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Dynamic Optimization Design of Moving Component for
Broadband Electromagnetic Angular Vibrator

Tang Bo'? He Wen’
(1. Institute of Industry and Trade Measurement Technique, China Jiliang University, Hangzhou 310018, China
2. Zhejiang Province Key Laboratory of Advanced Manufacturing Technology, Zhejiang University, Hangzhou 310027, China)

Abstract; In order to realize large output angular acceleration and high working frequency of the angular
vibrator, a moving component of an electromagnetic angular vibrator with a disk moving coil structure was
proposed and optimally designed. First, the principle of the electromagnetic angular vibrator with a disk
moving coil structure was introduced, and dynamic models of its moving component were analyzed, which
showed that the output capability of angular acceleration from the angular vibrator would be improved and
the working frequency range would be widened when the rotary inertia of the moving coil and the vibration
table was decreased or the stiffness of the connecting shaft was increased, or the first-order torsional
resonance frequency of the moving component was increased. Then, the parameters of the disk moving
coil were optimally designed by particle swarm optimization (PSO) method with the goal of realizing the
maximum output angular acceleration when a unit current was passed through the moving coil wire.
Furthermore, in order to realize the minimum rotary inertia and the highest first-order torsional resonance
frequency, the topology of the moving coil and the material combinations of the vibration table and
connecting shaft were optimally designed with finite element method. Finally, the optimized moving
component was applied to a prototype of the broadband electromagnetic angular vibrator. Experimental

results showed that the angular vibrator could output angular acceleration as large as 2 000 rad/s” with the

W H 9. 2015 -01 — 11 f&[a] H 9. 2015 -02 - 13

 [E 5 FARBL 22 R G B DY T H (51375443 ) 18] 58 1 R A4 3 T % % B3¢ B 301 H (2013YQ470765) MHT LA H AR B2 LG 7R i 4F e

PwEhI H (LR12E05001)
TEHE B B IR, WL R A NS AR &I AR TS, E-mail ; tang-bo001@ 163. com
BIRAEE : T, 208, L SO, 322K B AR 3 ] B AR AR 2 i K 45 il B R BE ST, E-mail ; hewens@ zju. edu. cn



£ 10 3]

W A ST LG A AR 3 12 SR s B e Bt 377

maximum angular displacement of 60°, and the first-order torsional resonance frequency of the moving

component for the angular vibrator could get as high as 1 100 Hz.

Key words: Angular vibrator

Moving component

Dynamic optimization design  Particle swarm

optimization algorithm Finite element method
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Tab.3 Parameters of different materials
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Ti—35A $k& 4 4510 1.05 x 10" 0.34
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304 NEEW 7 850 2.00 x 10" 0.30
SR 8 900 1.06 x 10" 0.32
FR4 R4 i AR 1940 2.00 x10'" 0.28
B 1 800 2.00 x 10" 0.30

(a)

K8 ZEhErf; 3D A
Fig.8 3D model of moving component

(a) SLLRBNEB MO (b) LRSI S Sk

JEE S TEAT MU S AR B B 3 B R A sh A A 381
1400 o
—a— SRR oI B AR
1200 F —o— MUFLEIZZ 1
T 1000 - =
%ir 800 /
600 0—0//
400 . . . . . ) .
0 1 2 4 s 6 7

3

Fr ik
B9 AT Sl 254 11938 3l SR R S A
Fig.9 Modal frequency of moving component with

different moving coil topological structures

M9 sl LU, DY fL LAz S R iR S5 By
B HRAAR T S0 B S A o AR U L3z 3h i
PEER 6 B SR a2 1 B [ A HHLAR A0 4 e iy T 5
D ELB SR TR AR B SRR A IR, A
Lo DU AL AL T R]BE 2 51 A B2 1 R 3 A [
L I S PR S B B

(), ANTRI A A 2 45 1) 520 28 30 Pl sl 3B 1 A R
TURES T A AN 10 Fr 7w, AN TR B RHAL & 32 3l
PES 1 B AT LARAR AL St an sk 4 s

0008 "N
9.76x10™

Bl 10 S 3 5l B iz gl B 4 A A 4k Y

Fig. 10 Modal shape of moving component with solid disk-type moving coil

(a) dz 1 (b) 4552

®4 ZOEFBEEHEBEE 1 MEFHAKRMEN
BHRE
Tab.4 First-order natural torsional resonant frequency
and rotary inertia of moving component with solid
disk-type moving coil

3 55 LB A HARIR /e g (kgemm®)

HAE1 1075.3 319.6
A2 1166.3 342.3
HAE3 1234.3 321.9
A4 1015.7 340.0

MG 4 (973 45 28, 25 R I 25 1 3 i 1 Y
S5 L A LR R A0 Sl BRI S AL A
3o JE I H AR 8 A [ 2H A B A 4 SR s Sl R A
Fegh Bt i, Se o s s i iE R E S TEG MG
G R B R IE B A A

4 =X

DL i 158 2 5 3l Vel iz 2l 38 4 4 L T 9 Ji
R AIRS G b LI 11 B s O T RIE

() &3 (d) 4l 4

158 5% 5 20 B s gl 3 478 14 1T A R AN A e, x gl B A
i 1 A o R B ) Rz Bl AR A B Sl AR AT TS

K1 ks G AL
Fig. 11  Electromagnetic angular vibrator prototype
T, B UE A AR 8 6 R 4 X Sl P A AR s e
WRET o B IE SR AE 5 2 D A HOR G 4 A B IR 8 5 3
E ) S DN R I i S S L R =R D PN N S
Endeveo 7302BM4 1 £ Jiin g B2 14 8 & I 6 1 IR 5 &



382 & A Bl B ¥ i

2015 4

AR & W 0 fA s . 7E 40 .80 ,160 Hz 3 4~
(i) A0 25 5, 0 Dol 0 A5 2 38 780 R A i A [R) O I
Xof o7 S B A IR R A 12 fir s, AAIEL 12 Rl LA
B TE LA AR 6 i b i i A U R
W R AR, Bl HLM G853 R/ RN
105 rad/ (s*+A) , AR PRI R K 118 rad/ (s*-A) TR
1R i 22 2 T S B s Bl AR A Y A Sl B S B
T A% Sl 15 22 1) 7 78 22 e i Ay o EAh, A
P v Rl LR 21, AN [R) A3 B die KA n i 32 4 2ot
T 2000 rad/s*,

2400
= 40Hz
20001 ¢ 80Hz il
o« * 160Hz 2
| L A 3
c‘.: 1600 BEitE G
g
had i [
% 1200 s
&
E 800} ’
Y .
400
0 2 4 6 8 10 12 14 16 18 20

EB/A
P12 AN 5 e U A A il 2k
Fig. 12 Relationship between angular acceleration

and current

A EIL ATk S v B N B S O ) P o SO
JH o T o A S 4 ARG 38 2l B B AR S B T
B, AR AR B0 6 i R R A — A A H T ik
3 B FEL U K P R I BE L B A IR B 5 B AR
W S5 A4 P, X 7 94 5 DR 57 P S i S A o B g
SRR B SRR 1 B A AR R . 13 R
HAES ~ 1500 Hz J5 536 [ 4 15 21 1) A1 I 3l & 9 %
M B 4

MEL 13 Hn] 7 AR S 00 45 R A5 21 is gh k1

'%'\TI
o~ S<UE 1234 Hz
2 10Y — — —mipf
(Tl(/]
5
E
= 10°
i}
1
T
=2 T —
&£ 10
hes
#
iz!
Eip

10! 10 10
13 ffi i sl 5 430 < e 1o 45
Fig. 13 Frequency response characteristic of

angular vibrator

955 1 B A LIRS0 R O 1100 He, 1 47 23+ 54
B 1 B A HARIR O 1234 Hz; 5550, Hf
DL S 3 (A A FH AR 0 5 B T I B R A b S
MR, sHESEEE S EMmMEMERA:O©
NN Z S BR AR NI . @ Sibriz 3 A
55 AR B S B B RHR A R LA )OS A7 — R 22
5o O BHIE SRR I 58 BT L SEIE R

5 #%RiE

fe iy T — il £ 208l 1 A v XA Ik 3 5 0z Bl
W R PR B AL Sk AT BROCIE HI 46 45, iz
R e 15 25 3 2l 18 9 3l g B A S R B B =
K I8 25 3 Bh Bl 9 Fh 25 R A0 AR £ TR e A
B & #EAT AL R AL AL IS /4 3z 3l &85 B T 5805
i WG A IR 3 B AR AL AP e R L A S 6 1 i
1, G5 R, AR BN & 5 4 de K A AL A
JE 435315 60°F1 2 000 rad/s”, 1M i ik 3 & 1056 1 By
I A HL PR AR 8 1k 1100 Haz, BF 58 45 2R Oy 52 BE 58 90t
A7 19 AR E G F R A IR Bh B B E TR

& % x Wt

1 Tafazoli S, Khorasani K. Nonlinear control and stability analysis of spacecraft attitude recovery [ J].

Aerospace Electronic Systems, 2006, 42(3) . 825 - 845.

IEEE Transactions on

Sodnik Z, Furch B, Lutz H. Optical intersatellite communication [ J]. IEEE Journal of Selected Topics in Quantum Electronics,
2010, 16(5): 1051 - 1057.
Lancelle D M, Bozic O, Koke H. Flight test results of the investigation of acceleration effects on a gun-launched rocket engine
[J]. IEEE Transactions on Plasma Science, 2013, 41(5) . 1364 —1369.
SRR, N, MR, 4. ZURMEIESHE BRE FAR TN AR BRER SR G (1], AU, 2015, 46(3) : 37 -42.
Zhang Tiemin, Li Huihui, Chen Dawei, et al. Agricultural vehicle path tracking navigation system based on information fusion of
multi source sensor [ J]. Transactions of the Chinese Society for Agricultural Machinery, 2015, 46(3) : 37 =42. (in Chinese)
SRS, FSCHK, AT, . RTK - DGPS @l A MRS M EM A S B0 ik (1], R PR, 2015, 46(5) .
7 -12.
Zhang Meina, Yin Wenqing, Lin Xiangze, et al. Method for calculating navigation parameters via RTK — DGPS fusing inertial
sensor for agricultural vehicle [ J]. Transactions of the Chinese Society for Agricultural Machinery, 2015, 46(5): 7 —12. (in
Chinese)
Tédubner A, Martens H J] V. Measurement of angular accelerations, angular velocities and rotational angles by grating interferometry
[J]. Measurement, 1998, 24(1) . 21 -32.

(T# % 390 TT)



390 | 1 R A= 20154

10

14

15

16

17

18

20

Transactions on Automation Science and Engineering, 2009, 6(4) :720 - 729.
Sun D, Wang C, Shang W, et al. A synchronization approach to trajectory tracking of multiple mobile robots while maintaining
time-varying formations[ J]. TEEE Transactions on Robotics, 2009, 25(5) :1074 - 1086.
Hsieh C C, Hsu P L. Analysis and applications of the motion message estimator for network control systems[ J]. Asian Journal of
Control, 2008, 10(1) .45 —-54.
Xu X, Xiong Z H, Wu J H, et al. High-precision time synchronization in real-time Ethernet-based CNC systems [ J].
International Journal of Advanced Manufacturing Technology, 2013, 65(5 -8): 1157 - 1170.
BLALHR, SO, KIS, . MAEMK SRR G MG B s PUR RERER [T]. R HLMA:R, 2013, 44(5) .
270 -275.
He Honglin, He Wencong, Liu Wenguang, et al. Tracking control of robot using hybrid controller based on neural network and
computed torque[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2013,44(5) :270 —275. (in Chinese)
Jasperneite J, Schumacher M, Weber K. Limits of increasing the performance of industrial Ethernet protocols [ C] // IEEE
Conference on Emerging Technologies and Factory Automation. Piscataway, 2007 . 17 —24.
Prytz G. A performance analysis of EtherCAT and PROFINET IRT[ C] //IEEE Conference on Emerging Technologies and Factory
Automation, 2008 ; 408 —415.
s 1 F L /N PR T AL T LR 0 A B 2R e S I 3 A AR [R] 25 (7] 355 LA R 3 & 48,2008, 14(6) 1 1149 ~
1154.
Zhang Xiangli, Tang Xiaoqi, Chen Jihong. Ethernet-based real-time communication and time synchronization of CNC system[ J].
Computer Integrated Manufacturing Systems, 2008, 14(6) : 1149 - 1154. (in Chinese)
FA T B, B A, A T E] A AR AL BT UR I s R B AL [T ] RO AL, 2013, 44(5) 1237 -241.
Wu Caicong, Cai Yaping, Luo Mengjia, et al. Time-windows based temporal and spatial scheduling model for agricultural
machinery resources[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2013,44(5) :237 —241. (in Chinese)
e R, R, TR AR IR A A TR 25 3 IR I [ 0] Ak HLdk~# 4R, 2012, 43(9) :173 - 178.
Gao Guoqin, Wang Wei, Ding Qingin. Synchronization sliding mode control for agricultural parallel robot[ J]. Transactions of the
Chinese Society for Agricultural Machinery, 2012, 43(9) :173 = 178. (in Chinese)
Nilsson J, Bernhardsson B, Wittenmark B. Stochastic analysis and control of real time systems with random time delays[J].
Automatica, 1998, 34(1) .57 - 64.
Shang W, Cong S, Zhang Y, et al. Active joint synchronization control for a 2-DOF redundantly actuated parallel manipulator
[J].IEEE Transactions on Control Systems Technology, 2009, 17(2) :416 —423.

(L#% 382 )

7

10

12
13

14

ISO 16063 — 15: 2006. Methods for the calibration of vibration and shock transducers—Part 15: primary angular vibration
calibration by laser interferometry [ S]. 2006.
M. MARRKBOET]. MR E UM LA, 1986(4) . 22 -28.
Lin Yunging. Design of the torsional vibration shaft system [ J]. Aviation Precision Manufacturing Technology, 1986(4) ; 22 —28.
(in Chinese)
BRAEE. THERERE S IR AT D]. KEF KER LR, 2009.
Tie Weize. Dynamics simulation analysis of 2-D precision turntable [ D]. Changchun: Changchun University of Science and
Technology, 2009. (in Chinese)
RS, ). KRELSEAUH K T IR0 6 W B G S 1 R TR [T ], WL K224 %, 2006, 40(4): 724 -
728.
Shen Runjie, He Wen. Study on fluid-solid coupling dynamic characteristics of large wide-frequency-range underwater vibration
tables [ J]. Journal of Zhejiang University ; Engineering Science, 2006, 40(4) . 724 —=728. (in Chinese)
WM. K THRSD G CRBARMBIFLT]. FIFHOAR, 2012(2) : 54 -57.
Hu Yanmin. Key techniques research of underwater vibration tables [ J]. Environmental Technology, 2012(2): 54 - 57. (in
Chinese)
Clarence W de Silva. Vibration; fundamentals and practice[ M ].2nd edition. Boca Raton: Taylor & Francis Group, 2006.
Xiang L, Yang S X, Gan C B. Torsional vibration of a shafting system under electrical disturbances [ J]. Shock and Vibration,
2012, 19(6): 1223 - 1233.
Kennedy J, Eberhart R C. Particle swarm optimization [ C] // Proceedings of the IEEE International Conference on Neural
Networks, 1995,4.1942 - 1948.
Ho S L, Yang SY, Ni G Z, et al. An improved PSO method with application to multimodal functions of inverse problems [ J].
IEEE Transactions on Magnetics, 2007, 43(4) . 1597 - 1600.



