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Terminal [15- 18]
Teminal s
Terminal
1
, 1
By
(0- XY), B;
0.0 , 01 02 By B B
,xi(1=1,2) B;
Oy xo 0, do, Bi(i= 1,2)
li, Oi «xi Oi
2), m; Ji(i=
012 );C sTrc Ty
0o, ei(i = 1,2)

Lagrange R

di(i= 1,

Lagrange ;
Jacobi ,
s T erminal s
T erminal
Terminal ,
T erminal
B1 B>
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D(q)g+ hiq.¢¢= (To T)'+ f(1), (1)
. D(gq) € R h(q, ¢ € R
. To T= (T, ! S(1) €
R¥1 , . f(t)
| fi Il SF (i= 1,23), (2)
Sio f(t) ; Fi , F € R*!
(0- XY) Xp= (xp.yp)
s Jacobi :
X= Ji(g® (3)
, Ji(q) € R*? Jacobi

Y= (6 X,), (3

B= [ Ji(q)] ¢=J(a)& (4)
Jg)=[1I1 Ji(g)] €R . Li=[1 0 0.
J(q) ) '
=T '8 g= T ' (@[Y- Hq) . (5)
(5 . (1)
Dx(q).Y'F hx(q,qaﬁz U + fx, (6)

D.(q)=J "'(q)D(q)J '(q).

hi(qg)=J " (a)(h(qg.&-D(qJ '(¢)Fq)J '(q).
T

fo= T (@)f(1), U= J"“(q)LO -
(6
Y= D;‘(q){— hi(q, @ B+ fo+ U} (7)
(7) 1 . . x1=
Y,x.= B X=[xi x3"; (7
. (8)
= D}l(q){— ho(q. @) x2+ fo+ U}
2 Terminal
Terminal
Terminal , , (8

T T T
x2], Xd= [x1u x2d]
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2.1
E= X- Xa=[e' &), (9)
,e= xi— xud= Y- Ya € R3xl; Ya = (Gal,xpd,ypd)l
e e ; EER™
S(X,t)= ZE- W(1), (10)

Z=[Z1 Zo €ER”, Zi= diag(za zin zi3),zi(i= 1,2%j=1273) ;

W(t)= ZP(t).P(t)= [p(t)" pt)"]" €R™'.  p(t)= [pi(t) pat) ps(t)]' €
R™.  pi(t)(i= 1,23), :

pi(t): R~ Ropi(t) € C[0, @), px(1t), pi(t) €L, >0, pi(t)
[0, T] , pi(0) = ei(0),p2(0) = e2(0),pi(0) = €i(0). , C70,
) [0, ) sei(i= 1,23 e
pi(t) .pi(t) :

ei(0) + (0) 1+ %é}(onﬁ [‘}—056,-(0)+ ‘;—(2@(0) N "T—m'e;(O)} £+

an an ap.. 4
{T4 ei(0)+ L 5ex(0)+ TzeL(O)i|t +

pi(t) = (11)
[;_dei(())+ %@(O)Jr %‘e}(@} e, 0<: <7,
L0, T <t
) ag(t=0,1,2;1=0,1,2) , (11 pz(t)
pi(t) . , pi(t) t=T , t=T
, pi(t) pr(1)  pi(t) : 3
aw+ ap+ axp=- 1, aol+ ail+ azx =- 1,
3aw+ 4aio+ Saxn= 0, 3agi+ 4an+ Saxn=- 1,
>(6(100+ 12alo+ 20a2()= 0, 6a01+ 12a11+ 20(121 = O,
an+ ap+ ap=- 0.5,
3an+ 4ai2+ San=- 1,
6an+ 12a12+ 20a2=- 1.
, 3
ap = - 10, ao= - 6, ap=- 1.5,
ap = 15, an= 8§, ap= 1.5,
ax =— 6, an= -3 ax=- 0.5.
Terminal
2.2 Terminal
Terminal , S(X,t)=0

) . , Terminal
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. S(X. 1) T :
U= D(qf{[- D(@)h(q ¢ xa- ¥u- 1)+
Z:'Zi(e- p(1))] + (Z:8/ W Z5S |1 )( 1| H.F 1l + K)}, (12)
K JH, €ER, Hi= Byl (i= 1,23;j= 1,23); B.j
B.= D.'(¢)J (g
V Lyapunov
V= %sTs. (13)
14 & (8 (109 _,
B= §'$= S'f{w- z»(t)}: s"’{zz[‘e'— p(t)]+ Zi[ex- mt)]}:
SK ZofX1- Xu-p(t)]+ Z\[e- p¥t)]}=
SN Zofr— xu-p(1)]+ Zi[e-pXi)]}=
s 22 ()~ h(q ®xar fir UJ-
Xu-p(t)]+ Zife= pXt)]; <
s’l‘z{- D.'(q)h(q @ x2- X1- p(t)+ Z:'Zi[ e~ IP(t)]}+
S'ZD ' (q) U+ 1S Zo LI DYYq)fe . (14)
(12) (14)
SIS Z N IDY (q) T "(q)f(e) 1l -
(5" 22755/ 1 258 1 ) IV HLF I+ K} (15)
S'72,2,8 = 1 Z58 117,
< IZEs I 0D (@) a " (o)l - 1255 I{ I1HF I+ K} (16)
(2) H D' (q) T "(q)f(t) | < IIHF I, (16)
B< KIZ28S1l<0 (1SI#0). (17)
Terminal (10),
S(X,0)= ZE(0) - W(0) = Z[E(0)- P(0)] =
Z{[e(O)T et0)']' = [p(0)" px0)']7y= 0. (18)
S(X,t)=0 E(t)= P(t), Terminal
P(T)= 0, E(T)= 0, T
Ss Z:8/ 128 1,
T
Ss = #ﬁ-r&’ 5= G+ Gillell, (19)
, 6 & 2



530

:mo= 200.0 kg, mi= 6.0kg, mo= 6.0kg; do= 1. Om, di= 1.0m,d>= 1.0 m;
li= 20m o= 2.0m Jo= 100.0kg*n’, J1= 3.0kg*m> Jo= 3.0kg*m’.

(10)  Terminal (12), .
, ( : rad)
Boa = 0.3T— 0. 3cos(Tt/5),
, ( : rad)
xpd= 3.9+ 0. 6sin(Tt/5), ypa= 0.9+ 0. 6cos(T/5),
( :Nem)

f(t)= [10.0(sin(Tt/4)— cos(Tt/4)), 10. Ocos(Tt/4), 10. Osin(Te/4)] " .

K= 500.0, F= [30.0,3.0,30.0/", &= 0.03, &= 20.0,
Z1= diag/600. 0, 600. 0, 600. 0/, Z2= diag/2.0,2.0,2.0].

00(0) = 6, 01(0) = T/6, 02(0) = W6, (rad) .
t = 9 8s.
1 T=20 ,
1.31
— LRHE 1.8
L TN W
1.1} 1.4
-Eog g
}s $ \*1.0
0.7t ] 0.6}
) |
0'50 2 4 6 8 10 T a4 i3
t/s %,/m
2 3
(T=2.0)
1.8}
1.4
€10
E2Y
0.6
o2l . T
32 3.6 4.0 4.4 43
%,/m
4 5
(T=1.0) (T=1.0)

2 3 (10)  Terminal (12),



Teminal 531

. « ) « )
2 T= 10, s
4 5 (10)  Terminal (12),
. ( ) ( )
1, t= 2.0s
2, t= 1.0s
2 T 2
, Terminal
Teminal s ,
Termimal

[ ]

[1] Parlaktuna O, Ozkan M. Adaptive control of free- floating space manipulators using dynamically e
quivalent manipulator model[ J]. Robotics and Autonom ous System s, 2004, 46( 3) : 185- 193.

[2] Dubowsky S, Papadopoulos E. The kinematics, dynamics, and control of free— flying and free—
floating space robotic systems[J]. IEEE Transactions on Robotics and Autom ation , 1993, 9(5): 531
- 543.

[3] Papadopoulos E, Dudowsky S. On the nature of control algorithms for free— floating space manipu-
lators[J] . IEEE Transactions on Robotics and Automation , 1991,7(6): 750— 758.

[4] Abiko S, Hirzinger G. An adaptive control for free— floating space robot by using inverted chain ap-
proach[A]. In: Proceedin gs of the 2007 IEEE/ RS] International Conference on Intelli gent Robots
and Systems [ C] . San Diego, CA, USA: IEEE Press, 2007, 2236- 2241.

[5] Papadopoulos E, Tortopidis I, Nanos K. Smooth planning for free— floating space robots using poly
nomias| A]. In: Proceedings of the 2005 IEEE International Conference on Robotics and Autom a—
tion [ C]. Barcelona, Spain: IEEE Press, 2005, 4272- 4277.

[6] FENG Bao- min, MA Guang- cheng, WEN Qi- yong, e al. Adaptive robust control of space robot
in task space[ A] . In: Proceedin gs of the 2006 IEEE International Conference on Mechatronics and
Autom ation [C]. Luoyang, Henan, P R China: IEEE Press, 2006, 1571- 1576.

[7] CHU Zhong- yi, SUN Fu- chun. Disturbance- observer— based motion control of free- floating
space robot[ A] . In: IMACS Multiconference on “ Computational Engineering in Systems Applica—
tions” ( CESA) [ C] . Beijing, : Henan, P R China: IEEE Press, 2006, 733- 738.

[8] . : : IEEE Press[ M]. : , 1995.



532

[9] , . [J]. , 1999,20(2): 81- 86.

[10] , . [J]. ,
2007, 43(4): 34— 38.

[11] CHEN Li, LIU Yan- zhu. The robust control scheme for free- floating space manipulator to track
the desired trajectory in jointspace[ J]. Acta Mechanica Solida Sinica ( Engish Edition ), 2001, 14
(2):183- 188.

[12] . [J]. , 2004, 21
(3): 174- 179.

[13] GUO Yi- shen, CHEN Li. Robust control of dual- arm space robot systems with two objects in in-
ertial space[ A].In: Proceedings of 2006 IEEE International Conference on Systems, Man and Cy-
bernetics, Taibei, Taiwan, China: IEEE Press, 2006, 6, 4552— 4556.

[14] , . Lyapunov [J].

,2005,25(2): 154- 160.

[15] FengY, YuX H, ManZ H. Non- singular terminal sliding mode control of rigid manipulators[J] .
Autom atica , 2002, 38(12): 2159- 2167.

[16] Yu XH, Man Z H. Model reference adaptive control systems with terminal sliding modes[ J]. Inter—
nation al Journal of Control, 1996, 64(6): 1165- 1176.

[17] , , , - Terminal [J]. , 2003,
22(3):495- 498.

[18] . MATLAB [M]. : , 2005.

Terminal Sliding Mode Control for Coordinated Motion of
Space Rigid Manipulator With External Disturbance

GUO Yi- shen, CHEN Li
( College of Mechanical Engineering, Fuzhou University, Fuzhou 350002, P.R. China)

Abstract: The control problem of coordinated motion of free- floating space rigid manipulator with
external disturbance is discussed. With the relationship of the linear momentum conversation and the
Lagrangian approach, the full- controlled dynamic equation and the Jacobian relation of free— floating
space rigid manipulator were established and then inverted to the state equation for control design

Based on the terminal sliding mode control ( SMC) technique, a mathematical expression of the termi-
nal sliding surface was proposed, and then the terminal SMC scheme was developed for coordinated
motion between the base’ s atitude and the end- effector of free- floating space manipulator with
external disturbance. This proposed control scheme not only guarantees that the sliding phase of the
closed- loop system exists, but also ensures that the output tracking error converges to zero in finite
time. In addition, since the initial state of system is always at the terminal sliding surface, the control
scheme can eliminate the reaching phase of the SMC and guarantee the global robustness and stability
of the dosed- loop system. A planar free— floating space rigid manipulator is simulated to verify the
feasibility of the proposed control scheme.

Key words: free- floating space rigid manipulator; external disturbance; terminal sliding surface;
coordinated motion; terminal sliding mode control



