S 7S gRIskeltt. AEAY R & o4
2 32 AH(FEM : Finite Element Method, ©13} FEM) 314 AZE0]Ql JMAGES Fdto] A8 AHE IR
o HHste HF dARSE A8 [PMSMO] HH4dA Ayk= BEA9 BT BEEe B 13T 49 BEA S92
115 % S715t9leH B3 &8-S 9.1 % A4Sk

Abstract The characteristics of the torque and torque ripple of Interior Permanent Magnet Synchronous
Motor(IPMSM) are influenced by the size and position of the rotor magnet and the size of the stator slot.
This paper deals with the optimal design method for improving torque and torque ripplerate for IPMSM
using Response Surface Methodology(RSM). Two objective functions of torque output and torque ripple
were derived from the sensitivity analysis by Plackett-Burmann(PB) for the characteristic variables
affecting torque and torque ripple. Secondary characteristic variables were selected from the derived
objective function and RSM secondary regression model function was estimated by the experiment
schedule and analysis results according to the Central Composite Design (CCD). The reliability of the
secondary regression model was verified using ANOVA table. The analysis according to the experimental
schedule was verified by JMAG(Ver. 18.0) which is Finite Element Method(FEM) software. The torque
output of IPMSM applied with final characteristic variables was increased torque output by 11.5 % and
the torque ripplerate was reduced by 9.1 %.
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AEAFRoloAE 2E 9 Fdgo] Bagk AdA
571, EYUE, 371957 & @2 Eofoll IPMSMo|
SEQAY A Foloh 53], AlsEoklAE 71E9
A4 ABHAE A Hoto] A7171AA As
Z|(EMB : Electro Mechnical Brake, ©|5} EMB)2] 7H
o] ufj-9]ofj4] k] f=8Folct.

EMBO] 2-83}17] 95t IPMSM AAIE ) 4o
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9, dytdozr &9 EF, EF fF 9 AHUE 59
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( START )

)

= Choicc of Characteristic Variables
Sensifivily analysis by PB (Table. 1) ‘
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/= Define Design Value

‘ Experimen( plan by CCD (Table. 2) ‘

‘ ANOVA Table (Table. 8) ‘

= Define Design Value
7
’ Responsc Surface Analysis by FEA ‘
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‘ Find optimization result ‘
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Fig. 1. Optimization procedure

Fig. 1= IPMSM9] & HAE 3 78S ved
t}. Fig. 1914 B%0] IPMSMY] AAIZA ] J3FS
= FQ AAWS(characteristic variable)E A5t
AAESS] £ A (design value)E HoJdteh 449
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S0 Ao 4 gtk B4NY FolA 7 Wit
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ojgA AHH AANSE B3 2 =EolA= PBY
T B4 AQbetich. Wit AAMSo] Hslof
ot Ao Wskeg oujsi Wi 245 59
A FARdpol] et 7] =g BRIttt PB
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Table 1. PB design in 12 run

No. [ x1 | x2| x3| x4| x5 x6| x7| x8

x9 | x10| x11

Table 12 PB o] =& AAWset AFsls
& Yepdch. x1 7 x11 729 AR st &
123]9] A9YSleE YL glom, seiog #AIH

+7 = AANSY gl F2MoE HAE T = A
AO] HaghE oJuigtet. PB Wi e AdZd
ERE QST 5 Q= AN E4X 9 #AE Y
ERiE WhUAE tpAloR Eas A1) 2k

y—ﬂo+21ﬁfc+8 (1)
Where,  denotes characteristic variable according
experimental condition, 3 denotes coefficient of
design value, y denotes design value after
experimental result, ¢ denotes error value and &
denotes number of characteristic variable.

AT 24 Ao e B9 93t B4 25 1l
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Fig. 2. Appearance of IPMSM and Position of
characteristic variables
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table using CCD, k=4

No. 1 x1 x2 x3 x4 x172 x2"2 x3™2 x4™2 | x1x2 | x2x3 | x3x4 | x1x3 | x2x4 | x1x4
1 1 -1 -1 -1 -1 1 1 1 1 1 1 1 1 1 1
2 1 -1 -1 -1 1 1 1 1 1 1 1 -1 1 -1 -1
3 1 -1 -1 1 -1 1 1 1 1 1 -1 -1 -1 1 1
4 1 -1 -1 1 1 1 1 1 1 1 -1 1 -1 -1 -1
5 1 -1 1 -1 -1 1 1 1 1 -1 -1 1 1 -1 1
6 1 -1 1 -1 1 1 1 1 1 -1 -1 -1 1 1 -1
7 1 -1 1 1 -1 1 1 1 1 -1 1 -1 -1 -1 1
8 1 -1 1 1 1 1 1 1 1 -1 1 1 -1 1 -1
9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 1 1 1 1 -1 1 1 1 1 1 1 -1 1 -1 -1
11 1 1 1 -1 1 1 1 1 1 1 -1 -1 -1 1 1
12 1 1 1 -1 -1 1 1 1 1 1 -1 1 -1 -1 -1
13 1 1 -1 1 1 1 1 1 1 -1 -1 1 1 -1 1
14 1 1 -1 1 -1 1 1 1 1 -1 -1 -1 1 1 -1
15 1 1 -1 -1 1 1 1 1 1 -1 1 -1 -1 -1 1
16 1 1 -1 -1 -1 1 1 1 1 -1 1 1 -1 1 -1
17 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
18 1 -1.41 0 0 0 1.999 0 0 0 0 0 0 0 0 0
19 1 1.414 0 0 0 1.999 0 0 0 0 0 0 0 0 0
20 1 0 -1.41 0 0 0 1.999 0 0 0 0 0 0 0 0
21 1 0 1.414 0 0 0 1.999 0 0 0 0 0 0 0 0
22 1 0 0 -1.41 0 0 0 1.999 0 0 0 0 0 0 0
23 1 0 0 1.414 0 0 0 1.999 0 0 0 0 0 0 0
24 1 0 0 0 -1.41 0 0 0 1.999 0 0 0 0 0 0
25 1 0 0 0 1.414 0 0 0 1.999 0 0 0 0 0 0
IPMSMY] 43}t HAE ol Hx AAHSY 44 &1 or EFHES U= HEE2 0.036

o] Waslt. AANSS HHE Awom PMSMEl  Nmolth HEES A7t 4 (3t o] Hojai

AN £3 Zes EaeE0] G A Fa | T T

GAR 3 Fie 29 ) 71 LA Fg 29 ripplerate = =7 @

T xéde SRR A ] FEje] gt Mo, x5 T

72 B %l Al A e OlE} 2148004
998 319} go 2 et AW 20] Wk, 1

T x49] A% AR 94%‘# Zk A4 Atolo] E7|& Q1
7Hdol HWOW A= HYolA AREt & =01, x2
7h A B¢ x1o] Hdigd o 3[R Ao 7H
o] ¥¥skA] ghotof 511, x371 HtiFtd A% x271
EH%MW AAZE ZHdo] WAYSHA] ook gt} x5
0] 49 &5l 2RIY(winding)ahs FE]419]

*3.557} HEsto] Aj&to] B 327t WAYSHA] ¢
£ HRlolA Hagkat Hdigto] 2789

Table 32 E3 £33} £ 2|20 432 &
= F8 79 AAHSe} 7t ARG et 3%
AAIXE UeRd. Table 39 B0 wtah 7] g4
AA 27904 FEME S35t3ict.

27| AAGANA IPMSMY] B3 £HEAL Fig. 3
I} &t} Fig. 3914 EXo] B4 EF= °%F 4.08 Nm7t
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T

)
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Where, 7,,,¢ denotes maximum torque output,

T,

min denotes minimum torque output and 7,

avg

denotes average value of torque output.

Table 3. Characteristic variables and values
Characteristic Design i
No. Variables Value Min. Max.
x1 Magnet Position(mm) 9.6 9.3 9.9
Magnet
x2 Angle(deg) 124 121 127
Magnet
X3 Thickness(mm) 2.05 1.7 2.4
x4 Magnet Width(mm) 10.6 10 11.2
c Slot -z c
x5 Depth(mm) 15.5 15 16
x6 Slot Openning(mm) 1.8 13 2.3
Slot
x7 Width(mm) 4 35 45
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Torque output Table 5= Table 49 PB A3A&x0]| w2 FEM
' ' ' T S|I9A3E Uepdch FEM 2= Ea 283 #EE
T 7HA9] BRG] diste] 4] (D)9 BkeAE E
&3 259 402 Yelyd 4] (5)-(6)T Zo]
vehd 4 Qlth

Y = 3.81+0.13z; — 0.102, +0.18x, )
+0.352, —0.13z5 +0.04x4 +0.192,
4.00 Torque ]
| . . T Tave Y= 0.0628+0.0071z; —0.0117z, ©)
0 2 + 6 8 10 —0.00952; +0.00062:; — 0.0040
Time [ms] —0.000324 +0.001 1z,

Fig. 3. Torque output of initial design for IPMSM

BLg 3ol wet WS449S B e
4 (5)-(6)8 T2 ey e Fig. 49+ 2. Fig, 401
oF AollM Adrget Hiek o] CCDOfl ofgt HFALE 4 wzo] B3 Zeo gizsl oxs 2440 Zo|(x4),
o7l A% HoR WHE £4S T ARA WY s50) 21AK7), A4e) BAGS), AHAAKD), £
ol PBE TE5H3ILt.
Table 4 Fig. 291 o8 % 7719] AW of
alof PBO|l ME WIE 2L 93 APAYRS et Torque Sensitviy
ik, .

x2 - Angle of Magnet

x3

Position of Magnet

Table 4. Experimental plan table for PB sensitivity

Thickness of Magnet
analysis

x4 et

Characteristic variables

No. x1 x2 x3 x4 x5 x6 x7
1 9.9 127 1.7 11.2 16 1.15 1.75 x5 Depth of Stator
2 93 | 127 | 24 10 16 | 115 | 225
3 99 | 121 | 24 | 112 ] 15 | 115 | 225 6 Width of Stator Slot-opening
4 93 | 127 | 17 | 112 ] 16 | 065 | 225
5 93 | 121 | 24 10 16 | 115 | 175 x7 [Width of Stator Tooth
6 93 | 121 | 17 | 112 ] 15 [ 115 | 225 o oo o> o
7 99 | 121 | 17 10 16 | 065 | 2.25 .

Sensitivity
8 99 | 127 | 17 10 15 | 115 [ 175
9 99 | 127 | 24 10 15 | 065 | 225 @
10 93 | 127 | 24 | 112 ] 15 [ 065 | 175 Rivolerate Sensitivi
11 99 | 121 | 24 | 112 | 16 | 065 | 1.75 tpplerate Sensitivity
12 [ o5 [ 11 [ 17 [ 10 [ 15 [ 065|175 X1 Position of Magnet _

X2 Angle [S8VERIER

Table 5. FEM Simulation result according to PB table

x3 Thickness o

=
No. Torque Ripplerate g
1 3.751014 0.0551219 x4 Width of Magnet l
2 3.454052 0.032837 i
3 4930175 0.0738358 £ *® Depth of Stator -
4 3.802328 0.0537602 [ i )
5 3391918 0.0498197 x6 Width of Stator Slot-opening I
6 4321468 0.0859758 x7 Width of Stator Tooth .
7 3.540613 0.0851086 . . | .
8 3.292723 0.0774699 -0.010 -0.005 0.000 0.005
9 3.969451 0.0516353 Sensitivity
10 4004879 0.0357787 ®)
11 4178737 0.075874 Fig. 4. Sensitivity analysis results (a) torque output
12 3.121089 0.0760062 (b) ripplerate
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ol(x5), AHAE(2) B EF 0EY(6)9] £O= et
Gtk o714, 33 1 x6 A9 A9 £ B8 Sk

Table 7. FEM result according to CCD

No. Torque Ripplerate Remark
I g E50| 7Ashe A Holung HAWHSo 1S 1 3475921 0.041414
HggoR 1T AoH, x5 e FEE Fa 2 3.294521 0.031825
_ _ _ _ . 3 3.704046 0.06227
SHA|o = SHA| 72y AGHa A 2~0] 7}o
SHAY ETEEE ¥ ThAstnZ AAHS:O] e y 3537188 0.038801
Agro g 17gsitt, x29] A9 B3 gAs T g E 5 3.849131 0.05429
£9] 7Ztado] 71 guE A3 2L 9t olxjo| 6 3.622971 0.033484
e ~ 4101258 0.067409
xZ3skst 1 97} 9k A, D= AAHESE A sk 7
il “ri E}E}j N éﬁLTE ﬂjﬂ 8 3.90414 0051529
x4, x7, x1 % x2& RSM= 9ot A= A4t 9 4.602701 0.04544 Selected
10 4.803675 0.054968 Selected
2.4 RSM _,:;_lx_.!il, 11 4.338758 0.027455
12 4.569678 0.049028 Selected
PB Tt EA4oA AAH HAAHSE F 4lolH, 13 4217963 0038849
RSMQ] CCDE 383 AA S HE Table 29+ Zth. 14 4.399868 0.088504
_ _ _ 15 3.984285 0.039196
A 1L F } 19 [AZF + r X
Tab_le 2004 1 JJEH%T I‘L 4k —1-_414L Ao 16 4181004 0.045112
9 Hagho] 1.414%9) sigshe 32 uistct. wEhA 17 4081839 0.036474
7+ AAHZ=0] 7+ QlEdlo] Table 67 2+ £ 259 18 3561739 0.056707
o] FEMS 93t A8lA g7} 2= 19 4.552253 0.033154 Selected
20 3.761041 0.035914
21 4.298723 0.045835
Table 6. CCD table for optimal design 22 3.908821 0.03111
23 4.250142 0.043382
} 1 2 4
Nlo )1‘0 1X75 ;33 1X21 24 4210788 0.046088
. . 2 .936988 0.028627
2 10 1.75 93 127 > 32369
3 10 1.75 9.9 121
4 10 L75 9.9 127 Table 72 Table 69] A¥A 30| wE FEM 2B}
5 10 2.25 93 121 )
5 " 22 3 o oA E3 &9} dEEE UERd, Table 7914 EX
7 10 2.25 9.9 121 o] E3 %F—’lﬂﬂ‘ﬂ"% 313:]5.1’ 73‘?‘ case 100] 3"—14 Ed %
8 10 2.25 99 127 g2 e o Hx AAZAT v Hf oF
2 11.2 225 99 127 17.6 %7} 37F22 ST 4 ok
10 112 2.25 9.9 121
11 112 2.25 93 127
12 11.2 2.25 9.3 121 Table 8. ANOVA table
13 11.2 1.75 9.9 127
14 112 175 99 121 Fator |  Resression Residual Sum
variation Val'lathIlF
15 11.2 1.75 93 127
1 112 75 93 o1 S 3.664021 0.000148 3.664169
17 10.6 2 9.6 124 F k n-k-1 n-1
18 97516 2 9.6 124 v 0.916005 0.000007
19 11.4484 2 96 124 - 347540025
20 10.6 1.6465 96 124 :
21 106 23535 9.6 124 Flo) 443
22 10.6 2 9.1758 124
23 106 2 10.0242 124 N L o o o
24 10.6 P 96 119.758 39 2P0 FE5S Yol BARELRE E-8ohd
25 10.6 2 9.6 128.242 Table 8%} Zth Table 894 HXo] FOYF(0.01)°0|2&
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Fig. 5= Table 79] FEM ZA¥}& x-y HHO| J=
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Fig. 5. FEM Simulation result for torque and ripplerate
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Fig. 6. Torque output of optimized design for IPMSM
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