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Development of 6-DOF Vibration Calibration System Based on
Direct Drive Parallel Manipulator
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Abstract; The 6-DOF vibration calibration system based on direct drive parallel mechanisms can achieve
high precision and multi-degree-of-freedom motion simulation and calibration, showing promising
application prospects. To address the issue of low tracking accuracy of slider positions in the driven joint
of the platform, a dynamic torque feedforward compensation analysis was conducted on this mechanism.
Firstly, the dynamic model of the mechanism was established by using the principle of virtual work.
Then, traditional servo control was done based on motion controller. A control strategy was proposed that
combined a fundamental servo algorithm with dynamic feedforward compensation. Experimental torque
compensation was conducted on the prototype, verifying the effectiveness of dynamic torque feedforward
compensation in enhancing the position tracking accuracy of each driven joint slider and accelerating the
response speed of the driven joint sliders. Experimental results demonstrated that by incorporating torque
feedforward compensation into the open-loop servo program, the tracking errors of the mechanism during
motion can be reduced. Specifically, during single-degree-of-freedom sinusoidal motions with different
amplitudes, the tracking errors were decreased by 40.32% , 39.04% , 43.24% , and 48.19% ,
respectively. Furthermore, performance testing experiments were carried out on the vibration platform.
A laser measurement system and data acquisition module were set up on the platform to perform sensor
calibration and performance analysis.

Key words: 6-DOF vibration -calibration system; virtual work principle; dynamic feedforward

compensation ; sensor calibration
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Tab.3 Accelerometer calibration results
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2.00 15 102. 216 102. 406 98.312
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5.00 1 102. 335 102. 123 98. 807

o R L= e O G S DA el i Y
R R AR AR, N3 3 TR, 7E 0.50 ~5. 00 Hz
P53 BE P, MSV3100A — 02 1 = %l fin 3 JiF AL S B8 119 x|
vz i 3 AJ7 I R AR R 102,102 98 mV -s*/m , 7E
AR BT W B

5 #ig

(1) T 2y Jat B A 7 LA 1) 3l ) 2 B, 25
7E 23 A BT, 3 i 396 2l )~ R TR g B L 4% 5 T i Bk
It J3 0 . M IT AR AR D RE 9 KAz A7 J M, BE AT
SCREN Bl 1 A T B, OF X a2 Bl Bl o AT 3 R
M

(2) 764 e = P 24 45 44 1) BE Al b 3% i 1 g 4 iy
ARy, 58 BT X HLFG B 7 R S A2 o IR B
PLRRE ALz Bh 2 1l 52 30 45 SR R W1, 72 A [8] i {6 (19 1E
53z gl I, BRBE 1R 22 0 (E R 25 0 0] T R 40.32% |
39.04% 43.24% 48.19% ,WEBA T 1% 3h J1 5 0 5t 4h
A SR W T A AR A AR K 8l S 9 R R R 22 Bk
ER) &I

(3) X S 6 F- 3 147 38 0 2 B2 R 1) IR 2l HE
I S5R LW 2R AL R A R AR PR AL
M o AT LA AR R A A R BE A, AR LT
iR & R R (it , T LB 2 ¢ LU E
TR JE SR OGN B 5t A7 52 B A 22 By 2
FHESE LS



56 3 EMR 5. 2T BGRB8 7S B B Ik 3l AL e 2R ST 5 423

(2]

[4]

[5]

[7]

[8]

[14]

(15]

[16]

[17]

(18]

& % x Wt

W, EMW LK 5E. BT AR G O AME R BLER AR RIOF ST [T ] Al ML 4 41 ,2020,51(3) :386 —393.
HUANG Lingtao, WANG Bin, NI Shui, et al. Robotic compliant control based on force sensor gravity compensation [ J].
Transactions of the Chinese Society for Agricultural Machinery, 2020, 51(3): 386 =393. (in Chinese)
R, B 6 RIB 2, 4 BT IR 30 & B0 A R A0 B A A I 5 A A E R G [T ] AR I EOR % 41, 2022,35(9) ¢
1174 - 1181.
XU Na, YAN Jiaming, XING Yunhong, et al. Design of self-calibration system for sensor position offset based on micro
vibration[ J]. Chinese Journal of Sensors and Actuators, 2022, 35(9): 1174 —1181. (in Chinese)
REDRAE . ARIARMENR 3 & R GRS MEBR IR (D] b at b E 52 7 LA I3 0P 52 Br ,2015:13 - 21.
CHI Qinglei. A study of low-frequency standard vibration table systems and vibration calibration technology [ D]. Beijing:
Institute of Engineering Mechanics, China Earthquake Administration, 2015: 13 =21. (in Chinese)
TLHGF  BIR R I, 45, 5 — SPS B S F A IR AL AL ZL SRR PERTF S [T ] A LR 2 4R ,2016,47 (6) :357 - 365.
SHEN Huiping, HUANG Jun, ZHU Shuaishuai, et al. Novel topological structures and properties for 5 — SPS parallel
mechanisms with linear moving platform [ J ]. Transactions of the Chinese Society for Agricultural Machinery,2016,47 (6) :
357 —365. (in Chinese)
WHAR, RAFAE  BRIR L, 55 3TIR IR HLIGIZ 3l 2 43 7 5 AL BT [T ] Al BLB 23R , 2017 ,48 (12) :386 - 394.
YANG Guilin, WU Cuncun, CHEN Qingying, et al. Kinematics analysis and design optimization of novel 3T1R parallel
manipulator[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2017,48 (12) :386 —394. (in Chinese)
TR B EORT B T RGO S B R I A S R [ D ] B BESSE OR A ,2015:3 - 8.
ZHANG Gang. Dynamic analysis and contouring control of a 2 — DOF planar parallel manipulator driven by linear motors [ D].
Shanghai: Shanghai Jiao Tong University, 2015:3 —8. (in Chinese)
BOMURE , SRAE S, BTG EE , AF. 7N [ R Rl AL R it 25 090 2% A5 B A) IR AR [ ] . AR AL 2 41,2007 ,38 (4) 146 — 150.
HUANG Zhenxiang, GUO Yanwen, LIAO Jianxia, et al. Position servo control based on neural network for 6 — DOF virtual-axis
machine tool[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2007 ,38(4) : 146 — 150. (in Chinese)
BRI T I, 5.3 - P(4S) BT SRS BT 5 SE IR IE [T ] Al MLA A 4R, 2018 ,49(7) 2419 - 426.
ZHAO Xingyu, ZHAO Tieshi, XU Xuehan, et al. Vibration characteristics analysis and experimental validation of 3 — P(4S)
parallel platform[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2018,49(7) : 419 —426. (in Chinese)
XA SR, AP PRI 55, 6 [ i BERIF AL SR Sl ke P [T ] LA #2274k ,2013,49(3) 149 - 55.
LIU Zhihua, TANG Xiaoqiang, SHAO Zhufeng, et al. Vibration characteristic of 6-DOF cable-driven parallel manipulator[ J].
Journal of Mechanical Engineering,2013, 49(3) :49 -55. (in Chinese)
PREUMONT A, HORODINCA M, ROMANESCU I, et al. A six-axis single-stage active vibration isolator based on Stewart
platform[ J]. Journal of Sound and Vibration, 2007, 300(3 -5) : 644 —661.
YAP H J, NG J G, ZAKARIA Z A, et al. Design and development of 6-DOF system for virtual bicycle[ J]. Movement,
Health and Exericise, 2016, 5(2) : 31 - 39.
HOQUE M E, MIZUNO T, ISHINO Y, et al. A three-axis vibration isolation system using modified zero-power controller with
parallel mechanism technique[ J]. Mechatronics, 2011, 21(6) : 1055 - 1062.
VAR B, T oS 4 i st B AL AR IS R TUAR IR 3 5 BORMIFE[ D). Lot - b 3 52 38 K% ,2010 .35 - 39.
XU Yiming. Study on techniques of 6-DOF redundant parallel vibration table on basic of 6-axises acceleration sensor[ D ].
Shanghai; Shanghai Jiao Tong University, 2010:35 —39. (in Chinese)
ALVAREZ-RAMIREZ J, KELLY R, CERVANTES I. Semiglobal stability of saturated linear PID control for robot manipulators
[J]. Automatica, 2003, 39(6) : 989 —995.
INEMH. B NS A AT B R 5L BID ). fal R R, 2017:65 -71.
SUN Yuyang. Research and implementation of dynamic modeling and feedforward control for heavy duty robot [ D]. Nanjing:
Southeast University, 2017:65 = 71. (in Chinese)
MIBE S A R OME. T O A 00 AR LA AR RO S BT ] . BUm R 5 A gk, 2016, 45(2) ;170 - 172.
LIU He, PING Guoxiang, ZENG Hui. Control and realization of heavy duty robot based on the feedforward torque technology
[J]. Machine Building and Automation, 2016,45(2) ;170 —172. (in Chinese)
PILTAN F, YARMAHMOUDI M H, SHAMSODINI M, et al. PUMA —560 robot manipulator position computed torque control
methods using Matlab/Simulink and their integration into graduate nonlinear control and Matlab courses[ J]. International
Journal of Robotics and Automation, 2012, 3(3) . 167 - 191.
JOL 52, MR ST A OUAY SRSl IR R AL & A B R R [T ] AR MR 2 22 4R (AR B 22 ) ,2005,7 (4) 1487 —490.
YING Shun’an, LIN Tong. Robust control of planar parallel robot with redundant actuation[ J]. Journal of Fuzhou University
( Natural Science Edition) , 2005,7(4) . 487 —490. (in Chinese)
(T#%E 433 TT)



% 6 1)

WHF % THEz3) 3-DOF 2TIR FFERHLI #i b i it 5 74 433

[14]

[15]

[16]

[17]

[18]

[22]

[23]

[24]
[25]

ARMAE , T JgE v 0T 8% — e gl SR IR HUAG (32 5 B AR 28 (8] 43 A [T ] A0 HLAR 2 4% ,2005, 36(8) :103 ~ 106.

YU Shunnian, MA Liizhong. Position and workspace analysis of parallel mechanism with two translational and one rotational
degree of freedom[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2005, 36(8) ;103 - 106. (in Chinese)
M AR, B R A T R A 2TIR RN LR & 52 a2 07 [ T]. L% ) ,2022,46(5) 148 - 52,99.

LIN Hao, SHI Zhixin, LUO Yufeng, et al. Synthesis and kinematics analysis of a 2TIR parallel mechanism that can be used
for spreading tray adjustment[ J]. Journal of Mechanical Transmission, 2022 ,46(5) :48 —52,99. (in Chinese)

BRI AN — R B P PR ST B TUAR R R ALA [T ] HLARAZ 3l ,2019,43(7) :84 - 90.

QIN Caiyou, HUANG Juan, LI Xiaoru. A new type of closed-loop limb redundant parallel mechanism [ J]. Journal of
Mechanical Transmission, 2019,43(7) :84 —=90. (in Chinese)

TIAN Haibo, WANG Chengyu, MA Hongwei, et al. Kinematic analysis and workspace investigation of novel 3 — RPS/(H)
metamorphic parallel mechanism[ J]. Journal of Mechanisms and Robotics,2011,59(2) :1 - 19.

WECTF R, 2255, 458 THG AR 02 2 Al 2TIR JRERALA R FN S PEREDTE [ 1] R AR 1 ,2023,54(2) 2419 -
429 ,440.

SHEN Huiping, ZHU Chenyang, LI Ju, et al. Topology and performance analysis of 2T1R parallel mechanism with zero
coupling degree and motion decoupling[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2023, 54(2):
419 -429,440. (in Chinese)

LI Bing, CHEN Yuan, DENG Zongquan, et al. Conceptual design and analysis of the 2T1R mechanism for a cooking robot
[J]. Robotics and Autonomous Systerms,2011,59(2) ;74 - 83.

LT R, o A, F . RS A ) 2TIR JRER ML 12 2 2% 5 NI R A [ T]. ARl MLAR 2% 4 ,2020,51(10) -
411 -420.

SHEN Huiping, ZHU Zhongqi, MENG Qingmei, et al. Kinematics and stiffness modeling analysis of spatial 2T1R parallel
mechanism with zero coupling degree[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2020, 51 (10)
411 —420. (in Chinese)

AR B KW, A EW S —AVHTAL 2TIR JFBALA I AL 5 TAERE 3 a0 [T ] HLARR T 5 B 5¢,2020,36 (3 ) : 19 -
22.29.

Z0U Jianxing, LUO Yufeng, SHI Zhixin, et al. Analysis of workspace and rotational capacity of 2-translational and 1-rotation
parallel mechanism[ J]. Machine Design and Research, 2020,36(3) :19 —22,29. (in Chinese)

ZEIKIR SRR B BH, A R T AR 3 18— b 23 1) B gl 2o 29 SR B LAL Bl 2 A DT R [T ] BLBE T AR % 4, 2020,
56(11) .48 -57.

LI Yongquan, GUO Yu, ZHANG Yang, et al. Dynamic modeling method of spatial passive over-constrained parallel
mechanism based on Newton Euler method[ J]. Journal of Mechanical Engineering, 2020,56(11) :48 —57. (in Chinese)
ek XL 6 — 3 — 3 JRHEALA I S 2 M SO EL [T ] Ol LA 4 ,2007,38(9) 1130 - 133, 111.

GAO Hong, ZHAO Han. Inverse dynamic analysis and simulation of 6 —3 — 3 parallel mechanism with six-degree-of-freedom
[J]. Transactions of the Chinese Society for Agricultural Machinery,2007,38(9) :130 - 133,111. (in Chinese)

3Ly, W 37, X S BLE AL SR NS5 R T [ M) bt - 4= R, 2012,

T EF HLAS AU MR B g [ M. Jb st W% 80 ek, 2021

(b3 423 Tn)

[19]

[20]

[21]
[22]

[23]

[24]

[25]

FRASCME T, R 2. TP ALAS AN B30 SR B 0 B AR R AR AR 2 M Bk [T ] AR L TR M (A AR ) L2012,
40(12): 12 - 16.

ZHAI Jingmei, KANG Bo, TANG Huihua. Adaptive fuzzy variable structure control algorithm for trajectory tracking of
industrial robots[ J]. Journal of South China University of Technology ( Natural Science Edition) , 2012,40(12) :12 —16. (in
Chinese)

W68 B4 SAR KL 6 — PSS LM DI [ D]. P44 . P54 g TR K24 ,2020:31 - 36.

HU Shengxin. On the 6 — PSS parallel adjusting mechanism for space-borne SAR antenna[ D]. Xi’an: Xidian University,
2020:31 -=36. (in Chinese)

DONG W, DU Z, SUN L. Stiffness influence atlases of a novel flexure hinge-based parallel mechanism with large workspace
[ C]//2005 IEEE/RSJ International Conference on Intelligent Robots and Systems. IEEE, 2005 856 - 861.

WANG D, WU J, WANG L, et al. A postprocessing strategy of a 3-DOF parallel tool head based on velocity control and
coarse interpolation[ J]. TEEE Transactions on Industrial Electronics, 2017, 65(8) : 6333 - 6342.
BEM, X R, 5. BRSNS B i BRI 3 7 2R AT T LT ] A AR 3R ,2022,53 (11) 450 —458.
ZHAI Guodong, LIU Longyu, CAI Chenguang, et al. Dynamic characteristics of 6-DOF parallel] mechanism driven by linear
motor[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2022,53(11) :450 —458. (in Chinese)

RETE. Tl AL A B 45 ) SR WSS [ D ] 7 M A R 31 R 4% ,2013.

KANG Bo. Research of trajectory tracking algorithms for industrial robot [ D ]. Guangzhou:; South China University of
Technology, 2013. (in Chinese)

5 2 g v R 3l A% i AR MR T H R B FE LD ] U o B R4, 2020:69 - 72.

FANG Cui. Research on constant current excitation measurement technology of magnetoelectric vibration sensor [ D ].
Hangzhou: China Jiliang University, 2020:69 —72. (in Chinese)



