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Abstract  As the present reaction null space planning for the incomplete kinematic properties of the space
manipulator during the general operation involvesn either the impact of joint dead-zones on the system nor the
relationship between the manipulator and the target to be grasped, it can not ensure the effectiveness of the tracking
control in the presence of joint dead-zone. In this paper, the study of reaction null space planning and control in the final
period before intercepting a target of a free-floating three-link space manipulator with joint dead-zone is focused. First,
the dynamic model of a free-floating three-link space manipulator with joint dead-zone is established by the second
Lagrange equation, in which the position and attitude of the carrier are uncontrolled. Then, the reaction null space
mathematical model of the free-floating three-link space manipulator with joint dead-zone is derived, and the vector

2021-09-25 W fi, 2022-01-10 3 H, 2022-01-11 ML hi K 3.

1) 5K ARBI LS (51741502), #E 4 A ARRLEHES2(2020701450)F1HE 348 TALHLAS AN SEREH 1 H AR A& F 4 (2014H2101001 1) % B
TiH.

2) T, Sz, LW ) RN A B ST 2R 488) 7). E-mail: cool@fzu.edu.cn

IR IR 5L, TURE. AE7E X 5 (A Law/\M}LUJJ’ Ui AR . DA AEAR, 2022, 54(3): 778-786

Zhang Zhihao, Yu Xiaoyan. Reactionless terminal sliding mode control of space robot with joint dead-zone. Chinese Journal of
Theoretical and Applied Mechanics, 2022, 54(3): 778-786



https://doi.org/10.6052/0459-1879-21-494

%3 SR S AFAE ST BE DS IR 2% (AL s N TG PR a2 s i A4 o 779

norm constraint algorithm of the reaction null space is studied. Furthermore, a nonsingular fast terminal sliding mode
control algorithm with anti-interference and high convergence is proposed, in which it combines the double power
reaching rate of variable coefficient with the nonsingular fast terminal sliding mode surface to improve the convergence
speed and interference immunity. The dead-zone of the joint may reduce the control accuracy of the space robot system.
In order to eliminate the influence of the free-floating three-link space manipulator’s joint dead-zone, an adaptive dead-
zone compensator is designed. This compensator can approach the upper bound of dead-zone characteristics by self-
adaptive control to eliminate the effect of the joint dead-zone on the system and to ensure the effectiveness of the
tracking control. Finally, based on the Lyapunov function method the stability of the system is proved, and numerical
simulation is carried out. The simulation results show the desired reactionless trajectories are tracked with the base’s

attitude reactionless and the effectiveness of the proposed planning and control algorithm is demonstrated.
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sliding mode control
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Fig. 1 Floating based three-bar space robot and target to be grasped

IROK, TR )P 3 P, ] DA EIE AL — 4%
ELZR. AT E A5 UL AR E 0, 28 500 Jie 7 (1 5] A%
TEMAR, IRTF-TF- W0 3 500 r, . DLES N R G PIE FH XS
T x P EM Ny, E5 HRPUOREEE b d . 7EAR
A, MU R o AT 55 H bR T 1) 1R 28 52 22 0
Av.

ST K B (1= 0,1,2,3) [R3E KT 5 A bR &
0ixyi , 0oy 5By 000 A, Opt, O F10
53 5 R WU By, By M1 B3 I 5Ly, #7344 B; Z ] LA
W T i B AT B4z, Horh, 0;Gi=1,2,3) ATk
L, xi (i =0,1,2,3) 73 AU B; (PR FRE.

HASHAT S E:

lo O 1E xo 15 00 O 25

li—— B ¥ xR (1= 1,2,3);

bi—— O; B0 O ZIIIEE R (i = 1,2,3);

mi—— MR TR (1= 0,1,2,3);

Ji—— BRI B (1= 0,1,2,3);

O R TL;
6o Bo b xo BlAHRT x B EAR LS,
0; BB I CT A (0= 1,2,3).

Mg Tl D RS, e A% BT AR RO R, T
75 2N BN L AR BRI AL ARG
CIPAEYIY

me+HW4m=[2] ()

H, g=1x yo 6 6 6 63 " HRGFE XK
FR, D(q) € R N RGN IR VERLFE; H(q,9)q €
ROV A EHERIEE ). B0y mE; r=
[r1 7 n]TeR™, 7;(i1=1,2,3) A ILIEX J5 K1y
i IR .

T WL e v 5 3 7 T ) R R, R 4 00T Td

WSS AFAE SEIXCRE L, M AR SN i RG L. Oy
SRR xR 483 B 10 5% il AT 1] 2 Rk
. b AR, T AR, B L
NP FEAA .

Iz

u q
} p T space robot
d, i system

dead-zone

K2 SR AEX R I

Fig.2 Characteristic diagram of joint dead-zone

DL T, ARG I SE DR R A
AN u 5 RGN ¢ LK FRRAE

kri(ui=d;+), u;i > diy
T;=1 0, di_< u; <d;y 2)
kyii(u; — d;-), u; <di_

Hbd; >0,d; <0, k;=k;=k;> 0 NIEX (W 224 RER
HL ki $, W 2R 4 0% 2 o an R B 4

T=ku+d(u) 3)

oA 8u) B RGATIE A5, ku ARRAATHL
R BRI N I Y, k = diag(k;), WA

—kyidiy, u>dy
0i(w)=13 —kiu, di-<u<dy (4)
—kjid;_, u<di

Horb 5iu) N o) IITTER, i=1,2,3.
FAEAEIX 2 [ HLs N8 )12 07 REmT DL N

®)

D@+ HG01= oy Sy |

R R LA N RS (5), 1R 4R A
SEDCRFPERAT S, B

16; ] < Oimax (i =1, 2, 3) (6)

Horh Simax =1, 2, 3) 2 K 40 10 IE o %, 2 ) &
Oimax € R HITTEE, 6max [CRVEX (152 i [ L.

2 RIERZEZEHL

2.1 RIEAZEZEHFER
H 3 (5) WPR R RN N RS8R E R
Dy, Dy || X H, |_ 0
[ D! D, } i || Hn }‘ Ku + 6(u) } )




® 3 M

SR S AFAE ST BE DS IR 2% (AL s N TG PR a2 s i A4 o 781

Hr Dy, € RS, Dy € R¥S, Dy € RS H(q,§)4 =
[Hb'[‘ HmT]THHb e 31, H, e R3><1;Xb RoRIARI
FEREAARR SRS, HAFE R R Xy =1 x0 Yo 60 1%;
gy RRNLEE NEF LT, HAFTE R Rep =
[6 6 65 ]".

ARG EHFE Dy
Dy Dis D
Dy =| Dy D5 Dy ®
D3y D3s Dsg

ATCHE VLA TCAR B [ Fo 2 e ) PR iz
2y, ORI R S BRURRCE O A L R B S A R AR I
S =ATERIU K, W B IERR S EREEE Dy, R
WAL TSR 2R, B

Dbm=[ D3y D35 D3 ] ©)

BB rank( Dy )=1, n hy Dy 5 ECEE FT-E 53 1)
IR, BRI n=3, MR8 B 1 FH 22 Te) A s P2,
WEIAAAE S A 2222 0] 1 AR GE8) 0 52 J5 REmT 4

Hy=Dp, Xp+Dpmgs (10)

BMER A R Ty, 3 (D) SR AT WS
RGNLBN R p S Mahi L B3, s = LG A
ARG BN

[ { ] = Dyp Xp+Dpnqp = const. (11)

Horb Dy X, Lon B M L N RGP E AR 2h B €
STy = Doy AHUBE 1280 BT A2 O RS & 2l .
FCOCT I 18] ¢ SR, wl 4 18 A A A 380 10 S A
M7

F =T ,=Dpép+Dpmgs (12)

U B 3T I G Bl R T, R 5,
I AR FAE LR F 10 R AT 35 0K F 2 0. 241
BRCRER (1) B E BE R T LA N R GEAA 1 B LI, 4
S5 AR I A, WL G A

gv= D}, T+ (E - D}, Dpn) € (13)

m

Hob, E RSB, D Dy, Oy i K6 B
E=l & & & 1" 03 BATEII, £ fins
S5 TP HEAT — 2 M L AT 0 24 K 4
PF, BB AFNTT, =0, IR % EEAEAR, 175
A RS A BEPEREE Dy,

(dp)rs=(E = Dy Dim) €

MEEH RS i% 0 (14) 125), SLRHURE 112 3)
AR BAARLE NI E), NTE R T LIRS,
22 [EETEHRARE

MR B A H =2 B X, € 72— AMEE I &,
T 10 & v LARF PR JIC Js I3 725 [0) A 38 5 A ook s 3
JEFELC L P AE. S T VA SE R IR S A FH 2 2 T
B, T BT S AR & Bl 25 RS bR IK S TR AL
INBATHEG, BwE AR

(1) HUWE 12 30 AR A & 13456 T 0;

(2) BB R, &AL A
FEAE— AN G ETE .

TEI XIS GAT T, KA 2 SAT R €, WA

[[(@6)ine]| = 1BEI
iy 1|98
il =| e

(14

(15)

]« | R R IR B = (E- D}, D)€ L (qo)in £
TRATUH S50 B TR 61 A B2 16 it (G it 775
PIUH 68 N B ML Bk R O 5 A b a8 RE ) i, HX
[(Gp)in] =1 0.05 0.05 0.05 1T (#fir: °/s?) .
B e AU S B 0 A B, A4 1 )
P A
[[(g0)rns| = I1BEI
(16)

[|Gp)rs|| = Hi—f&”

Forb (gp)ris AU B A Y22 225 1) G4 4 3 1)
» (Gp)rs A BUBE B A1 P 2 2 1) 4 A T3 2 1)

D pei

A (12) AR 2= s s i AR 1 5
W

amn

Frns = Dpm(§p)rns + Dom(@5)rns
. . dB _ ,. .
8 (@p)rns = BE 5 (Gin)rns = Ef RAKX(17), 5
K (16) B3

[(db)rns |, = 1BEll,

.. dB
sl = | 5] s

dB .
IFrnsll = H(Dme + Dme)f

2



782 ] 2% &5 (4 2022 4F 5 54
A 1 WO LB, WA HE A (24) AL N
Al = C]é‘:% +C2§§ +C3§§ +2C12§1§2 + §=e +a—1§(|e|§—l)é +ﬂ_1 %Oel%—l)
20236283 +2¢136163 1 0 o
D —-H(q.9)4—Dgq
T ( ku +6(u) ] ) (26)
Ar =di&7 + &5 + 385 +2d16 16 + (19
2p3brés +2d 13616 SE X
A3 = if] +eady teds +2entier + FRera™ Dl e ety
2e236283 +2e138183 D™'(-Dij,—- H(q.9)§) (27)
,_Ht = 1 2 = q 2 = 2 m
Horpay ”(qb)RNS“,Z , Ay =||(Gb)rus]f, » A3 = IIFrnsl3 N2 g1 (o) D! 28)
¢, dy e AR "
A R g S (19) X & BEATIEAR, Fie 4 k=1, 64 :[ 0T ST ]Tmujﬁ
SRAG LB L.
0
e St St 4 §=F+N|  |+N&, (29)
3 EFRRERIGFIRTE] u

FEH € SRR 5, W m] DA% R
PR BEAT R, 2 RGN IE )y H R 22 n)
el

e=q—qu (20)

Forb ga = [x0 yo 60 (gu)J1" A R GG W B iz 5B
2, (qp)a 2 (14) 13 21 S AR H] 2225 i) 91 B2 Bk,

=06 6 o617, H
e=[oe]]" Q1)
e=[oel] (22)
Hrhe.=qr—(qp)y> éc=qp—(4n)g-
RSy AT T
s=e+a”! |e|§sgn(e) +p7! lé| sgn(é) (23)

A @ = diag (o)), B = diag (), I (i =1,2,---,6), a;fll
B Y ERIERIZS S HG m, n, p, g WHIETH,
- HI L 2>m/n>1, p/g>m/n.

Xl (23) kG
s=e+a ' Lieli e+ Zaelt e 4)
q n
=l (5) nI s
€=4—qa=
o o) @9
D ( ku+6(u)]—H(q,q)q—qu)

Forp N6 AR T ARZR IR SE X R R 42 1 2R et ) 11
S,
R At A A F B R O

§ == (uidig(Is|) + podig(s]))-

(2 + 2]lell) sgn(s) (30)

Forbor AL A B =diglunnpizs - piel o=
diglpai, oo, -+ a6l pi A o B30 1E 5L lell = dig
[max (le]lé1]), max (lez]le2]), - - ,max (lec|lésD]; r1=pi/q1,
r=mi/ny, p1» qi» my, n 3 RHIEAEEE r>1,
O<r<1; fEITIZ BB B, 4 R G0 A I B B
(Isil > 1) I, pidig(lsl™ )T +2lel)sgn(s) A% LLE K
TR IR, Y R G W BT (sl < 1) I,
padig(ls”2)(21 + 2 [lell)sgn(s) KSR REAE TR AIE 2 1% 1) i1
TR, P4 A AR IE FA T I8 Bh A R AR RE AL W
SRR

N T RN T XA P 6 48 ) 2R G 3 IR R, AR
SCAE AR Ay e R 28 i LR R R A b, e T B
& NV AE X #2228 (adaptive dead-zone compensator,

adaptive u
dead-zone 2
compensator ul| _|¢ | space q
H» robot >
nonsingular system
fast terminal " dead-zone
sliding mode | '

3 A HIE N IED MR AR R S
Fig. 3 Control system with ADC



% 3 TR B AFAE ST BEIX ()25 (AL AL o N T s 28 sty i A 428 i) 783
ADC), H.45#E WL 3. V =—s" [(udig(ls]™) + podig(Js”2))-
AL 5 N QI +2|le|))sgn(s)] + sT DN&4—
0 . sT DNdig(sgn(s" DNDumact 81 Sumx  (37)
[u}=u1+u2+[ 0 ] (31) €
7 & 3 sTDNdig(sgn(s"DN) = |s"DN| H A 5T
Horfruy 5wy 535 DN6; < |s"DN|8amax , W V 32

ui=—N"'[F + D~ (uidig(s|" )+p2dig(ls|))-
QI +2|lel) sgn(s) - D' H(q, §)s] (32)

ur=—dig(sgn(s" DN))8ymax

Horh, o e R RAUE AR Z 35 0 LL AL E xo AT yo T
R NEIFERI I HER 0, Samax =[ 0T 8L, 17 A Akl
(RIZEX S KAE, H Smax € RV, wy Ay Ky i A4 1 2%
(1t A2 T 2, SRR R 22 70 AT B IR () Py 21k
T BRI DL A BUE AR . wp 45 1 38 N B DX AR
o i PRV ISV B DB IX X 28 St BRI RS 2 1 5% 1
PR a g

Samax = —&|s"DN|' (33)

2 H I8 NI X A A RE 8 G T RIPEIX B KA
T S A SE DAL, AR BR ST X BTty K 5.
4 FREMIERA

SINUWIR ) Lyapunov pF%{

1 1 ~
V=3 sTDs + g(sgmaxfsdmax) (34)
;H\:EPSdmax = Sdmax = 8dmax> Odmax = [ or 6ITnax ]T 5 Sdmax

B FE R E AR TR 2.
3 (34) XFI[] ¢ Sk FHT 1

. 1 . . A
V= EsTDs +5TDs+ g‘sgmax&dmax =

sTH(q,§)s +sTDs + éfs}maxfsdmax (35)
FIH A 29). X (31) F1xk (35) mIAE Ny

\Y =sT[H(q, q')s+D(N6d+Nu 1+

|

o

Nur)+F+N 0

1~ A
+g5dTm.dx6dmax (36)

il (32) A

V < =sT{(uidig (IsI"") + podig (Is[2))
[2(I +llell)] sgn(s)} +

~ T 1=x
& (|sTDN| + gadmax) (38)

A FH G N SR % (33), T

V< —sT (i dig (IsI") + podig (IsI2)) -
2(I+lel)]sgn(s) < 0 (39)

VA TGRS 0,04 lims =0, lim§,, . =0,
RYGEIARRE, B S DUHUARE 45 0G 17 R BRI 55 5%
FIPED RS R Al T

5 RWGERES

N T B UE TE B A I RIS s VR A
ROPE, X1 s AR T 32 2 ISR B W =
AL N R GBI PR H brid B3R T LR 8h =5
) B 55 4 o O 4 BB DX IR S BR  BR A Gmaxt =35,
Smax2 =45, Omax3 = 15; HAWRGESH WK 1 Jor.

®1 TENBARGESH

Table 1 space robot system parameters

Length/m Mass/kg Inertia moment/(kg-m?)
0.50 1430 7090
0.36 35 0.42
0.86 22.5 0.94
0.64 2.19 0.63

SR8 MM plg=5/3, m/n=11/9 , =
diag(2,2,2,2,2,2), B = diag4,5,6,5,4.5,5).

KAEN A A L=0.01s. HUE REHPUEIELT
B hv=0.1m/s, BHLEEMO =-n/6, PLEF AR
GLENTE AN T x BB Ry = n/3. B9k P 5
M MMEE d 2.3 m, XAKEE w,=
0.13 rad/s, W€ RT3 5 HARW 1A P 2 ) fE
ZE 2 Av < 0.02 m/s , X & A 0 B R AT e 5



784 i 2 2 £t 2022 45 54 &

W, WA ZBOBE 2 £(0) =[0.03 0.02 0.02]7, NFR G 1.2 R —

SEATIFUA BIHTERE] ARSI 66 s, Lo} " actual tajectory
VEHLIR T 22 G590 HR A5 h 6, = 0.8 rad , 6 = U

1.7rad , 03 = ~2.65 rad , A7 LLL: H A1 4~ 10 £ %

B, 3Lk, 4~ 6 S 1R RIFEDS MBS I "

SV A A 2, R A0 TE ik R T R "i '

B, T RS B R A A T R, SGTT AR 0 1020 30 / 405060 70
t/s
'TE{IMJ:BE%J 3maxl = 50> 3max2 =50, gmax3 =20. 7~

\ - - o 7 KA | IS O IE ML)
10 jjﬁ)ﬁ Q@@%E%I"fﬁ%&ﬂﬂ‘%&ﬁfﬁﬁé?lﬁj Fig. 7 Trajectory curve of joint angle 1 (opening ADC)

1.2 3.0
— — desired trajectory — — desired trajectory
1.0 —— actual trajectory —— actual trajectory
0.8 25¢
E 0.6 E
I S
0.4 201
0.2
0 1.5 . : : : : :
0O 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
t/s t/s
4 S 1B S CRPIZER ) 8 S 2 WU (TP FEIK A28
Fig. 4 Trajectory curve of joint angle 1 (closing ADC) Fig. 8 Trajectory curve of joint angle 2 (opening ADC)
3.0 - - — — desired trajectory
— — desired tr.ajectory -1.6f — actual trajectory
—— actual trajectory
181
254 < 2.0t
o £
£ S 221
3
20t —24r
-2.6
-2.8 . . - - - -
15t . . . . . . 0 10 20 30 40 50 60 70
0 10 20 30 40 50 60 70 Js
t/s
- o O K 3 WAL F R FEIX AL )
S JTifi 2 IS CLHIFEK bR , , - 3
) ) o . Fig. 9 Trajectory curve of joint angle 3 (opening ADC)
Fig. 5 Trajectory curve of joint angle 2 (closing ADC)
—0.515
— — desired trajectory — actual trajectory
-1.6} — actual trajectory —0.520 -
k=]
'§ £ -0.525}
I I
—0.530 +
. : . . : . —0.535 ; : -
10 20 30 40 50 60 70 0 20 40 60
t/s t/s
K6 KA 3 Puliiek O-HIZEXAMERS) 10 ZEMPL L OF LR FMESS)

Fig. 6 Trajectory curve of joint angle 3 (closing ADC) Fig. 10 Attitude angle trajectory curve (opening ADC)



%3 SR BN AFAEICTAEIX (25 [ L A\ TC R bR £ iy L4 o

785

BB B L.

KU KT B i BB T, Avs
8.635 5 mm/s. 4 10 2291 I BLOK B B F b 12
o, 3 O BEIK A B A BB i 0 S,
A UIE BT A BN AL, 4 5 25— PR
FFLE —n/6, SEI0 T ARYS A THBN; RNt 7~121 9
4 ) 4 0 TR - T 04 9 1012 U,
S5 2R S ATRMEIELT. 58 4~ 6
(RO E T LA ) SR TEIX B2 S5 41 AR B
I 3 S, 4SS A OB RGE, REW
IR,

6 ZHig

(1) B BRI ANZ G DL N, AAAERTTAE
DR RIE = AT 2 TR H LA A ST e I bn I FE e,
FINRAE I Z A AR, f 57 A/ T2 22 [ s A
RGLH) )RR, Bt o (LB 2R 48 1A 1) s
HLAAGE, SO T AR LS TP sl 2 (k.

(2) A5 e AT T2 22 o) Rl 0 R it 1= 2% i85 4
DCEFIE, BEVE B & WAL DA &, X SR IX R P R AT
A2

(3) HH I A o M L5 4 B A RAE W] T xRy
IRAERATIEIX A DL, HUBCE 948 535 A1 473 e B B
T SN A )R FR S R, (] N AR ) S A Ak T
R IR,

2 F X M

1 e, #000AG. mP EEHLAS A PR SR e S8 2% BLC TR 2741, 2016,
52(7): 1-5 (Gao Feng, Guo Weizhong. Thinking of the development
strategy of robots in China. Journal of Mechanical Engineering,
2016, 52(7): 1-5 (in Chinese))

2 Yu XY. Hybrid-trajectory based terminal sliding mode control of a
flexible space manipulator with an elastic base. Robotica, 2020,
38(3): 550-563

3 TURE, MR D0, RS AT A AU TR A LI 3%
B 2 3 B B s 43 ) LB TR 22 4, 2016, 52(15): 28-35 (Yu
Xiaoyan, Chen Li. Observer based robust control and vibration con-
trol for a free-floating flexible space manipulator. Journal of Mech-
anical Engineering, 2016, 52(15): 28-35 (in Chinese))

4 Aghili F. Optimal trajectories and robot control for detumbling a
non-cooperative satellite. Journal of Guidance, Control, and Dynam-
ics, 2020, 43(5): 981-988

5 Virgili-Llop J, Zagaris C, Zappulla R, et al. A convex-programming-
based guidance algorithm to capture a tumbling object on orbit us-
ing a spacecraft equipped with a robotic manipulator. The Interna-
tional Journal of Robotics Research, 2019, 38(1): 40-72

6 Meng QL, Liang JX, Ma O. Identification of all the inertial paramet-

ers of a non-cooperative object in orbit. Aerospace Science and
Technology, 2019, 91: 571-582

Zong L, Emami MR, Luo J. Reactionless control of free-floating
space manipulators. /EEE Transactions on Aerospace and Electron-
ic Systems, 2020, 56(2): 1490-1503

ININE, W5, $EE . 2 AR R G801 R S AT Tk .
J2F 2R, 2019, 51(6): 1565-1586 (Sun Jialiang, Tian Qiang, Hu
Haiyan. Advances in dynamic modeling and optimization of flexible
multibody systems. Chinese Journal of Theoretical and Applied
Mechanics, 2019, 51(6): 1565-1586 (in Chinese))

K2z, 57 E SR ML 2 (AL SV i 3 1 A2 45T ) 245
UL T 2 [0 2% ) B AR R SR R ) 27 A4, 2019,
51(4): 1156-1169 (Zhu An, Chen Li. Mechanical simulation and full
order sliding mode collision avoidance compliant control basedon
neural network of dual-arm space robot with compliant mechanism
capturing satellite. Chinese Journal of Theoretical and Applied
Mechanics, 2019, 51(4): 1156-1169 (in Chinese))

S, BRI, BT R R LRl £ 1A (0 s () L s A Bhas gzl A
Widzs . 772223, 2020, 52(4): 975-984 (Ai Haiping, Chen Li. Dy-
namic buffer compliance control of space robot based on flexible
mechanism capturing satellite. Chinese Journal of Theoretical and
Applied Mechanics, 2020, 52(4): 975-984 (in Chinese))

2R, B 7. R NG NI ShdRs) — i A\ 2 I 5L
2. 1224 4), 2020, 52(1): 171-183 (Fu Xiaodong, Chen Li.
An input limited repetitive learning control of flexible-base two-flex-
ible-link and two-flexible- joint space robot with integration of mo-
tion and vibration Chinese Journal of Theoretical and Applied
Mechanics, 2020, 52(1): 171-183 (in Chinese))

BB, RV, BR A, BOE TR PR S A TR A (AL A A
f) 3 3 = S S0 (0], AR BB R R 2 24 4R, 2021, doi: 10.
13700/j.bh.1001-5965.2020.0603 (Zhao Longze, she
Huang Liangwei, Huang Longfei. A general singularity avoidance

Haoping,

algorithm for base attitude controllable space robot [J]. Journal of
Beijing University of Aeronautics and Astronautics, 2021, doi: 10.
13700/5.bh.1001-5965.2020.0603(in Chinese))

VRR W, [V ) SRR SR L A LR O A8 Bl 43 A 4 1 %
Pl B MR AR S AR P 4. TR ) 2%, 2012, 29(5): 230-236, 250
(Huang Dengfeng, Chen Li. Block neural network control and flex-
ible vibration fuzzy control of floating base flexible space manipu-
lator joint motion. Engineering Mechanics, 2012, 29(5): 230-236,
250 (in Chinese))

R, BTy . PR =2 [ Lg% A\ 3 0 2 B R S = IR B8 T

BWATIZ ) A TG N AR . LFR J) %, 2017, 34(2): 235-241 (Cheng
Jing, Chen Li. Dynamic modeling and load adaptive control of
closed chain dual arm space robot with limited torque. Engineering
mechanics, 2017, 34(2): 235-241 (in Chinese))

BT, B SN D HEZ BRAG DL R AR M US54

T R A ] TR 5%, 2013, 30(3): 371-376 (Xie Limin, Chen
Li. Robust adaptive hybrid control of floating space manipulator
with limited input torque. Engineering Mechanics, 2013, 30(3): 371-
376 (in Chinese))

Dubowsky S, Papadopoulos E. Kinematics, dynamics, and control of
free-flying and free-floating space robotic systems. /[EEE Transac-
tions on Robotics and Automation, 1993, 9(5): 531-543

Dubowsky S. Path planning for space manipulators to minimize
spacecraft attitude disturbances//IEEE International Conference on
Robotics & Automation, IEEE, 2007


https://doi.org/10.3901/JME.2016.07.001
https://doi.org/10.3901/JME.2016.15.028
https://doi.org/10.2514/1.G004758
https://doi.org/10.2514/1.G004758
https://doi.org/10.6052/0459-1879-18-407
https://doi.org/10.3901/JME.2016.07.001
https://doi.org/10.3901/JME.2016.15.028
https://doi.org/10.2514/1.G004758
https://doi.org/10.2514/1.G004758
https://doi.org/10.6052/0459-1879-18-407

786 Vi ¥ F {5 2022 5 54 A&

18 Nenchev DN, Yoshida K, Uchiyama M. Reaction null-space based ten years ago, now in orbit. The International Journal of Robotics
control of flexible structure mounted manipulator systems//Proceed- Research, 2003, 22(5): 321-335
ings of 35th IEEE Conference on Decision and Control, IEEE, 2002 27 Zhang HW, Zhu ZX. Sampling-based motion planning for free-float-

19 Huang P, Xu Y. Attitude Compensation of Space Robots for Captur- ing space robot without inverse kinematics. Applied Sciences, 2020,
ing Operation. Intech Open Access Publisher, 2006 10(24): 9137

20 XKHTE, PMIGHR. B HETE A LR JE e s S R R T 28 BUNER, BRO). SRR B AT Ak s (LA A PTIE X B AR A .
e S9%:. HLIE T FE 2+ 4], 2007, 43(4): 34-38 (Ge Xinsheng, Sun W RV TR K2 2 41, 2019, 40(12): 2063-2069 (Huang Xiaogin,
Pengwei. Nonholonmic motion planning of space manipulator sys- Chen Li. Anti-dead-zone control based on dynamic surface for space
tem using particle swarm optimization. Journal of Mechanical En- robot with flexible links and elastic base. Journal of Harbin Engin-
gineering, 2007, 43(4): 34-38 (in Chinese)) eering University, 2019, 40(12): 2063-2069 (in Chinese))

21 fE¥E, SRk, A BRSNS SR 2 Wik, Jb 29 3/NEE, MRy, AR7E A0 X IR RS AT 2 (AL s A AT BR e [ 42 il 5 1)
B BB R 23R, 2019, 34(4): 17-23, 29 (Cui Hao, Ge Xin- &, PEBU TR, 2019, 30(10): 1212-1218 (Huang Xiaogin, Chen
sheng. Polynomial interpolation method for motion planning of free Li. Finite time control and vibration suppression of double flexible
floating space robot. Journal of Beijing Information Science & Tech- link space robot with dead zone. China Mechanical Engineering,
nology University, 2019, 34 (4): 17-23, 29 (in Chinese)) 2019, 30(10): 1212-1218 (in Chinese))

22 W, Bk, ST O A A T RS LA N R A 30 Lu Y, Liu JK, Sun FC. Actuator nonlinearities compensation using
SR s d). PR3l S5k, 2019, 38(7): 20-27 (Yao Qijia, Ge RBF neural networks in robot control system//Proc. 4th CESA
Xinsheng. Attitude motion planning and feedback control of free Multi-Conference on Computation Engineering in Systems Applica-
floating flexible space robot based on pseudo spectral method. tion. Beijing, 2006, 1: 231-238
Journal of Vibration and Shock, 2019, 38(7): 20-27 (in Chinese)) 31 Piersigilli P, Sharf I, Misra AK. Reactionless capture of a satellite by

23 sRARHE, 10 E A, ERE S, ARSI B hiEE S RIS A a two degree-of-freedom manipulator. Acta Astronaut, 2010, 66:
BEPIA. TR R (HAARLERR), 2008, 48(11): 1911-1914, 183-192
1918 (Zhang Fuhai, Fu Yili, Wang Shuguo, et al. Motion planning of 32 Fukazu Y, Hara N, Kanamiya Y, et al. Reactionless resolved acceler-
a free floating space robot having zero-disturbance spacecraft atti- ation control with vibration suppression capability for
tude. Journal of Tsinghua University (Science and Technology), JEMRMS/SFA//IEEE Interantional Conference on Robotics and
2008, 48(11): 1911-1914, 1918 (in Chinese)) Biomimetics, Piscataway, NJ, USA, 2008: 1359-1364

24 BRARE, AT EA, ERE, —FE R L RE A B S LS A 33 Nenchev DN, Yoshida K, Vichitkulsawat P, et al. Reaction null-
72 00 K 7 v HLES N, 2009, 2: 93-98 (Zhang Fuhai, Fu Yili, space control of flexible structure mounted manipulator systems.
Wang Shuguo. A path planning method for free-floating space robot IEEE Transactions on Robotics and Automation, 2000, 15(6): 1011-
in Cartesian space. Robot, 2009, 2: 93-98 (in Chinese)) 1023

25 Nguyen-Huynh TC, Sharf I. Adaptive reactionless motion and para- 34 Nenchev DN, Yoshida K, Uchiyama M. Reaction null-space based
meter identification in postcapture of space debris. Journal of Guid- control of flexible structure mounted manipulator systems//Proceed-
ance, Control, and Dynamics, 2013, 36(2): 404-414 ings of 35th IEEE Conference on Decision and Control, IEEE, 2002

26 Yoshida K. Engineering test satellite VII flight experiments for 35 Roman S. Advanced linear algebra. The Mathematical Gazette,

space robot dynamics and control: theories on laboratory test beds

1992, 79(484): xvi,482


https://doi.org/10.3321/j.issn:0577-6686.2007.04.006
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.2514/1.57856
https://doi.org/10.2514/1.57856
https://doi.org/10.3969/j.issn.1004-132X.2019.10.011
https://doi.org/10.3321/j.issn:0577-6686.2007.04.006
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.2514/1.57856
https://doi.org/10.2514/1.57856
https://doi.org/10.3969/j.issn.1004-132X.2019.10.011
https://doi.org/10.3321/j.issn:0577-6686.2007.04.006
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.3321/j.issn:1000-0054.2008.11.010
https://doi.org/10.2514/1.57856
https://doi.org/10.2514/1.57856
https://doi.org/10.3969/j.issn.1004-132X.2019.10.011

	引  言
	1 系统动力学方程
	2 反作用零空间规划
	2.1 反作用零空间数学模型
	2.2 向量范数约束法

	3 非奇异快速终端滑模控制
	4 稳定性证明
	5 模拟仿真算例
	6 结论

