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ACTIVE DOCKING OPERATION OF DUAL-ARM SPACE ROBOT CAPTURE
SATELLITE FORCE/POSTURE IMPEDANCE CONTROL BASED ON FINITE TIME
CONVERGENT?

ZhuAn  ChenLi?
( School of Mechanical Engineering and Automation, Fuzhou University, Fuzhou 350108, China)

Abstract The force and position impedance control of dual-arm space robot capture satellite active docking operation
is studied. In order to prevent the joints of the space robot from being damaged by impact force generated when contact
and impact between the end-effector of the manipulator and the satellite during the process of capture operation, a spring
damping buffer device (SDBD) is added between each joint motor and manipulator. In order to solve the problems of

nonholonomic dynamic constraints in the process of capture operation and the coordinated control of the closed-chain
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hybrid system after capture, combined with Newton's third law, velocity constraints of captured points and closed-chain
geometric constraints, the closed-chain dynamic model of hybrid system after capture operation is obtained, and the
impact effect and impact force are calculated by the law of conservation of momentum. The Jacobian matrix between the
docking device relative to the base of space robot is established by analyzing the kinematic relationship of the docking
device in the base coordinate system. On this basis, a second-order linear impedance model based on force is established
to achieve high precision output force control of the docking device. Considering that the active docking operation
requires the controller to have the characteristics of fast convergence and high precision control of position and attitude, a
nonsingular fast terminal sliding mode impedance control strategy which combining the advantages of terminal sliding
mode and super-twisting sliding mode is proposed. This control strategy can not only realize the rapid response of
position, attitude and output force in the process of active docking operation, but also effectively solve the chattering
problem of sliding mode to ensure the position, attitude and output force high precision control. The stability of the

closed-chain hybrid system is proved by Lyapunov theorem. The impact resistance of the buffer device and the

effectiveness of the proposed impedance control strategy are verified by numerical simulation.
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Table 1 Symbol definition of space robot and satellite systems
Symbol Definition

mo,m;, ms Mass of base, manipulator and satellite

Io, I;, Ini, I Moment of inertia of base, manipulator, rotor and satellite

Distance from O, to O, or Oy, length of the manipulator, distance
Lo, L;, Ls,d; from O to end handles, distance from the center of the ith joint to
the center of mass of the ith manipulator

Base attitude angle, manipulator angle, satellite attitude angle,

60, 6;, 65, Omi rotor angle

Included angle of the line between O, and O, or O, with respect
to axis x,
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V=¢§'reé+é'ré (36)
HH & e SCnT -2 800
é= %|S|7%S =1|S|‘% f(x)—/lllsll%sign(SHq )
ni 2 21812
1 . a[f®] 1.1 -A, E
§|S| 2[ 0 ]+§|S| 2[ ot o ]f

(37)
¥ (37) A (36) I
v =isi [T re - 15146 0¢ <
IS 2708 < IS 2 Amin(@NEIP (38)

N _A1 2A2+A—IFA1 -Aq
itqja Q_7 _Al E ]
A [ 242 +ATA; - (442 +ADK (A +2K)

0=~ (A1 +2K) E

i A R Gk, WFFik @ AT A KT, Mk
A1, Ay TG ER T A2

Ay > 2k;
SkiAy; +4k? (39)
A > Ay —m—L
2 A Ay 2k

A (39) WA V<0, MR SCHR [32] T4

V<ovi (40)

X, o= Amm@)/aé,ax(n R (40) TS A
HEOSHET, = 2V2 (0)/ oIS, 13 2 (31) A= (40) nT
FNRGREAEAT BRI ) Py iesl, BSCSIINTI T = T + T
g4 20 (20) A (33) n] K BH A A 2 5 4
77 S DR e T A AR AR 45, R TR HedeE
AU /0 R A ) R R 2, ARk 1B
TR A 2, I STt /00 AR R ER .
T I BRI, g5 A BLpTEs s, 28 I ALas A
ARG SR '5 ok
DxX +(Cx +Bx)X =1x + Fpre (41)

ﬁqj, Fg.=Fp - F,.
5 {hESH

5.1 SDBD HuAfdEaEfEIL
KHE 2 Frosf 2 [ HLas A £ s F /e b7

BT, BRIHLAR N R G SECN: mo =200 kg, m; =
10kg (i=1,2,4,5), m;j=5kg (j=3,6), Li=2m (i = 1,2,
4,5, Li=1m(j=3,6) d;=1m(i=1,2,4,5,d;=05m
(j=3.,6), lp=128kg-m? I;= 15kg-m? (i =1,2,4,6), I;,=
2kg-m? (j=3,6), Ini=0.05kg-m?> (i=1,2,---,6), ks =
1000 N/rad (i=1,2,---,6) , Dy =28.65N-s/rad (i = 1,2,
-+,6), Di=1146N-s/rad (i=1,2,---,6), Dy| = 28.65
N-s/rad (i=1,2,---,6), 1 =2.791 rad, y» = 0.349 rad. L.
BRGBHAUN T mg = 50kg, ds =0.5m, I = 8.5kg-m2.

i 7Kk SDBD fyd i M ge, AEM S % &
XOY ', 45 5€ 22 41 T A BN 7 i 2 ek ) e
TR, g5 R tne 2 proR. Jodr e 1 208 R R,
55 2 5 s SDBD I 1 5 Kis Ji %, 55 3 H1h
AV SDBD I () dge Kk JJ %, 25 4 %1% SDBD
FEAC ity S0 5E 1 1 40 L

%2 TEIZERET SDBD HupEHHaExttL
Table 2 Comparison of impact resistance performance of
SDBD at different satellite velocity

Vms'ms™, (°)s")  Tma/(N'm)  Tma/(N-m)  percentage/%
[0.05, 0.05, 01" 42.36 78.91 46.32
[0,0, 8.6]" 65.53 118.74 44.81
[0.05,0.05,8.6]" 112.54 186.75 39.74

HI3E 2 AT LAR S, AERlE SRR v, X6 45 52 AN
A AL, SDBD ¥JfE 1 3 1 FEAR R4 T 2 il
Ji, Has K w] LAREAI 46.32%, BRG] LAk He 6
FERYE A I RE RS &S BB (1 PR .
52 e DEXEBENE

7 IR R R A IR 45 S R Y
IR, BN e B — e S, Y TR X
PG A KT o B IS A AT AT R R
VR RIS ER T4 TS S 1F I i, 7 P DA o A
h A i FE A g At N BRIy S A A v SR PR R i A
AT RE/N T ER 5 ), S B R A LR AT
At 06 HCH R i ) g ()R K T 3

i e 2% TR BIL 4 N W0 a1k, )6 4 B oA
q = [10,120,-60,-60,60,60,60] . H Fx T35 A X% 2% [A]
BLEs N W46 18 E R ¢ = [-0.05,-0.05,01T . A PR
2 PLEE N, B ERERE 1.5 s 5 T il i =
(15) fRAF UL IR AR R G0 E . B 5 5 b
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g =1[9.05,120.13, —=58.95, —61.42, 62.46, 55.22, 62.57]7,
G =[-0.34,0.082, 0.31, 0.43, 0.74,—0.68, 0.76]". =%
BEHIBEN: v1 =09, =11, ;1 =12, o =14, a =
0.6, A =diag(5, 5, 5, 5), Ay = diag(70, 120, 120, 120),
Mg = diag(50, 50, 50, 50), Bp: = diag(50, 50, 50, 50),
Kp' = diag(100, 100, 100, 100), /i FLI} 8] 4 25 s.

PRI T B0 I R RORG 45 K iz B )
3 BB 1B (0~ 5 s): HUE ST B, K
JIPE BRIk TR 5 T TR S R R gt
AT R E P, R BUA LA AR AU S A A &
I

g4 = [10,120,-60,-60,60,60,60]", 0< ¢ < 5

2B (5~15s): #ERI B, 5~ 10s XM
oy, ACEEAT A7 e ), TR 1AL R )
{7 2%, AT FLIE R A FEAE E, 10 ~ 15 s FF )3 i/ %
RE B4 s B AT 4 0 B Totim s, FLKs TR0 e
A% ) B A A B I IE By

2.16(t - 5)

T
<
10 ,01,5<t<15

X4 =[10, 0,2.94—

Fyq=0,5<1<10
F4=6,10<1<15

B3 BB (15 ~ 25 8), YR B, T A T4
PO, T3 0T 5 iy v s B0 B e o i A8 A x
PR B A SR 58 B B A

0.4(1—15)

X4=[10,0,0.78 - = ,O]T,15<t<25}

Fyq=80(0.78—yp)+2, 15<1<25

Shy 5% BT SR (R A R, KL SOk [33] P
4] [i] 52 ) (8] 472 i) (fixed time control, FTC) #EAT %} L
IR, P LS UK 3 ~ 8 9 FroR. K 3~ 6 1]
1, AR FTC WS FEAR R, (R ILPARAPEAN A2, 7
I il g i A 55 0 HE A B I A A B BER,
AR T x84 i 7 w740, FTC 5 NFTSMC
iy A e IR B EE(E, (H NFTSMC fHHRE /N,
AR R E; P 8 I 9 w4, S T ARAIE R
TSICE 5, FTC i 4z KT NFTSMC 1)
g, HARRATCR P, I AL PR RE S T
EIE S
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Fig. 3 Joint angle trajectory of the space robot
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Fig. 4 Attitude angle trajectory of the space robot base
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Fig. 9 Control torque of the space robot joints (continued)
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Fig. 10 Joint angle trajectory of the space robot
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Fig. 11 Attitude angle trajectory of the space robot base
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