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Fig. 1 Structure of 3-DOF ultrasonic motor
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Tab.1 Initial size and design space of the stator mm
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P, 1.0 [0.8,1.2]
P; 0.5 [0.2,0.8]

Py 1.2 [1.0,1.5]
Py, 3.1 [2.5,3.5]
Py, 1.0 [0.8,1.2]
[120.6 53.5 51.5 0 0 0]
53.5 120.6 51.5 0 0 0
o 51.5 51.5 104.5 0 0 0 GPa
0 0 0 31.3 0 0
0 0 0 0 31.3 0
0 0 0 0 0 34.6|
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Fig. 6 Vibration characteristics of reference nodes
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Tab.2 Experimental sample of Latin hypercube sampling
[oye P, P; Py Py, Py, Fy () F,(x) F, (o) F, ()
7 21 /mm 2, /mm 23 /mm x./mm x5 /mm 1/Hz 1/Hz 1/pm Pa
1 0.871 2 0.423 1 1.158 9 3.235 9 0.9808 1.64X10* 2.10X10°* 5.73X10° 2.34X10°
2 1.120 9 0.619 5 1.269 9 2.532 2 0.918 5 1.10X10°7 2.45X10°*" 6.32X10° 3.68X10°
3 0.846 0 0.313 2 1.105 6 3.283 4 0.866 2 2.80X10 * 2.48X10 " 5.47X10° 2.17X10°
4 1.175 8 0.487 9 1.192 1 2.675 3 0.8358 5.66X10* 2.78X10°* 5.51X10° 3.97X10°
5 0.938 3 0.344 0 1.059 1 3.203 3 1.174 2 2.89X10°* 2.75X10°" 5,52X10° 2.07X10°
6 0.878 8 0.404 7 1.098 4 3.356 0 0.877 7 1.55X107" 2.68X10°* 5.58X10° 2.30X10°
7 1.083 7 0.727 1 1.386 5 2.506 9 0.8158 2.01X107 2.48X10°* 1.11X10° 2.44X10°
8 0.846 4 0.766 4 1.108 9 2.521 3 0.8150 6.38X10°* 2.48X10°* 6.77X10° 3.70X10°
9 0.905 2 0.438 8 1.112 5 3.148 5 0.927 3  1.54X107*" 2.24X10°* 5.64X10° 2.29X10°
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Tab.3 The coefficient of the objective function F,
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b, x5 +bisxsxy + biyaxsaxs + by s
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Tab.4 The coefficient of the objective function F,

ao~ a; ~ ayy ~ by ~ b; ~ by~
B fH B g1 B fH B H a1

s ars Azo b by bao

a  —6.8X107° a;  4.0X107° || ay —4.5X10°° by —7.4X1079 b; 4.3X10°° || by, —1.4X10°°
a; —5.3X10°° as 2.3X107° a;s —4.9X10°* b, 4.3X107° bs 2.3X107° bis —5.7X10°°
a —9.6X107° a —1.4X10°* ai; —7.8X107° by —1.5X107% by —1.5X10°? bis —8.1X107°
a;  —1.8X107% aw 1.0X107% || a;; —6.3X107° by —2.0X107% by 1.2X107% || by —9.5X1077
ar —3.5X1077 an 2.4X10° % | ap 7.9X10* by —2.1X107% bn 2.7X10 % || b 1.1X10*
as  —6.9X10 Y an  3.4X10 7 | ap 4.2X10°° bs  —5.9X107 Y b 5.9X10 % | b 6.6X10 *
as  —1.9X107Y aiz —2.3X107% || ax 5.1X10°° by —2.2X1074 bz —2.5X107% | by 6.4X10"*
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Tab.5 The coefficient of the objective function F;
Co ™~ C7 ™~ C1qy ™
B e HfE H

Cp C13 C20

o —6.6X10°|| ¢ 5.9X10° . —9.4X10°
) —4,6X10"|| s 4. 7X10° Cy: —8.7X10°
[ —1.7X10°|| ¢ —2.5X10° Cig —1.6X10°
c; —3.2X10%|| ¢ 1.9X10° cir —1.1X10°
[ —5.6X10°|| ¢ 4.1X10° Cs 1.5X10°
s —1.3X10°|| « 6.9x10° C1o 6.8X10°
s —3.5X10°| ¢35 —4.1X10° €20 8.3X10°

4) 1 H bR R R F R wE I AR R A S 17D
N do ~doo 730 D A R R AL
F,(x) =d, +d\x, +dyx, +dsxs +
dix, +dsx; +dext +diaxs +dsal +
dyai +dixi Hdnxia, +dipaix; +
dixixy tduxias +disx,xs +disx,a, +
dirxsxs +disxsxs +diwxsas + dyxixs

(17)

Eﬁ% d()’\’dzoﬁg{ﬁé}%um»% 6 }5)1"77_\‘0 [ﬁllﬁﬁ'@ﬂ
PeE RELR =88,
6 FHHREIHEF, NEH

Tab. 6 The coefficient of the objective function F,

do~ A d; ~ A dyy ~ A
HRAH A B

ds " dso

de  2.8X10° | d; —3.7X10°| din  7.6X10°
di  6.7X10° | ds  —2.1X10°| dis  1.5X10°
d, —1.2X10° | d, 1.3X10°| dis  7.4%X10°
d; 6.1x10° dyy —2.4X10°| dy 1.2X10°
d, —1.7X10° dyy —5.0X10°| dis 6.9X10"
d; 4.8X10° di, 4.8X10°| di 4.0X10°
ds  7.5X10° | dy 9.2X10° || dy  4.8X10°
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Tab.7 Optimization results of different weighting coefficients
| 8 5 5 5 Fo Fl,(ﬂ Fz/(l‘) Fgr(.l') Fy () P; E7 I?g P/m Py
i) 1/Hz 1/Hz 1/pm Pa x1/mm xz/mm x3/mm x,/mm zs5/mm
1 1.0X1072 1,0X1072 1.0X1077 1,0X10°8 0.132 6 3.42X10 * 2.41X10~* 5.44X10° 2.06X10% 0.953 2 0.3325 1.082 4 3.198 4 0.946 1
2 5.0X107% 5,0X107°% 2,0X1078 2.0X107? 0.05504,83X107* 1,91 X10* 5,58X10° 2.12X105 0.924 5 0.3316 1.152 4 3.093 7 0.991 6
32.0X107% 2,0X107° 5,0X1078 5.0X107% 0.048 82,53 X107+ 3.54X10* 5.32X10° 2.05X105 0.946 2 0.346 9 1.015 6 3.371 9 0.903 5
4 5.0X107°% 5.0X107% 1,0X1077 2,0X1079 0.05992.92X107*2,83X107* 5.52X10° 2.07X10% 0.9425 0.341 2 1.067 8 3.240 6 1.172 8
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Tab.8 Comparison of inverse optimization data and ANSYS calculation results of stator optimization results
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(e) Convergence of suboptimal target F,
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Fig. 7 Convergence of objective function

DU 45 5 -5 0 1O T8 A TR g A 14 235 2R A7 % H
Hr (AN 8 Fr 7<) B8 ik 1 A 7 T A 2 8 Ak £ 16 A 1P
Hi5% 8 Al LA 5 3 4Lt 4 2R « jif A T 409
AR AR R 2 W 4 22 T] 114 2 {F o) V7 THT ARG A 45 2R
3 952 Hz. A7 BRoCHH 545 2 09 /7 AH T P08 R 5 TAE

! " 1/F, (x) 1/F,(x) 1/F,(x) F,(x)
2 A3 ) B B : ‘
F5 Hz Hz pm Pa
RS , i 2923 4149 1. 84 2.06X10°
i 1.0X10 % 1.0X10°% 1.0X107 1.0X10 % ,
ANSYS B4 3214 4022 1.87 3.68X10°
B Ak 5 ) 2 070 5 236 1.79 2.12X10°
2 . 5.0X107% 5.0X107% 2.0X107% 2,0X107° ,
ANSYS B iF 2108 5 087 1.72 2. 45X 10°
Ak gs R ) 3952 2 824 1.88 2.05%10°
3 . 2.0X10* 2.0X10* 5.0X10 % 5.0X10° )
ANSYS 353iF 1018 2 787 1.92 2.33X10°
U REREE S 3 424 3 534 1.81 2.07X10°
4 . 5.0X107% 5.0X107° 1.0X1077 2,0X107°
ANSYS B iiF 3458 3592 1.86 2.24%10°
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Tab.9 Comparison between initial value and

termination value

i AH A% hAbnr  fefk)s
P, /mm 1. 00 0. 95
‘ P;/mm 0. 50 0. 35
Rte
Py /mm 1. 20 1.02
2%
Py, /mm 3. 10 3.37
P,,/mm 1. 00 0. 90
1/F,(x)/Hz 1025 4 018
1/F,(x)/Hz 1532 2 787
1/F;(x)/pm 0.97 1.92
w8 i
B F,(x)/MPa 5.98 2.33
H 4% .
H#r 45 % /kHz 23.67 22.88

HIAH T P45 %/ k Hz 22.64  18.87
Ja AT 400 R /kHz 25.29  25.67
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Fig. 8 Vibration mode of the stator obtained

from the test
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Tab. 10 Measured vibration amplitude at direction z

. A B #H
At F,/kHz za/pm Fy,/kHz zp/pm
R 23. 38 0. 85 23.54 0. 90
b5 22. 86 1.95 22.85 2.00
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3500 Hz. & 7 g AR 5 H bR R 9 Z{H KT
2 500 Hz, & 7 W R 15 K T 1.9 pms 5 T A
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