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Force distribution and compliance control strategy for stable grasping of
multi-arm space robot

CHEN Gang', HUANG Ze-yuan, JIANG Tao, LI Tong, YOU Hong

(School of Modern Post (School of Automation), Beijing University of Posts and Telecommunications, Beijing 100876,
China)

Abstract: Aiming at the problem of unbalanced contact force and vibration that affects the grasping stability of multi-arm
space robots, a force distribution and compliance control strategy is proposed. Firstly, the force balance conditions for
stable grasping is analyzed, the safety factor based on the friction cone constraint is designed, which is then introduced
into the force optimization model to distribute the grasping force, so as to minimize the force under the condition of
stable grasping. Secondly, the causes of vibration in the grasping transition process are analyzed, then the end effector’s
output force control strategy based on kinetic energy consumption is designed to achieve rapid vibration suppression
and compliant grasp. Furthermore, the control-law switching strategy is designed, so that once the contact-separation
phenomenon occurs during the grasping transition process, the end effector can be quickly guided to return to the surface
of the goal object. The simulation shows that the proposed method not only improves the stable grasping’s safety margin,
but also significantly reduces the vibration amplitude, duration and maximum contact force of the end effector, improving
the stability and compliance of the multi-arm space robot for target grasping operations.

Keywords: multi-arm space robot; stable grasping; force distribution; compliant control; vibration suppression; kinetic

energy consumption
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J& B 13 TT 5% LR, ANUE @ R A by R AHXS T
TR 28 AL R R
Zi BT, 228 A (A L% NS e A S M7 i
RN
T=[, 7,1, T 31
Horrr, R (30) From (58 i SR WU i 42l . 2
77 ()AL gt N R AU M2 1) a5 s 428 ) 5
W H K SR UBRRE 18 147 1) 8 2 1, A 14 i 45 35 0
N2 (28) Hy b 2/ 2w & 7y, 99 2 ) 5E 1 V) 4 0T 5%
BEAT U145, I tHAZ LS 1 OC1Y 5, AT SEBIR
Ui 41 B 1) PR 0 1) DA B 31 88 HICH g () PRk 2138, 72
T A i 55 A ik ) R, 58 ok H AR AR PR A E I
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Y
BUBE i 1 2% —
X R, E g s e
| e
‘X, | y- C(g.9)
oy Ly )
ig Y— +vy¥ +[; =F —
ekﬂ——1n1r1ﬂ»mkj %
S, L
SET PD iy A s E 4 1 A
J — B
SEF BRI ) +§;L.¥i N
Ll | K f =
BURE 1+ 1 58 Sl

5 ZEziElE AR ENMESEIIZS]

3 fHEIIE
3.1 (AENSER

AT LA 3B 73 1) L 28 A A 477 LR R AR
VAT MAIE. 15 3 4 45 R R0 S BN AR ), 3 80
% VPR, UELE AR R4 = 0.3 m HOERIK, ¥ 14 A
FRF AL T Bk A, FTM B R = 0.3, 3B A B
fis 5543 A 401 L 6 7%, A EE%A 7 £ =10 N.

Fz1 NWE 185

ERF o1 /rad aj_1/m 0, /rad d; /m m/kg
1 —71/2 0 s 0.2 42
2 —7/2 0 —7/2 0.15 4.2
3 —7/2 0 0 0.15 7.0
4 0 0.5 0 0.15 7.0
5 0 0.5 0 0.15 4.2
6 /2 0 /2 0.15 42
7 /2 0 s 0.2 42

6 3E=[EHLER AHMEER

32 ZBEZEWFEAMEA S BRI ERIE
TECSLIUE H ARER A 1) & Sh TR e F AEV IR AL o
AN
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F, = (cos 81 cos dz, cos 41 sin da, sin 1, 0, 0, O)T.

N REFE TR 22 43 R0 70 53 B A SR, 23 31
XA BEE %4 R EL B py s = O DL I B 2 R AN
pr~s=0.3 ] [ J3 73 BC 45 FEAT 07 EX L.

%6, W prs = 0, LI FE Q y A7 FF,
FHLLG; € [-90°,90°] Fl 6, € [—180°,180°] A H 45 &,
JS2 ] SQP Bvk 4 b 2.5° 3 [ 3K Al A8 Ak 17 7 (9), B ]
13 EP AR 7 ARG ) F 2 B 2105 HURE /5 1 5
PRAEL 7 f DA SRR ¥ H A o £ obj, B

f*:[ ikT’ ;T7 ;T]T

obj =h(fx)=(f"+G'F.)'Q(f* + G'F.).

P BL25 R B 7 firoR. B 7(a) 7T L, obj (148 3=
5 5 MR, 246, € [~10°,10°] i, obj = 0. 7EiZHUHE
N, ATEUEL N ) v = OAEASIIUEL Sy = A T BE e e
P TE G, = 72.5°, &y = 180° AbHX 15 5 K AH obj, ., =
11.78, SLIF VAL A ) f v B K. K AN R J7 1) F, 1 SR A%
TR HRAIH) f7 ~ 3 AN, AT G 215
B B EEBHEL I HAE 01 ~ @3, WTE 7(b) ~ B 7(d)

)

15 1.5
=10 1.0
£ - . e
° s > 05" '
100 100
20000 -500-100 © 20070 200 -100 ©
9,/ (%) 9,/(°) 9,/(%) 0,/(°)

(a) BFrERERME (b) f 5 EEEHED T EL A

s, B 7(b) ~ B 7(d) - MR R HE (p; = 1,i=1,2,3)
G B LT 46 G 67 T B H a0 L s R AE
(i =0.7) AZAE W BRI AL T %4 R ¥ p=0.3
IS 1) R4 A T L. F L 7(b) ~ B 7(d) T AL, oy = 1 N
s 75 190, 2 BH %R R iy P B G AIRE 9 R 40 B T R 4%
HED T, BB — B prdtsh Rl < 7= A i .

RIG B pros = 0.3, A SEOA. 7 Jah R
KIS . |1 8 AT L, 1 8(a) AR 5 1 7(a) 5 4LL, HL /2
obj B4 BT I K, 7E 61 = 80°. 65 = 180° AbHX 15 KAl
0bj e = 23.32. R W N SEI B AS E NI, 75 78— €
FEEE 38N £ R/, H B 8(b) ~ K1 8(d) 7T L, % T
AN 81 182, p; = 0.7 938 3 175450, 2 BT T AN R 77 [1)
(1) F., 8785 2R vty 1) fge M AU 77 248 38 43 o7 - JBE e e
PR, KRN T HEARI R B0 (1) 22 A A0

gEA X 7 5 - 8 B A, 7E 5 NP 22 4 R 5K
J& 0T 48K 22 07 1) AL G 77, 73 T0 381 25 B K i
(1) e LA g DB 45 120 57 b % 2 2 R A P 3, 12
T4 T ARUERR 8 P 22 A4 B, 3% B BT 4 th s PR T
7343 T S 1A 2 1

0 100
200 0 -390 100 °
6,/ (%)

- —y,=1.0 - w,=0.7

(d) f: SEEERAEL 51 LA

7 pr=p2=p3 =0 RMIME N FELER

200 0 —200 -100
5,/(°) 6,/(°)
——y,=1.0 - v,=0.7

(b) f) SEEEHEL S

0-200-100 0 100
) 0,/(°)

8,/ (°

(a) HARRERIME

3.3 REIMBRIEHREHES S
3.3.1  FETFhRRIHFEH R S B 5 SR
s HARERAR RN EZ ke = 1 x 10° N/m, HL#K
T R A e ik ) f = 10N, LA 6, = 0.2m/s [H13E
FEE 42 i E bR 2 T, WLARCRS SR 4 A (27) 2R AT 45 41,
FE 5 HIE (15) LA AR 2 i 10 BEL 4 il O vl AT
XL PEZAE R R, B ER AR T NI S, Kt
Jit B ERAR 1. )7 L5 R 9 7.

(c) f, SEEHHEIL T ELH
8 p1=p2=ps=03NHFRMIMEMNNELER

(d) fy 5 PEEHEL S LLA)

F P 9 R DL, 4 ) 43 (15) R BH o 42 s 45 21 1 oK
Uity B KAl 40 R 27. 756 N 26.780 N; e KAR NI
FE43 59 0.024 m. 0.023 m; e 28 K 5E 2 W1 82 A7 i)
)43 M 19.12 sy 2.64s. T it 4% il 4 (27), A i e
Kk 718 15.623 N, 5 Lk 24N J7 kM B, 20 3 T BE
T 43.7 % 41.7 %o; R e KAZ NIREE 4 0.015 m, 534l
TR T 37.5 % 34.8 %; Fe & 75 HA S J1 B 1]
1128, 70 455 1 94.1 % 57.6 %.
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0.03 0.2

g i N

= 0.02 G

i Eg

% 0.01 gé Of

5o =

10 ~0.015 5 10 025 5 10

t/s
(a) ARuidEfh 77
----------- K BI\IE 5 0k FE JR

&9

MR 77 345 S mT 0, SR FH AR R (27) 5, R iR
24316 A AE KR PR A, A b T AR T R Bl RE,
HB RAR N URBE 25 kN, R 3 e il 4 (15) AR FH
P4 )23 S A ) SR, GRAIE T AU 7E AR B T H AR
PR 26 T AR 2 UL
3.3.2  EREMNE R R K

B H FRERR R HAIEE ke = 1 x 10° N/m, A 1]
PR F7 fo = 10N, £ LL 6, = 0.008 m/s 38 & F i
VIR TH . LIRS R 32 48 (30) iEAT 11, I 5%
48 (27) LA K B4 il k47 %60 b, el T 3R 0 I EE
BEOR, A Uity 2 PRV RIE 43 o o 7= 2 22 R B Al J0E S B 2. A
FAERME 10 .

FH &1 10 BT 0L, 7 A5 BH Bt 428 il 4 B, 76 0.40 ~
0.52s BL 2 0.59 ~ 0.64 s P4 A IS [H] B P A s 22 fiok 77 A
0, 3 B K iy 5 W PR 10 7= 22 T 3 B2 il 48 A0 2 7k

t/s t/'s
(b) AKu Rk fF

(c) AU NEREE

SINEES IR R —-—-— BELFC s

N B ARER AU S AR SR I B 45

Jii 25, 75 3.04 s B £ 22 B BE B2 il )5 e R B fk )1 o
91.127 N, Fe KARNIRE N 9.03 x 104 m. 2415 FH 4z |
(27) B, 7 0.37 ~ 0.94 s 5] 8] B P -5 4 4k 2 Tl e 25,
H %2 0.94 s I ik [0l W) 44 2 10 7E 2.84 s I A e & &
B fok )3, B K ik )3 85.570N; e K AR NTRE N
8.54 x 104 m. T 7 % FH #= #1143 (30) J&, R ¥ /£ 0.37 s
IS i B 4 2 THI, 7 0.47 s I 3R % (3], 25 ik it IR 265
S B GE R T 41.6 % 82.4 %; fE2.72 sl Fag &
B A 7, 73 AR T 10.5 % 4.2 %; B KAR NIRFE
N 8.54 x 10~* m, LEBH LI H FEAIS 5.7 %. Rk, 5%
il (27) R BE A A A L, Fa A (30) ALk T
AR i £ K AR N IR BEE, A5 15 A i 42 flh 7 Pk ik 1) A B 4%
fisk 34, I F ] T A vt B 2 A R T 1) 2 Rl Fe 2 e
PG, BAR T P e fil g, BAT R A I 2, S IR
TR RRIEE B bR 1A% 58 L.

100 ~ 10 g 10
S p
E E’TE % 5
B 50 RS I .
= X< % of W
= = < L/
0 " ® s
6 4 6 0 2 4 6

t/'s
(a) Audf )
----------- oK 31N 5 13 FE SR 00

(b) AILIEE

t/s t/s
(c) RufRNIRE

SINHEES I B —-—-— gt

El 10 KRIEBRERAEUT B IZRIEH TR R

4 & ©»

2SO o B 22 SR S P £ i 7 S S i
R GL J i AR A R 21 1 L, 3 1 7 — A 2 1 2 )
LB AR 5 ATUER 7 49 i R S 42 61 546 s 3 4 T
PR A 22 4 RBKIHIR IR ARE R, o4 474>
fic, SEHL T E ARk R e U A& R A g de /s
s 43 B B 82 3o o 0 9 50 435 s 35
SR B FE A SR B, O BT T Bh AR B RE A Sk HH
P ) SHE G AT A P, 53 0 A S 2 ) R ) o e, —
T2 S SR B . 7 L4 A, TR
FARAE ) 4 e S A ORI 7 R s UL 22 424

JEE 5 T 7t R R BT SR G428 H1) S W 24 R T AR o ) 9
I [8], FEAR 1 S K% Ak 70 AN (R R TR N TR S, 3R
YT BT 5 U5 A RO, J5 BB SR 51N 2
RSN, B 2D 5T 2 B A (A LA A ITUBR AR 1A
SETE.
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