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Abstract: The hydrodynamic performance of the underwater manipulator is greatly influenced by the current
load. The underwater environment is assumed to be a still water environment and the current load is only con-
sidered as a simple random disturbance in the current control research, and the traditional control precision is
usually rather low. Based on the Lagrange method and the Newton-Euler method, a dynamic model for 2-joint
manipulators in the uniform ocean current environment was derived. In view of the relative motion of the ocean
current and the manipulator, the Morison formula was introduced to calculate the water resistance and the iner-

tia force of the ocean current on the manipulator. Based on this dynamic model, the sliding mode control strate-
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gy was used to achieve accurate tracking of the ideal trajectory of the manipulator. The simulation results show
that, compared with the PD ( proportional derivative) control, the sliding mode control strategy has better con-

trol effects.

Key words; ocean current environment; underwater manipulator; dynamic modeling; trajectory tracking;

sliding mode control
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Fig. 1 Schematic of the 2-joint manipulator
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Fig. 2 Trajectory trackings and input torques of the 2-joint manipulator under different control parameters of the PD control
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Fig. 3 Trajectory trackings and input torques of the 2-joint manipulator under 4 reaching laws of the sliding mode control
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Fig. 4 Trajectory trackings and input torques of the 2-joint manipulator under different control

parameters of the improved exponential reaching law of the sliding mode control
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Fig. 5 Trajectory trackings and input torques of the 2-joint manipulator under still water and

uniform ocean currents with different velocities of the sliding mode control

0.03

0.02

0.01+

trajectory tracking error e

b n/2 n/4 n/8
frequency w /(rad /s)

B 6 ARREEPUL T HUE P 5T A PUL R ER B 22
Fig. 6 Trajectory tracking errors of 2 joints of the manipulator under ideal trajectories with different frequencies
WA 6 Bz, £ AT JUBE 5 1 BB BRER TR 22 FEAHRAE 2% ~ 3% Z 0], %19 2 HYIR2E /N WFHE
i B PRSI IRy I 2 ST G 2 AN R (I A0 0.5 m/s, 1 m/s,2 m/s 55 HLBUE G5
1 BYBGEERER R ZEH N 3% 7 A, R 2 BIBRZE[RIREAR/IN PR I, TC 18 A (] U 3 1) 22 50 T8 Yt ks S A ] A 3 £
HUBRE AR B , HIUAE P> D1 (1 B0 BR R SR 22 ARAR DN | ] LLGR B 500 BRAE (9 P AR



5 6 1]

WK A WRRIREE T O WU 3l ) 2 S R 4 677

4 2

%

AR SO X R A [ 7K R MU (7K ) T e e AT T IR ARG, 2% B8 T U Ik 28y Xo LAY 2y ) 2 A
(5% M 3T Morison J7 B 13301 i X HLARURES 1) 7K BH T A8 07, 2R )5 43 51 1 ] Lagrange 5 A1 Newton-Euler
A S AR PR T O AUV 9 2 T AR PR 7 et FE IR T 2R R (%) T A A SR 0
MATLAB BT X A A 530 AT PD 42 i R A 42 i 0 L 52 96 A 45 R AT LU . PD 42 4 F Balk £
BV 22, HART S HEO W) i A AR R, 2R B PD # M AN T A (5 1 AN [ i A
AR T 28T HEA T I A o] i ok 7 X L e DI A RO i S 88, I P I A28 ) R G e i K RIS ]
SRR T AT 07 FLIEE , BIFE h BA TR ) 2R GE A 25 A 00 T 24 ] L ER Sl S5 JHORS A 1030 B %
[Fi] s} iy A 3 AL 5 3L ) 0 L PN S [0 48 ) AR 308 U S P LA PR b S SRS ff R, i LA T i 2 AN [
A3 1) AR B0 A0 A (] it %) 34 S0 ¥ I, T P A S IR 2R AR N RS B BB A SO S 9 DLW 3 g 2 A
ALK ELA Bt ML SO 178 T L A0 20 % A A T %)V U 280 1T %5 1 S0 T b 8 g 2 A5 A AT e AL A 3 R B T
et A Tk B WU B TAE H AR,

Bt A SCEE B0 B I A R — iR I H ((WF220401013 ) X A% SCH % .

£ % ik ( References) :

[10]

[11]

[12]

[13]

R4 HLEs AR M. dbat. AR IR, 2015, 1-18.( CAI Zixing. Robotics[ M. Beijing: Tsinghua Uni-
versity Press, 2015: 1-18.(in Chinese) )

SIVCEV S, COLEMAN J, DOOLY G, et al. Underwater manipulator: a review[J]. Ocean Engineering, 2018,
163 431-450.

PARRA-VEGA V, RODRIGUEZ-ANGELES A, ARIMOTO S, et al. Highprecision constrained grasping with co-
operative adaptive handcontrol[ J |. Journal of Intelligent and Robotic Systems, 2001, 32(3) : 235-254.
FLIXEDER S, GLUCK T, KUGI A. Force-basedcooperative handling and lay-up of deformable materials; mecha-
tronic design, modeling, and control of a demonstrator[ J]. Mechatronics, 2017, 47. 246-261.

HRUL, YEMS, #J5J7, 45, BT Udwadia-Kalaba 75 BOFRITUAR TR BLAS NS BUBERER R [ J]. R i
F1%, 2020, 41(11) ; 1183-1196.( HAN Jiang, WANG Peng, DONG Fangfang, et al. Modeling and control of pla-
nar redundant parallel robots based on the Udwadia-Kalaba method|[ J |. Applied Mathematics and Mechanics,
2020, 41(11); 1183-1196.(in Chinese) )

PAUL B. Analytical dynamics of mechanisms: a computer oriented overview[ J |. Mechanism and Machine Theo-
ry, 1975, 10(6) ; 481-507.

SHABANA A A. Dynamics of Multibody Systems| M ]. Berlin: Springer-Verlag, 2005: 76-93.

FUHRER C, SCHWERTASSEK R. Generation and solution of multibody system equations|[J]. International
Journal of Non-Linear Mechanics, 1990, 25(2/3) . 127-141.

#7707, Wk, B GER, A5, XU S MU 2SRl DM ESh )~ # e [ I ], W HECE R %7, 2022, 43(8) : 846-856.
(DONG Fangfang, YU Bin, ZHAO Xiaomin, et al. Dynamic modeling of spatial cooperation between dual-arm
mobile manipulators| J |. Applied Mathematics and Mechanics, 2022, 43(8) . 846-856.(in Chinese) )

HRVL, VEMS, #5707, 4F. HE T Udwadia-Kalaba 77 1k 19 37 BRAL & L 65 0 0] e 29 s [ ] 0 JHAC= i 2%,
2021, 42(3) : 264-274.( HAN Jiang, WANG Peng, DONG Fangfang, et al. Robust servo constrained control of
parallel robots based on the Udwadia-Kalaba method[ J |. Applied Mathematics and Mechanics, 2021, 42(3) .
264-274.(in Chinese) )

T, B, REORIE, SE OGRAHE YU g A S T[], KRBHAESER, 2020, 41(12); 138-
145.( NING Huifeng, YAN Zhibing, CHENG Rongzhan, et al. Dynamic modeling and analysis of photovoltaic
module cleaning manipulator| J]. Acta Energiae Solaris Sinica, 2020, 41(12) ; 138-145.(in Chinese) )
SCIAVICCO L, SICILIANO B. Modelling and Control of Robot Manipulators| M]. Berlin: Springer Science &
Business Media, 2012 65-87.

ZHONG Y G, YANG F. Dynamic modeling and adaptive fuzzy sliding mode control for multi-link underwater



678 A R~ G SO | ) = 2023 4 5 44 45

manipulators| J |. Ocean Engineering, 2019, 187. 106202.

[14] B&fh, TRIENE, AR, BT 30 1 280 73 BUE I /K R HLAE RBF R R AL pF 5T [ ], VL TR %%
i, 2021, 37(4) : 555-561.(ZHAO Wei, ZHANG Xiaohui, YANG Songnan. Research on RBF sliding mode con-
trol algorithm for underwater manipulator based on partitional approximation of dynamic mode[ J]. Journal
of Xi’an University of Technology, 2021, 37(4) . 555-561.(in Chinese) )

[15]  PMENE, BURSE, SKEE, 5. BT Yo UL & i MU E 45 S bRl 2 i i A4l [ I ). 4=l Bs 5 0
2022, 39(8) : 1506-1515.( SUN Guofa, ZHAO Erquan, ZHANG Guoju. Non-singular fast terminal sliding mode
control of manipulator based on disturbance observe compensation[ J]. Control Theory & Applications, 2022,
39(8): 1506-1515.(in Chinese) )

[16] X3, FVE &, WRVESS G Ee KO SR [T ], W B 5N, 2007, 24(3) : 407-418. (LIU
Jinkun, SUN Fuchun. Research and development on theory and algorithms of sliding mode control[ J|. Con-
trol Theory & Applications, 2007, 24(3) . 407-418.(in Chinese) )

[17] HAN Y, CHENG Y, XU G. Trajectory tracking control of AGV basedon sliding mode control with the improved
reaching law[ J]. IEEE Access, 2019, 7. 20748-20755.

[18] PANJ, LI W, ZHANG H. Controlalgorithms of magnetic suspension system based on the improved double ex-
ponential reaching law of sliding mode control[ J |. International Journal of Control, Automation and Sys-
tems, 2018, 16(6) . 2878-2887.

[19] WANG L, LIU S, JIANG S, et al. A sliding mode control method based on improved reaching law for super-
buck converter in photovoltaic system[ J]. Energy Reports, 2022, 8. 574-585.

[20] SUN X, CAO J, LEI G, et al. A composite sliding mode control for SPMSM drives based on a new hybrid
reaching law with disturbance compensation [ J]. IEEE Transactions on Transportation Electrification,
2021, 7(3) . 1427-1436.

[21] XU, X%, Zakar. 2 LS T RETEPUR A AEEIRAERARE R [ J]. T, 2017, 38(6) : 630-637.
(LIU Dongyu, LIU Hong, LI Zhiqi. Calibration strategy of space manipulator system on-orbit servicing fine op-
eration[ J |. Journal of Astronautics, 2017, 38(6) : 630-637.(in Chinese) )

[22] 5KF4. ETEHREMRAA T FK TAWUEIURPTSE [ D], 22008 3 A8 hEFFERAR K, 2020: 1-15.
(ZHANG Ziyang. Research on grasping control of underwater manipulator based on deep reinforcement|[ D ].
Master Thesis. Hefei: University of Science and Technology of China, 2020: 1-15.(in Chinese) )

(23] Zyint. a5 AV BEEHE S Ze AR BT AL e A DD EISCHEF R BT [ D], B2 738 30 Rt KRS, 2012 1-12.
(LUO Wanjing. Study on key technology of complicated intersecting lines in spatial steel structure by sutting
robot[ D]. Master Thesis. Tianjin: Tianjin University, 2012: 1-12.(in Chinese) )

[24] MAZZEO A, AGUZZI J, CALISTI M, et al. Marinerobotics for deep-sea specimen collection: a systematic re-
view of underwater grippers| J]. Sensors, 2022, 22(2) . 648.

[25] FALTINSEN O M. fifffifi S5 v TR BEAAT [ M. 2 M. 1. 1 scl ko kL, 2013 169-191. (FALTINS-
EN O M. Environmental Loads for Ships and Ocean Engineering[ M]. 2nd ed. Shanghai: Shanghai Jiao Tong
University Press, 2013: 169-191.(in Chinese) )

[26] X3 Hlas NEEHI RGBT S MATLAB 5 5[ M. Jbat: iEHR%: ikt 2016 170-220. (LIU Jinkun. Ro-
bot Control System Design and MATLAB Simulation[ M]. Beijing: Tsinghua University Press, 2016 170-220.
(in Chinese) )

[27]  wbH, SKBERE L, S5 T om0 45 RO M 9K R AL Pl [ ], TFSEPL TR S50, 2022, 58
(15): 317-323.( GAO Yang, ZHANG Xiaohui, GAO Yuer, et al. Control of underwater manipulator based on
neural network and fuzzy compensation| J]. Computer Engineering and Applications, 2022, 58(15) . 317-
323.(in Chinese) )

[28] #EK & K FHUE B 170 5 B0 BRER I B [ D] A2 71830 K% KIEB TR, 2018; 26-41.
(DONG Yongfei. Dynamic analysis and sliding mode control for trajectory tracking of underwater manipulator
[ D]. Master Thesis. Dalian: Dalian University of Technology, 2018 26-41.(in Chinese) )



